&

FEASIBILI
A MUON BASE

STUDY IT OF
EUTRINO SOURCE

Executive E
i* R. Palmer*. M. Zisman?




fac
MATIONAL LABGRATORY

e P15 Dagrrmars of Frars Muon Collaboration

Q)




Contents

‘O. 1 Author; ......

0.2  Executive Summarq. T/ xvi

0.3 _Charge to the Study Group . . . A% . . . ... .. .. .... xvii

[0.4 Summary of Parameters and Performancd . . . .. .. .. .. Xviii
0.5 Acknowledgemenﬂ Y S A, Xix
1 Intr ion an vervi 1
1.1 _Scope and Context of Present Studvi™. . . . . ... ... ... 1
(1.2 Expected Performance . . . . . .. . . ... ... . ...... 1
1.3 Physics Motivation .. ... .. . .. L. 1

N\ e

1o Oseillatiod Experiments with a Neutrino Factoryl 2

1.3.2  Evidence fo
Neutrino O

1 o Oscillationd . . . .. ... ... 2
illation Formalism . . . . . ... ... .. 3

1.3.4  Types ¢

eutring sses, Seesaw_Mechanisml . . . . . 6
Neutrino Masses in Decays
—_—

ésts for |

asses and Mixing . . . ... .. 12

il



BROOKHAVEN fac

MATIONAL LARGRATORY

gl Ly [ ' iy B i

o L1 gt of By Muon Collaboration

3 Target System and Support Facilityl 53

arget_Svstem, P B A ility . 54

........................ 54

....... 54

.................... 55

3.1.4 Target Svstem Operation/. . . v . & . . . . . . . .. 56

. Mercury Containmentl . . . . .. .. .. .. ... ... 51§)

0 arget. SvstemiReplacement and Remote Handling . . 56

wrget Supi ) \ 56

‘ olenoid Magnetd £ . . . . . . e . 57

3.4 igh Field Regionl.". . . . . . . .. .0 ... ... ....... 60
3.4.1 _CoiltoCoil Forces/Method of Support,/Method of Assemblyl 60

3.4.2 Transition Field Coils . . . . . . ... ... ... ... .. 60

343 DecayChannel Goild . . . . . .. ... ... ... ... 61

oil Replacement and wndling ... .. L L. 61

4.1.1  Conceptual Overview THIS IS MISSING
4.2 £ Buncher/and Ionization Cooling Sectionl. . . . . . . .. ... . 65
[4.3 The Buncher and Matching section from the Induction Linad . 66

4.3 0 Matching §gg§j%n| ..................... 67
4.3.2  Buncher section . . . . . . . .. . ... ... 69
4:3.3 Lougitudinal-transverse correlation . . . . . . .. . . . 73
|4 4 The Tonization Cooling Channel | . . . . . . . . . . .. .. .. 73

l4.4.1 _Principle of ionization cooling . . . . . . .. .. .. .. 75

4.4.2 _The concept of the tapered SFOFQO cooling Channel . . 77

l4.4.3 Description of the SFOFQ cooling channel . . . . . . . 81

4.4.4 L Performancd . . . . . . . . . . .. . 87
M%ugjﬁaﬂ .................... 95
446 rfsystemd . . . ... ... 95
14.4.7 _ Superconducting Solenoids for the Muon Cooling Celld 100

v




MATIONAL LARGRATORY

gl Ly [ ' iy B i
e P L1 D rmara o Brargs

fac

Muon Collaboration

|4.4.8 Liquid hydrogen absorberé .

449 TInstrumentation issues in the Cooling Lind . . . . . . .

2.2 itv L nsiderationd . .
[5.2.3  Solenoid D@Sigd ..........

|5.;3.2 Longitudinal Dynamicé ......

[5.3.3  Linac Crvostat Lavoutl . . . . . .

|6.!!.1[! The Latticd ............

261

263



MATIONAL LARGRATORY

gl Ly [ ' iy B i
e P L1 D rmara o Brargs

fac

Muon Collaboration

|11 Instrumentatiod 265
[LL1 Introduction . . . . . o o 265

Phase Rotation / Buanching Linda. . . . . . . . . . ... 266

ooling line (jn, Solomevietal .} . . . . . . . . . . .. 266

4 _Special diagnosti¢ sections jnl -+ . A - - - oo .. .. 266

‘ N mentation Optiond . . . . . .. . . .. ... ... 266
[11.2_Accelerator issues (Lebedex, Rprg\l ............... 267

[11.3 Storage ring issues (Parker, Goodman) . . . . . .. ... ... 267
11.4 Costd 267

115 Requited R & DAL . o o o 267

15.0.2 Beam Parametﬁ ..................... 276
[15.0.3 Phyvsies Siénal; ...................... 277

16.3.3 /N ncher ringl . . . . . . ..o 294
|16.4 Caéture Solenoié! ......................... 296
16.41 Reduced capture field. . . . . . .. ... ... 296

[16.4.2 Use of wrapped insulation . . . . . ... ........ 296




BROOKHAVEN fac

MATIONAL LARGRATORY

gl Ly [ ' iy B i

[y e————T— Muon Collaboration

|16.5 Phase Botatiog] ..........................

...................

:16 6.2 Single lattic
[16.7 Accelerationl . . . . . . . .. . Ao ...

16.10.2 Phase Rotatioff M. £ . . . . .. ...

18.2.1 Rotatin Inconel Band ODtio .............

18.3 AlternativelPhasesRotation . . . . . . . . . .

18.4 Alternative Cooling §ggnﬁrid ...................
18.4.1 INTRODUCTION . . . . . . . . . . . . .. .. ....

184 2/ INITIAL NSTRAINTS AND THE INPUT BEAM

[1844 PERRORMANCH . .. . . .o

18.4.5 Summa.r;l .........................

[18.5 Adfernative Acceleration . . . . . . . oo i

vil

319
321



fac
MATIONAL LABGRATORY

e P15 Dagrrmars of Frars Muon Collaboration

Q)

viil




List of Figures

3.1 The overall target suppgrt facilityl. . . . . . . . .. ... ...

3.5 Side elevation of the target regionf. . ». . . . . . . . . . ...
3.6 Main ('rvm‘ra’r and theld support beam| . . .. . ... .. ..

3.8 SC6 is the snupportastructure for the mercury containment]

(3.9 Installation sequence of the high field coils SCI1 C13] ..
.10 Installation n f the transition coil 450 . ...

3.11 Muon channelvacuum flan

4. Momentum-=time distributions thr h th ncher| . . . . ..

44 Correlations] M o o
l4.5  Betadfumetions and Phase advancd . . . . . . .. .. ... ...

4.6 The longitudinal component of the magnetic field| . .. .. ..

A7 LThe B, functionaversus momentun . . . . . . . .00

X




BROOKHAVEN fac

MATIONAL LARGRATORY

gl Ly [ ' iy B i

[y e————T— Muon Collaboration

|4.14 The muon to proton vield ratio for the two transverse emittance cutd 93

:M de‘rall of the 2.75 m ('oolm

M@J ------------- 109

[4.21 Cryogenic Cooling System.within a Typical Cooling A Coil Cryostat 111

4,22 Q('hemah(' of Fonve('t_]_o_n_cpg_l_ed_lmmd hvdmgen abqorber| . 115
. 117
4.24 Window design for the SFOFO Tattice 1/. . . . . . . .. . .. 118
4.25 Absorber assembly for SFQFO Lattice 21 . . . . . . ... ... 119
4.96 Options for insértion of instrumentation into the cooling linel . 124
4.27 Transmission Of the fronf end for different rms tilt angles). . . 130
14.28 Transmission of thefront end for different rms translation distance d{130
4.29 A mggggram of the r)e_tfo_tman('e of 35 QFOF‘O| ......... 132
4.32 Emittance as a functionofxdistance|. . . . . . . . . ... ... 136
4.33 Muons pekincident proton as a function of distance| . . . . . 137




BROOKHAVEN fac

MATIONAL LARGRATORY

gl Ly [ ' iy B i

[y e————T— Muon Collaboration

.......................... 175

6.5 Sample Figurel . . . . . . 0 e . o 176
igurel ... 177

6.7 Sample Figure] . . . .. .. ... . ... 178
6.8 Sample Figured . 5 U0 L 179
6.9 Sample Figurel o . . /Ao . . oo 179

6.14 SampleFigure] &0 00 .o 184
6.15 Sample Figurel /.. . . . . ... ..o 185
6.16 Sample Figured . . . . . . . ... 185
[15.1 Measuzing the ratio ofoP(7,—17,) to P(re—v )| . . . . . . . . 279

(155 »A possible 50 kTon Steel /Scintillator/PDT at. WIPP]| . . . .. 284

15.6 Block schematic of UNO Detectoﬂ ................ 286
[15.7 Concept of multi-water tank Cerekov counte;l ......... 287

x1



BROOKHAVEN fac

MATIONAL LARGRATORY

g ey B ' Fpiim o B kit .
[y e————T— Muon Collaboration

[16.1 Efficiency vs. Proton Bunch Leneth . . . . . . . . . . .. ... 295

[18.1 A conceptual illustration of the targetrv setupl. . . . . . . . . 310
18.3 A conceptual illustration of the target cooling setup) . . . . . 312
18.4 sketch nf the dm]hlp-ﬂin (‘hannP] ................ 320

18.6 F)nqm(!@rmg drawinge of a. ¢ooling (‘hannpl unitcell. Remember this is the new design

18.7 Four coil i ith ling uni w. . ........ 328

18.8 The coil blocks are models with infinitelly thin current, sheets| 329
l&mw_a_ﬁlnﬂmm .................. 330

:M the hna_(‘ (in red\ ......... 334

[18.13The six r.f. cavities (red) and their bervlium windows (ereen)) 335

o) X 3 Lo the Nrst neld 1]
[18.17The magnetic field on axis, B asmma’red to the second ﬁe]d flip re' 339
[18.18Performance of the double flip cooling channel given a gaussian beam|340

h.&lQR&ﬁomath.u@ﬂﬂ.&ﬂmmghﬂgihanﬂﬂ_gu&nj_maﬂJMmJ%O

xii



List of Tables

29
31
32
59
3.2 Component, Lifetimes! @« M 4« . . . 64
[4.1  Matchine section magnetd . . . o M. o oo 67
l4.2__rfbuncher component locations . . . . . . ... ... ..... 72
[4.3  Teneth of the sefficnssmnd integratied length [ 81
l4.4 Geometry and current densities for the solenoids| . . . .. .. 82

4.5 Geometry and current, densities for the solenoids in the first matching section. Coil locations
4.6 Geometry and current dehsities for the solenoids in the matching section between the (1,3) ai

l4.11 Solenbidsparaméters for the 1.65-meter long cooling cell . . . . 106

[4.12_Coil average Jand I for various sections of the bunching and cooling channel109

[4.13 Source of heat] - o M - o 113




.-'-FF-

NATIONAL LABGRATORY fac

h-hl.lsl:.lurr-l-ll::p Muon Collaboration

|6 2 __Betatron acceptance in the arcs] ................. 182

............... 183

........ 186

lency lllll.lll‘»“ ............... 295

6.2 Efficiency for three coolingrlengthd . ». . . . . . . . . . ... 301

16.3 rf windows: Grid of gasléooled Al piped . 4 . . . . . . . . .. 303

8 pecifications of the i arget band| . . . ... ... ... 312
18.2 Parameters of the b Mﬁm hing (input to the cooling channel))323

8 of paramete MH-. 331

Xiv



fac
MATIONAL LABGRATORY

e P15 Dagrrmars of Frars Muon Collaboration

0.1 Authors

Q)




fac
MATIONAL LABGRATORY

e P15 Dagrrmars of Frars Muon Collaboration

0.2 Executive Summary

&

B. Palmer

M. Zisman



fac
MATIONAL LABGRATORY

e P15 Dagrrmars of Frars Muon Collaboration

0.3 Charge to the Study Group

Q)

Xvil




fac
MATIONAL LABGRATORY

e P15 Dagrrmars of Frars Muon Collaboration

0.4 Summary of Parameters and Performance

Q)

XViii




fac
MATIONAL LABGRATORY

e P15 Dagrrmars of Frars Muon Collaboration

0.5 Acknowledgement

Q)

XixX




.

Introduction a lew
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1.3.1 Neutrino Oscillation Experiments with a Muon
Storage Ring/Neutrino Factory

Here we discuss the current eviden€e,for neutrino oscillations, and hence
neutrino masses and lepton mixing, fromsolar and atmospheric data. A
review is given of some theoretical background including models for neutrino
masses and relevant formulas for neutrino oscillation transitions. We next
mention the near-term and mid-term experiments in this area and comment
on what they hope to measure. We then discuss the physics potential of a
muon storage ring as a neutrino factory in the long term.

1.3.2 Evidence for Neutrino Oscillations

In a modern theoretigal context, one generally expects nonzero neutrino
masses and associated lepten mixing. Experimentally, there has been accu-
mulating evidence for such massesiand mixing. All solar neutrino experiments
(Homestake, Kamiokande, SuperKamiokande, SAGE, and GALLEX) show a
significant deficit in the neutrino fluxes coming from the Sun [?]. This deficit
can be explained‘by oscillations-of the v.’s into other weak eigenstate(s), with
Am?,, of the order, 107° eV2 for solutions involving the Mikheev-Smirnov-
Wolfenstein (MSWY resonant matter oscillations [?, 7] or of the order of 107"
eV? for vacuum oscillations. Accounting for the data with vacuum oscilla-
tions (VO) requires almost, maximal mixing. The MSW solutions include
one for spiall mixing angle (SMA) and one with essentially maximal mixing
(LMA).

Another piecg of evidence for neutrino oscillations is the atmospheric
neutrino,anomaly, observed by Kamiokande [?], IMB [?], SuperKamiokande
[?7] with“theshighest statistics, and by Soudan [?] and MACRO [?]. This

data can be fit_ Bypthe inference of v, — v, oscillations with Am2, =~ ~

atm
3.5 xM0 3eV? [?] and maximal mixing sin® 20,,, = 1. The identification
Yy = v, is preferred over v, = Vgerie at about the 2.50 level [?], and the
identification v, = v, is excluded by both the Superkamiokande data and the
Chooz experiment [?, ?].

In addition/ the LSND experiment [?] has reported observing v, — v,
and ¥,= v, oscillations with Am3 ¢y, ~ 0.1 —1 eV? and a range of possible
mixing anglés, depending on Am? . This result is not confirmed, but
also not completely ruled out, by a similar experiment, KARMEN [?]. The

miniBOONE experiment at Fermilab is designed to resolve this issue, as



discussed below.

If one were to try to fit all of these experiments, then, since they involve
three quite different values of AmZ; = m(v;)>—m(v;)? which could not satisfy
the identity for three neutrino speciies,

Am3, + Am3, + Aiml, = 0 (1.1)

it would follow that one would have tofintroduce a fourth neutrino. Since
one knows that there are only three lgptonicweak doublets and associated
light neutrinos with weak isosopin 7' = 1 and T"=1/2{rom the measurement
of the Z width, it follows that thissfourth neutrino weak eigenstate would
have to be an electroweak singlet/(“sterile” neutrino). Because the LSND
experiment has not been confirmed by the KARMEN experiment, we choose
here to use only the (confirmed) solar and/atmospheric neutrino data in our
analysis, and hence to work i the context of three active neutrino weak
eigenstates.

1.3.3 Neutrino Oscillation Formalism

In this simplest theoretical.context, there are three electroweak doublet neu-
trinos. Although electroweak singlet meutrinos may be present in the theory,
one expects that, since their'baré mass terms are electroweak singlet op-
erators, the associated masses should not have any close relation with the
electroweak symmeftry breaking scale and, from a top-down point of view
such as a grand unified theory, should be much larger than this scale. If this
is the case, then/the neutrinormixing can be described by the matrix

U - R23KR13K*R12KI (]_2)

where R;; is a rotation matrixsin the ij subsector. Writing this out gives

)

C12C13 C13512 S13€
_ 0 i6 /
U= —C23512 — 513523C12€ C12C23 — 512513523€ C13523 K (1-3)
i6 i0
512523 — 513C12€23€ —523C12 — 512023513€ C13C23

where R;; isthéwetation matrix in the ij subspace, ¢;; = cos0;;, s;; = sin 0;;,
K = diag(e=®,1,1)and K’ involves further possible phases due to Majorana
mass terms that will not be important here. Thus, in this framework, the
neutrino mixing depends on the four angles 5, 6,3, 623, and d, and on



two independent differences of squared masses, Am?, , which is Am3, =

m(r3)? — m(12)? in the favored fit, and Am?,, which may be taken to be
Am3, = m(vz)?—m(ry)?. Note that these quantities involve both magnitude
and sign; although in a two-species/méutrino oscillation in vacuum the sign
does not enter, in the three species oscillations relevant here, and including
both matter effects and CP violation, the signs ofsthe Am? quantities do
enter and can, in principle, be measured.

For our later discussion it avilk.be useful to record the formulas for the
various relevant neutrino oscillation tramsitions. In the absence of any mat-
ter effect, the probability that a (relativistie),weak neutrino eigenstate v,
becomes v, after propagating a distance L is

3 AmZ L
P(ve—u) =f0w—4 Y Re(Kop)sin® (=27
ibg=1 AE
e AmZL Am2L
N ij ij
+ 4i§:llm([(ab,z]) sm( 1B )COS( 1B ) (1.4)
where
K=, Uy U, U, (1.5)
and
Amz; = m(v;)* —m(v;)? (1.6)

Recall that_ingvacuum, CPT invariance implies P(0, — 7,) = P(v, — 1)
and hencg, for b'=\a, P(V, = 7,) = P(v, — v,). For the CP-transformed
reaction/#, — 7, and the T-#eversed reaction v, — v,, the transition proba-
bilities/are given by the right-hand side of (IL4]) with the sign of the imaginary
term reversed. (Below we shall assume CPT invariance, so that CP violation
is equivalent to T violation.)

In most cases thete is only one mass scale relevant for long baseline neu-
trinooscillations, Am?, ~ few x 1072 eV? and one possible neutrino mass

atm
spectrum 1S the hierarchical one

Am3, = Am?, < Amj, ~ Amj, = Am2, (1.7)
In this case, CP (T) violation effects are negligibly small, so that in vacuum

P(7, — 1) = P(ve — 1) (1.8)

Py — vy) = P(vg — 1) (1.9)



In the absence of T violation, the second equality (T9) would still hold in
matter, but even in the absence of CP violation, the first equality (L8] would
not hold. With the hierarchy (1), the expressions for the specific oscillation
transitions are

P(v, — v;)

(1.10)
P(v, = v,)

(1.11)
P(v, — v;)

(1.12)

using reactor antineutrinos, i.e. tests of

In neutrino oscillation sear
i thesis used to fit the data is

Uy — U, the two-sp ing hy

Am%eac OTL
Tt) (1.13)

L)
Hreactor) S (

where Am? quared mass difference relevant for 7, — 7,. In

reactor
particular, in the uppe e of values of Am?, | since the transitions v, —
v, and v, — 2 i disappearance, one has

Am2, L
=1 — sin?(20,3) sin’ (M)

o (1.14)

Chooz reactor experiment yields the bound [?]
sin?(26,3) < 0.1 (1.15)

which is also consistent with conclusions from the SuperK data analysis [?].

5



Further, the quantity “sin®(20,,)” often used to fit the data on atmo-
spheric neutrinos with a simplified two-species mixing hypothesis, is, in the
three-generation case,

sin?(20asm) = sin®(205).cos* (013) (1.16)

The SuperK experiment finds that the best fit to their data is to infer v, — v,
oscillations with maximal mixifg, and hence sin?(26,3) = 1 and |0;3| << 1.
For the value Am3, = 3.5 x 10 *obtained in this fit by the SuperK exper-
iment, the CHOOZ experiment on v, disappearance yields the upper limit
sin?(263) < 0.1. The various solutions of the'solar neutrino problem involve
quite different values of A3, and sin®(26,;): (i) large mixing angle solution,
LMA: Am3, ~ fewx 1072 eV? and sin?(20y;) ~ 0.8; (ii) small mixing angle so-
lution, SMA: Am3, ~ 107° and sin®(20y;) ~ 1072, (iii) LOW: Am3, ~ 1077,
sin?(26,1) ~ 1, and (iv) “just-so’s Am32, ~ 10710 sin?(26,;) ~ 1. Currently,
there are preliminary reports from SuperK that their data favors the LMA
and LOW solutions and disfavors'thesSMA and just-so solutions [?].

1.3.4 Types of NeutrinopsMasses, Seesaw Mechanism

We review here the theoretical background concerning neutrino masses and
mixing. In the standaxd/SU(3) x SU(2),x U(1l)y model (SM) neutrinos
occur in SU(2), doublets with ¥ = —1:

ELZ By ( 125 ) ) t= € W, T (117)

Theré arémo eléctroweak-singlet neutrinos (often called right-handed neutri-
n0s) Xr.j, J = Lyms, ns. Equivalently, these could be written as Xy, ;. There
are three types of possible Lorentz-invariant bilinear operator products that
can be formed, from two two Weyl fermions v¢;, and yg:

e Dirac: mptyrxr + h.c. This connects opposite-chirality fields and
conserves fermion number.

o Left-handed Majorana: mpl Cipr+h.c. where C' = iy, is the charge
conjugation matrix.

e Right-handed Majorana: MpzxLCxr + h.c.

6



The Majorana mass terms connect fermion fields of the same chirality and vi-
olate fermion number (by two units). Using the anticommutativity of fermion
fields and the property CT = —C, it follows that a Majorana mass matrix
appearing as

i C(Minaj)ijths (1.18)

is symmetric in flavor indices:

MT

maj

= Mg, (1.19)

Thus, in the SM, there is no Dira¢ neutrino mass térm because (i) it is
forbidden as a bare mass term by the gauge invariance, (ii) it cannot occur,
as do the quark and charged leptgn mass terms, via spontaneous symmetry
breaking (SSB) of the electroweak (EW) symmetry starting from a Yukawa
term because there are no EW4singlet netitrinos x g ;. There is also no left-
handed Majorana mass term becausen(i)it is forbidden as a bare mass term
and (ii) it would require a [ = 1, Y =2 Higgs field, but the SM has no such
Higgs field. Finally, there is no right-handed Majorana mass term because
there is no x g ;. The same holds the minimal supersymmetric standard model
(MSSM) and the minimal SU(5) grand unified theory (GUT), both for the
original and supersymmetrie, versions.

However, it is easy to addielectroweak-singlet neutrinos yg to the SM,
MSSM, or SU(5) GUT; these are'gauge-singlets under the SM gauge group
and SU(5), respectivelymsDenote these theories as the extended SM, etc. This
gives rise to both/Dirac and Majorana mass terms, the former via Yukawa
terms and the latter as bare mass-terms. In the extended SM:

3 ng B
~ ﬁyuk = Z Z hEJD)EL,iXR,jd) + h.c. (1.20)

i=1j=1

The electroweak symmetry breaking (EWSB), with

<@0:<UX@> (1.21)

where v = 2*1/4G;1/2 =~ 250 GeV, yields the Dirac mass term

3 ns
ZZDLJ(MD)UXRJ —|—hC (122)

i=1 j=1



with .
D
(Mp)ij = hz(j )E (1.23)

The Majorana bare mass terms are

Z XgiC(MR)inRj + h.c (1.24)

1,7=1

For compact notation, defing the flavor,vectors v = (v,,v,,v,) and x =
(X1, --» Xn,) and observe that one can equivaléntly write vy, or v§, and yp or

X%, where ¢ = C@T, 1 &= 1Y% One can write the full set of Dirac and
Majorana mass terms in ghe compagt matrix form

L, = %(VL X7 ( (A%)L)T %Z ) ( ;’; ) +he  (1.25)

where M7, is the 3x 3 left-handed Majorana mass matrix, Mg is a ngyxXng right-
handed Majorana mass matrix, and Mp, is the 3-row by ng-column Dirac mass
matrix. In genefal, @llofthesesare.complex, and (Mp)" = M, , (Mg)" =
Mpg. Because the extension of the SM to include xyg does not include a I =1,
Y = 2 Higgs field allowing a renormalizable, dimension-4 Yukawa term that
would yield a left-handed'Majorana mass, one may take My = 0 at this level
(but see belowsfor dimension-5 contributions). The diagonalization of this
mass mattix yields the neutrino masses and corresponding transformation
relating ghe neutrino weak eigenstates to the mass eigenstates.

Thg same comments apply to the extended MSSM and SU(5) GUT. In the
extended,SU(5)/GUT, the Dirac neutrino mass term arises most simply from
the Yukawa eouplings of the 5 with a 5-dimensional Higgs representation
H?* (in terms of'component fields):

Ura MpX{H® + h.c. (1.26)

and the bare Majorana mass term x5 Mgxp + h.c..

In the extended SM, MSSM, or SU(5) GUT, one could consider the addi-
tion of the yg/fields as ad hoc. However, a more complete grand unification
is achieved with the (SUSY) SO(10) GUT, since all of the fermions of a
given generation fit into a single representation of SO(10), namely, the 16-
dimensional spinor representation 7. In this theory the states yx are not ad

8



hoc additions, but are guaranteed to exist. In terms of SU(5) representations
(recall, SO(10) D SU(5) x U(1))

so for each generation, in addition to the usual 15 Weyl'fermions comprising
the 107, and 5g, (equivalently 57) of SU(5), there is also an¥SU(5)-singlet,
X5 (equivalently, xz). So in SO(10) GUT, electroweak-singlet neutrinos are
guaranteed to occur, with number equal to the number of SM generations,
inferred to be ny = 3. Furthermore, the generi¢ seale for the coefficients in
Mp is expected to be the GUT scalé, Moy ~ 10 GeVa

There is an important mechanism, which originally arose in the context
of GUT’s, but is more general, that naturally’predicts light neutrinos. This
is the seesaw mechanism [?]. The basic point is that because the Majorana
mass term YLCMpxr is an electroweak’ singlet, the associated Majorana
mass matrix My should not be relatedsto the electroweak mass scale v, and
from a top-down point of view, it should be,much larger than this scale.
Denote this generically as mpg. This has the'wery important consequence
that when we diagonalize_the joint Dirac-Majorana mass matrix above, the
eigenvalues (masses) willlbe comprised of two different sets: n; heavy masses,
of order mg, and 3 light masses. We illustrate this in the simplest case of a
single generation and ng = 1.-Then the mass matrix is simply

— 5, o) ( 0 mp ) ( Vi ) + h.c. (1.28)

2 mp Mg XR

The diagonalization yields the eigenvalues

1
)\zilmRi\/m%{qLélm%] (1.29)

Since mp <& Py while mp is naturally >> v and hence mr >> mp, we
can expand to get

and ) )
~ _"MD mp
Aoz =8 [1+O(m%)] (1.31)

(The — sign is not physically important.) The largeness of mpg then naturally
explains the smallness of the masses (or, most conservatively, upper bounds
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on masses) of the known neutrinos. This appealing mechanism also applies
in the physical case of three generations and for n, > 2.

However, at a phenomenological level, without further theoretical as-
sumptions, there is a large range of walues for the light m,, since (1) the
actual scale of mp is theory-dependent, and (2) it is, a priori, not clear what
to take for mp since the known (Dirac) masses range over 5 orders of mag-
nitude, from me,, m, ~ MeV tag m; = 174 GeV, and this uncertainty gets
squared.

For the full case with 3 generatioms,and n; > 1, and assuming, as is
generic, that det(Mpy) # 00 that M, exists, the set of 3 light neutrino
mass eigenstates is determined by the matrix analogue of eq. (L3T):

M, =A~MpMz' M} (1.32)

The seesaw mechanism isyappéaling, but detailed predictions are rather
model-dependent.

A different way to get neutrino masses is to interpret the SM as a low-
energy effective field theory, as is common in modern quantum field theory.
One thus allowsmenrenormalizable) operators O in the Lagrangian of mass
dimension dp > 4y provided that their coefficients, of dimension 4 — dp in
mass units, are sufficiently small. Then one observes that the dimension-5
operator [?]

1 _ :
OF T D vt + cime i) [chicc) ¢k e™ + hec. (1.33)
X a,b
(wheré @, b are flavor indices, i, j, k,m are SU(2) indices) is an electroweak
singlet.“Upon électroweak symmetry breaking (EWSB), this operator yields

a left-handed Majorana mass term

3
> i C(Mp)avrj+ hec. (1.34)
a,b=1

with

(hr)as(v/V2)?

Mx

Since the SM is phenomenologically very successful, one should have My >>

v, so again these dimension-5 operators lead naturally to light neutrinos. The

(Mp)w = (1.35)
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diagonalization of the above operator determines the unitary transformation
relating the mass eigenstates to the weak eigenstates,

3
Ve, = ZUaiVi , bi=e, b=l =T (1.36)
i=1

ie.,
Unf b, U 4
( Ve Vy Vr ) = U21 ng U23 Vo (137)
Ui Usy Uss V3

One often denotes Uy; = U,;, etc.

For the case of electroweak-singlet neutginos and resultant seesaw, be-
cause of the splitting of the masses into the light set and the heavy set, the
observed weak eigenstates of neuutrinos ar¢ again, to a very good approxima-
tion, linear combinations of the threeslight mass eigenstates, so that the full
(3 4+ ng) X (3 + ng) mixing matrix breaks o _block diagonal form involving
the 3 x 3 U matrix and an analogous n, x n, matrix for the heavy sector. In
terms of the flavor vectors, this is

B ) () 39

If one accepts allof.the data indicating neutrino masses, including the
solar neutrino deficiency, atmospherie, neutrinos, and LSND experiments,
then one needs light sterile (electroweak-singlet) neutrinos with masses of ~
eV or smaller. These are usually eonsidered unnatural, because electroweak-
singlet neutrings naturally have masses ~ mpg >> M,,, = v. If such light yg’s
exist, this tends to undérmine the reasoning on which the seesaw mechanism
is based.

1.3.5 /Tests for Neutrino Masses in Decays

Given /the focus of this booklet, we shall not review the well-known kine-
matic tests,for neutrino masses except to mention that these are of three
main types.“There are/direct tests, which search for the masses of the dom-
inantly couipled neutrino mass eigenstates emitted in particle and nuclear
decays; these yield the current upper bounds on these eigenstates for the
three dominantly coupled mass components in v,, v, and v,. Second, there
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are tests for rather massive neutrinos emitted, via lepton mixing, in particle
and nuclear decays. Third, there are searches for neutrinoless double beta
decay, which would occur if there are massive Majorana neutrinos. The quan-
tity on which one puts limits in searches for neutrinoless double beta decay
is (m,) = |[U2m(v;)|. Note that since Ue; is Gomplex, destructive interference
can occur in this sum. At present, the best published upper limit on this
quantity is (m,) < 0.4 eV [?] from the Heidelberg-Moscow experiment with
5Ge. A number of new propogals:for more sensitive experiments have been
put forward, including GENIUS, EXO3»pMOON, and MAJORANA, among
others, which hope to search’down to a semsifivity below 0.01 eV in (m,) [?].

1.3.6 Models for/Neutrine Masses and Mixing

We discuss the seesaw mechanism in further detail here. In the SM, a single
Higgs field ¢ breaks the gauge symmetry and gives masses to the fermions.
In the MSSM, one needs two X' =,1/2 Higgs fields H; and H, with opposite
hypercharges Y = 1 and Y = —1%0 do this. GUT theories may have more
complicated Higgs sectors; one typically uses different Higgs to break the
gauge symmetryrandsgivesmasses.to fermions. In the context of the weakly
coupled heterotie string, there is a connection between the Kac-Moody levels
for the factor groups SU(3); SU(2), U(1)’s, and the corresponding representa-
tions of the chiral matter/superfields. Indeed, for GUT’s in a string context,
this connection has yieldedya tight constraint on the Higgs chiral superfields.
Starting fitst by allowing the, full range of Higgs fields in SO(10); then for
the Clebseh-Gordan decomposition of the representations in the fermion mass
term

16 x 16 = 104 4+ 120, + 126, (1.39)

Hence, a priori,.one considers using Higgs of dimension 10, 120, and 126.
The coupling to the 10-dimensional Higgs fields yields Yukawa terms of the
folléwing form (suppressing generation indices).

U1 CYrdio= (drdy, + eger)p10(5) + (arur + vrvr)do(5) (1.40)
‘Lhe coupling tg the 126-dimensional Higgs yields a term
X2CXrb126(1) (1.41)

together with other linear combinations of @gur, Zrvr, drdy, and éger, times
appropriate SU(5)-Higgs; these four types of terms are also produced by the
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coupling to a 120-dimensional Higgs. Hence, in this approach, one expects
some similarity in Yukawa matrices, and thus Dirac mass matrices, for T3 =
+1/2 fermions, i.e. the up-type quarks u, ¢, t and the neutrinos:

M® ~ MY @D SR (1.42)

However, in many string-inspired models; one avoids high-dimension Higgs
representations such as the 120- and 126-dimensional representations in SO(10).
Instead, one constructs the neutrino /mass terms from nonrenormalizable
higher-dimension operators. A reviegw with referémces to a large number
of papers with theoretical models is/{?].

To get a rough idea of the predi¢tions, one may pretend that Mp and Mg
are diagonal and let mp denote a typical entry in Mp. Denote m,; = m,,
My = Me, My 3 = my. Then, (neglecting physically irrelevant minus signs)

2

m: .
m(v;) e m—“}: (1.43)

This is the quadratic seesaw. For m(v3), one gets

m; (175 GeV

m(vs) ~ = | Thegey

)(1.75 x 10" eV) ~ 107? eV (1.44)

which, given the uncertainties in the inputs, is comparable to the value

mp) ~ \/Amg, =~ 0.05 eV (1.45)

inferred from the SuperK/datawith the assumption v, — v, and m(r,) <<
m(vs). This gives an idea of how the seesaw mechanism could provide a
neutrino mass in a-region relevant to the SuperKamiokande data.

In passing, we note that string theories allow a low string scale, perhaps
as low as 100" TeValhese models have somewhat different phenomenologi-
cal impli¢ations for neutrinos than conventional models with a string scale
comparable to the Planegk mass.

1.3.7 “Lepton Mixing

We proceed to comsider off-diagonal structure in Mg, as part of the more
general topic of lepton mixing. Neutrino mass terms naturally couple differ-
ent generations and hence violate lepton family number; the Majorana mass
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terms also violate total lepton number. Lepton mixing angles are determined
by diagonalizing the charged lepton and neutrino mass matrices, just as the
quark mixing angles in the CKM (Cabibbo-Kobayashi-Maskawa) matrix are
determined by diagonalizing the up-type and down-type quark mass ma-
trices. Before the atmospheric neutrino-anomaly was reported, a common
expectation was that lepton mixing angles would be small, like the known
quark mixing angles. This was/One reason why theorists favored the MSW
mechanism over vacuum oscillations as an explanation of the solar neutrino
deficiency — MSW could produce the deéficiency with small lepton mixing an-
gles, whereas vacuum oscillations needed nearly, maximal mixing. It was long
recognized that an explanagion of the atmospheric neutrino anomaly requires
maximal mixing, and while neutrine._masses are not surprising or unnatural
to most theorists, the maximal mixing has been something of a challenge for
theoretical models to explain.

Denoting the lepton flaver vectors as ¢ = (e, p, 7) and v = (ve, vy, V7)), we
have, for the leptonic weak charged current,

JN =Ty vy (1.46)

The mass terms'are )
ZLMggR + Z7LMVZ/;:% + h.c. (147)
where, as above, M, = ~MpMp'M}, and we have used the splitting of

the neutrino eigenvalues into a light sector and a very heavy sector. We
diagonalize'these so that, in terms of the associated unitary transformations,
with themotation &y, = (€, M, Tm) and vy, = (v, Vo, v3), for charged lepton
and neutrino mass eigenstates, the the charged current is

J/\ = meUéy)’)//\Ug)Tme = DmLU/Y)\EmL (148)
where the lepton mixing matrix is
U=uMudr (1.49)

Although many theorists expected before the SuperK results indicating that
sin?(2633) = 1 that leptonic mixing angles would be small, like the quark
mixing angles, /after being confronted with the SuperK results, they have
construeted models that can accomodate large mixing angles. Of course, 63
must be small fo fit experiment. Models are able to yield either sin®(26;5) ~ 1
for the LMA, LOW, and just-so solutions, or sin?(26;,) << 1 for the SMA
solution.

14



1.3.8 Relevant Near- and Mid-Term Experiments

There are currently intense efforts to confirm and extend the evidence for
neutrino oscillations in all of the various se¢fors — solar, atmospheric, and
accelerator. Some of these experiments are rumning; in addition to Su-
perKamiokande and Soudan-2, these include the Sudbury Neutrino Obser-
vatory, SNO, and the K2K long baseline experiment between KEK and
Kamioka. Others are in development and,testing phases, such as BOONE,
MINOS, the CERN - Gran Sasso program, KAMLAND, and Borexino [?].
Among the long baseline neutrino os¢illation experiments, the approximate
distances are L ~ 250 km for K2K, /30 km for both MINOS, from Fermilab
to Soudan and the proposed CERN-Gran Sasso experiments. K2K is a v,
disappearence experiment with a/onventional neutrino beam having a mean
energy of about 1.4 GeV, going/from KEK 250 km to the SuperK detector.
It has a near detector for beam ecalibration. It has obtained results consis-
tent with the SuperK experiment, and has reported that its data disagrees
by 20 with the no-oscillation hypothesis [?J..MENOS is another conventional
neutrino beam experiment that takes a beam from Fermilab 730 km to a
detector in the Soudan minesinsMinnesota. It again uses a near detector for
beam flux measurements‘and has opted fora low-energy configuration, with
the flux peaking at about 3 GeV. This experiment expects to start taking
data in early 2004 and, after some years of running, to obtain higher statis-
tics than the K2K experiment and to achieve a sensitivity down to roughly
to the level Am3, & 107%eV2. The CERN - Gran Sasso program will come
on later, around 2005. It will involve taking a higher energy neutrino beam
from CERN to ghe Gran Sasso deep underground laboratory in Italy. This
program will emphasize detection of the 7’s produced by the v,’s that result
from the inferred neutrino oscillation transition v, — v,. The OPERA ex-
periment will do this usingpemulsions [?], while the ICARUS proposal uses
a liquid argomsehamber [?]. Moreover, at Fermilab, the miniBOONE experi-
ment plan§ to run in the next few years and to confirm or refute the LSND
claim affer a few years of running.

There are also several relevant solar neutrino experiments. The SNO
experimeiityis currently running and should report their first results in spring,
2001. These wilbinvolye measurement of the solar neutrino flux and energy
distribution using the charged current reation on heavy water, v, + d —
e+p+p. Subsequently, they will measure the neutral current reaction v,+d —
ve + n + p. The KamLAND experiment in Japan expects to begin taking
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data in late 2001. This is a very long baseline reactor experiment, looking for
v, disappearance. On a similar time scale, the Borexino experiment in Gran
Sasso expects to turn on and hopes to measure the “Be neutrinos from the
sun. These experiments should help/tosdecide which of the various solutions
to the solar neutrino problem is preferred; andshence the corresponding values
of Am2, and sin?(26,,).

This, then, is the program/of relevant experiments during the period
2000-2010. By the end of this period, we may expect that much will be
learned about neutrino masses and mixing. However, there will remain sev-
eral quantities that will not be well measuredrand which can be measured by
a neutrino factory.

1.3.9 Oscillation Experiments at a Neutrino Factory

Although a neutrino faetory,based on a muon storage ring will turn on several
years after this near-term period in,which K2K, MINOS, and the CERN-Gran
Sasso experiments will run, we believe, that it has a valuable role to play,
given the very high-intensity neutrino beams of fixed flavor-pure content,
including, in particularpwe-and. i, beams as well as the conventional v, and
v, beams. The potential of ghe neutrino beams from a muon storage ring is
that, in contrast to'a eonventional neutrino beam, which, say, from 7" decay,
is primarily v, with some/admixture of v,’s and other flavors from K decays,
the neutrino_beams from the muon storage ring would high extremely high
purity: u# beamsiwould yield 50 % v, and 50 % 7., and so forth for the
charge comjugate case of u beams. Furthermore, these could be produced
with extremely high'intensities; we shall take the BNL design value of 2 x 10%°
1 decays per Snowmass year, 107 sec.

The typésyof neutrino oscillations that can be searched for with the neu-
trino factory basedyon a muon storage ring are listed below for the case of
[ «decaying as (1 = Ve et

1. v, = Vs ¥y — p~ (survival)
2. v, = Ve, Up — €~ (appearance)

Vpp—> Vrf e — 775 77 — (€7, 17 )... (appearance®)

Ll

Ve — Vey U, — € (survival)

5. Ue —> 1y, U, — j17 (appearance)
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6. Ve — Uy, vy > 773 70 — (e, puT)... (appearance®)

It is clear from the list of processes above that since the beam contains
both neutrinos and antineutrinos, the only wayteo determine what the parent
neutrino was is to determine the identity of the final state charged lepton
and measure its charge. One aspect of fthe experiments will involve the
measurement of v, — v, as a disappearance experiment. Atunique aspect
for the neutrino factory will be the measurement of the oscillation v, — v,
giving a wrong-sign p*. Of greater difficulty would be the measurement of
the transition 7, — v,, giving a 7+ which will deeay part of the time to u*.
These physics goals mean that a detector must have exeellent capability to
identify muons and measure their ¢harges. The oscillation v, — v, would be
difficult to observe, since it would be difficult to identify an electron shower
from a hadron shower. From thé above formulas for oscillations, one can see
that, given a knowledge of Ay tand sin®(26,3) that one will have by the
time a neutrino factory is built, the 'measurement of the 7, — 7, transition
yields the value of 6;3.

To get a rough idea of how the sensitivity of an oscillation experiment
would scale with energy/andsbaseline length, recall that the event rate in
the absence of oscillations is,simply the neutrino flux times the cross section.
First of all, neutrino cross seétions/in the region above about 10 GeV (and
slightly higher, for 7 production) grow linearly with the neutrino energy.
Secondly, the beam diyvergence is a function of the initial muon storage ring
energy; this divergence yields a flux, asa function of ,, the angle of deviation
from the forward/direction, that goes like 1/63 ~ E?. Combining this with
the linear £ dependence of the meutrino cross section and the overall 1/L?
dependence of/the flux far from the production region, one finds that the
event rate goes like

dN E3

AR
Event rates have beenigiven in the Fermilab Neutrino Factory Working
Group. / For a stored muon energy of 20 GeV, as in the BNL plans, and
a distance of L = 2900 to the WIPP Carlsbad site in New Mexico, these
event‘ratés,amount to several thousand events per kton of detector per year,
i.e. they aresatisfactory for the physics program.

One could estimate that at a time when the neutrino factory turns on,
Am3, and sin?(20y3) would be known at perhaps a 30% level. The neu-
trino factory should improve the precision on those two parameters, and can

(1.50)
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contribute to three important measurements: (i) measurement of 3, as dis-
cussed above; (ii) measurement of the sign of Am3, using matter effects; and
(iii) possibly a measurement of CP violation in the leptonic sector, if Am3,
and sin?(26,; are sufficiently large. [Tommeasure the sign of Am3,, one uses
the fact that matter effects reverse sign syhen one switches from neutrinos
to antineutrinos, and carries out this switch in the eharges of the stored p*.
We elaborate on this next.

1.3.10 Matter Effects

With the advent of the muom storage ring, the distances one can place detec-
tors are large enough so that for thefirst time matter effects can be exploited
in accelerator-based oscillation experiments. Simply put, matter effects are
the matter-induced os¢illations which neutrinos undergo along their flight
path through the Earth from the source to the detector. Given the typical
density of the earth, matter effects are important for the neutrino energy
range £ ~ O(10) GeV and Am2,, “~"10* eV? values relevant for the long
baseline experiments. After the initial discussion of matter-induced resonant
neutrino oscillagions ing|?zrangearly, study of these effects including three
generations was carried oug in [7]. The sensitivity of an atmospheric neu-
trino experiment to.small Am? due to the long baselines and the necessity of
taking into account matter effects was discussed e.g., in [?]. After Ref. [?],
many analysesswere performed in the 1980’s of the effects of resonant neu-
trino oscillations on the solarmneutrino flux, and matter effects in the Earth
were studied, e.g., [?] and [2]; which also discussed the effect on atmospheric
neutrinos (see also the review [?]). Recent papers on matter effects rele-
vant o atmosplieric neutrinos include [?, ?]. Early studies of matter effects
on long baseline neutrino oscillation experiments were carried out in Early
studies of matter effects on long baseline neutrino oscillation experiments
wetrercartied, out in [?]. More recent analyses relevant to neutrino factories
iclude [7,°?],4?]-[?]. In recent papers by one of the authors (RS) and I.
Mocioiu, calculations were presented of the matter effect for parameters rel-
evant to possible long baseline neutrino experiments envisioned for the muon
storage ring/neutrino factory [?]. In particular, these authors compared the
results obtained with constant density along the neutrino path versus results
obtained by incorporating the actual density profiles. They studied the de-
pendence of the oscillation signal on both E/Am?, and on the angles in

atm.
the leptonic mixing matrix, and commented on the influence of Am?2,,
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1.3.11 CP Violation

Because of the large angle 63, leptonic CP violation, which involves all of the
angles in combination with the CP-violatingsangle ¢, could be considerably
larger than CP violation in the quark sector. Howewver, it will be very chal-
lenging to measure. The reason for this isghat to do'setene would compare
Ve — v, with v, — v,. However, matter effects already skew ghése rates, even
in the absence of any CP violation, sincg these matter effects have the oppo-
site sign for neutrinos and antineutrinos. Alternatively, one might think of
comparing v, — v, with the time-reyersed reactionw,, — v.. Although this
would be equivalent if CPT is validgas we assume, and although the matter
effects are the same here, the dete¢tor response is completely different and,
in particular, it is quite difficult to identify &F.

1.3.12 Detector Considerations

We have commented on the requisite propertiesiof detectors. These should be
quite massive, O(10) - O(100) ktons. Possibilities include magnetized steel
calorimeters, water Cheremkovedetectors, and liquid Argon chambers.

1.3.13 Conclusions

In conclusion, neutrineginasses andymixing are generic theoretical expecta-
tions. The seesaw/mechanism naturally yields light neutrinos, although its
detailed predictions are model-dependent and may require a lower mass scale
than the GUT mass scale/ One of the most interesting findings from the at-
mospheric data has been/the maximal mixing in the relevant channel, which
at present is favoredwto be v, — v,. Even after the near-term program
of experiments by K2K| MINOS, the CERN-Gran Sasso experiments, and
mini-BOONEf @ high-intensity neutrino factory at BNL with 2 x 10%° 1 de-
cays per Snowmass year, and a stored pu* energy of 20 GeV coupled with a
long-bageline neutrino oscillation experiment, say with L = 2900 km to the
WIPPAacility in Carlsbad would make a valuable contribution to the physics
of neatrino,masses and lepton mixing. (An alternative L = 1700 to Soudan
is also being eomsidered.) In particular, the neutrino factory should be able
to improve the aceuraey of the measurement of sin?(26,3) and Am2, and to
measure sin”(26;3) and the sign of Am?, . It might also be able to measure

atm. "
leptonis CP violation. BNL can build on its longstanding expertise in ac-
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celerator design and construction, its pioneering role with muon colliders, to
proceed with the requisite R+D to build the muon storage ring and neutrino
factory on the BNL site. The physics potential of this facility is excellent.
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2.1 Introduction

After more the 40 years of operation the AGS is still at the heart of the
Brookhaven hadron deeelérator/ complex which presently consists of a 200
MeV Linac for the preacceleration of high intensity and polarized protons,
two Tandems for the preacceleration oftheavy ion beams, a versatile Booster,
that allows for efficient injection of all three types of beams into the AGS
and most recently the tworRHICGcollider rings that produce high luminosity
heavy ion and pelarized proton collisions. For several years now the AGS is
holding the world inténsity/record with more than 7210' protons accelerated
in a single pulse.

We are examining heresthe possible upgrades to the AGS complex that
would meét the requirementsiyfor the proton beam for neutrino factory op-
eration. /Those requirements.are summarized in Table 1 and a layout of the
upgraded AGS ig shown in Figure 1. Since the present number of protons
per fill is already close to the required number, the upgrade will focus on
increasing thesrepetition rate and on reducing beam losses to avoid excessive
shielding requirements and to maintain the machine components serviceable
by _hand:It,is also important to maintain all the present capabilities of the
AGS, in particular its role as injector to RHIC.

The AGS Booster was built to allow the injection of any species of heavy
ion into the AGS but also allowed a fourfold increase of the AGS intensity
since it is one quarter the size of the AGS with the same aperture. However,
the“acéumulation of four Booster loads in the AGS take precious time and
is not well suited for high average beam power operation. We are proposing
here to built a superconducting upgrade to the existing 200 MeV Linac to
an energy of 1.2 GeV for direct H minus injection into the AGS. This will be
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Table 2.1: AGS proton driver parameters

Total beam power 1 MW
Beam energy 24 GeV
Average beam current 42 A
Cycle time 400 ms
Number of protons per fill 1 x 104
Average cicrculating current 53 A
Number of bunches per fill 6
labeltb1-proton Number of protons per bunch 1.7 x 10"
Time between extracted bunches 20rms
Rms bunch length at extraction 3 ns
Peak bunch current 400 A
Total bunch area 5 eVs
Rms bunch emittance 0.4 eVs
Rms momentum spread 0.5 %

discussed in section 2. The minimum ramp time to full energy is presently
0.5 s, which will have to bemupgraded:te-reach the required repetition rate of
2.5 Hz. Since the six bunches have o extracted one bunch at a time, as is
presently done for the operation of the g2 experiment, a 100 ms flattop has to
be included which leaves in fact enly 150 ms for the ramp up or ramp down
cycle. The required _asthreefold upgrade of the AGS power supply will be
described in section 3. Finally, the increased ramp rate and the final bunch
compression requires a substantial upgrade to the AGS rf system. This will
be discussed in gection 4. /The final'section describes possible upgrade paths
towards a 4 MW operation.

TABLE 1. AGSyproton driver parameters

The front end consists of,the existing high intensity negativeion source,
followed by_the 750, keV RFQ, and the first 5 tanks of the existing room
temperature Drift Tube Linac (DTL) to accelerate protons to 116 MeV. The
SCL is made of three seg¢tions, each with its own energy range, and different
cavitygryostat arrangement.

The frontend of the Linac is made of an ion source operating with a 0.25%
duty cycle at thexrepetition rate of 2.5 Hz. The beam current within a pulse
is 37.5 mA of negativehydrogen ions. The ion source seats on a platform at 35
kVolt. The beam is prechopped by a chopper located between the ion source
and the RFQ. The beam chopping extends over 65% of the beam length, at a
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Figure 2.1: AGS proton driver layout
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Table 2.2: Comparison of H minus injection parameters

AGS Booster | SNS | 1 MW AGS

Beam power, Linac exit, kW N/A 1000 54

Kinetic Energy, MeV 200 1000 1200
Number of Protons Np, 10'2 15 200 100
Vertical Acceptance A, mmmrad 192 480 108
v2beta? 0.57 9.56
Np /728% A), 10" mmmrad 0.136 0.097
Total Beam Losses, % 5 2

frequency matching the accelerating rf at injection into the AGS. Moreover,
the transmission efficiency through the RFQ is taken conservatively to be
80%, so that the average current of the heam pulse in the Linac, where we
assume no further beam loss,“is 25, mA. The combination of the chopper
and of the RFQ pre bunches the beam with a sufficiently small longitudinal
extension so that each of the beam bunches ean be entirely fitted in the
accelerating rf buckets of the following DTL that operates at 201.25 MHz.
The DTL is a room tempeératuresconventional Linac that accelerates to 116
MeV.

The proposed new injector, for /the AGS is a 1.2 GeV superconducting
linac upgrade with an average output beam power of about 50 kW. The
injection energy is still.low enoughiyto control beam losses due to stripping
of the negative ion§ that are used for multiturn injection into the AGS. The
duty cycle is abgut 0.25 %. The injection into the AGS is modeled after
the SNS. Howeyer, the repetition rate and consequently the average beam
power is much/lower. The larger circumference of the AGS also reduces the
number of foil traversals. Beam losses at the injection into AGS are estimated
to be about 2% of contrelled, losses and 0.2 % of uncontrolled losses. This
is based on.arGomparison with the actual experience in the AGS Booster
and the ptedicted losses,at the SNS using the quantity Np /?* A), which is
proportional to the Laslett tune shift, as a scaling factor. This is summarized
in Table 2. As can be seen the predicted 2% beam loss is consistent with
both $he AGS Booster experience and the SNS prediction.

The AGSiinjection parameter are summarized in TB. The result of a
simulation of the 360 turn injection process with a twoharmonic rf system is
shown in Fig. 2.2 resulting in a longitudinal emittance of 4.2 eVs per bunch.
Such a small emittance is important to limit beam losses during transition
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Table 2.3: AGS injection parameter

Injection turns 360

Repetition rate 2.5 Hz
Pulse length 1.05 ms
Chopping rate 0.65

Linac peak current 25 mA
Momentum spread +0.2%
Norm. 95% emittance | 127 pm
RF voltage 100 kV
Bunch length 324 ns
Longitudinal emittance (4.2 eVs
Momentum spread +0.44%
Norm. 95% emittance 100m

crossing and to allow for effeetive,bunch compression before extraction from
the AGS.

Since the intensity of 1 x 10 is only marginally higher than the present
intensity of 7 x/10'sne-new.instabilities are expected during acceleration
and transition croessing. However, significant more rf voltage per turn and rf
power will be required. This will be addressed in section 4.

2.2 Superconducting Linac

The superconductinggimacs accelerate the proton beam from 116 MeV to 1.2
GeV. The presented configuration follows a similar design described in detail
in [1)*0Allythree linacs are built up from a sequence of identical periods as
shown in Figure 2. Each period is made of a cryomodule and a roomtemper-
ature insertion that ismeeded for the placement of focusing quadrupoles, vac-
uuin pumps, steering magnets, beam diagnostic devices, bellows and flanges.
The cryomoduleiincludes 4 identical cavities, each with 4 or 8 identical cells.

Figure 3. Configuration of the cavities within the cryomodules (cryostats)

The choice of cryomodules with identical geometry, and with the same cavity/cell
configuration, is economical and convenient for construction. But there is,
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Figure 2.2: AGS injection with double RF
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nonetheless, a penalty due to the reduced transittimefactors when a particle
crosses cavity cells, with lengths adjusted to a common central value  that
does not correspond to the particle’s instantaneous velocity. This is the
main reason to divided the supercondueting linac into three sections, each
designed around a different central value'y jyand, therefore, with different
cavity/cell configurations. The cell length in a“section is fixed to be

where [ is the rf wavelength.

The major parameters of fhe three sections of the SCL are given in Table 2.
Transverse focussing is done with a sequence of FODO cells with halflength
equal to that of a period. The phase advance per cell is 90 degrees . The
rms normalized betatromsemittance is 0.3 mmmrad. The rms bunch area is
0.5 degree MeV. The rf phase angle is 30 degrees .

The length of the Linac depends on the average accelerating gradient. The
local gradient has @umaximum value that is limited by three causes: (1)
The surface field limitis taken to be 26 MV /m. For a realistic cavity shape,
we set a limit of a 13 MV//m on the axial electric field. (2) There is a limit
on the powef prowvided by rfi,couplers that we take here not to exceed 400
kW, including a eontingency of 50% to avoid saturation effects. (3) To
make the longitudinal.motion stable, we can only apply an energy gain per
cryomodule that/is a relatively small fraction of the beam energy in exit of

the crtyomedule. The conditions for stability of motion have been derived in
ref. [1].

The proposed mode of operation is to operate each section of the SCL with
the same rf input power per cryomodule. This will result in some variation
of'the actual axial field from one cryomodule to the next. If one requires
also‘a comnstant value of the axial field, this could be obtained by adjusting
locally the walue of the rf phase.
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For the pulsedmode of operation of the superconducting cavities the
Lorentz forces could deform the cavity cells enough to detune them off
resonance. This has to be controlled with a thlck cavity wall and additional

supports. Also, a significant time to fill the
required before the maximum gradient is reache
The expected fill time is short compared

TABLE 4. Parameters of the superc

Medium energy

Beam power, Linac

¢ Energy Rang

MeV

35

ies with rf power is
am can be injected.

seﬁgth of 1 ms.

Low energy

High

18
36
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116 ...400
400 ...800

800 ...1200



Velocity Range, ¢

0.4560...0.7131

&y 0713108418
0.8418...0.9017

Frequency, MHz
805
1610

1610

Protons / Buncl I,

2.33

2.33

2.33

2.0

2.0

2.0
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Cells / Cavity

\ . 8
Cavities / CryoModule Q

Cell Length, cm
9.68
6.98
8.05
Cell reference ve

Cavity internal diameter, cm



~,

Cavity Separation, cm

32
16
16
ColdtoWarm transition, cm
30
radient, MeV/m
21.5

Cavi lystron
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.

No. of Klystrons (or periods)

9
Klystron Power, kW
2160
Energy Gain
48.0
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4.7

Total length, m \

42.6

3. AGS main power supply upgrade

v 1t Mode of Operation

The present AGS Ma ignet Power Supply (MMPS) is a fully

to pulse the main magnets up to 50 MW

ximum power into the motor ever utilized is 7 MW, that
is the ma average power dissipated in the AGS magnets did never

sists of 240 magnets hooked up in series. The total

27 ohm and the total inductance L is 0.75 henry. There
ods, A through L, of 20 magnets each, divided in two

10 magnets per superperiod.
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Two stations of power supplies are each capable of delivering up to 4500V
and 6000 A. The two stations are connected in series and the magnet coils
are arranged to have a total resistance R/2 and a total inductance of L/2.
The grounding of the power supply is done onlyin one place, in the middle
of station lor 2 through a resistive network. With this grounding
configuration, the maximum voltage to ground in the magnets will not
exceed 2500 Volt. The magnets are hipotted to 3000 Volt to ground, prior
of each starting of the AGS MMPS after leng maintenance periods.

To cycle the AGS ring to 24 GeV at 2.5 pulses per second and with ramp
time of 150 ms the magnet peak ¢urrent is 4300 Amp and the peak voltage
is 25 kV. Figure 3 displays the magnet current, voltage of a 2.5Hz cycle.
The cycle includes a 100 ms flattop for the six singlebunch extractions. The
total average power dissipated in the AGS magnets has been estimated to
be 3.7 MW. To limit the AGS coil voltage to,ground to 2.5 kV the AGS
magnets will need to be divided into three identical sections, each powered
similarly to the present whole AGS except that now the magnet loads is
1/6 of the total resistan¢e and inductance. Every section will have to be
powered separately with 1t§ own feed to the ring magnets and an identical
system of power supplies, as shown in Figure 4.

Figure of AGS mmps cycle

Figure 3. Current and voltage cycle for 2.5 Hz operation. Also shown are the AGS

dipole field and average power.

Althoughdthe average power is not higher than now the peak power
required is approximately 100 MW exceeding the 50 MW rating of the
existing motor generator. The new motorgenerator should also operate with
6 or 12 phases to limit or even eliminate phaseshifting transformers so that
every power supply system generates 24 pulses. The generator voltage will
have to be around 30 kV linetoline. In this case the generator current is
approximately equal to the magnet current as it is presently the case. Also,
the generator needs to be rated at a slip frequency of 2.5 Hz.
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Figure of power supply connection to AGS magnets

Figure 4. Schematic of power supply con o the AGS magnets for the 2.5 Hz

Running the AGS at 2.5 Hz i e acceleration ramp period
decreases from 0.5 sec dow
variation dI/dt is about 3
losses on the vacuum ch
is 10 times larger. How,

imes larger than the present rate. Eddycurrent
portional to the square of dI/dt, that
significantly smaller than the present
does not require active cooling. Also,

Compressor ring parameter
Circumference
200

m

Bending field
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Tesla

Kinetic enérgy .

2

Tr

Betatron tune, x/y

14.8/9.2

aximum beta function, x/y

12.9/19.8
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Dispersio ion

0.12 .

Cha

r radius

25

Acceptance, x/y
48.5/31.6

m

Beam emittance, x/y
3.8/3.8

m
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Accp./emit. ratio, x/y

12.8/8.3

Operated below transitio

Very small slippage factor, que l ronous ring.

Very small dispersi

Acceptance/emitta : the consideration of extremely tight
beam loss limi

Chromaticity needs't orrected.

RF parameter
RF frequency
5.94

MHz
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Harmonic number
4

ltage

200
\Y%
eight, in dp/p

0
Bucket area
222
eVs

Bunch area
10
eVs

Synchrotron frequency, center
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Synchrotron fre

Bunch is injected from the AGS, un
after a bunch rotation.

It is extracted immediately

e,very small slippage. For the
eeds to be 5.3 MV.

Very low RF voltage req
same bucket height, RF v

Bunch rotation takes a quarter of/synchrotron period, i.e. 3 ms, or 4500
turns.

Particle per bunch

0.17
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0.17

1014

4

rms length

k current

momentum spread
0.4
2.24

%

Longitudinal emittance
10.5

10.5
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eVs

Broadband imped\

5 4

5

Effective RF voltage
200
248

KV
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threshold is low. the injection,
or and low dp/p.

Longitudinal microwave instabili
because of the small slippage f:

Bellows will not be shielded
chamber steps will be tape
achieve.

Combination of the br pace charge impedance is j3.34 |
slightly lower than th
instability is not expec
The overall inductive impedance he transition has a focusing effect,

which is shown as the increase of the effective RF voltage in the bunch
rotation.

Transverse aspect

Ext.

Broadband impedance
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0.51

0.51

M/m

BB imp. indu

0

Space charge inc. tune spread

hromatic tune spread,
0.22

1.32

Chromatic frequency,

59.4

o1



59.4
GHz

Comparing to the AGS, the rsely more stable. This is just
opposite to the longitudin

Space charge incoherent

But if the chromaticity ed, the chromatic tune spread is large.
Chromatic frequency i because of the small slippage factor, the
high revolution frequenc high tune.

The scheme of 1

VV proto
AGS beam intensi ‘w stly higher than the normal high intensity

proton operation. Sine > proposed beam emittance is larger, the beam
instability i 0 be a problem.

on requires very low RF voltage. Also the potential
)t the short bunch production.

ance is reasonable to achieve.
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Figure 3.1: The overall target support facility.

3.1 Target System, Proton Beam Absorber,
and Support Facility

(P. Spampinato/ORNL:3/11/01)

3.1.1 Introduction

The Target Support Facility consists of the target region and decay channel,
a crane hall over_the length of the facility, a maintenance cell at the ground
floor elevation for magnet components, a hot cell at the tunnel level for
mercury target systém components, and various remote handling equipment
used for maintenance tasks. The facility is bounded by the proton beam
window at the upstream end and the first induction linear accelerator at the
downstream end.»It contains the equipment for the freejet mercury target,
high field and low field superconducting solenoids, watercooled shielding to
limit radiation dgsesand neutron heating to the coils, biological shielding
to protect personnel and the environment, and a 50 ton crane used for the
initial“assembly and installation of major components and for subsequent
maintenance activities. The target support facility is 11 meters wide, and
approximately 40 meters long. Figure 3.l shows the overall facility.

3.1.2 Target System and Proton Beam Absorber

The mercuryjet target system consists of a process flow loop, a replaceable
nozzle assembly mounted in the bore of the iron plug magnet, a containment
vessel thatis part of the decay channel, and a dedicated hot cell that contains
most of the flow loop components. Figure B2]is a schematic diagram of the
overall system.
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Figure 3.2: Target system and beamjabsorber‘schematic layout.

3.1.3 Process Flow Loop

The process flow loop contains 85 Aditers of mercury distributed as follows:
30 1 in the beam absorber pool, 6/l in the heat exchanger, 35 1 in the sump
tank, and 14 1 in miscellaneous piping and salves. A 200 liter tank provides
storage of the mercury when the system is shutdown or undergoing mainte-
nance. Various valves are used to iselate portions of the system for storage,
flow, or drainage into the storage tank bywmeans of gravity. The pumps are
centrifugal magnetic drive. The low capaeity, selfpriming pump (36 gpm)
transfers mercury from the storage tank into the flow loop, and the high ca-
pacity pump (3550 gpm /i@ sumppumpsthat, circulates the mercury though
the nozzle assembly at 30.m/s. The heat exchanger is a welded tube, closed
loop water system; the inlet'temperature of the Hg is 122C, outlet tempera-
ture is __C; water inlet temperature is 20C, outlet temperature is __C. (The
heat exchanger calculations need toybe redone .. .)

In addition tosthe gravity drain lines from the sump pump and beam
absorber pool, agecondary drain/yent is located at Z = 6.0 m. Its purpose
is to extract and condense mereury vapor prior to a maintenance operations
that requires opening the/mercury containment in the capture/decay channel.
The vent line is conniected in series to a mercury trap (condenser) and a
vacuum scroll pump. Thereondensate is returned to the storage tank by
means of a_bypassiline, and the vacuum exhaust passes through a bank of
sulfurtreated charcoal filters before entering the facility ventilation exhaust.

Theaverage beam power deposited in the jet is 400 W /g (128 kW) and the
remainder of the 1 MW proton beam is assumed to end up in the absorber.
The bulk temperature rise of the mercury in the absorber pool is 102C, well
below the beiling,point. However, this assumes there is no local heating in
the pool, and that homogeneous mixing occurs because of the mercury jet
(if it remains intact) that streams into the pool at a rate of 2.4 1/s.

The storage tank is located in the pit area under the first cryostat at an
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vskip 2cm

Figure 3.3: Arrangement of components in the target hot cell.

vskip 2em

Figure 3.4: Side elevation of the facility geometry.

elevation below the bottom/of the sumppump.tank. All other components
are located in the target hotcell ...

... throughthewall manipulator and shield window ... Figure is a view
of the target hot cell.

More to be added:

3.1.4 Target System Operation
3.1.5 Mercury Containment

3.1.6 Target System Replacement and Remote Han-
dling

(100 mrad, nozzle)

3.2 [ Target Support Facility

The geometryfor the target support facility is defined around the intersec-
tion of the mereuryjet, the proton beam, and the magnetic axis of the coils.
Theproton,beam interacts with the jet over a 30 cm region so that the down-
stream interaction point is at Z = 0 cm (where the proton beam intersects
the magnetic axis), and the upstream interaction point is at Z = 30 cm. The
location of the eoils and other components are measured from Z = 0. The
decay channel extends to Z = 35.60 m, which is the facility interface with
the firstyinduction linear accelerator. Figures B4l and show the basic
geometry of the facility and its boundaries.

The proton beam window is located at Z = 330 cm and is connected
to the core vacuum vessel with a removable section of beam pipe. This
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vskip 2cm

Figure 3.5: Side elevation of the target region.

design permits the window assembly to be’close to the target region, yet
readily removable to replace the window or the mercury jet nozzle, or provide
clearance for the replacement of the inner.solenoid module should that ever
become necessary.

It is important to keep in mind that virtually-all of.the components that
make up the target and capture facility will be highly radioactive; hence,
handling and replacement after start up operations must be done using re-
mote handling equipment and tools. Therefore, development of the facility
arrangement, was based on congidering the initial assembly and installation
of the various components, and also on' modularization of components to
simplify remote handling and have minimal impact on operating availability.

3.3 Solenoid Magnets

The solenoid magnets are located Ain the capture and decay tunnel of the
support facility, and although they are considered to be lifetime components,
the facility design is based on theirsremote replacement. The tunnel begins
in the target region upstream of the proton beam window and extends to Z
= 35.6 m. The figst five solenoids (SC15) are contained in a common cryostat
that extends to/Z = 6.1 m, and is designed so that its inner cryostat shell
is the outer shell.of part/of the tungstencarbide shield. Therefore, there is a
shield cylinder attached/to the cryostat that is 12 cm thick and contains inner
rib supports to stiffen this eylindrical beam. The ribs are also partitions for
the cooling flow ¢hannels of the shield. Figure 6 is a section through the first
cryostat that showsthexmagnet arrangement and the shieldbeam. The end
view shows the rib strueture of the shield beam and the other inner shield
modules.

There'is,a separate module for the resistive magnets and shielding con-
tained within the bore'otf SC1. It consists of an iron plug, three resistive,
watercooled magnets (HC13), and tungstencarbide shielding. The combina-
tion of these coils and SC1 provide the 20 Tesla fieldonaxis in the target
region. Figure 7 shows the resistive coil module along with the nozzle insert
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Figure 3.6: Main cryostat an support beam.

: The resistive coils/shield module.

for the mercur
The magnets do of the first cryostat are single coil solenoids

contained in 2meter lo vostats, except for SC6 which has a 0.5 m cryostat.
These exten

aller and is designed to be the mounting support for a beryl-
is located at Z = 6.1 m. The window is the downstream
for mercury target vessel. The window is periodically

the transition region to the end of the decay channel are
er long cryostats, three coil pairs to a cryostat. (see Figs.

The overall dimensions of the coil modules and their respective component
weights are given in Table 1.
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Figure 3.8: SC6 is the support structur

window.

Table 3.1: Solenoid coil sizes

Resist. Module

First Cryostat
+Shield Beam

Component

Iron Plug
HC1
HC2
HC3

WC Shield

SC6+Shield
SC7+4Shield

270

256
202
128
176
148
104
104
104
104
104
104
104
TBD

Length (cm)

n/a
n/a
n/a
n/a

740

178
183
183
351
351
50
185
185
185
185
185
185
296

r the merc y.ntainment Be

and shield module weights.

Module Wt.(1bs)
47,500

TBD

61,000
21,700
59,600
17,900
86,400
TBD
TBD
TBD
TBD
TBD
TBD
TBD
TBD
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3.4 High Field Region

The high field coils provide a 20 Tesla field in the target region and consist
of three resistive coils and an iron plugssurrounded by a water cooled tungs-
tencarbide shield and an outer superconduéting coil (SC 1). The three coils
and the shield are a single module that is separate.from, but inserted into
the cryostat of the high a field superconducting coil.“The inner radius of the
cryostat for this coil is ___ cm.

3.4.1 CoiltoCoil Eerces/Method of Support/Method
of Assembly

The net force between SC112 is near zero, meaning it is a balanced system.
However, the coiltocoil ferces between individual magnets are significant.
SC1 reacts the accumulated forces of the downstream coils which total 23
million pounds (102.5 kN), with anmpequal but opposite force. The forces
from SC25 are, respectively, 10.3E6 1bs, 6.6E6 lbs, 3.4E6 lbs, 2.3E6 lbs.
(The force contributions from SC612 are ignored here since they are small
by comparison)t In order to minimize heat leaks into the cryostat caused by
largearea coldtowarmtocold supports, use of a common cryostat was chosen
by the solenoid coil ‘desighers. Hence, the coiltocoil supports are cold, but
the cryostat structure must support the total gravity load of coils SC15. This
is accomplished by making a,cylindrical portion of the radiation shield part
of the cryostat.

3.4.2 »Transition Field Coils

The cryostat 1s assembled from two sections onto a continuous cylindrical
beam thatyis part of the radiation shield. The cryostat/beam assembly is
lowered into the target region of the tunnel, onto a pair of trunnion supports.
The trunnion is located midway along the cryostat to minimize the depth of
pit area under SC15, and to minimize the elevation of the crane for installing
S€45. The cryostat is rotated so that the upstream end points up and SC1
is lowered intg position. The weight of the SC1, the heaviest coil module is
61,000 Ibs. (At this time, the remainder of the high field magnets, i.e. the
iron plug, HC13, and shielding) may be installed into the inner bore of the
shieldbeam. Figure[3.9 shows the installation sequence of the high field coils.
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ils SC1, HC13.

Figure 3.9: Installation sequence of t igh

Figure 3.10: Installation e transition coils SC45.

The cryostat is then rotated so that the nstream end points up and
the coil module consisting o 23 is installed, followed by its protective inner

Each of the re i stat modules contains a 5 cm thick radiation
shield beam mo liameter of the cryostat shell. For the
coils downstrez 6.1 m, the shield material is (Cu?? SS?? TBD).
i shell of the shield is another shell which is the
vacuum boundary fort on decay channel. These are assembled into each
cryostat so th ) {a of the vacuum boundary shell is sealwelded
to the flan modules. Figure 11 is a typical side view and end
view of the magnets showing the vacuum flange attachments

3.4.4 ement and Remote Handling

The solenoid magnets are considered to be lifetime components, i.e. Class
2. However, they must be designed to be remotely replaced in the event

61



Figure 3.11: Muon channel vacuum flangestand coolant line clearance.

of a failure since they are critical to the operation of the facility, and since
they will become highly activated. The assembly procedure described above
would be ...

3.4.5 Facility Shielding

The facility shielding is designed for the 4 MW (upgrade) proton beam power
and permits unlimited access to radiation workers in the crane hall. The
shield material and thickness is sized to limit the dose rate at the crane hall
floor to 0.25 mref/hn(0:0025mSv)...A Monte Carlo neutron, photon, charged
particle transport €ode (MCNPX) using cylindrical geometry was prepared
for neutronic calculations./ The results show that the shield over the target
region and the decay channel requires a thickness of 5.5 m, consisting of
5.2 meters of.steel to attenuate fast neutrons and 0.3 meters of concrete to
attenuateslow neutrons. Themodel was carried out downstream to Z = 3600
cm, but/it is clear that beyond the decay channel, into the first induction
linear accelerator and beyond, the modular solenoid components will have
dose rates too high to permit hands on maintenance. Therefore, the crane
hall and“theremote handling access that it provides to the tunnel magnets
is envisioned to.gomwell beyond the end of the decay channel. It is assumed
at this time that the'same crane system could be used to service the linear
aceelerator regions downstream, several hundred meters to the storage ring.

Figure 1S a typical cross section in the decay channel showing the
arrangement, of removable shield slabs. The shields are sized to a weight
limit of 45 tons. Each layer is 46 cm thick, and the successive slabs are
slightlysshorter (tunnel) in length because of the increasing width, so each
slab layer has offset joints that avoid a streaming path to the crane hall.
It should be noted that the width of the tunnel decreases from 7 meters in
the target region to 5.2 meters at approximately Z = 700 cm because of the
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Figure 3.12: Facility shield over the deeay ehannel.

smaller diameter of the magnets downstream fromnSC7.

3.4.6 Upstream shielding requirements, He contain-
ment vessel and air activation

TBAdded.

3.4.7 Proton Beam Window

The proton beam window_is contained in the helium vessel upstream of the
target located at Z = 330 cm. Tt is attached to the beam pipe feedthrough
with a Grayloc or Reflange remote connector. (The beam pipe diameter is
assumed to be 25 cm.) MORE TO BE ADDED + FIGURE

3.4.8 Crane/Hall TBA
3.4.9 Maintenance Operations

3.4.10 Component lifetimes

The components in the‘target facility fall into three categories: Class 1 are
lifelimited components that require frequently scheduled remote replacements
during the life of the facility; they are designed for remote handling and min-
imal impact on operating availability, and remote handling tools and equip-
ment are included in the eost estimate. Class 2 are lifetime components with
activationilevels that preclude hands on replacement, and whose failure shuts
down the faeilitys They have a finite probability of at least failure. They are
designed for remote handling, but remote handling tools and equipment are
not provided or costed (unless they are used during the initial installation).
Their replacement will impact operating availability since spare components
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Table 3.2: Component Lifetimes.

Component Replacement

Class 1
Proton Beam Window
Be Mercury Vapor Window

Mercury Jet Nozzle
7?

Class 2

All Solenoid Magnets
77

Class 3

Hot Cell (at crane hal
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Chapter 4 \

Front End

&

4.1 Decay and Phase Rotation Sections

H. Kirk

4.1.1 Conceptu S IS MISSING

zation Cooling Section

R. Fernow, P.
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The Buncher and SFOFO/cooling channel are introduced and described.
Performance, systematic ervors and tolerances,are discussed. These are the
section 12 and 13, respectigely, in the Feasibility I study document.

4.3 The Buncher and Matching section from
the Induetion/Linac

After the energy spread of the beam has been reduced in the induction linacs
the muons are distributed continuously over a distance of around 100 m. It is
then necessary to form the'muonsintoe a train of bunches prior to cooling and
subsequent acceleration. First an 11 m long magnetic lattice section is used
to gently transform the beam from the approximately uniform solenoidal
field used in the induction linacs to the so called "super-FOFO”, or SFOFO,
lattice used imsthe remainder of the front end. This is followed by the 55 m
long rf buneher itself, which consists of rf cavity sections interspersed with
drift regions. The two functions of this section are perfomed sequentially for
design simplicity/ Thereis a significant advantage in using the same lattice in
the baneher section as in the following cooling region since it avoids adding
another complicated 6-dimensional matching section.

Two distinct .computer codes were used to simulate this buncher and the
coolinig channel: ICOOL[?] and Geant4[?]. There is no shared code between
the two programming environments, FORTRAN for ICOOL and C++ for
Geant4. The Geant4 implementation was based solely on the parameters
listed below. After optimization of the matching sections and minor clarifi-
cations, good agreement was obtained, as shown in the performance section.
Based onythis Successful comparison, the more demanding magnet alignment
tolerance study was done in the generic 3D code, i.e. Geant4.
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4.3.1 Matching section

The goal of the matching section is to smoothly transform the muon beam
from the 1.25 T approximately uniform focusing field to the 2 T alternat-
ing polarity s-FOFO lattice. The 4 % rms memeéntum spread entering the
matching section is relatively small, so chrematic corrections are less critical
than in the mini-cooling field reversal. Table A1l gives coil{dimensions and
current densities for the solenoid magnets used in the match.

Table 4.1: Matching section magnets

7 dz r dr ]

m m m m  A/mm?
0.358  1.375/4 0.300 0.100  -9.99
1.733  0.330  0.300 A0.110 -15.57
2.446  0.187 0:330/ 0.330 -33.40
2.963 0.187 0.330 0.330  35.19
4.008 0.330 0.770 0.110» 67.41
5.146  0.187 0.330 0.330 43.75
5.663 087 0:330..,0.330  -43.75
6.708% 0.330 0470 0.110 -66.12
7.896 0.187 0.330 0.330 -43.75
8.413 0.187,/0.330 0.330  43.75
9.458.  0.330° 0.770 0.110 66.12
10646 0.187 0.330 0.330  43.75

The magnet configuration at the beginning of the section, the axial mag-
netic field on-axis, and/the beta function for three momenta are shown in
Fig.[Z1l. The magnetic lattiee goes from a series of constant radius solenoids
to a s-FOFQseell structure comsisting of small radius coils at each end of a
cell and a large radius ¢oil in the middle. Four magnets in the transition
region have non-standard current densities. The axial magnetic field in a cell
peaks Symmetrically near the two ends and has a smaller secondary peak
in thé'middle. The beta function across the match is similar for the three

particles shownpwhich vary in momentum in steps of 7.5 % from 185 to 215
MeV/ec.
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Figure 4.1: Magnet configuration;zgxial magnetic field; beta function.



4.3.2 Buncher section

The design principles for the lattice and details concerning the rf and other
technical components for the buncher sectiontwill be described later. Only
the beam dynamics and performance will be deseribed here. The buncher
magnetic lattice is identical to that used in the first ¢ooling section. It
contains rf cavities in selected lattice cells and no absorbers. The main rf
frequency was chosen to be 201.25 MHz in _the front end, so that the beam
would fit radially inside the cavity aperture and,because power sources and
other technical components are available at this frequency. The 201.25 MHz
cavities are placed at the high beta‘locations in the lattice, just as in the
cooling section. Harmonic cavities/tunning at 402.5 MHz are placed at beta
minimum locations, where hydrogen absorbers are located in the cooling
section.

The buncher encompasses 20 lattice cells, each 2.75 m long. Maximum
bunching efficiency was obtained by breaking the region into three rf stages
separated by drift regions. The locations and léngths of the buncher compo-
nents are given in Table

Second harmonic (402.5 MHz) cavities are used at the entrance and exit
of the first and second stages to limearize the shape of the rf pulse. All
cavities are assumed to have thin Be windows at each end. They are modelled
in the simulation codes as perféct TMy;, pillboxes. The window radii and
thicknesses are/given in Table (REFER TO TABLE 18.D HERE).

The electricfieldigradient is gradually raised in the buncher from 6 to 8
MV/m. A long drift is‘provided after the first stage to allow the particles to
begin overlapping:in space.

The following Fig. 27 shows the momentum-time distributions at the
start, and after each of the three buncher stages. Distributions are also
shown/at the ends of the first and second cooling stages. In the last three
distributions, ellipses are drawn indicating the approximate acceptance of
the cooling channel.

It can be seen that at the end of the buncher, most, but not all, particles
are within the approximately elliptical bucket. About 25 % are outside the
bucket and are lost relatively rapidly, and another 25 % are lost more slowly
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Table 4.2: rfb er component tions

frequency phase gradient
Hz degree  MV/m

leng

harmonic rf 180 6.4

space
rf 201.25 0 6.4
space
harmonic rf 402.5 180 6.4
drift 1
harmonic rf 402.5 180 6

1.25 0 6
180 6

0 6

180 6

12 8

12 8
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as the longitudinal emittance rises from straggling and the negative slope of
the energy loss with energy.

4.3.3 Longitudinal-transverse correlation

A significant coupling develops in this fromt end lattiee, including the in-
duction linac, between a particle’s longitudinal and transverse:motions. This
coupling develops because particles with/different transverse displacements or
angular divergences take different amounts of time to move axially down the
solenoidal lattice. They thus arrive at the cavities atidifferent points in the
rf cycle, thereby obtaining different acceleration and different longitudinal
and transverse focusing.
The correlation can be expressed as

p=p,+ CA* (4.1)

where C is the correlation coefficient and the transverse amplitude is

o 17

-

Figure 4] shows that thereis little correlation between momentum and an-

gular momentum after the induction linacs, indicating that the field reversal
is correctly located.

The magnitude ofthesmomentum-amplitude correlation is seen to be 0.7.
This is a higher value than the correlation of 0.45 that would be obtained
without the mini-cooler. Ideally thew¢orrelation should be such that forward
velocity in the following lattice is independent of transverse amplitude. A
value of approximately 1.1 would be required for this.

+ 0? (4.2)

4.4 Theldoenization Cooling Channel

The rmég transverse emittance of the muon beam emerging from the induc-
tion linac must be reduced to at least ~ 2 mm rad (normalized) in order
to fitAn the downstream/ accelerators, and be contained in the storage rings.
Tonization eooling is currently our only feasible option[?]. The cooling chan-
nel described below, as well as the one described in the appendix, are based
on extensive theoretical studies and computer simulations performed in the
same context of our previous studies[?, 7, 7, ?].
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4.4.1 Principle of ionization cooling

In ionization cooling the beam loses both transverse and longitudinal mo-
mentum by ionization energy loss while passing through the absorber. The
longitudinal momentum is then restored to the beamyin accelerating cavities.
This sequence, repeated many times, results in a reduction of the angular
spread and thereby reduces the transverse emittance. Ionization cooling is
limited by multiple Coulomb scattering/(MSC) in these absorbers. To mini-
mize this effect, one must have rather strong focusing at the absorber, with
B1min ~ 0.4 to 0.2 m at a momentum of 200 MeV /ey

Strong solenoidal fields are usedffor this purpose. “Weak focusing at the
absorber, i.e. too large [, at the absorbers, leads to excessive emittance
growth due to MSC. Too strong focusing/is not only hard to achieve for
such large aperture beam transports, but can also be detrimental to the
6D beam dynamics. As the angles; or heam divergence, get too large, the
longitudinal velocity decreases too much, leading to the wrong longitudinal-
transverse correlation factor and thereby resulting in unacceptable growth
of the longitudinal emittance. Choosing the right range of 3, ., and the
operating momentum is gheskey.to.a successful design[?, 7].

The approximate equation for tramsverse cooling in a step ds along the
particle’s orbit is [?]

ds  B% ds B, 203E,m, Lr ’ '

where 3 is the normalized velocity, £, is the total energy, m, is the muon
mass, €y is the mormalized transverse emittance, 5, is the betatron function
at the absorber, dEj/ds is the energy loss per unit length, and Lg is the
radiation length of the'material. The betatron function is determined by
the strengthsofthe,elements in the focusing lattice. Together with the beam
emittance(this function determines the local size and divergence of the beam.
Note that the energy loss dE, /ds is defined here as a positive quantity, unlike
the convention often used in particle physics. The first term in this equation
is the“cooling term, and the second describes the heating due to multiple
scattering. “Thepheating term is minimized if 3, is small (strong-focusing)
and Ly is large (alow-Z absorber).

The minimum, normalized transverse emittance that can be achieved for
a given absorber in a given focusing field is reached when the cooling rate
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equals the heating rate in Eq. {.12]

. BL(14M€V)2

EN,min — dE
it =3
2Bm, " Lr

(4.4)

For a relativistic muon in liquid hydrogen with & betatron focusing value of
8 cm, which corresponds roughly to confinement ina 15 T solenoidal field,
the minimum achievable emittance is about 340 mm-mrad.

The equation for energy spread is

AAE) _ gyt ()
ds /7 dE,

d(AEM)gtragg
I el -1- 1 4.
. (4.5)

(AE,)%) +

where the first term dgseribes the cooling (or heating) due to energy loss,
and the second term deseribes the heating due to straggling. AFE, is the rms
spread in the energy of the beam.

Ionization cooling of muons seemswelatively straightforward in theory, but
will require simulation studies and hardware development for its optimiza-
tion. There are practical problems in designing lattices that can transport
and focus the large emittance beam. There will also be effects from space
charge and wake fields.

We have developed a number of tools for studying the ionization cooling
process. First, the basie theory was used to identify the most promising
beam propérties, material type and focusing arrangements for cooling. Given
the practical limits on magnetic field strengths, this gives an estimate of
the minimum achievable emittance for a given configuration. Next several
tracking codes were either written or modified to study the cooling process
in detail. These codes use Monte Carlo techniques to track particles one at a
time through thescooling system. The codes attempt to include all relevant
physical, processes to some degree, (e.g. energy loss, straggling, multiple
seattering) and use Maxwellian models of the focusing fields.
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4.4.2 The concept of the tapered SFOFO cooling Chan-
nel

The solenoidal field should not be kept constant during the entire cooling
stage. The transverse momentum of each particle will'decrease, while the
position of the Larmor center will not, catising the net total angular momen-
tum of the beam to grow. One must flip the field, while maintaining good
focusing throughout the beam transport and léw. /3, at the absorbers. One
of the simplest solutions, based on ghe FOFO lattice; is to vary the field
sinusoidally. The transverse motion/in such a lattice can‘be characterized by
the betatron resonances, near whi¢h the motion is unstable. The operating,
stable, region is between the 27 and 7 phage advance per half-period.

The SFOFO lattice[?] is also based ou the use on alternating solenoids,
but is a bit more complicated:" Weyadd a second harmonic to the simple
sinusoidal field, producing the axial“fieldyshown in figure As in the
FOFO case, the longitudinal field vanishes at the 3, ,,;, position, located at
the center of the absorber. This is accomplished by two short “focusing” coils
running in opposite polafitymHoweverssunlike in the FOFO case, the field
decreases and flattens at' By ez, dae to a “coupling” coil located around
the Linac. Thus, the transverse heam dynamics is strongly influenced by
the solenoidal field profile on-axis and by the desired range of momentum
acceptance. It is impertant to note that a geometrical cell in this lattice
occupies a half period of the solenoidal magnetic field.

This SFOFO Aattice has several advantages over the FOFO:

e The betatren resonances are usually considered a nuisance, since they
inevitably induce/an unstable motion. However, in this case they give
us strong, equal foeusing strength across the relevant momentum range,
if we operatebetween thetwo 27 (low momentum) and 7 (high momen-
tum) resonances. This is illustrated in Fig. [7 and Fig. Within
this (albeit limited) momentum range transverse motion is stable.

e Forva, given [ 4, the SFOFO period length is longer than in the
FOFO caseyallowing longer absorbers and linac regions per lattice cell,
thereby redueing the relative multiple scattering from the windows. It
also gives us a bit more room for all the components for a fixed absorber
length.
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Figure 4.6: The longitudinal component of the magnetic field, B,, on axis,
for the SFOFO lattice.

e The focusing coils can be located abeoyeithe absorbers, right next to
the linac. Since the rf cavities have a much larger outer diameter than
the absorbers, this/arrangement-allows us to reduce considerably the
diameter of these high field magnets and thereby reduce their cost.

For a given lattice period length, one can adjust independently the loca-
tion of the two betatron resonamces, or, conversely, the nominal operating
momentum and the'f} mimpat thatimementum. By adjusting these two pa-
rameters, we can keep the f symmetric about the required nominal momen-
tum, and independently reduce the central 5, value. However, this is true
only over a limited momentum range. As we decrease the coupling field, the
momentum acceptance will shrink as the 7 and 27 resonance move closer to
the nominal momentum. »At this point, we are forced to change the lattice
period.

This brings us to the second improvement over the FOFO channel used in
the previous feasibility'study: [ i can be “tapered” down. One can slowly
increaseé the focusing strength at a fixed operating momentum, keeping a rea-
sonable momentum acceptance. At a fixed 3 yn, as the cooling progresses,
the rms angleswould déerease. The cooling rate would then also decrease
because the heatingatérm due to multiple scattering becomes relatively sig-
nificant. By slowly inereasing the focusing strength, (decreasing 3, sin), one
tends to maintain large rms angles at the absorbers (o, = 0 & 0.1 rad.).
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4.4.3 Description of the SFOFO cooling channel

In this subsection, we describe the cooling channel from the perspective of
the beam physicist writing the correspondinggcomputer simulation package.
Engineering details will be given later.

The lattices

The channel operates at a nominal momentum of 200 MeV /c. There are six
sections with steadily decreasing 3| gi,. In the first three lattices, labeled
(1,i), i=1,3, the lattice half period length is 2.75 m, and in the last three
lattices, (2,1), i=1,3, this half period length is 1.65 m. The matching sections
between these sections also consist of cooling cells, which differ from the
regular cooling sections only by fhe current eirculating in the coils, with one
exception. A different coil length must beased in the matching section where
the lattice period length decreases from/2.75 m to 1.65 m, and the absorber
has been removed. The length of these lattices are specified in Table B3]
Specific coil dimensions, current densities are specified on Table[d.4]. It is
assumed that the current_density is uniform across the thickness of the coil.

Table 4.3: Length of the sections and integrated length from the start of the
cooling channel.

section Length (m.) | Total length (m.)
cool 1,1 4 x 2.75 =11 11
match 4,1-2 2 X 2.75 = 5.5 16.5
cool 1,2 4 x 2.7 =11 27.5
match 1,2-3 2 x275=5.5 33
cool 1;3 4 x 275 =11 44
match 1,3-2)1 4.4 48.4
coel2i1 12°%1.65 = 19.8 68.2
match 2,1-2 2 x165=33 71.5
cool 2,2 8 x 1.65 =13.2 84.7
match 2,2-3 2 x1.65=3.3 88
cool 2,3 12 x 1.65 = 19.8 107.8

The design of the matching sections between regular sections with the
same lattice cell length goes as follow. In all cases a matching section is
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Table 4.4: Geometry and current densities for the solenoids. The first (last)
three coil types refer to the 2.75 (1.65) m long cell (half period), respec-
tively. The position refers to the upstream edge of the coil and start from
the beginning of half period cell. The radius refers to the inner radius of
the coil. Dimension are in m andgd /mm?.“The,current indices refer to the
nomenclature used in the previous table.

| Type | Position | Length | Radius | Thickness | j(1,1) [ j(1,2) | j(1,3) |

focusing 0.175 0.167 0.330 0.175 75.20 | 84.17 | 91.46
coupling 1.210 0.330 0.770 0:080 98.25 | 92.42 | 84.75
focusing 2.408 0.167 0.330 0.175 75.20 | 84.17 | 91.46

20 (122 [123)
focusing 0.066 0.145 0.198 0.330 68.87 | 75.13 | 83.48
coupling 0.627 0.396 0.792 0.099 95.65 | 88.00 | 76.52
focusing 1.439 0.145 0.198 0.330 68.87 | 75.13 | 83.48

inserted and consists of tworlattice.cells: the first as in the previous cells,
the second as in“the following cells, except that the currents in the central
pair of focus coils aréyset £o an average of the currents in the previous and
following focusing coils. ‘For instance, Table [.5] describes the match between
the (1,1) ands(1,2) lattices:

The match where the lattice period changes from 2.75 down to 1.65 m
requires/further attention..Although the proposed solution is not a perfect
match /its mechanical simplicity and relatively short length might actually
outweigh, the benefit we could get with a slow, adiabatic match from one
lattice periodato an other. Note that the absorber in the matching cell is
removed, allowing ws, to run the upstream and downstream linac closer to
thedunching condition, giving us a slight increase of the r.f. bucket size, and
gase of mechanical assembly. Coils and current are listed on table The
magnetic field on axis for the entire cooling channel is shown on figure

Cooling rf

The lengths of the linacs are constrained by the lattices themselves, as the
focusing coils have a bore radius smaller than the rf cavities, and by the rf
cell length, which must be optimized to give the high Q required to reach

82



Table 4.5: Geometry and current densities for the solenoids in the first match-
ing section. Coil locations are given with respect to the start of the channel.
Dimension are in m and A/mm?. The coil dimensions are specified in Ta-

ble

Type Location [m] | j(1,1)
last 1,1

focusing 11.175 75.20
coupling 12.210 98.25
focusing 130408 75.20
match

focusing 13.925 -75.20
coupling 14.960 -98.25
focusing 16.158 -80.07
focusing 16.673 80.07
coupling 17.710 92.42
focusing 18°908 84.17
first 1,2

focusing 19.425 -84.17
coupling 20.460 -92.42
focusing 21.658 -84.17

high gradient. These linacs are alwaysplaced in the middle of the half-period
lattice cell. Each/eell can be phased separately. In order to improve the Q
of the cavity, the iris of the cell must be covered with a foil or a grid.

Our baseline design ¢alls for thin, pre-stressed beryllium windows with
thicknesses that ineréase with radius. This arrangement is justified on two
separate grounds. (i) The pewer dissipated on the iris or foil goes like the
4th power ofsthé radius (at relatively small radius). We therefore need more
thicknessdat higher radius to remove the heat. (ii) The particles at large
radius ténd to have large transverse amplitude and are “warmer” than the
central core. One can therefore afford a bit more multiple scattering at such
large radius. Note also that the windows on each end of the linacs dissipate
half the power than the'windows at the boundary between two adjacent cells.
Thus, these edge windows are thinner than those in the center of the linac.
The parameters of these linacs are listed on Table B7] and the rf window
parameters are in Table (REFER TO TABLE 18.D HERE).
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Table 4.6: Geometry and current densities for the solenoids in the matching
section between the (1,3) and (2,1) lattices. Coil locations are given with
respect to the start of the channel. Distances are given in meters.

| Type | Location | Length | Radius | Thickness | j (A/mm?) |

last 1,3

focusing 41.425 0.167 0.330 0.175 91.46
coupling 42.460 0.330 0.770 0.080 84.75
focusing 43.658 0.167 0.330 0.175 91.46
match

focusing 44.175 0.167 0.330 0.175 -91.46
coupling 45.210 0.330 0.770 0.080 -84.75
focusing, match 464393 0.198 0.330 0.175 -95.24
focusing 46.816 0.145 0.198 0.330 56.39
coupling 47.377 0.396 0.792 0.099 95.65
focusing 48.189 0.145 0.198 0.330 68.87
first 2,1

focusing 48.466 0.145 0.198 0.330 -68.87
coupling 49.027 0.396 0.792 0.099 -95.65
focusing 49.839 0.145 0.198 0.330 -68.87

The usge of thin aluminum tubes arranged in a Cartesian grid can also be
considered, as briefly discussed in the engineering section.

Thelabsorbers

The absorber‘material is liquid hydrogen (LH2). The density is approxi-
mately0:071 g/cm®The energy loss, as given by the Bethe-Bloch formula[?]
with a mean éxcitation energy of 21.9 eV, is 4.6 MeV c¢m?/g. The length of
these absorbers is 35 cm for the (1,i), i=1,3 lattices and 21 cm for the (2,i)
lattices, respectively. The muons therefore lose ~ 12 MeV per lattice cell
for the (1,i) latices and ~ 7 MeV for the (2,i) lattices. This includes the
energynloss in/the windows. The LH2 vessels must also be equipped with
thin aluminum windows. Their thickness is 360 um (220), with a radius of
18 (11) cm, for the (1,i) and (2,i) lattices, respectively.
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Table 4.7: Geometry and rf parame e linac in the cooling channel.

Lattice type | # of cells | Cell len eak Voltage | Phase
(m) (MV/m) | (deg)
(1,),1=1,3 15.48 40.
(1,3 match) 15.48 18.8
(2,1 match) 16.72 18.8
(2,1),1=1,3 16.72 40

85



120 140

T /_\J | I [
50 52 54

z(m.)

Figure 4.8: Bz on axis for the entire,9FOFO cooling channel (top) and for
the matching section between (1,3) - (2,1) lattices.



4.4.4 Performance

Fig. shows the beta functions and radii, which step down with each new
section of the cooling lattice (ICOOL result) s The rms angular size is kept
substantially constant in order to minimize the‘efféets of multiple scattering.
The 3 sin function, derived from the beammsecond ordermoments estimated
at the absorber’s center using Geant4, is shown on Figure 2101

The transverse and longitudinal emittances through the cooling system
are shown in Fig.[4LTTl. They were obtained based on the ICOOL simulation
code and calculated using the code ECALCO [?]. Emittances are computed
in this code using diagonalized covariance matrices.“The emittance values
are corrected for correlations between the variables, including the strong
momentum-transverse amplitude/correlation. "The transverse and longitudi-
nal emittances obtained in the Geant4 version are shown in Figure [£12] At
equilibrium a transverse emittance,of 2.2 /mm rad is reached, consistent with
the ICOOL result.

The transverse emittance cools from 120 2 mm rad. The longitudi-
nal emittance shows an initial rise as particles'not within the rf bucket are
lost, and then an approach _to an asymptotic value set by the bucket size.
Naturally, this longitudinal emittance should rise due to straggling and the
negative slope of energy loss with energy. However, since the rf bucket is al-
ready full, instead of an emittance/growth we have a steady loss of particles,
as seen in Fig. [4.13

Despite this overall loss, the numbers of particles within the accelerator
acceptance increases. The lower two curves give the number of particles
within the baseline longitudimal"and transverse acceptances. The middle
line represents /the values for the accelerator parameters in this study. The
lower line, given forcomparison, gives the values for the acceptances used in
Feasibility Study 1 [?].

e Longitidinal (ES1 & FS2): (dz?)/Bs + (dp/p)* B < 150 (mm)
o Transverse (FS2): (a” +¢*)/BL + (27 +y?)BL < 15 (mm rad)
o Transverse (FS1): (@* +y?)/6. + (2*+y*)BL < 9.75 (mm rad)

where 3,18 the synchrotron beta function (85 = 04./04p/p), and (1 is the
transverse (3 function.

It is seen that the gain in muons within the accelerator acceptance due to
cooling is 3.1 x (or 5 x if the study 1 acceptances were used). If the particle
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] |At| < 1.5 ns.
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for the two transverse emittance
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Figure 4.14: The muon to proton y
cuts, clearly showing that the channel c
the phase space increases.

h could be eliminated, as should be the
1, then these gains would double. Similar
ant4 code, as shown in Figure X142

loss from longitudinal emitta
case if emittance exchange were
performance is obtain ith the

aracteristics summary

Oa! Ip Ot (p)
(mrad) (MeV/c) (ns) (MeV/c)
95 113 260
114 113 260
107 111 0.84 256
91 70 0.55 226
102 30 0.51 207
The bea : ics in the buncher and cooler sections are summa-

rized in Table [4.8 beam is symmetric in this lattice, so the y properties
are similar to those in z. We see that the size steadily decreases as we
proceed down the channel. The angular divergence is kept constant for max-
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imum cooling efficiency. The momentum spread of the entire beam is still
large after the induction linac, but this includes very low and high energy
muons that do not get transmitted through the subsequent SFOFO lattice.
The decrease in energy spread is d article losses since there is no lon-
gitudinal cooling or emittance exchange is lattice. Likewise, the average
momentum of the beam decreases until it hes,_the acceptance of the
SFOFO lattice. The time spread refers to a single &ch in the bunch train.

The longitudinal emittance ins more or less stable, at around 30 mm.
This is in part deceptive. Str imperfections in the longitudinal to
transverse correlamorﬁl caus

delivers a full f bucket t ing section and the longitudinal emittance

cannot grow any larger. i g occurs on the combined time scale of
a synchrotron period, and on the growth time of the betatron
resonance instability.

The performance of the hannel is limited by both multiple scat-
terlng and the limited momentum ance. Wh1le the latter is dlfﬁcult to

respectively.

Ldescribed in the bunching section
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Figure 4.15: Engineering detail of the 2.75 m cooling lattice cell.

4.4.5 Engineering, details
DESCIPTIVE TEXT IS NEEDED HERE

A detailed layout of a 2.75 m lattice cell is shown in Fig.
A detailed dayout of & 1.65 m lattice cell is shown in Fig. [4.16l

4.4.6 rf systems

The rf syStems for thebuncher and the cooler are required to match the
muon beam into the longitudinal acceptance of the cooling channel and re-
plenish the beam energy lost during ionization cooling. Since they must
operate inside the strong solenoid fields, they cannot be superconducting.
These systems require a large number of rf cavities operating at high gradi-
ent, and a large amount of pulsed rf power. They are technically challenging
and expensive and have therefore been the focus of continued development
during study II. The cooling channel layout has continued to evolve since
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study I with emphasis on integration of realistic components into the avail-
able space along with optimization of the channel performance. The buncher
and cooling channel systems must accommodate liquid hydrogen absorbers,
high gradient rf cavities, windows, tuners, superconducting solenoids, diag-
nostics, pumping, harmonic cavities and other equipment. The system must
be designed in such a way as to allow assembly and access for maintenance.

The buncher and cooling channel willlbe made of a large number of mod-
ules. Each module contains two or four 204.25 MHz closed-cell cavities and
is powered by one or two high power klystrons. ‘Fhe density of equipment in
the building is therefore high and the systems must beycarefully laid out to
allow access for installation and maintenance.

The proposed buncher and cogling channel is approximately 163 m long

and requires 162 cavities and 73 klystrons. The total installed power is
approximately 690 MW. (REFER TO SECTION 18 FOR DETAILS)

Power sources

The ionization cooling channel requires high peak rf power sources at 201.25
MHz and 402.5 MHz tofefficientlypcool.the. muon beam. There are 162,
201.25 MHz cavities in thesxchannel ghat require 687 MW of rf power for a
pulse length of 115 ms at 15 Hz and 6, 402.5 MHz cavities that require 1.8
MW at 15 Hz. An examination of the requirements shows that an rf source
of about 5 to 12 MW _weuld be ideabfor the 201.25 MHz cavities and a source
of 500 to 750 kW for the 402.5 MHz cavities.

The rf for the'201.25 MHz cavities could be supplied by existing gridded
tubes at about fthe 5 MW/level. "However, the low gain and lifetime of grid-
ded tubes make the R&D effort to develop an alternative most attractive.
Preliminary calculations at SLAC have shown that a 201.25 MHz klystron
could be built with a reagsomable amount of R&D. SLAC has examined two
designs: a simgle gun diode design, and the multibeam klystron. The multi-
beam klystron is the'most attractive in that it reduces the overall length of
the tube from 7.5 m to 'between 3.5 and 4.0 m. The length reduction factor
of the multibeam klystron and its potential for higher efficiency make it the
optimum eandidate for the neutrino factory. The length of the multibeam
klystron is, alsop.consistent with the manufacturing capabilities of current
tube manufacturers. However the manufacture of a 7.5 m diode tube would
be a big step and would require new and costly facility upgrades. To provide
rf power overhead for dynamic regulation of the rf phase and amplitude, a
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12 MW multibeam klystron has been selected as the high power rf source for
the neutrino factory. This provides an rf power overhead margin of about 20
% for regulation.

The 12 MW multibeam klystron{deésign should be a fully integrated hor-
izontal package incorporating the tube, seleneid, and high voltage terminal,
as pioneered at CERN for LEP. /This would faecilitate the replacement and
installation of tubes in the facility. Another advantage, besides the ease of
handling, is the reduced cost of the.rf building because of the lower building
height requirement. The transmissiontlines from the tubes to the cavities
will be large coaxial lines hecause of the'large size and costs of waveguide

Power splitters would divide the rf power from each tube to supply the
appropriate rf power to ghe cavities. Splitters with proper built in phase
delays would divide the/power to/each cell or cavity section of the cooling
channel. (REFER TO/SECTION 18 FOR DETAILS)

Cayvities

The 201.25 MHz normal-conducting cavities in the cooling sections must
operate at very highraceelerating.gradients. This would be impractical with
conventional opemiiris strugtures because of the large size of the beam iris
required. A great improvement can be made in the shunt impedance of the
cavity by closing theiris/with a thin conducting barrier. This barrier must
use the smallest amount of material to minimize scattering of the muon
beam. Itfis proposed to close the irises with thin beryllium foils. Other
methods of closure, such_as_grids of thin-walled tubes, will be evaluated in
the futare. The foils must be thick enough to conduct away the heat from
the rfeeurrents and keep the temperature to a predetermined level. The foils
will be pre-stressed in tension during manufacture in order to keep them flat.
This method had been tested experimentally and works well up to the point
where thesthermal expansion exceeds the pre-stress and the foils begin to
move. Foil thicknesses have been chosen for study II which should keep the
temperatures below this critical level. The use of tapered foils or foils with
stepped thickness can reduce the amount of material intercepted by the core
ofithe beam, reducing the amount of scattering significantly.
Theémormal-conducting cavities in the buncher can be of the same design
as thosein the first cooling section, except that they would be operated
at lower gradient. This will allow the use of thinner foils to minimize the
scattering. The buncher section also contains a small number of harmonic
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cavities operating at 402.5 MHz. These fit into the spaces normally occupied
by the hydrogen absorbers in the cooling cells. For these cavities the foils
occupy most of the diameter of the end walls, but the gradients are much
lower, so the losses in the foils are managea

The normal conducting cells must have som ing to remove the av-
erage power losses in the walls and to stabilize the uency. The study
IT design has been evaluated for room témperature operatHalthough the
option of operating at reduced temper as been kept open. This would
lower the wall resistance and reduce wer requirements at the
expense of adding a potentially lar i em. (REFER TO
SECTION 18 FOR DETAILS)
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4.4.7 Superconducting Solenoids for the Muon Cool-
ing Cells

Layout and parameters

The matching section consists of two 2.75-meter long cells and about 2.5
meters of solenoids that have a warm bore diameter of 600 mm. These
solenoids must be designed to withstand longitudinal forces of up to 60 metric
tons that are imparted on them by thestwo matching cells downstream. The
solenoids in the matching séction cells“aresthe same as in the cells in the
beam bunching section. The twenty 2.75-meter long bunching cells are the
same as the 2.75-meter long cooling cells. The warm bore aperture of the of
the A coils for a 2.75-meter long cooling cell must be about 650 mm in order
to accommodate a liquid hydrogen absorber (See Figure The A coils
described in this section were refered to as focusing coils earlier. The B coils
desribed here were refered o @as.coupling coils). The warm bore aperture
for the beam bunching cell flux reversal coils must be the same in order to
accommodate a 402.5 MHz rf cavity. Room temperature service ports to the
402.5 MHz rf cawitypean.go. out _through the flux reversal magnet cryostat
between the flux reversal coils. Table shows the number of cells of each
type, the minimum aperture requirements for the magnets and the maximum
coil current densities for/the coils in each cell type. Included in Table
is the magnetic field 9.9 meters from the beam axis. Because the bunching
and cooling ecell solenoidsare constantly changing polarity, there is almost
no stray/field from these solenoids at R = 10 meters.

Magnet parameters and a magnet cross-section for the 2.75-meter long
bunching and cooling cell magnets are shown in Table and Figure [LT7
Note: the solenoids in the 2.75-meter long cells are the same for both bunch-
ing and cooling cells. Magnet parameters and a magnet cross-section for
the de65=meter long cooling cell magnets are shown in Table and Fig-
ure .18, The solenoid magnet cross-sections shown in Figures and [A 19
are through the longitudinal supports. The penetration of the hydrogen
absorber plumbing through the space between the A coils is not shown in
Figures [4.17 and .18l

Figures M.14 and show a cross-section of the bunching and cooling
cell soleneids. The plane for the cross-sections is taken through the warm
to cold supports that carry axial forces. The cross-sections in Figures [£.17]
and L8] show the magnet cryostats, the coils, the coil support structure,
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Table 4.9: Basic cell parameters for the beam bunching and cooling cell

Parameter 275 m Cell 1.65 m Cell
Number of Cells of This Type 39 37
Cell Length (mm) 2750 1650
Maximum Space for the rf Cavity 1966 1108
Number of 201.25 MHz rf Cayvities per Cell 4 2
Number of 402,5 MHz rf Cavitiessper Bunching Cell 1 NA

A Magnet Cryostat Length {mm) 784 542

B Magnet Cryostat Lengthi (mm) 283 209
Aperture for the A Magnet (mm) 650 370
Aperture for the B Magnet (mm) 1390 1334
Maximum A Coil Curgent Density (A mm™2) 128.04 99.65
Maximum B Coil Cutrent Density (A mm?2) 99.24 109.45
Maximum Cell Stored Energy/(M.J) 13.2 17.6
Maximum Longitudinal Warm t6n€old Force (MN) 0.74 1.20
Number of Longitudinal Supports per Coil 4 6 to 8
Peak Induction 9.9 m from the Cell axis (T) 1.18x10™°  2.62x107°

the 30 K shields, and‘the/vacuum vessel around the rf cavities. The cryostat
vacuum systems are separated from the vacuum around the rf cavities and
the beam facuum.

FigureL.19shows a cross-section through the center of the 1.65-meter long
cell A ¢oil pair. Note thelocation of the longitudinal cold mass supports and
the cold. mass supports that carry forces in both directions perpendicular
to the solenoid axis. The figure illustrates how magnet electrical leads, and
helium refrigeratiomcan be brought into the cryostat. Figured.19]is a typical
cross=séction that cam be applied to all of the bunching and cooling cell
solenoids.

Figures and [L.I8 show the location of the hydrogen absorbers within
the bore of the A coil pair. The hydrogen absorber will share the same
cryostat with the A coils. The hydrogen absorber and the A magnet will
have a'eemmon vacuum and the hydrogen absorber will be supported from
the A coil package by a low thermal conductivity support system made from
a titanium tube. Figure .19 illustrates schematically that connections to
the hydrogen absorber can be made between the A coils through the support

104



Table 4.10: Solenoid parameters for the 2.75-meter long bunching and cooling

cell
A Magnets B Magnets

Physical Parameters
Magnet Cryostat Length (mm) 784 283
Magnet Cryostat Bore Diameter (mm) 650 1390
S/C Coil Length (mm) 167 162
Inner Radius of the Coil (mm) 355 729
S/C Coil Thickness (mm) 125 162
Distance Between Coils in Z Direg¢tion (mm) 350 NA
Inner Support Structure Thickngss (mm) 15 0
Outer Support Structure Thickness (mm) 20 25
Number of Turns per Magnet 2304 1472
Magnet Cold Mass (kg) 1430 1245
Magnet Overall Mass (kg) 1870 1570
Electrical Parameters and Magnetic Forces
Maximum Magnet Design Current (A) 2320.2 1779.9
Peak Induction in the Windings (T) 7.5 6.5
Magnet Stored Energy at Design Gurrent (MJ) ~T7.9 7.7
Magnet Self Inductance per Cell (H) ~2.9 ~4.9
Superconductor Matrix J (A mm=?) 155 119
E J2 Limit per MagnetnCell (J A% m~*) 1.89x10%  1.09x10*
Force Pushing the A Coils Apart (metric tons) 329 NA
Peak Fault Forge on a the Coil (metric tons) 75.3 75.3

structure that carries the magnetic large forces generated by the two A coils

that operate.atropposing polarities.

Forces

Forces'in ‘the longitudinal direction are a serious concern for the bunching
and cooling soléneids. /The field flip coils (the A coils) generate large forces
(up to 1950 metrie tons) pushing them apart. These forces must be carried
by a 4.4 K metallic structure between the two coils. The magnitude of the
forces pushing the A coils apart depends on the spacing between the coils,
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Table 4.11: Solenoid parameters for the 1.65-meter long cooling cell

A Magnets B Magnets

Physical Parameters

Magnet Cryostat Length (mm) 542 209
Magnet Cryostat Warm Bore Diameter (mm) 380 1334
S/C Coil Length (mm) 145 109
Inner Radius of Inner Coil 210 687
S/C Coil Thickness (mm) 138 326
Distance Between Coils in/Z Direction (mm) 132 NA
Inner Support Structure Lhickness (mm) 20 0
Center Support Structure Thickness (mm) 30 NA
Outer Support Structure Thicknéss (mm) 40 25
Number of Turns per/Magnet 4480 1974
Magnet Cold Mass (kg) 1995 1750
Magnet Overall Mass (kg) 2430 2290
Electrical Parameters and Magnetic Forces

Maximum Magnet Design Current (A) 1780.5 1896.7
Peak Induction inthe Windings(T) 8.4 6.5
Magnet Stored Energy at Design Current (MJ) ~10.7 ~11.0
Magnet Self Inductance per Cell (H) ~6.8 ~6.1
Superconductor Matrix'J (A mm—2) 119 126
E J2 LimitgperMagnet Cell (J A? m™*) 1.51x10%  1.74x10%
Force Pushing the A Coils'Apart (metric tons) 1980 NA
Peak Fault Force on a thesCoil (metric tons) 122 122

the average coil diameter and the current carried in each coil. The inter-coil
forges arercarried by either aluminum of stainless steel shells on the inside
and the outsideof the coils. The forces are transmitted to the coil end plates,
which are put in \bending. Large stresses are developed at the point where
the end plates meet the shells inside and outside the coils. Since the force
between the A /eoils in the 1.65-meter long cooling cells is so large (about
1950 metric tons), the A coils had to be divided in the radial direction in
order to reduce the bending stress in the end plates. The large stress in the
end plates of the A coils in the 1.65-meter long cooling cell dictate that the
end plates and shells around the A coils must be made from 316 stainless
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steel.

If the currents in all of the A coils and all of the B coils were the same
from cooling cell to cooling cell, there would be no net longitudinal force
on any of the coils. The currents in the cooling,cell coils vary as one goes
down the bunching and cooling channel. This generates a longitudinal force
in various magnet coils. The largest longitudinal forces will be generated at
the ends of the string or when one coil quenches and adjacent coils do not
quench. One can attach all of the coils tegether with cold members, but
further examination suggests that thig appreachsdoes not make sense if one
wants to be able to assemble and disassemble the muomeooling system. As a
result, every magnet is assumed to have cold to warm longitudinal supports.
The cold to warm supports in the magnets in the 2.75-meter long cells are
designed to carry 80 metric tons (the maximuin force during a magnet fault).
These forces can be carried by four oriented glass fiber epoxy cylindrical
supports that are 50-mm in diametérwith a 4-mm thick wall. Oriented glass
fiber rods can carry stresses up to 600°-MPayin either tension or compression.

The 1.65-meter long cell magnets have longitudinal cold to warm supports
that are designed to carry 120 metric tons. Figure f.19shows the location of
eight of these supports on the 1:65=meterdong cell A magnet. A six support
longitudinal support system would also be practical. The support shown
for the A coil in Figure is designed to operate in both tension and
compression. Further engineering/can define an optimum cold mass support
system for these magnets. Compared to other heat loads into the magnets,
the longitudinal cold mass supports‘represent about one quarter of the total
heat leak into thé magnet eryostat.

Conductor

The magnet conductor thatyis assumed for the all of the B solenoids is a
conductor that is '7yparts copper and 1 part niobium-titanium. This con-
ductor comsists of strands with a copper to superconductor ratio of 1 to 1.3.
The twist pitch in the superconductor is about 10 mm. The strands of this
conductor are attached to a pure copper matrix. The overall dimensions for
the finisheéd,conductor is 3 mm by 5 mm. The proposed conductor will carry
5100 A at 5T and 4.2 K. At 7.5 T the proposed conductor will carry about
2500 A at 4.4 K. This conductor could be used in the 2.75-meter cell A coils,
but the margin is rather tight. The problem occurs in the 1.65-meter long
cell A magnet where the peak field at the high field point in the magnet is
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8.4 T. This coil must be operated at reduced temperature (say 2.5 K) when
the proposed conductor is used. A re-optimization of the short cooling cell
that moves the A coils further apart may be a better solution to the high
field problem in the short cell A coils.nkt. is proposed that the A coils in the
both types of cells use a conductor witha 4sto 1 copper to superconductor
ratio.

The conductor is assumed to have a varnish insulation that is 0.05 mm
thick. The layer to layer fiber glass epoxy insulation is assumed to be 0.4
mm thick. The ground plang insulation,around the coils is assumed to be
1.6 mm thick. This permits/the superconducting coils to be discharged with
a voltage across the leads of up to 1200 volts.“Each A coil set and each B
coil is assumed to be powered separately. A quench protection voltage of
1200 V is adequate to protect any of the coils in the cooling cells. Because
the conductor current/density ig high, the A coils in the 2.75-meter long
cells have the smallest safety margin when it comes to quench protection.
Re-optimization of these coils canyimprove their quench protection.

The conductor current and currentydensity given for the A and B coils
in Tables K.100 and K.11] are the peak values that would occur in the cells
operating at the highestrcurrentsy’The estimated stored energy occurs at the
peak design current,in the coils. In general, when the current density is high
in the A coil, the current density in the B coil is low. The stored energy for
the cooling cells changes/wery little as one moves down the cooling channel.
The cell stored-energy shown in Table is the average stored energy for
that typesof cell. Table shows the average coil current density and coil
current for the A and B_coils in the various regions of the bunching and
cooling'channel.

Figure 120 48 a schematic representation of the matching section of a
2.75-meter long cell to a 1.65-meter long cell. The forces between the coils in
the A magnet are quite large. It is assumed that the structure around the A
coilsris stainless steel."The A coil set shown in Figure is the only unique
magnet is the muon cooling channel. There are 39 A and B coils that make
up the 2.75-meter long bunching and cooling cells. There are 37 A and B
coils that make up the 1.65-meter long cooling cells.

The last two meters of the induction linac channel must have thicker coils
with a separate power supply on each coil. The 1.25 T solenoids at the end
of the indugtion cells must have separate longitudinal warm to cold supports
to carry forces (up to 60 metric tons) generated by the magnets in the first
cells of the bunching section.
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Table 4.12: Coil average J and I for various sections of the bunching and
cooling channel

Section No. Cells A CoilJ A, Coill B Coil J B Coil I
A mm 2 A A mm—? A
Bunching Cells 22 106.34 1927.0 99.24 1779.9
Cooling 1-1 5 106.34 1927.0 99.24 1779.9
Cooling 1-2 6 117.83 2135.3 92.42 1657.8
Cooling 1-3 6 128.04 2320.2 84.75 1520.0
Cooling 2-1 14 82.21 1468.8 109.45 1896.7
Cooling 2-2 10 89.68 1602.3 101.93 1766.4
Cooling 2-3 13 99.65 1780.5 93.47 1619.8

Figure 4.20: Cross-section of the Matching Region between 2.75 m Cells and
1.65 m Cells.

Refrigeration

Refrigeration to the muon cooling magnets and hydrogen absorbers is sup-
plied at 16 K and 4.44. The 4.4\K refrigeration is used to cool the su-
perconducting coil§ except for coil "Anin the 1.65-meter long cell, which is
cooled to 2.5 K./The 2.5 K cooling requires an additional heat exchanger
and a vacuum pump to produce nearly 0.3 W of cooling at 2.5 K. Most of
the heat into the,1.65-meéter cell A coil package is intercepted at 4.4 K. The
hydrogen absorbers aré cooled from the same refrigerator as the solenoid
magnets. Refrigeration for the hydrogen absorbers is drawn off at 16 K. The
16 K heliumaised to,cool the liquid hydrogen returns to the helium cold box
at 19 K. The absorbersiin the 2.75-meter long cell contain 9 liters of liquid
hydrogen. The 1.65-meter long cell absorbers contain about 4 liters of liquid
hydrogen. The estimated heat load to the absorbers is between 120 and 130
W. Table shows the refrigeration requirements for the 2.75-meter long
cells and the 1.65-meter long cells with hydrogen absorbers. The equivalent
4.4 K refrigeration reflects the Carnot ratios from 4.4 K to 16 K and the
refrigeration lost when helium returns to the compressor by bypassing the
refrigerator heat exchangers. The equivalent 4.4 K refrigeration for each of
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the 22 bunching cells is 21.1 W per cell. About 10.4 W of equivalent 4.4 K
refrigeration is used to cool two pairs of 2000 A gas-cooled leads from 40 K
to 300 K.

Figure [4.2]] shows a schematic representation of the refrigeration for a
pair of A coils with a hydrogen absorber. "I'wo-phase helium at 4.4 K is
used to cool the superconducting/eoils. If nineteen magnets are cooled from
a single flow circuit, the mass flow of two-phase helium should be 8 to 10
grams per second. The flow cireuit,can have up to 20 magnet coils in series
before the helium is returned 4o the control cryostat. The shields, intercepts,
current leads, and hydrogen/absorbers are ¢ooled by helium that comes from
the refrigerator at 16 K. The helium used to cool the shields and the leads
is returned to the refrigerator compress warm. The rest of the 16 K helium
returns to the refrigerator at 19 Ki

The helium used to'cool the magnet shield intercepts heat from the cold
mass support, the bayonetstubes, the instrumentation wires and radiation
heating through the multi-layer imsulation before it is used to cool the gas
cooled current leads for the A and"B magnet. For the flow circuit shown in
Figure[4.21l the flow of helium gas in the shield cooling circuit is dictated by
the needs of the gas €ooled-ecurrent-leads. For the current leads in the cooling
and bunching magnets this/flow varies from 0.15 to 0.23 grams per second.
Depending on the meeds of the current leads, the temperature rise in the
shield gas flow circuit'will vary from 14 K to 23 K. If one could optimize the
magnets, thedead current might be as low as 1200 A. With 1200 A current
leads the temperature at the top of the high Tc superconducting leads would
be about 50 K. It is proposed that both the A and the B magnet shields
be cooled using the same 16 K source of gas from the helium refrigerator,
but this,is not gptimum from the standpoint of overall refrigeration system
efficiency.. When the helium refrigerator cools both the hydrogen absorber
and the magnets, there will be enough excess refrigeration capacity available
to o6l down the magnet coils down in a reasonable time.

The flowinsthe 16 K circuit to the hydrogen absorber is dictated by the
heat load in the absorber. Without a muon beam, the heat load could be as
low as 22 W. With beam heating and the circulation heater operating the
heat load into the absorbers can approach 130 W. The temperature rise in
the“absorber ¢ooling helium circuit should be limited to about 2 K. As a
result, the helinm flow circuit used to cool the hydrogen absorbers should be
designed to provide 12.5 grams per second of 16 K helium. This gas will be
returned to the refrigerator cold box at around 19 K (including heating in
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the return transfer line).

Quench protection

The bunching section has twenty magnetshand twenty-one B magnets that
have the same current in the coils. The number_of cooling section cells
where magnets carry the same gurrent is up to thirteen. It is assumed that
each magnet in the bunching and cooling sections has its own leads. The
magnets can be powered individuallypor in strings of magnets that carry
the same current. Powering /nagnets as a string of magnets requires a more
complicated quench protection system that uses diodes and resistors to cause
the string current to by-pass the quenching magnet. For simplicity sake, it is
assumed that each magnet has its own power supply and quench protection
system. A 2500 A power supply for charging and discharging a single magnet
coil (either an A coil r aB coil) should be capable of developing 7 volts.
The magnet quench protection consists of a dump resistor across the magnet
leads. When a quench is detected, a fast, switch disconnects the power supply
from the magnet. In all cases, the power supply control system should permit
one to control theseurrent and the voltage across the coils as the magnet is
charged and discharged. The power supply is not required to operate at both
positive and negative, currents. A controller is used to control the charging
and discharging voltages @across each coil and regulate the current once the
coil has reached its set eurrent.

Alignment

The B e¢oils can/ be aligned so that the solenoid axis is correct to 0.3 m-
radians. The magnetic center of the B coil can be maintained to about 0.3
mm. The alignment of the A coils can probably be maintained to about 0.5
or 0.6_m-radians.“Correction dipoles can be installed in the bore of the A
coils that will, permit the apparent solenoid axis to be corrected by + 1.5
m-radians.

4.4.8 Liquid hydrogen absorbers
Power handling

We estimate the maximum power dissipation per absorber to be about 300 W,
dominated by the ionization energy loss of the muons. The main technical

112



Table 4.13: Sources of heat at 4.4 K, 20 K and 35 K in the bunching and

cooling cell magnets

Source of Heat

2.75 m Cell(W)

1.65 m Cell(W)

A Coil B Coil A Coil B Coil

Magnet Heat Loads at 4.4 K
Vertical Cold Mass Supports 0.24 0.24 0.40 0.24
Longitudinal Cold Mass Supports 0.36 0.36 0.74 0.54
Thermal Radiation through MLI 0.16 0.14 0.01 0.19
Bayonet Joints and Piping 0.03 0.03 0.03 0.03
Instrumentation Wires 0.02 0.02 0.02 0.02
HTS Current Leads 0:60 0.60 0.60 0.60
Total 4.4 K Heat Load per Coil 1.41 1.39 1.80 1.62
Magnet Heat Loads at 2.5 K
Vertical Cold Mass Supports — — 0.05 —
Longitudinal Cold Mass Supports . — 0.10 —
Thermal Radiation through MLI — — 0.11 —
Bayonet Joints and Piping — — 0.01 —
Instrumentation Wires - — 0.00 —
HTS Current Leads — — 0.02 —
Total 2.5 K Heat Load per Coil 0.0 0.0 0.29 0.0
Magnet Shield and Intercept

Heat Loads atd6te 40 K
Vertical Cold Mass Supports 3.8 3.8 3.8 3.8
Longitudinal Cold Mass Suppozts 7.2 7.2 10.8 10.8
Thermal Radiation through MLI 2.7 2.9 1.9 3.2
Bayonet Joints and Piping 1.3 1.3 1.3 1.3
Instrumentation Wires 0.1 0.1 0.1 0.1
Gas Cooled Current Leads — — — —
Total 16 te"40 K Heat Load per Coil 15.1 15.3 17.9 19.2
Hydrogen Absorber (16 K Cooling)
Cold Mass Supports 1.5 — 1.0 —
Thermal Radiation through MLI 0.3 — 0.2 —
Bayonet, Joints and Piping 1.3 — 1.3 —
Instrumentation»Wires 0.1 — 0.1 —
Thermal Radiation o Windows(e = 0.2) 18.4 — 6.9 —
Beam Absorption Heating 77.0 — 81.0 —
Circulation Heater ~30 — ~30 —
Total 16 K Heat Load per Coil 128.6 0.0 121.5 0.0

Equivalent 4.4 K Refrigeration per Qell

54.6

57.6




challenge in the absorber design is to prevent boiling of the hydrogen near
the beam axis, where the power density is greatest. This requires that the
hydrogen flow have a significant component transverse to the beam. We
are investigating two ways to achieve this: a design in which the absorber
connects to an external heat-exchange and temperature-control loop, and a
design in which the absorber vegsel is itself the heat exchanger, and heat
transfer within the absorber is aeecomplished dominantly by convection.

The flow-through design gesembles previous high-power liquid-hydrogen
targets [?, ?], which have Been operated suecessfully at power dissipations
as high as 200 W [?] and proposed for operation at dissipations in excess of
500 W [?, ?]. In this aproach the hydrogen is pumped around a loop that
includes the absorber vessel as well as a heat exchanger and a heater. In the
heat exchanger, which/runs at a ¢onstant power level, the hydrogen is cooled
by counterflowing cold heliunngas. The heater is used in feedback to regulate
the hydrogen temperature and compensate for changes in beam intensity.

Given the small.emittance of conventional particle beams, liquid-hydrogen
targets tend to be narrow transverse to the beam, leading to designs in which
the natural direction, of hydrogen flow is parallel to the beam. To avoid
boiling the liquid in the high-intensity beam core, various design strategems
are then necessary to assure transverse flow of the liquid [?, ?]. In contrast, in
our flow-through design the hydrogen enters the absorber vessel from below
and exitg at the top, assuring that the flow is transverse to the beam. The
flow pattern is controelléed by means of nozzles, which must be configured so as
to avoid dead regions or eddies and ensure adequate flushing of the windows.

In the convection design (Fig. L.22]), the interior wall of the vessel is
equipped with cooling tubes through which cold helium gas circulates. A
hieater located at the bottom of the vessel is used to compensate for changes
in beam intensity. The design of the convection-cooled absorber is being
guided by two-dimensional fluid-flow calculations carried out at IIT. The
flow-through approach is less amenable to calculation but will be tested
on thewbench/to verify the efficacy of the nozzle design, first in a room-
temperature model and later at cryogenic temperature. Prototype construc-
tion and testing programs for both designs are now underway and will lead
to high-power beam tests, currently envisioned for 2002.
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He Cooling Tube

Figure.22: Schematic of convection cooled liquid hydrogen absorber.
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Window design

To minimize heating of the beam due to multiple scatering, the absorbers
must be equipped with thin, low-Z windows. Yet the windows must be strong
enough to withstand the pressure of the liguid hydrogen. We have devised
a window design that satisfies theSe requirements and also allows quite thin
absorbers to be built. While a hemispherical window shape minimizes the
window thickness for a given strength, the desire to build absorbers that are
thinner relative to their diameter than a sphere leads to the “torispherical”
shape. In the version specifigd by the American Society of Mechanical Engi-
neers (ASME) [?], the torigpherical head forpressure vessels is composed of
a central portion having a‘radius of curvature (the “crown radius”) equal to
the diameter of the cylindrical portion of the vessel, joined to the cylindrical
portion by a section offa toroidal surface with a radius of curvature 6% of
the crown radius (see Fig:[4.23).

ASME specifies the minimum acceptable thickness of the torispherical

head as
0.885PD

t=SE—o01p

where P is the differential pressure across the window, D the vessel diameter,
S the maximum allowablestress, and F the weld efficiency. Although previ-
ous high-power liquid-hydrogen targets have operated at 2 atm [?, ?], to keep
the windows.as,thin as pessible we have designed for 1.2 atm. For S we follow
ASME regommendations andiuse the smaller of 1/4 of the ultimate strength
Su or 2/8 of the yield strength S, (in practice, for aluminum alloys it is the
ultimage strength’ that matters). We have decided to machine the window
with an.integral flange out of a single disk of material (Fig.lL24), with the
flange fastened to the assembly by bolts (Fig.[[8.11l), thus there are no welds
and so we take B'=_1. For 1.2-atm operation, and given the ASME spec-
ification for, 6061-T6 aluminum alloy S, = 289 MPa, we obtain ¢ = 530 ym
for the “lattice,1” absorbers (D = 0.36 m) and ¢ = 330 um for the “lattice
2”7 absorbers (D\= 0.22m). However, the windows can be made thinner
than this by tapering their thickness as described below. In addition, less
éasily-machinable, but stronger, aluminum alloys (such as 2090-T81) may
allow fusther reduction in thickness.

(4.6)

In addition to eliminating the weld, machining the window out of a sin-
gle disk allows detailed control of the window shape and thickness profile.
We have used the ANSYS finite-element-analysis program to optimize the
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Figure 4.23: Schemat
diameter D: i

ME torispherical head on cylindrical vessel of
upper half section, with dashed lines and
erical and toric surfaces from which it is composed.
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window shape and profile so as to minimize the window’s thickness in its
central portion, where most of the muons traverse it. The resulting shape
and thickness profile are shown in Figs. .24

4.4.9 Instrumentation issues in the Cooling Line

There are a number of unique instrumentation, problems involved in opti-
mizing and monitoring the performance the cooling line. The beams will
be large and intense, and/a variety of precise measurements will be required
which are both novel and difficult/

There will be significant backgrounds in all detectors, both due to other
particles from the target coming down the line with the muons, and x-rays
and dark currents generated by the rfcavities. We must consider the angular
momentum of the beam, perhaps for the first time any high energy physics
beam. The beams will be intense enough so that thermal heating of the
detectors will be significant. The environment will have high magnetic fields,
a large range of temperatures, and high power rf cavities. In addition, under
normal circumstances the/access will be very limited, since the rf cavities and
liquid hydrogen absorbers would occupy most of the available space. Loss
monitors will notibe useful for the low energy muons because the ranges of
these particles are so short (6 cm in Cu) and they produce no secondaries.

On/the other/hand, there are a number of issues that would argue that
the tune,up and operation could be fairly straightforward. The cooling line
has been, and/will continue to be, very thoroughly simulated by the time
of initial construction. In addition, there are a relatively small number of
variables wwhich contrel the behavior of the beam, such as currents in coils,
rf parameters and liquid hydrogen target parameters, and these can be mea-
sured independently with high precision. While the change in transverse
beam emittance, €,, between individual modules may be difficult to mea-
Sure, Ae;/e; < 0.01, the overall size and profile of a beam with ~ 1012
particles,is a ¢omparatively straightforward measurement. The high power
muon beam considered here makes measurements much easier than for the
muon cooling demonstration experiment, which might operate with intensi-
ties of only 10° — 107 muons.
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Tolerances

The sensitivity of the system to alignment errors has been described above.
Other concerns are transverse and longitudinalmismatches between the cool-
ing line and the bunching section, arcdown andtemporary loss of an rf cavity,
boiling or loss of hydrogen in the absorberssection, orinadvertent introduc-
tion of a collimator or thick diagnostic. An R & D program i8 underway to
look at the sensitivity and usefulness of different diagnostic techniques and
evaluate them in the environment of rf backgrounds and high magnetic fields.

Angular Momentum

Angular momentum plays an impertant role,in solenoid ionization cooling
channels, unlike the quadrupole/channels sised everywhere else in high en-
ergy physics. Due to the rotational symmetry of the solenoid focusing field,
the canonical angular momentum is'a,conserved quantity when the cooling
material is absent. When absorbers are present, however, the beam angular
momentum can change, thereby yielding a residual angular momentum at
the end of a cooling channel. Non-zero beam angular momentum creates
coupling between the two transverse degreesof freedom and causes problems
for matching the beam intoya following quadrupole channel. Furthermore,
the angular momentum intrinsically couples with the beam emittance in the
cooling dynamics. For efficient epoling in a periodic channel, it is necessary to
keep the change in themet angular momentum to be zero. This requirement,
becomes the following condition[?]

[ B(s)s = 0 (4.7)

where A is one periodB(s) is the on-axis magnetic field, 3(s) is the envelope
function, and 7(s) is theiomization energy loss rate.

Measurement of ,beam angular momentum is a new subject. A beam
profile menitor, which measures beam distribution in x and y, can measure
the beam emittance, but does not provide sufficient information to directly
determine the angular momentum in a solenoid cooling channel. Based on
beam‘emittance measuregments, one may indirectly measure the angular mo-
mentum by identifying the two components that have different damping rates
in the emittance damping curve. However, such measurements are difficult.
Novel ideas are being explored to directly measure the correlation terms
(xPy) etc.[?]
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Since the energy loss rate, absorber thickness, and magnetic field are
known, or can be measured with an accuracy much better than one per-
cent, and an envelope function measurement is likely to be accurate to a
few percent, it should be easy to determine whether the above requirement
is approximately satisfied. Thus for machine,operation purposes, beam an-
gular momentum measurement is helpful, but not absolutely necessary. For
cooling demonstration experiments, however, good angular momentum mea-
surement can provide further evidence for the cooling behavior. The ability
to adjust the amount of material in absorbers is useful for correcting any
residual angular momentum/at the end of'a ¢oeling channel.

Backgrounds

There are a number of distinct bagkgrounds which will impact beam diagnos-
tics. These backgrounds eeme primarily from three sources: 1) backgrounds
produced by the incident protons at the target, 2) backgrounds produced
in the cooling line, primarily from rfcavities, and 3) backgrounds from de-
cay electrons. We assume that the decay electrons can be simulated and
subtracted from allameasurements.

Beam Backgrounds The solenoidal beam transport channel for muons
will also transport all ether particles whose transverse momentum is less
than ~ 100 MeV/c. Thus hadronic showers from 3 GeV protons, for exam-
ple, can be expected in the liquid hydrogen targets well down the cooling
line. A large number of species are produced: K, D, n, v, et, He®, He*, and
other nuclear fragments should be seen in detectible quantities. Most low
energy backgrounds from the target would be stopped in the first hydrogen
absorbers, but/the high energy particles which were left would be compar-
atively uneffeeted by the rf in the line. Timing should be very effective for
identifying. and discriminating against these particles.

rf Backgrounds X ray production from rf cavities results from dark cur-
rent, electrons hitting the body of the cavity and nearby solid components.
The bremsstrahlung x-ray flux produced is then scattered and attenuated
by ‘bothythe production material and by transmission through any external
structure... While the dark current electron orbits would be influenced by
magnetic fields along the beam axis, the x-rays, particularly those around
1-2 MeV, would scatter and diffuse freely up and down the cooling line. The
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dark current electrons from single gap cavities, and the x-rays they produce
would be expected to be in the 1 -10 MeV range. The electron and x-ray
fluxes produced in this environment have been recently measured in a 1.3
GHz high gradient cavity[?]. Other experimefits, are planned using an 805
MHz cavity. Data taken from a variety of pulsed eavities seem to imply that
rf breakdown limits the total dark current and thus the'x ray flux that can
be produced, somewhat independent of frequency.

Fluxes of dark current electrons and x=rays measured in a 1.3 GHz cav-
ity were on the order of 10'° -10'! electrons /wsf pulse, or 107 - 10® elec-
trons/bucket, a more relevant parameter. The number of bremsstrahlung
electrons is of the order n.r/Lyr where r is the dark current electron range,
which is usually a few mm, and /Ly is the,radiation length for the mate-
rial, 1.44 cm for Cu. Because the energies are low, complex showers do not
develop. The photons do, howewer, diffusg through the system.

There seems to be three ways of altering the flux of dark current electrons
and the x-ray flux seen by the beam diagnostics: 1) the geometry of the
system can be changed so that dark currentelectrons do not appear near the
beam axis (the single flip cooling channel option does this); 2) the rf electric
field, F,s, can be reduced sitice Zggpoc E}fo; and 3) the cavity can be coated
with an insulating materiak, All of/these are methods are to some extent
applicable to the cooling line,'so it/is difficult at this point to make precise
estimates of the radiation flux expected in the beam diagnostics.

Access in the Cooling Line

We assume it will be desirable to be able to insert, park, and also remove
any instrumengation in the line without disrupting the beam vacuum. There
are a number of options for insertion of diagnostics into the cooling line.

Analogous to FODO aceelerator structures, it seems desirable to insert
diagnostics atrévery,major foeusing element. While there is limited space in
the cooling line, it seems that instrumentation modules may be compatible
with the § - 7 cm expansion section that may be a part of every module, and
we haye assumed this. Figure shows a possible location for inserting
diagnesties,in the cooling cell.

Special SEOFQ sections, without hydrogen absorbers and with only enough
rfvoltage to contain the bunch, can also be used for specific Cherenkov coun-
ters or other devices which require more access than would be available in
expansion sections. The expense of these special sections implies that maxi-
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mum use should be made of the available space in expansion sections.

Making and Using Pencil Beams

We anticipate that pencil beams will be very useful imassessing the alignment
of all cooling, accelerator, and storage ring components.. Since the range of
the 180 MeV/c muons in the cooling line is only about 6“¢m in Cu and
scattering angles are large, collimation/works very well. Thus a variety of
collimators could be used at locationg in the bunching and cooling lines to
produce low transverse emittance beams, on or off axis:

Producing a 6D “pencil” may be even more useful, since this could be
used to track the longitudinal evolution of the bunch through all the whole
acceleration and storage ring opties. In principle the 6D bunch can be pro-
duced from a 4D bunch by redueing the rfvoltage in the cooling line so that
only the center of the longitidinal phase/space is transmitted down the line.
While the intensities would be reduced, muon beams in the range of 10'° to
10'*, should be quite easily measured and usefiil:

Instrumentation Options

Although high energy particles, dark current electrons and x-rays will be
present, the primary muon beam should dominate these backgrounds. It
seems desirable, however, to lookfirst at instrumentation options which offer
very fast time response, s0, they would be comparatively less sensitive to
these backgrounds. From {this perspective, Segmented Secondary Emission
Monitors (SSEMs) and Faraday eups seem to offer a significant advantage.
These devices have been/shown to have a useful resolution time of the order
of 150 - 200 ps. Sincexthe time response is significantly less than the bucket
length, these devices would be able to provide some information on the bunch
shape and thus theidongitudinal emittance of the beam. Faraday cups could
be used gssentially imterchangibly with the SSEMs. However, they would
provide/about two orders of magnitude more sensitivity, and the possiblilty
of some particle discrimination, using range.

These 'devices can be used both to measure the beam parameters, but
also provide consistency checks for evaluating measurements by other meth-
ods. Scintillating fibers, scintillation in the liquid hydrogen, and scintillation
counters would also be useful particularly for measurement of the angular
momentum of the beam at the end of the cooling line.
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Semiconductor arrays of polycrystalline CdTe would be able to provide
high precision x and y beam profiles in a single self consistent measurement|?].
The detector consists of an array of charge sensitive elements each providing
a signal with amplitude proportion e intercepted muon beam density.

Likewise bolometers are being deve hich can measure zy profiles
from the heating in the metallic dows o liquid hydrogen absorbers.
We are also looking at high rate ion chambers, ‘ych would be generally
useful for a wide range of me ents. Transition radiation, which would
detect dark current electrons fficiently than muons, may not be
useful.
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4.4.10 Tolerances & systematics

The performance of the cooling channel is based on computer simulations
using two distinct codes. Yet, some parameters or assumptions in the cal-
culation are identical. As no such channel has been built yet, it is fair to
question if the estimation of the cooling perfermance are rebust against small
changes in these parameter values. In addition, what are the tolerances on
the mechanical alignment in such a long} linear beam transport system? Do
we need corrector coils, and if so, where do they need to be placed?

Sensitivity to Multiple Scattering model

ICOOL uses a straightforward Moliere model, imported from the Geant3
package. Geant4 uses an improyed version' of the Moliere model, but has a
tunable parameter. We have studied the/sensitivity of the rms value of the
scattering angle to this parameter, imrelation to the known uncertainties in
the measured values for these r.m.s. seattering angle for light Z materials.
The sensitivity of the u/P;5 yield in the relevant range of this tunable pa-
rameter has been measured. The systematic error due this uncertainty is
approximately 10%.

Control of the energy loss in LH2 and energy gain in the Linac

Because of the relatively.narrow momentum acceptance of the channel with
respect to the momentum spread due te the large longitudinal emittance, the
energy loss and the energy gain, on average, must be known in the channel to
better than ~ 0£25% percent. Thistolerance can be achieved in conventional
linacs, where the,peak voltage and acceleration voltage can be controlled to
better than a few tenths of a percent.

The fluctuation in the BH2 density must also be controlled. In order to
get a feel forathis'effect, the LH2 density was randomly set in each absorber,
based ona Gaussian model, with a relative o of 10 % and 20%. The relative
w1/ Pys yield decreased by 5% and 10%, respectively. However, we think that
we will be able to keep 'the density uniform to better than a few percent,
based“on the experience/of the Bates group[?].

The cooling ehannel will require about 72 12-MW klystrons. It is likely
that one, (or more), will fail. One then would empty the most upstream LH2
vessel, and rephase the downstream linacs to keep the beam on the nominal
momentum. If a (1,1) or a (1,3) cooling cell has an empty vessel and no
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rf power, after proper rephasing, the performance of the channel degrades
by about 5% (relative), allowing us to keep the cooling channel running
productively.

Magnet alignments

The design of the cooling channel is being optimized using ideal magnetic
fields from cylindrical current gheets[?]-[?]. In an actual magnetic channel,
imprecisions that occur in the fabrication and assembly of the solenoids re-
sult in magnetic fields that deviate from the ideal used in the simulations by
some small error field 0B (43, z). Typical state-of-the-art magnet construc-
tion results in field errors/of %B < 0,1%. These field errors produce effects, in
general detrimental, that tend to inerease with the length of the channel. If
left uncorrected, these grrors lead to mismatching and betatron oscillations,
which in turn result in‘degradation of the cooling performance of the channel
and to a decrease of the channel tzansmission.

We have considered the following analytical treatment of the detrimental
effects of magnet alignment errors. As the muon beam propagates along the
periodic channel Withrawprescribed, beta function, it encounters a series of
errors of various origins which are assumed to be described by an stochas-
tic function 5B(s) (we neglect the transverse coordinate dependence). The
muons experience a series of random forces or kicks, which result in a ran-
dom walk of.the,centroid of'the beam. Statistically, the rms magnitude of the
transverse deviation /< (02(8))? > is a function of the length of the channel
s. In prineiple, it should.bespossible to develop a correction algorithm such
that strategically loeated correction coils bring the centroid back to the ideal
trajectory, thergby stopping the deterioration of the cooling process.

A first'look at the effects of errors and sensitivity of the present design of
the cooling chanmnel*has been carried out in references [?] and [?]. Studies
of #he errorificlds due to misalignment of individual coils and current sheets
are found in references [?7],[?].

There are seyeral sources of magnet imperfections that may contribute to
the overall deviation from the ideal fields of the channel:

e Geometric survey errors

1. transverse misalignment of solenoids, characterized by a vector
d = d(cosf,sin#,0) of magnitude d and direction #. In the sim-
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ulations the values of d are chosen from a Gaussian stochastic
function.

2. transverse tilt of full sections of the solenoid characterized by two
angles; # direction with respect t
magnitude v with respect to th

The magnetic fields are calc
B(w.y,s) = B'(a',y, ) MG Bj(M7) (4.10)

for a translation an e transformation matrix is

sinfcosf(1 —cosyp)  sinfsiny

M = cos ¢ +sin?O(1 — cosyp) cosfsine
— cos fsiny cos
(4.11)

ing in current fluctuations

the first type, i.e., geometric macroscopic field
positioning of entire cryostat magnets.
o studies with ICOOL[?]. The front end baseline

An independe ysis of this alignment tolerance issue has been done
using the generic, 3D Geant4 package. We ran the simulation of the buncher
and cooling channels in the following mode:
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e Random polar tilts. A Gaussian model was used to generate the “tilts”,
polar angles 1, for each coil. This distribution was truncated: € angles
at more than 20y away were resampled. The azimuthal angles were
chosen randomly, between zero and 27 (n@systematic bias). The p/pis
yield was measured for tens of such simulated ¢hannel assemblies. The
histogram shown on Figure .29] tellg us that a oy of 0.5, mrad gives no
statistically significant degradation/of the channel performance. How-
ever 0y ~ 2.5mrad is unacceptable.

e Random transverse displacements. Since théncoils are about 15 cm.
long, a tilt of 0.5 mrad gives adateral displacement at one end of about
75 pm. Evidently, the coil could also shift laterally by about the same
amount. We verified that a/2 o-truncated displacement of 100 pum has
no significant impact on the channel/performance.

Since the typical tolerance on‘acéelerator magnet’s alignment is about 25
to 50 pum, we believe that such a channel ean be assembled to the required
accuracy. Corrector coils seems to be unnecessary at this point.

Space Charge

The nominal number of muons per'bunch is N, ~ 4/80 x 102, which cor-
responds to (Q &~ 8 nC. An estimate of the deleterious effect on the beam
dynamics can be found by calculating the self-electric field of a Gaussian
distribution of charge represented by the Basetti-Erskine-Kheifts formula [?]

7‘2 22

o TLTH o mah

2QQ [
eoﬁ /0 dt(20i2 + t) (20’32 + t)

D(r, z, s) = (4.12)

The variable z is defined aswz.= s — ¢4t with s the longitudinal coordinate,
assuming that'theeentroid of'the bunch is at s = 0 at time ¢t = 0. The argu-
ment s inf@(r, z, s) 18 there to indicate that the rms transverse size o, and
longitudinal size o3 of the beam are functions of s. This is important because
the beta function varies from moderate to small values at the absorbers.

From Egq. and the corresponding expression for the vector poten-
tial Ag(r, 2,8) =300 (142, s) we can calculate the electric field components
E.(r,s,t) and Es(rs,t). [?]

ICOOL contains this formulation and systematic studies have been car-
ried out. The results are shown in Fig. 130, where it can be seen that the
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number of muon per proton x/p is rather insensitive to the number of muons
in the bunch up to values N, ~ ....

.
Ll Ol Ol

. [DUILLIO
- G0

- Ol

Figure 4.30: p/p a bunch assuming a Gaussian self-field.

ximate and leaves aside potentially important phe-
nome induced charge in the walls of the beam pipe and
in the i vindows; second the short range wake potential cre-
o beam inside of the cavities.

The effect o Is of a cylindrical beam pipe on a bunch of charged
particles has been computed with ICOOL. Results are shown in Fig. [£.31]
We can see that for the nominal charge no noticeable effects are detected.
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Figure 4.31: /mu/p vs. N/m, in a bunch including the wall effects

The presence of Be windows will mitigate any space charge effects. How-
ever, it is rather difficult to calculate this with precision. Recently, in Ref. [?]
it has been shown that MAFIA [?] reproduces the theoretical short range
wake potentials extremely well for thescase of a single particle with § < 1 in
a pill-box cavity. This gives 18 confidenee that MAFIA solutions of the wave
equation in the presence of boundary conditions and subluminal particles
are correct. Using these fields in [COOL or GEANT runs will allow a much
better evaluation of the §pace charge problem. In any case, wake fields tend
to decrease the effective transverse field seen by the bunch and consequently
to reduce the space charge, effects.

Next we give some simple arguments to validate the above assertion.
The self field E, causes the beam $o expand radially and the corresponding
magnetic field focuses the beam. The radial component of the Lorentz force
is

0~ qEr

N i (1— %) (4.13)

A long cylinder of radius ¢ and uniform charge density p, creates a field

By~ 2'0707" (r<a) (4.14)

Défine A = £2:= with < E, >= [ E,(a, s)ds the average of the transverse
field at r=a. We can write
N qby

S (A=) (4.15)

This equation shows that if A — 32 << 1 the radial electric field can be
reduced by introducing charges in the system, such that their E, opposes
EXandpfurthermore produces no magnetic field. Indeed, that is the case
because of the induced charges in the surface of the metallic windows, which
are created to insure that there is no electric field in the bulk of the Be
window (perfect conductor approximation) [?]
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Engineering change orders

Deviation from the design driven by engineering or cost considerations will
unavoidably occur. The list below is probablyfar from complete. We simply
mention a few items for the reader to gauge the'feasibility aspects of this
study:

e Coupling coil configuration. The engineering drawings in Figures 15
and [ 16l show coils which are shortermand thicker than those described
in Table This modification was metivated by ease of assembly and
space constraints coming from ghe rf feeds. "We werified that such coils
perform adequately because they provide a field strength at the center
of the half period length conSistent with the field shown on Figure 4.6

e In the design described above, the beryllium rf window are “stepped”,
as their thickness suddenly increases at the radius r1 in Table (REFER
TO TABLE 18.D HERE?). "A practical implementation could require
a smoother distribution of the mass atyr1 (by chemical etching, for
instance). We have verified that a smooth transition would not affect
the performance, as.expected.

e Absorber shape: The absorbers are not exactly cylindrical, as assumed
in the ICOOL simulation. A /hyperboloid shape has recently been im-
plemented in Geant4, with no adverse effect to the performance.

e rf window shape or cenfiguration. Grids made of aluminum tubes in-
stead of beryllium foils have been proposed. Two concerns come to
mind: (i) aluminum/has’a higher Z than beryllium, and particles can
graze the tube surface, (ii) non-uniformity of the electric field around
the grid could cause an increase of the beam emittance. We have shown
that it is the effectiveyaverage radiation length seen by the beam that
counts, Angparticular, if the grid has sufficiently small tube (~ 2 cm
diangeter), with large opening between the tubes (& 5 to 10 cm), the
cooling channel has the same performance as the one equipped with the
beryllium foils spegified above. The small transverse or longitudinal
kicks caused by the grid does not significantly increase the emittance.

o If the downstream accelerator system can really take the 15 mm rad
transverse acceptance with no loss, there might not be a strong incen-
tive to cool beyond ~ 100 m, as demonstrated on Fig.
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action of distance along the front end.

4.4.11 Conclusic performance of the entire front-

The tre ong the entire front-end is plotted in Fig. [4.32
seen to be reduced in the mini cooling at 150 m (from 18
alls a little more as large amplitude particles are lost in the
d falls fast in the final cooling (from 12 to 2.2 mm rad).

enta (about 30 %), plus (approx 20 %) loss from muon
in the cooling come &25% from bunching inefficiency and
% from loss of particles from the rf bucket as the longitudinal emittance

in, the cooli

all pions exiting the target and (lower curve) those pions that decayed to
muons and exited the cooling. The second figure gives the ratios of these two
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Figure 4.34: Initial kinetic'energy of produced pions and muons exiting the
cooling section.

and indicates that at the peak aboiut 35 % of the pions yield muons at the
end. Note the falling efficiency for higher energy pions.

The SFOFO cooling channel increases the number of muons per proton
in the 15 mm rad transverse aperture by a factor 3.5, or a factor 5.75 in
the 9.75 mum radyaperture (Geantd estimate, ICOOL numbers listed above
are a bitdower, consistent with systematic errors in the calculations). The
corresponding number forsthe FOFO channel used in Feasibility Study I was
approximately 2 £0 2.5 [7]. Engineering and mechanical tolerances have been
studied. 'We now know that such a channel can be assembled and aligned with
known techmiques. Finally, no new R& D programs beyond those defined a
year ago[?] are required.
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5.1 Introduction

Acceleration of a muon beam is a challenging task because of the large
source phase space and the short maoen lifetime. In the design concept pre-
sented here, acceleration starts after iomization cooling at a momentum of

210 MeV/c and proceeds to 20 GeV /c where fhe beam is injected into a
storage ring. The basic parameters for the system are given in Table G.11
The key technical issues, beyond these basic parameters, are

e Choice of acceleration technology: superconducting versus normal con-

ducting cavities, and related to that the ¢hoice of RF frequency

o Choice of acceleration scheme

e Capture, acceleration, trangport, and preservation of the large source

phase space and{the,rapidly decaying muons

e Acceleration performanceissues such as potential collective effects (e.g.,
cumulative beam breakup) resulting from the high peak current.

To counteract muonrdecaysthe highest possible accelerating gradient is re-
quired. That is the major driver for the proposed scheme. The acceleration
system consists of 32183 GeV linac followed by a four-pass recirculating linear

accelerator as shown in Figure [5.1].

Table'H.1: Main parameters relevant to acceleration.

Time strueture of beam

Initial momentum 210 MeV /e
Initial kinetic ¢nergy 129.4 MeV
Initial normalized acceptance 15T mm
Initial longitudinal acceptance, ApL,/m, | 2037 mm
Initialfull momentum spread, Ap/p +0.275
Initial full bunch length, L, +372 mm
Bunches per pulse 67

Particles per pulse 3 x 10'2
Bunch frequeney 201.25 MHz
Aceceleration /RF frequency 201.25 MHz

6 pulses separated by 20 ms,
repeating every 400 ms

Average beam power

150 kW
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Very large transverse and longitudinal accelerator acceptances drive the
design to low RF frequency. Were normal-conducting cavities used, the re-
quired high gradients of the order of 15 MV /m would demand unachievably
high peak power of RF sources. Supercondueting RF (SRF) cavities are
a much more attractive solution. RF power can then be delivered to the
cavities over and extended time, and thus RF source ‘peak, power can be
reduced. Another important advantage of SRF cavities is that their design
is not limited by a requirement of low ghunt impedance and therefore their
aperture can be significantly larger. Taking intosaccount the required longi-
tudinal and transverse acceptances and that the beamyis already bunched at
201.25 MHz at the source (ionization cooling) the 201.25 MHz RF-frequency
has been chosen for both the linear accelerator and the recirculator. This
choice also provides adequate stored energy/to accelerate multiple passes of a
single-pulse bunch train without need to refill the extracted energy between
turns.

Muon survival demands either a high-gradient conventional or recirculat-
ing linac. While recirculation provides significant cost savings over a single
linac, it cannot be utilized at low energy for two reasons. First, at low energy
the beam is not sufficiently rélativisticcandswill therefore cause a phase slip
for beams in higher passes, thus significantly reducing acceleration efficiency
for subsequent passes. Secondly, there are major difficulties associated with
injection of a beam with the large emittance and energy spread associated
with a muon source..Beam pre-aceeleration in a linear accelerator to about
2.3 GeV makes thé beam sufficiently relativistic and adiabatically decreases
the phase space yolume so/that further acceleration in recirculating linacs is
possible.

Cost considerations favor multiple passes per stage, but practical expe-
rience commissioning and operating recirculating linacs dictates prudence.

inac 939 Gev recirculator 20 GV

—_

p =210 MeV

AR

2.83 GeV 2.33 GeV

2.33 GeV

Figure 5.1: Layout of the acceleration systems.
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Figure 5.2: Decay of muons in the course of acceleration. The dotted line is
the decay in the linac, the solid line in the RLA. Vertical drops correspond
to the beam transport in the RLAvarcs.

Experience at Jefferson.l.ab suggests that for given large initial emittance
and energy spread, a ratio of final-to-injected energy below 10-to-1 is pru-
dent and the numberof passes should be limited to about five. We therefore
propose a machine architécture (see Figure5.1]) featuring a 0.13 to 2.39 GeV
straight ”preaccelerator” linac, and 2.39 to 20 GeV four pass recirculating
linac (RLA). Figure 2 shows loss of muons in the course of acceleration. One
can see that although RLA gives significant contribution, the major fraction
comes from the linaé. One can also see that arcs (vertical drops in Figure
2) domot contribute much in the decay, which justifies the choice of normal
conducting bends, and triplet focusing discussed below.

5.2 Linear Preaccelerator
5.2.1 Linaec general parameters and lattice period lay-
out

Initial large acceptance of the accelerator requires large aperture and tight
focusing at its front-end. Because of the large aperture, tight space, moderate
energy, and necessity of strong focusing in both planes, solenoidal focusing is
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Table 5.2: Main parameters of the reaccelerator

Momentum 210 MeV
Kinetic energy 129.4 MeV 2350 MeV
Acceptance 0.6747 mm

+0.1
220 mm/41°

Momentum spread
Total bunch length
Total linac length

Total installed accelerating age

Table 5.3: Parameters of t!
ator

| short periods of the linear preacceler-

Short Long
26 23

6 m 125 m
1 4
4 2
2 2

10 MV/m | 15 MV/m
460 mm 300 mm

N/A 1 m
3m 3 m
460 mm 360 mm
1m 1.5m
1.8 T 42T
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Figure 5.3: Short (left) and long (right) cryomodule layouts. Blue lines are
the SC walls of cavities, solenoid coils are red, and BPMs are yellow.
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Figure 5.4: Beam envelope (left, 2.50) and beta function (right) along the
linear accelerator. The beta functions are computed in the reference frame
rotating with angular frequency eB;/2pec.
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Figure 5.5: Electrical circuittmodel for computation of cavity coupling

superior to the triplet focusing and has been ehosen for the entire linac. To
achieve manageable beam size the first third of‘the linac uses short focusing
cells and, consequently, short cryomedules. In comparison with the standard
10 m cryomodules in thefrest of the'system, these cryomodules have increased
aperture and, consequeéntly, reduced accelerating gradient. Since the beam
size is adiabatically damped, with acceleration, long cryomodules are used
for the rest of the linac. The main parameters of the linac and its periods
are presented in Tables 5.2 and Figures £.3] and depict the layouts
of short and long cryomodules, beam envelope and beta-function along the
linac.

5.2.2 Cavity Layout Considerations

The layout of-esyomodules and the arrangement of SC cavities are determined
by the requirement,to have cavities sufficiently decoupled and to keep power
of the fundamental coupler.at acceptable level (below 1 MW). The coupling
coefficient 0 = Cy/Cy (see Figure £.0) should be at most 1/(10Q) to have a
possibility to bypass malfunctioning cavities. Figure 8 demonstrates effects
of cavity eoupling and detuning on the cavity voltage. Thus for loaded @ of
5 x 10° the requiréd,cavity decoupling should be below 2 x 107°.

Artwo=cell cavity with power couplers at both ends is optimal from the
power coupler point of view. But in the case of short cryomodules the re-
quired aperture is so large that the length of vacuum chamber between ad-
jacent cavities should be more than about 1.7 m to decouple cavities (see
Figure 0.7). That causes a significant reduction of the real estate gradient.
In“thistease a/four-cell cavity with gradient reduced due to power coupler
limitations is a better choice. In the case of long cryomodules the aperture is
already sufficiently small so that the distance of about 0.75 m is sufficient to
decouple cavities. Here we additionally took into account that for zero length
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igure 5.8: Layout of the short solenoid.

coupling depends on aperture and usually does not exceed a few percent.

152



)

50c

Figure 5.9: Magnetic field the short solenoid.

5.2.3 Solenoid D

The beam focusing is perfo |'| solenoids. Considering the large aper-

ture required by the beam size, the question of focusing linearity has to be
: vid focusing strength on radius can be

2
eB, r?

b = R — 1+——1, (5.1

) (2pc> ( 3aL) (5:1)

where L olenoid length and radius respectively. As one sees

from t duce the nonlinearity one needs to increase the

ire. Increasing length directly decreases the real
easing aperture requires larger distance between

creases real-estate ent. Furthermore, aperture increase makes solenoids

more expensive and less reliable. The layout of the short solenoid and plots
of magnetic lines are shown in Figures 5.8 and ?7.

153



Phase [deg]

ase/2 P1

0 100

ohase (left) and accumulated synchrotron oscillations (right)
or linac, as a function of the distance down the linac.

200
s [m]

154

300

400




250
25

dP/P * 1000,
dP/P * 1000,

-250
-250

x x
-40 S[em] View at the lattice beginning 40 -40 S[cm] View at the lattice end 40

Figure 5.11: Beam distribution at entrance to preaccelerator linac (left) and
at end (right). Particles marked in‘green in the initial distribution are lost.

5.2.4 Longitudinal Beam Dynamics

To maximize the longitudinal acceptance of the preaccelerator linac, the RF
phase is initially chosen to be 75° off crest.“This,of course leads to a very low
effective RF gradients. However, as one accelerates, the bunch will be adia-
batically compressed in timegallowing the RFE phase to be brought closer to
crest while still not letting she bunch fall'out'of the RF bucket. As the bunch
is accelerated, the synchrotron, oscillations slow, and this adiabatic compres-
sion slows. Thus, at higher enexgies, due to the negligible synchrotron os-
cillations, there really is no “bucket,” and the bunch can be accelerated on
the crest of the RE{ Figure[h.10 shows the RF phase and accumulated syn-
chrotron oscillatigns as a function of the distance down the linac. Figure B.11]
shows the evolufion of the imitial distribution at the beginning of the linac
to its compressed form at the end of the linac.

5.2.5 Transverse Dynamics

There is gignificant focusing nonlinearity, about 7% over the solenoid aper-
ture acgording to Bl in this system. This causes fourth and sixth order
resonafices to become important. The large energy spread in the beam also
leads ‘4o anlarge tune spread, which cannot be corrected in a straight beam-
line. The combination ©f these elements leads to beam loss at relatively low
tunes, as shown in Figure One would like the maximum possible tune
to minimize the linear beta function as shown in Figure b.I13 Considering
these two circumstances, it seems best to set the tune at about 0.175.
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Table 5.4: Parameters for the RLA.

Initial Energy 2.3918 GeV

Final Energy 20 GeV

Number of passes 4

Total initial energy acceptance +9.2%

Total final energy acceptance +1.9%

Initial transverse acceptance 6357 mm-mrad
Initial transverse acceptance (&/¢)w. 157/1087 mm-mrad
Total voltage per linac 2.3347 GV
Circumference ~ 1300 m

Table 5.5: Longitudinal parameters in the RLA. Ap/p is the full energy
spread, A, , are the horizontalland,verti¢al acceptances.

KE | Phase [2Ap/p A, Ay

GeV ° % mm-mrad | mm-mrad
Entrance | 2.3918 0 18.4 692 660
Arc 1 4.7265 -35 11.8 390 354
Arc 2 6.6390 -23 11.6 304 264
Arc 3 8.7881 ~23 9.61 252 208
Arc 4 10.937 -19 6.57 221 174
Arc 5 13.145 -15 5.86 201 151
Arc 6 15.400 -14 4.72 187 134
Arc 7 17.665 0 4.27 178 122
Exit 20.000 3.77 157 108

5.3 Recirculating, Linac

5.3.1/ Overall Layout

Table 5.4l showsnthe parameters for the RLA. A triplet focusing scheme is
chosen, as opposed to a FODO scheme, since it will tend to keep the beta
functions more independent of energy, and therefore minimize the mismatch
in beam envelopes and consequent emittance growth.
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Figure 5.15: Longitudinal bea r the first (red) and last (blue)
bunches in the bunch train. T

5.3.2 Longitudi

Table gives the linac phase
in the RLA. Each az
of 2.3347 GV. T

ergy spreads, and required acceptances
4 m, and each linac has a total voltage

9% per arc, and i ittancerdilution of 4% per arc. The injection
chicane is also ¢ ese same emittance growths. Figure 514
shows the evo long1tud1nal beam envelope through the RLA.
ent in the bunch train, the fact that the head
of the trai ses the tail of the train to see a different
voltage llations partially compensate for this effect, causing
the bu i yut the correct reference energy. In addition, the
large Hz RF at the high gradients we are using means

is relatively result is that for our system, the effect of beam
loading is relative all. Figure B.15] shows the longitudinal phase space
envelope for the first and last bunches; it can be seen that both bunches are
essentially identical when compared to the distortion caused by nonlinearity.
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Figure : ice functions for an arc cell.

Table 5.6: Upper bounds ear fields of quadrupoles. Fourth order is
octupole.
» bound
0.018
0.005
0.03
t Layout

arc uses 2T dipoles. There is not much of a point in
eld dipoles, since the arcs are already half the length of the
Id be little to be gained in decay losses by going to higher
sing with a phase advance of 90° per cell is chosen; this

tions for the entire first arc, including the sw1tchyards and
a sextupole correction scheme involving three families of sextupoles. The
chromatic variation of the beta functions is shown in Figure [5.20
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DeltaAx/Ax

0.5

Vertical

eta functions with energy. The two curves
lue for £10% relative momentum change.

The nonlinez in th adrupoles must be bounded according to
the values in Table[ g defined to be

1 a" 'B,

 Ga n! (5:2)

rated the necessity of the sextupole families
and the path length. Due to the large energy
were it not for the sextupole correction, there would
orbit offset without the chromatic correction, as well as a
ion in the longitudinal oscillation behavior.

ane is shown in Figure £.24. Chromaticity will cause the
to close over the energy spread in the beam; thus, a sex-
scheme is introduced. The four focusing quadrupoles have

each. This corresponds to a sextupole strength of 1 G/cm?, or approximately
a 5% correction in the gradient at a radius of 20 cm. The quads (and thus
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Figure 5.23: Arc path ected (left) and uncorrected (right). Ide-

in betatron phase, and so the geomet-
the linear approximation. This scheme works

better than 2 sextup ted by 7 in betatron phase, which only give the
cancellation for small gy spread. The sextupole gradient is chosen to
minimize growth: it does not correspond to the best pos-

sure [5.25] shows the result of this chromaticity

sible disp

iromaticity correction, there is a 28% horizontal emittance
jection chicane with a 2.8% beam loss; with the correction,
the horizonta ance growth is only 15% with a beam loss of 1.4%. This
co ertical emittance growth of 2.5%, whereas there was
e chromaticity correction.

5.3. chyard

Figure b.26lshows a switchyard in the RLA.

166




-

[wlneX dsia L-
[l [l [} —T ]

|

554.898
(1] 1

I
I

1000

Il
il

1600

"

N

)

Il
Il

1000|400

650

11905

LN

650 | 700

S -
1 o I o o |

L | - )

(]

Figure 5.24: Injection chicane beta functions and dispersions, with chro-
maticity correction scheme indicated (left), and the layout of the last period
of the injection chicane (right).

167



x

M

3

<

XXX

X X

F

s /
/ h

X [mrad]

4

2 X[em] 2 X[em]

Figure 5.25: Particle
sated (right) chromati

5.3.7 Transverse Dyna

5.3.8 Injecti

The strategy is to a constant phase advance per cell of 0.195 x 27,
scaling the length fre cell to the next by a factor of 1.45. This should
then be optimized by ring the phase advance per cell along the line to

minimize ations in the S-function with energy at the end of the line.
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Figure 5.26: The switchyard encountered by the beam in the RLA.
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This file is parkerChl6ver10.tex Except in figures colored text denotes
editorial information which should be omitted from the final document.

In the Study-1 report this is Section 8 but for Study-II it should be
renamed Section 16. For this draf; headings from Study-I have been
incorporated then modified.For compar ails please refer to Study—I.

For this first draft some of th eagly modified to be consis-
tent with a later optimized lat configuration denoted mu_mfllcl rather
than the mu_mf09b lattice pre at the January 29 editors meeting. The
new lattice has:

e Larger beta functio
needed to meet the
divergence.

straight, which which are
eriments beam divergence goal of 0.1 normalized

rsion, which reduces the horizontal aper-
in the dispersion suppressor enough to be
| conducting quadrupole in the empty

e Smaller peak ho
ture requirements
able to use a convention
cell.

On advice fr
lattice and only cep .
way to keep the emp erture requirement small. However this does not
address the issue that optics contribution from the production straight

to the neutrimegbeam a spread is about 30% too high. Fig. and

duce the required fill volume. This arrangement does make it much easier
to inject beam into in the upward going return straight section than was
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possible for the completely below ground placement considered in Study—
[.Injecting into specially tailored reduced-beta optics in the return straight
section rather than the high-beta optics needed in the production straight
dramatically eases the injection system requirements compared to Study—I
as will be discussed later.

Production Straight Section (Downward Beam)

B i >,

Arc'(lncludes Dispersion Suppressor)

Return Utility Straight Section (Upward Beam)

Figure 6.1: Sample Figure.

Since the fraction, f; of muon decays which makes neutrinos which are
aimed toward the detector is f; = Ls/C ="Lg/(2Ls + L ), with C' the ring
circumference and L 4,. the length of one arc, it is clear that creating the
shortest possible arc maximizessfssand. keeps the ring footprint as small as
possible.

Because the present ring energy is 20 GeV compared to the Study-I
50 GeV, a naive expectation is that for the same f; the Study-II ring cir-
cumference should be % the Study-Iicircumference of 1753 m or about 700 m.
In practice it is haxd to achieve this'scaling. Even if one takes a larger dipole
field, 7 T instead/of the Study—I 6 T, it is hard to make the basic separated
function arc cell much shorter. ‘As‘indicated in Fig. shortening the indi-
vidual magnetg only serves to reduce the magnetic packing fraction since the
coil ends cannot be arbitrarily shortened. In fact for a lower beam energy a
larger magnet apertureis needed, assuming equal lattice functions and nor-
malized emmitanceyand thus‘the coil ends should be made even longer than
for the Staady I magnets.

With a separated function focusing cell the only path left to make a
short 20 GeV arc is to make the arc up from fewer cells than were used for
Study=l and inevitably the bend angle per cell is increased. Unfortunately
a larger bend angle per cell leads to larger peak dispersion which in turn
implies a need foreven more magnet aperture to handle the muon beam’s
large momentum spread.

We did find it possible to shorten the arc cell by using combined function
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Study-I, 90° Separated Function Cell: 9.8 m length.

[Qsx+—1 57777} —{Q.5x — 57777

1m0'75m2.4m,B:6T0'75m1m0'75m2.4m,B:6T0'75m

90° Separated Function Cell’ 8.4 m lengthy

Q, SX D 0, SX D —{

0.75m 0.75m 0./5m 0.75m
0.825m 1875m,B=7T 0.825m 1.875m,B=7T

60° Combined Fungtion Celk 6.4 m length.

SRS B0 5x |
1m 1m
2.2m 2:2m

60° Compact Combinéd'Funetion Cell: 4.8 m length.

Y X X X Y X X X
>8(D,Q\,/Sx 5/ XDB0. 6% D
A4

1.38m 0.98m 1.38m 0.98m

Figure 6.2: Sample Figure.

magnets. As indicated in Fig. even with a somewhat smaller dipole guide
field, reduced. to accommodate the superposition of quadrupole and dipole
fields at the conduietor, and a more relaxed intermagnet spacing, it is feasible
to sherten,the basie arc cell and achieve a circumference below the naive
700 m scaling prediction.

Two possible ways to implement such a combined function field config-
uration, the first with cosnf coils and the second with flat pancake coils
are show schematically in Fig[6.3 The pancake coil configuration is espe-
cially interesting because its simple bend structure enables us to use a brittle
prereacted superconducting material, such as Nb3Sn for making a high field
magnet. Also an open coil structure helps to avoid energy deposition from
decay electrons which are swept by the guide field to smaller bend radius in
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the magnet’s midplane.
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Figure 6.3: Sample Figure.

In addition to conventionalupright quadrupole focusing we also investi-
gated focusing structures using a combination of skew quadrupole and nor-
mal dipole fields. As indicated in Fig. and Fig. such skew quadrupole
can naturally be made with various arrangements of either cosnf or pan-
cake coils. The skew quadrupolesgradient.is.independently adjustable from
the dipole component in Fig. and fixed via coil geometry in Fig. [6.0
Skew combined function foeusing implies top-bottom asymmetry while up-
right combined function focusing,¢ome from right-left coil asymmetry.

. Top-Bottom Asymmetry +

) [22e%%6% [12620%62%%
opole  + [ B -
+
Quadrupole  + [ N -
R RRRRRR

-+ —

Figure 6.4: Sample Figure.

There'is,however one trick which only works for making skew quadrupole
fields, displacingithe coil ends longitudinally with respect to the dipole body
field. This trick isillustrated in Fig. [6.6.

By changing the top-bottom overlap of the pancake coils, as indicated
schematically in Fig. 6.6] we create double coil regions with the full dipole
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Top-Bottom Asymmetry

Dipole -+, -
Quadrupole == Nl B -

Figure 6.5:;, Sample Figure.

field but no skew focusing swhich alternate with single coil gap regions with
roughly half the dipole field but full skew quadrupole focusing. The sign
of the skew quadrupole focusing dépends upon whether the top or bottom
coil is missing in the single coil gap region. The result is a compact magnet
structure with quasicontinuous bending and alternating gradient focusing.
This new focusing structure ¢am be made more compactly than is possible
with a standard combined functionweell because the space penalties which
come from magnet coil ends are essentially avoided and therefore this com-
pact skew focusing cell structure is the basis for the Study-II muon storage
ring lattice.

6.0.10 The Lattice

B. Parker,

Lattice functions for the 20 GeV muon storage ring using compact skew
combined function are eells are shown in Fig. 671 Here the beta functions,
(Ba, Bg).are giyen for the 45° rotated betatron eigenplanes (A,B) shown
in Fig. B.8'but the eigenplane dispersion functions (n4,7p) are projected
to dispersion in the,normal horizontal-vertical, (Bx, 8y ), coordinate system
accordifignto the relation ships, ny = % and ny = "A7E,

By construetion the dispersion in the A and B eigenplanes is nearly equal
so the effective wertical dispersion is much smaller than the horizontal dis-
persion. With this skew lattice the horizontal dispersion is nearly constant
across the arc while the vertical dispersion oscillates with small amplitude
about zero. Each arc contains cells without bending such that with 60° cell
phase advance the dispersion is matched to zero for both eigenplanes in the
straight sections.

The lattice shown in Fig. has a 1:4 length ratio between the lengths of
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Plan View Section A-A

.
m =
Full coil overlap Single coil for half field,
gives the full field, B = 3.5T, but G=25T/m
B=7T,butG=0 .
\ A / > B Section B-B
) whf A
: m m
--»A . B ) ] )
Elevation View Net result is to use space which is

normally wasted between coil ends.

Figure 6.6: Sample Figure.

arcs and straight sections in order t0 have a geometric decay ratio, f, equal
of 40%. The production straight, beta functions are large in order limit the
impact of the muon beam divergence on the divergence of the neutrino beam
and the beta functions'in the return straight are intermediate in magnitude
between the valués in the'arcs and production straight in order to simplify
injection.

Symmetry between the (A,B) betatron eigenplanes is ensured by requir-
ing a small added normal quadrupole focusing component, with normalized
strength, K,, K, = —# inerder to partially offset the weak focusing due to
a sector dipolesbend.of local bend radius, p. As discussed in a paper by Byrd,
Sagen and Talman[?] if left uncompensated the weak normal focusing of a
sector bénd shows up as eoupling between the otherwise uncoupled indepen-
dent bétatron motion in/the (A,B) eigenplanes. The value chosen above for
K, isfpreeisely the amount needed to make the weak normal focusing in the
linear lattice eylindrically symmetric and thus to restore symmetry between
the (A B) eigenplanes:

In practice K, of order parts per mil of the skew focusing strength, Kg, is
sufficient to ensure local linear decoupling. Note that the addition of K, does
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Figure 6.7: Sample Figure.

not cancel the weak sector focusing and the net focusing in an arc cell with
bending is slightly different from than'ef a cell without bending. Accounting
for this difference is important for getting a good dispersion match. Also
for nonzero momentumpoffsets, Ap/p, one has to be prepared to deal with
coupling effects due to expected nonlinear edge fields.

The ring geometry. is shown in Fig. The arcs at the racetrack ends
are each end are 53 m leng and for f, = 40% we have the straight sections
at four times.this length'at,219 m for a circumference which is ten times the
single arcdength or 530 m. Defining the effective arc radius, Rerr = Lay./7
gives Ry = 16.9 m for a tofal machine length of 246 m. Depending upon
the location of the neutrino detector, which affects the racetrack dip angle,
it may be desirable to shorten the straight sections somewhat. This strategy
helps to reduee the amount of fill needed for a steep dip angle at the cost of
smaller f.

The Arcs

B. Parker

The arc lattice is shown in more detail in Fig. [6.10. The arc contains ten
60%cells,for a/total phase advance across one arc of % in both eigenplanes.
With the'chosen 60° phase advance it is possible to match to zero dispersion
by omitting the dipole field component from the second and next to last
arc cells. The focusing skew quadrupoles in these empty cells will be done
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Figure 6.8: Sample Figure.

< 16.86 m

Straight Section=4.x Arc =211.892 m

. Arc = 52.973/m for
' Reff= 16,861

245.6 m total length

Figure 6.9:@Sample Figure.

with conventional warm skew quadrupoles while the rest of the arc is made
up from the regular pattern of overlapping pancake superconducting coils
supported in_aswarm iron yokes described earlier. Magnetic field and arc cell
optics patameters are listed in Table

Beam profiles near the beginning and end of the arcs, where the beam size
contribution due to dispersion is negligible, are shown at a skew defocusing
location in, Fig. and a skew focusing location in Fig.

Near the middle of/the full dipole region, where there are both top and
bottom coils the beam profile is round as shown in Fig.

Will include description of skew sextupole chromaticity correction scheme
as well as a description of how to break the regular coil pattern at transitions
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and Dispersion (X,Y) [m]
S

[ for Eigenmodes (A,B) [m]

to empty cell regions ends of the arc (this requires some short
coils). Note that discussion to make optics adjustments and beam
orbit bumps (e.g. corrector magne eyond the present scope of work but
could reasonably be argued as needed under a heading of beam commissioning
or operational sign of the skew sextupoles is presently
not addressed.

Magnet design d

subsections.

warm and cold magnets will be given in later

3 sense to me to outline the functional requirements for this
: 1 but try to avoid being too specific about the actual detailed
solution as this is the only straight section left where we can introduce knobs
to fix problems elsewhere. One difference with Study-I is that it does look
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Table 6.1: Arc magnet and optics parameters table (blank).
AAA | BBB | CCC

&

reasonable to inject going up into the retur ight and this should be much
more favorable than trying to 1nJect 1nt0 the high beta production straight.
In conversations wit oy that it may not be necessary
to have rf-cavities (if me on is small enough that beam
does not spread out too mu a few hundred turns). Could include
short section here on paramete a minimal rf-system to keep beam from
debunching. Note thatgi 3 Lebedev’s suggestion to use a 200 MHz
cryomodule of the bype as in hisaccelerator proposal then we will have
m near the superconducting cavities

B. Parker

v in Fig.[6.15]a pencil beam with momentum offset,
orizontally by an amount, AX, AX = nx X Ap/p
and vert1cally by an amount, AY  AY = ny x Ap/p. Values are given in
Table [6.3
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Fig : Sample Figure.

Table 6.2: Betatron acceptance in the arcs.
CcCcC

quadrupoles that the injected beam goes through off axis
ely cheap way to gain a bit of injection aperture.

Without some better idea for the transfer line it is hard to be too specific
here. We should be able to show a straw design for estimates of magnet
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Figure 6.12: Figure.

Table 6.3: Momentum acceptance in the arcs.

ust decide: Should we discuss magnetic
yuld we include a description of collimation system

parameters, required apert

Conventional

B. Parker
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T tion €overs: the warm quadrupoles in the arcs, optics match-
ing qua ear ends of the straight sections and the straight section
quadrupoles. ermits we may want to include some requirements

bit control corrector dipoles, ring tune and coupling control

Carol?

The cooling ring presents some new beam instrumentation problems. In
addition to the usual emittance, divergence, closed orbit, injection, extrac-
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X X

Figure 6.15: Sample Figure.

Figure 6.16: Sample Figure.

tion, beam loss and beam energy measurements, it seems desirable to measure
the beam polarization, and precision measurements of beam direction in the
decay straight section as a function of time, to help determine the parameters
of the neutrino beams, The instrumentation issues for the muon beam in the
storage ring should utilizesmostly proven technology. The primary difficult
would be that.precision measurements can be complicated by the presence
of decay electrons in the beam.

The /muon decays can help determine some of the machine parameters.
Semertzidis and Morse[?] have looked at using the g — 2 frequency of the
muons tondetermine the beam energy. They consider measurement of the
synchrotron radiation from decay electrons which will give a very substantial
signal.

We anticipate that the 6D “pencil” beams used to tune up the accelerator
will also be useful in tuning up and operating the storage ring.
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Table 6.4: Betatron acceptance in the production straight.
AAA | BBB | CCC

One issue which has been' identifiedwis the possibility of a high electron
shower background at the dewnstream end of the two straight sections. This
background would be due t6 muon decay electrons which were not swept from
the beam. Although the fraction of primary decay electrons in the beam is
L/~yte, where L is a path length in the storage ring, and y7¢ ~ 126 km, is
the decay length at 20 GeV. This means the fraction of muons which will
decay in the 116 m straightssections is 0.001, and the electron/muon ratio at
the downstream end of the straight will be ~ 0.001F}, where F} is a factor
which depends on the probability of electrons being swept and showering in
the vacuum pipe. Estimates of the electron background are underway, but it
seems desirable £6 comnsider-precision, measurements external to the ring for
determining the meutrino beam direction, profile and divergence.

We assume the meost reliable measurements of the neutrino beam size
and divergence would be obtained from fine grained detector consisting of
Tungsten sheets,interspersed with hodoscopes. These would be located in
shafts downstream of the decay straight. Rates could be high, on the order
of 100 eyents/fill for a 1 m.detector. (more details coming - M. Goodman)

More detailed descriptions of polarization measurements and other
neutrine, meastirements will be added in a later draft.

Power:Supplies for the Muon Storage Ring

NoO name
To this point ho new work done here so everything has to be TBD.

Quench Protection Dumps

No name
To this point no new work done here so everything has to be TBD.
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Muon Storage Ring Quench Detection and Protection

No name

To this point no new work done here so thing has to be TBD.

6.0.11 Lattice Performance

C. Johnstone

The issues discussed here are simil from Study-I but in detail
things will look quite different due t
focusing lattice.

A description of the on going
belongs here. The importance of
need for reworking the lattice.
sents a choice, in the absence
make the magnet parameters easi
tection from energy deposition due to sh ing from the long straight
sections; however, it is entirely possible that we will have to compromise
these goals somewhat in onder hieve o00od enough dynamic aperture.

oko Makino, Martin Berz etc.
uch that it could point to the
oice of lattice parameters repre-
ults, to go with parameters that
ieve and provides increased pro-

6.0.12 Beam Induce "! ergy Deposition And Radia-

N. Mokhov

Discussion siy

Arc Magnet
N. Mokhov

This secti i [ Study-I to the extent that the open coil
structure dy-II changes the energy deposition pattern. Some
mitigat] 1 might be required. An important result here is

arm cells near then ends of the arcs are useful in

Straight Section Components

N. Mokhov
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Estimations for energy deposition issues for warm magnets, kickers, di-
agnostics etc. This also may be the best pace to discuss protection against
injection errors and injection tuning. If a superconducting rf system is needed
then there may be issues for how t ect and isolate it. In particular it
may not be possible to use windows to he rf station’s beam vacuum
(unlike previous accelerator). .

nd Downstream Of Straight Sec-

Radiation Around Arc
tions

N. Mokhov
Standard discussion b

§
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18. HighPower RF systems: 201.25 and 402.5 MHz

R. Rimmer*, J. Corlett*, N. Hartman®*, D. Li*, R. Macgill,* A.
Morettif, J. Reidf, H. Padamsee!, G. Ronglif, V. Shemelin?

>l<LBl\IL, TFNAL, YCornell

18.1 Introduction

The RF systems for the buncher and the cooler are required to match the muon beam
into the longitudinal acceptance of the cooling channel and replenish the beam energy lost
during ionization cooling. Since they must operate inside the strong solenoid fields they
cannot be superconducting/ These systéms require a large number of RF cavities operating
at high gradient, and a large amount of pulsed RF power. They are technically challenging
and expensive and have therefore been the focus of continued development during study I1.
The cooling channel layout has continued to evolve since study I with emphasis on integra-
tion of realistic components into the available space along with optimization of the channel
performance. The buncher and cooling-channel systems must accommodate liquid hydrogen
absorbers, high gradient RF cavities, windows, tuners, superconducting solenoids, diagnos-
tics, pumping, harmonic cavities and other equipment. The system must be designed in
such a way as to allow assembly and access for maintenance.

The bunchersand cooling ehannel will be made of a large number of modules. The
module layouts are described in sections 18.4.2 and 18.4.3. Each module contains two or
four 201.25 MHz closedcell cavities and is powered by one or two high power klystrons. The
density of equipment in the building is therefore high and the systems must be carefully
laid out to.allow access for installation and maintenance.

The proposed buncher and cooling channel is approximately 163 m long and requires
more than 162 cawtiesnand 73 klystrons. The total installed power is approximately 670
MW(approms.1.3 MW average), and the installed voltage is 933 MV.

The cooling ehannel is followed by an acceleration section employing 300 twocell su-
perconducting RF_cavities and 26 jcell cavities at 201.25 MHz. These structures are also
challenging because of the high gradient and large physical size. The power requirements
of these sections are not as high as the normal conducting RF sections but the pulse length
is much longer./ Many cavities can be powered from a single klystron station. Several
multicell RE cavities may share a common cryostat. The final energy at the end of the
accelerating section is 20 GeV, compared to the 50 GeV of study I, which has reduced the

size and cost of the acceleration section significantly.
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Table 18.A shows the inventory of RF ained in the study II parameter
list. The cooling channel simulations have ] cavities with lengths that
are determined by the space available in t
ties). The gradients and phases of these cavities have been adjusted to optimize the cooling
channel performance while keeping th ; RF power requirements within fea-
sible limits. Table 18.B shows the p

these requirements and the total po

r and klystron output power to meet
vity type. Both tables also show how
the required voltages could be obtained us cal reentrant or "omega” shaped cavities
with closed off irises of finite thickness. The lo

sated by the greater efficiency of the rounded design.

e length in this case is compen-

be conservative the iris diameter

used for the omega cell was sufficient to_accommodate any reasonable beryllium foil. In

practice the foils may be sma [ decrease in size towards the end of

the cooling channel. Ideally the e would be optimized for each foil size. This
e the cost. Note that the RF power requirements

1.3 and 2.12.3, which have the largest number of

would maximize the efficiency and
are dominated by the cooling
cavities and the highe

Table 18.A

ideal pillbox di param. List 1/16/01
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section

—

ength .

#cavs

K*
Veff

m)
(m)
(MHz)
(MV/m)
(MV)

0.570
0.373

201.25
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0.570

0.466
%-\
68

48

5.76
2.12.3
0.570
0.

1.25

74

16.72
6

.71

match?

Q
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bl 402.5 MHz

b2 402.5 MHz
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Omega cavities Q&

bl
0.607

0.405

201.25
4
7.41
2.07

200



b2

b3

1.11.3

0.607

0.405

201.25

0.405

201.25

68

201



20.62

5.76

2.12.3
5
0.483
.25
74
23.06
match?

bl 402.5 :

0.308

202



0.288

402.5

b2 402.5 MHz

* note: Kilpatri about 15 MV/m at 201.25 MHz
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Table 18.B

ideal pillbox dim.’s \

L

Veff

section

Rst
Pc*

Pkly**

#cavs
Ptot
sum
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bl

8.899

0.499



4.038

68

274.60
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2.12.3

T

match? ; g

Q 669.29

bl 402.5 MHz
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1.03

6.275

b2 402.5 MHz

208



Omega cavities Q&

b

1
2.07

10.220
0.494
0.547

4




b2

.59

.220

0.772

0.855

6.84

1.11.3
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5.76

10.220

4.228
6
4
2.12.3
6.71

491
74
68.09
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668.50

bl 402.5 MHz

0.260

1.040

212



1.373

T Rs, calculated, = V2/P, * Real cavity, Qo assumed 85% tical,

.

** Klystron forward power for 3 filling

18.3 RF escription

Each RF station consists of a modulator, klystron, distribution system,
lowlevel RF' and controlsdriving.two.or more cavities. The modulator must

provide a flat top DC p of up to th a recharge time of less than
20 ms. This is equivalent t on rate of 50 Hz, however not every 50
Hz pulse is required. The outp the AGS appears as 6 pulses spaced at
“20 ms followed by “300 ms gap.(The AGS cycles at 2.5 Hz). The ”average”

The RF powe ide approximately 10 MW of peak power
to drive two ca . most likely be a multibeam klystron,

The distributi

e via high power coaxial lines, with the power split
between two or more ca ith appropriate delays to maintain the proper
phase . The itie oaxial feedthroughs and looptype couplers.

er of around 10 kW is quite modest. Provision
1g the phase of individual cavities and for handling
the re S ing the initial part of the cavity fill time.

Vi e a water distribution system and a rack of lowlevel

18.3.1 RF Power Source and equipment
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The ionization cooling channel requires high peak RF power sources at
201.25 MHz and 402.5 MHz to efficiently cool the muon beam. Table 18.B
lists the peak RF power requirements for each section of the cooling channel.
There are 162, 201.25 MHz cavitie§ im,the channel that require 668 MW
of RF power for a pulse length of 125"s atyl5 Hz (average) and 6, 402.5
MHz cavities that require up to 4.8 MW at 15°Hzs An examination of the
requirements shows that an RF Source of about 6 or'12 MW would be ideal
for the 201.25 MHz cavities andya. source of 500 to 750 kW for the 402.5
MHz cavities. The RF for the 201.25:MHz cavities could be supplied by
existing gridded tubes at about the 5 MWhilevel. However, the low gain
and lifetime of gridded tubes make the R&D effort to develop an alternative
most attractive. Preliminary calculations at SLAC have shown that a 201.25
MHz klystron could be /built with/a reasonable amount of R&D. The gain,
efficiency, and lifetime are higher/greater than 50 dB, 50% and 50,000 hours,
respectively. SLAC hasexamined two designs a single gun diode design, and
a multibeam klystron. The multibeam klystron is the most attractive in that
it reduces the overall length of the tubésfrom 7.5 m to between 3.5 and 4.0 m.
The length reduction factor of the multibeam klystron and its potential for
higher efficiency/make ittheroptimum. candidate for the neutrino factory. The
length of the multibeam klystron is, also, consistent with the manufacturing
capabilities of current, tube manufacturers. However the manufacture of a
7.5 m diode tube would/be a big step and would require new and costly
facility upgrades. To provide RF power overhead for dynamic regulation of
the RF phase and amplitude, a 12 MW multibeam klystron has been selected
as the high power RF source for the neutrino factory. This provides an RF
power verhead margin of about 20 % for regulation. Table 18.C shows
the costiestimate for a multibeam klystron system of 73, 12 MW klystrons
for supplyvingsthe required RF to the cooling channel. The first item is the
R&D costs to deyelop the 12 MW multibeam klystron. The design should be
a fully integrated horizontal package incorporating the tube, solenoid, and
high voltage terminal as pioneered at CERN for LEP. This would facilitate
the replacement and installation of tubes in the facility. With a mean time
between failures (MTBF) of 50,000 hours and 73 tubes, a tube, after the
initial breakin period, would fail and need to be replaced every 30 days.
Many of,these/“failures” towards the end of life are gradual and replacement
can be scheduled for routine maintenance periods. Another advantage of the
horizontal design besides the ease of handling is the reduced cost of the RF
building because of the lower building height requirement. Because of the
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large size and costs of waveguide the transmission lines from the tubes to the
cavities will be large coaxial lines of 0.31 to 0.36 m diameter pressurized to
1.75 atmospheres of dry air. Power splitters would divide the RF power from
each tube to supply the appropriate RF po the cavities. Sections bl
and b2 of the buncher will require a 12 way sp f the power; section
b3 a 8 way, and sections 1.1 to 2.3 a 2 way splitting of the power. Splitters
with proper built in phase delays would her divide the power to each cell
or cavity section of the cooling channe

Table 18.C. 12/ . Hz Klystron Cost
R&D klystron

$ 125k

Tube

525 k

Solenoid

215



200 k

Modulator

300 k .

/

Transmission Line compon

100 k

Water Skid

60 k

Station Relay Racks l!!

and Control

Total = $1650 k
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System Costs for Spreadsheet RF requirements: 73 Klystrons = $122.3 M

The 402.5 MHz system can mse currently existing 900 kW diode RF
klystron amplifiers. Because of gheir long/length, it would be advisable to
fund a small R&D development of an integrated horizontal package for the
tube. Again, as for the multibeam klystron, this would improve the efficiency
of tube handling and provide cost saving beeause of reduced building height
requirement. Again, coaxial transmission lines with splitters would be used
to provide the RF power to the cavities. Only 3 klystron tube amplifiers are
required to supply the requirements of the402.5 MHz RF spreadsheet. The
cost of system of the three 402.5 MHz klystron amplifiers system is $3.525
M or $1.175 each, a little more than half of the 201.25 MHz multibeam
klystron. Figures 18.A and 18.B show a cross section and plan of a portion
of the RF building galléry. along a 201.25 MHz section. The RF building is
approximately 170 m long and 30 m'wide. With the horizontal packaging of
the 201.25 and 402.5 MHz klystrenssthe height of the building roof line need
only be 5.5 m. Because of/the large footprint of the equipment, the klystrons
are arranged sidesby sid¢ and on both sides of the gallery. Not shown in the
figures are the transmission line splitters required to supply the RF power to
the cavities as well as the“utilities. The 402.5 MHz klystron system footprint
will be mugch' the same, but about half the size and be located in sections b1l
and b2 interspersed between the 201.25 MHz equipment.

18.3.2 RF Station Controls and LLRF

The lowleveb RF (LLRF) and controls provides the drive power for the
final klystron amplifier, contains feedback loops for phase, amplitude and
cavity frequency control, personnel safety and equipment protection. A fre-
quency reference line which runs the length of the complex provides RF
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phasing reference to which each cavity is locked. A microprocessor in each
RF station processes error information to control the amplitude, phase and
keep the cavity tuned to the reference frequency. The microprocessor com-
municates and accepts directions from'the central control room. The system
would be similar to systems currently in‘usésat Fermilab or planned for the
SNS project. Spark detection will include fast eircuits to detect sparks and
malfunctions and immediately inhibit the RF to protect the equipment and
cavities. Other fast circuits will menitor for high RF leakage from equipment
and contact with high voltage'and eurrent and activate interlocks for person-
nel protection. The equipment would be housed in five standard racks next
to the klystron and associatéd equipment, figure 18.B.

18.53.3 High Voltage Modulator and Power Supply

The high voltage modulator/and power supply for the 201.25 MHz will
use the latest solid state design. Currently available Insulated Gate Bipolar
Transistors (IGBT) modulator teechnology will be built by industry to provide
the pulse power requirements of the klystron. The neutrino factory will use
IGBT modulatorssimilar to designs currently being built for the SNS project.
They are very reliable, efficient and cost effective. A 6 beam klystron, the
basis of this designphas a calculated efficiency of 50% and klystron tube
perveance of 2 x 10E6. /The specifications for the modulator and power
supply are: high Voltage = 84 kV, peak current = 292 A, duty = 0.1875 %,
average power = 46 kW andxdroop 0.1 %. The modulator and power supply
for the 402.5 MHz are of the IGBT type with the following specification:
High Vgltage = 60 kVjpeak current = 31 A and average power = 3.4 kW.
The oyerall efficiency of the modulator and power supply from the AC mains
is about 95%.

18°8.p NCRF Mains Electrical Power and Water System

The mains AC power for the normal conducting RF must support 73 tubes
with 46 kW average power and three tubes with 3.4 kW average power with
an assumed efficiency of 95%. This comes to 3.6 MW. Solid state amplifiers
and solenoid power supplies add another 1 MW. Cooling water systems and
miscellaneous other loads add a further 2.3 MW. These all require a 480 V

three phase supply for a total of 6.9 MW. In addition to this AC power is
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required at 120 V and 208 V for racks and other miscellaneous equipment
totalling approximately 0.6 MW. This gives a total of 7.5 MW at the AC
mains.

The cooling water system will be sized to accomodate the average power
of 7.5 MW with a proper temperature rise for safe and efficient operation of
the equipment. Each klystron station requires 75 gpm of lew conductivity
water (LCW), for cooling the klystron and.associated equipment and 20 gpm
LCW to cool and maintain temperature controkof the cavity. This gives a
total water requirement of 6,935 gpm., This could be, divided up between
room temperature and higher and /hilled systems for‘eavity control at 20
gpm per station. The header pressgure being, 100 psi and return of 40 psi.

FIGURE 18.A. Cross section of ¢ooling channel equipment gallery

FIGURE 18.B. Copling channel linac equipment gallery, plan view
18.4 NCRF Cavities at{201.25 MHz and 402.5 MHz

The 201.25 MHz_nermalconducting cavities in the cooling sections must
operate at very high accelerating gradients. This would be impractical with
conventional open iris structures because of the large size of the beam iris
required. A great improvement can be made in the shunt impedance of the
cavity by closing,the irig' with a thin conducting barrier. This barrier must
use the smallest amount of material to minimize scattering of the muon
beam. It is proposed to close the irises with thin beryllium foils. Other
methods of elosuressuch as grids of thinwalled tubes will be evaluated in
the futurg. The foils'must be thick enough to conduct away the heat from
the RF feurrents and keep the temperature to a predetermined level. The
foils will be prestressed in tension during manufacture in order to keep them
flat. Thissmethod had heen tested experimentally and works well up to the
point where‘thesthermal expansion exceeds the prestress and the foils begin
to move. Foil thicknesses have been chosen for study II which should keep
the temperatures below this critical level. The use of tapered foils or foils
with stepped thickness can reduce the amount of material intercepted by
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the core of the beam, reducing the amount of scattering significantly. Table
18.D shows the suggested minimum foil thicknesses for the various types of
cavities in the buncher and cooling channel.

Table 18.D. Beryllium foil thi es for various cells in the buncher
and cooling channel.

frequency




402.5

0.186




middle

201.25

0.3748

222



105/210

14/21

187/374

14/21

end

223



.466

15.48
700,/1400

14/21

end
1.32.1
201.25
0.5592
16.72

248/495

224



12/18

6.72

917/183

16.72
119/239

10/15

middle
2.1

201.25

225



0.5592
16.72
495,990

12/18

* dual values imply a steppedthickness foil note 1194239 might need to be 128/256 RR
The normalconducting cavities in the buncher can be of the same design as those in

the first cooling section, though they would'be operated at lower gradient. This will allow

the use of thinner foils to /minimize the scattering. The buncher section also contains

a small number of harmonic cavities operating at 402.5 MHz. These fit into the spaces

normally occupied by the hydrogen,absorbers in the cooling cells. For these cavities the

foils occupy most of the diameter of the end walls, but the gradients are much lower so

the losses in the foils are manageable.

The normal conducting cells must have some cooling to remove the average power

losses in the walls/and to stabilize the frequency. The study IT design has been evaluated

for room temperature operation/although the option of operating at reduced temperature

has been kept open. This, would lower the wall resistance and reduce the peak power

requirements at the expense of adding a potentially large refrigeration system.

18.4.1°201.25 MHz Closed Cell Description

The eooling channel simulations have used simple pillbox cavities which

have continuous, flat, conducting end walls from the center all the way to
theouterradius. The cavity lengths assumed for the simulations are just
the available space divided by the appropriate number of cells. In practice
the cavities must be closed by assemblies of foils or grids that should be
demountable from the cavities for assembly or repair. This requires a finite
thickness for each iris, reducing the length available for RF and lowering the
effeetivesshunt/impedance. This can be mitigated by rounding the outer walls
of the cavity to improve the quality factor and restore the shunt impedance.
Any practicable assembly of foils (or grids), requires some space for flanges
and access. We have assumed a minimum spacing of 50mm between cavities,
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as shown in figure 18.C. The dimensions of the cavities have been adjusted
to fit the remaining available space. Note that the resulting cavity lengths
are significantly shorter than the optimum for a particle of this velocity (beta
= 0.87). In future studies this cavity lengtli may be restored by adjusting
the total cell length appropriately. The cavity shapenis slightly reentrant in
order to maximize the inductance, minimize the capacitance,and hence get
the highest shunt impedance [ref. 18.1]4 Figures 18.C and*18.D show the
cavities separated by a pair of foils. This weuld allow variable thickness foils
to be used where the stepped side is not exposéd,to RF. Figure 18.E shows
a MAFTA simulation of the electric field in two halfeells separated by a pair
of foils. Some field enhancement cam be seen on the noses. Alternatively a
single foil of twice the thickness comld be used.in the center of the iris, heated
from both sides (except for the end cells). AAnother advantage of the closed
cells is that there is no RF coupling throtigh the iris so the cavities can be
individually phased for optimum pesformance of the cooling channel. One
penalty of the omega shape is some fieldpenhancement on the "nose”, see
figure 18.F. The nose is made with as large a'radius as practical but still may
have an enhancement factor of as much as 1.7 over the field on axis. However,
the highest surface field in tablesi8:Brissonly, about 1.5 times the Klipatric
number for this frequency. Fhe only good thing about this field concentration
is that it is not on the foil"but on/the solid copper so a breakdown to this
point may be less harmful. Figure/18.Fb shows the azimuthal magnetic field.
The distribution on the.foil and therefore the RF heating are similar to the
pillbox model although thete is some shielding due to the noses.

Figure 18.G shows the profile of the cavity from the downstream part of
the cooling channel where only two cavities are used per cooling cell. The
cavities are longer.and clgser to the optimum for this particle speed (although
there is still room formsome improvement). Figures 18.H a and b show the
2D electric and magnetie field profiles for this case.

FIGURE18.C. Profile of cavities for buncher and first cooling section
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FIGURE 18.D. Section 1 cavity FIGURE 18.E. MAFTA model with 2
foils

&

FIGURE 18.Fa. U 2D Efield FIGURE 18.Fb. Azimuthal Hfield

18.G. Profile of cavities for second cooling section

FIG a. URMEL Efield FIGURE 18.Hb. Azimuthal Hfield
18.4.2 Foil Requirements

228



The closedcell cavity design described above assumes that beryllium foils
will be used to seal off the beam irises. Other methods, including grids of
thin walled tubes, have been discussed and show promise but are not as far
advanced in understanding or testing as theé foils. Hence prestressed foils
have been chosen as the baseline design for study IInThe foils are made of
thin high purity beryllium sheet bonded o a thicker ring of slightly lower
grade material at Brush Wellman Corp, See figure 18.1. The exact details of
this process are proprietary but the combination of materials used results in
a small but significant difference in the¢ thermal expansion of the foil relative
to the ring assembly. This produces a tensile prestréss, on cool down from
the joining operation, which helps t0 keep the foil flat.

When the foils are heated by RF and ounly cooled by conduction to the
edges they assume an approximately parabolic temperature profile, see fig-
ure 18.J. This has been simulated in ANSYS and tested experimentally by
heating foils in a low power test cavity with a halogen lamp [ref. 18.2]. The
actual RF induced profile is slightly flatter,than parabolic and can be used
in ANSYS as a load set for the stress calculations. Figure 18.K shows an
example of the temperature distribution in a thin foil from such an analysis.

The foils remain flat untilthesthermal.expansion exceeds the tensile pre-
stress. At this point compressive stress is generated in the foil, and it starts to
deflect by buckling into a gently bowed shape, see figure 18.1.. The maximum
allowed temperature difference igsdabout 35C and is approximately indepen-
dent of the radius and.thickness. Oficourse a thicker foil can take more power
before reaching the buckling temperature, as shown in figure 18.M. A set of
foils has been determined [for the set of cavities used in table 18.A, which
keep the temperatures below the eritical point. For the larger irises the foils
become quite ghick and/the scattering of the muon beam becomes signifi-
cant. One way to reduee this is to make the windows thinner in the middle,
where the core of the beampasses, and thicker towards the outside where
there are fewer particles, see figure 18.N. It is thus possible to reduce the
scattering’ while maintaining the same temperature rise in the foil. Figure
18.0 shows the temperature profile for a thin window of uniform thickness
and for windows with thicker profiles starting at different radii. As can be
seen fromuthe figure adding material at large radius has a significant effect
on the temperatuce profile up to about one third of the way in. Beyond this
point there is a diminishing return and much past half way there is little
to be gained by adding more material. Simulations have shown that such a
stepped window reduces the multiple scattering significantly compared to a
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uniform foil for the same temperature. Going to multiple steps in thickness
or a continuous taper should yield further small improvements in scattering
but the simulations do not show a significant improvement in transmission
through the cooling channel.

FIGURE 18.1. Layout of be

ium test window (all dimensions in mm)

FIGURE 18.J. Actual RF heating and parabolic
i i halogen lamp tests.

FIGURE 18.K. ANSYS calcula emperature profile for thin window
with 60W loading

FIGURE 18.L. X odel showing example of buckling displacement
(dimensions in m).

ties have been investigated experimentally in
MHz using a halogen lamp as a heat source.
s used small (160 mm diameter) foils and the results have
to larger foils. We have assumed that the same prestress
e larger foils, but this must be validated experimentally

by adjusting the combination of materials in the outer ring

1t some experimentation may be required to find the optimum combination.

FIGURE 18.M. ANSYS calculated displacement vs. power for larger
windows
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FIGURE 18.N. Stepped windowidesign

FIGURE 18.0. Temperature profile of uniferm thin window and windows
with steps to thicker outer region at various radii.

One concern with the closediris structiires is the possibility of multipactor-
ing due to the high secondary yield of beryllium or aluminum (foils or tubes)
This could cause outgassing and possibly breakdown in the cavity, which
might damage the delicate structures. Persistent multipactor discharge may
also heat the surfaces involved. Unlike'¢opper the secondary yield of alu-
minum does not reduce with RF conditioning because of a stable surface
oxide layer. It is expected that beryllium may behave similarly, although
the handbook values for beryllium oxide are lower than those for aluminum
oxide. It is proposed¥to,suppress this problem by the application of low
secondary emissioft coatings such as titanium nitride (TiN). This problem
will be investigated experimentallysimra high power cavity as part of the on-
going muon collaboration' 805 MHz R&D program. The cavity is designed
to use demountable foils or copper blankoff plates and can be conditioned
to very high gradient using the high power klystron test stand in the lab G
facility at FNAL. The foils wilkbe coated on one side with TiN and condition-
ing tests cam' be runmwith all copper surfaces, uncoated beryllium windows,
coated béryllium windows or combinations of these. Windows of various
thickness and with stepped profiles will be tested and the conditioning can
be attempted with a wide range of magnetic fields from the existing super-
conducting selenoid.

18.4.2 2.75 m lattice implementation
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The cooling channel lattice is a tightly packed assembly of equipment in-
cluding liquid hydrogen absorbers, superconducting solenoids, high gradient
RF cavities, instrumentation, vacuum equipment etc.. Initial studies show
that it is possible to integrate all theése,components into the available cell
length. Several iterations have been performied on this layout to try to make
the most efficient use of the spage. Constraints inglude the size of the RF
cavities, which is dictated by the frequency, the size of the absorbers which
is determined by the beam size, and the cell length, which has been fixed
for this study at 2.75 m for the buncher and first cooling section and 1.65
m for the second part. This dimension ean‘and should be reevaluated for
subsequent studies. The size of the coil packs and cryostats have been chosen
to allow practical current/densities and the coil diameters have been kept as
small as possible to minimize the/amount of superconductor required and
therefore the cost. The largest coil is the central one that must go around
the RF cavities. The‘innerdiameter of this coil has been left large enough
to allow the cavity structures toppass through during assembly. The RF
feeds must come out through the wall'of the cryostat and may be angled to
give clearance to other hardware. Pumping ports should be short and wide
to give good conductancerand-may.also penetrate the cryostat. Clearance
is also required “atathe end/of each cooling cell to allow for installation or
removal of one absorber/RE module from the channel. This is achieved by
using a collapsible flange/n the outer cryostat wall, which is reinforced after
it is made upgin order t0 handle the possible magnetic forces. RF shields
should befused to keep beaminduced signals from escaping into the outer
cryostat/and vacuum systems

Figure 18.P shows a possible cooling channel layout for the first lattice
type including all major components except the beam instrumentation pack-
age, which miay occupy the clearance opening at the end of each cell or the
space between the RE cavities and the hydrogen absorber. The space in the
cryestat outside of the cavities may be evacuated to minimize the load on
the RF struetures or to provide insulation if they are operated below room
temperature. This would also obviate the need for UHV connections be-
tween each cavify and between the cavities and the hydrogen absorbers. The
flanges would merely be required to provide RF continuity (for screening)
and toseparate the UHV of the RF system from the guard vacuum of the
cryostat.
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FIGURE 18.P. Cooling channel section 1, four cavities per cell

18.4.3 1.65 m Lattice Implementation

The 1.65m lattice for the downstream part of the cooling channel will use
a similar layout to the upstream part/but withssmaller hydrogen absorbers
and only two RF cavities per cell. /The density of equipment is similarly
high. The cavity lengths are closer to the optimum for this particle speed but
could be improved in future studieg if the cell length can be increased slightly.
Figure 18.QQ shows a possible cooling channel layout for the second lattice
type including all major compoénents exgept the instrumentation package,
which may occupy the clearanée opening'at the end of each cell or the space
between the RF cavities and the hydregen,absorber.

FIGURE 18.Q. Cooling channel section 2, two cavities per cell

18.44 102.5 MHz Buncher Cavity

The buncher harmonic cavities, figure 18.U, are smaller simpler versions
of the 201.25 MHz cavitiesiyThey are rounded pillboxes and are closed by
similar foils(or grids) that are smaller and thinner than the large cavities.
There is adequate space for the cavities to be the optimal length for this
particle/speed. The power requirements are modest but cooling water should
be used to stabilize the frequency and remove the small amount of average
power dissipated in the/walls. The harmonic cavities are installed in some
of the buncher ¢ells in the location where the hydrogen absorbers are placed
in the cooling sections, i.e. inside the bore of the smaller solenoid coils. If
required due to radial space constraints, the diameter of the cavity could be
reduced slightly at the cost of a little more power and somewhat thicker foils.
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FIGURE 18.U. 402.5 MHz buncher harmonic cavity

18.4.5/Tumng Requirements

Since there is negligible/beam loading the,tuning requirements for the
cavities are simply to compensate for temperature variations due to water
supply and RF heating. Af we assume bulk water temperature fluctuations
are of the order of 1C ot less and /@& thermal expansion coefficient of copper
of approximately 17 ppm/C then/the frequency variation would be about 3.4
kHz. Since the average power is modest it should be easy to limit the tem-
perature rise due to RF heating te,10C or less. A worst case cold start with
the cavities around 0C and a normal eperating temperature of 40C would
produce a frequency detuning of about 136 kHz. Simple 2D calculations
show that if the/lengthrof thescavity, is varied about the nominal value the
frequency sensitivity is about 236 kHz/mm so a small range of motion would
be adequate to achieve theaequired tuning range. A tuning scheme similar to
that used for the superéenducting cavities where the cavity is mechanically
stretched or.eempressed within elastic limits could easily achieve this range
of motiond Alternatively a‘meving plunger tuner could be used to tune the
cavity inductively but this weuld require an additional aperture in the cavity
and may be harder to package within the confines of the cryostat.

It fwould also be possible to tune the cavities over a limited range by
controlling the water temperature but the water stability would have to be
a fraction of a“degree to keep the frequency stable to within the bandwidth
of the €avity (3.3 kHz unloaded, 6.6 kHz critically coupled). Each cavity
would require an independent water circuit and controller, which may be
impractical and eéxpensive.

Depending on the elastic range of motion of the cavities it may be desir-
able to have some kind of "fixed” tuning after assembly to account for man-
ufaeturing tolérances (analogous to the ”dimpling” of linac cavities). This
could be“a specific part of the cavity which is designated to be deformed or
the cavity as a whole could be designed such that it can be stretched or com-
pressed beyond the elastic limit to achieve a permanent tuning. If detailed
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analysis shows that the cavity has a sufficiently large elastic tuning range it
may be possible to relax the requirement of keeping the foils flat and allow
some movement to take place. Precurving of the foils would ensure that this
happens in a predictable manner. This would allow thinner foils to be used
and the scattering to be reduced.

In the event that vibrations of the foils or other parts'of the system should
produce troublesome fluctuations in the RF fields the superconducting type
tuner could be augmented with a fast piezoelectric actuator allowing feedback
at audio frequencies. This has been /demonstrated to reduce the effect of
microphonics in superconducting cavities.

18.4.6 Vacuum Requirements

The operating vacuum in the high'gradient cavities should be in the 108
Torr range or better. Operating much above this range is likely to produce
more frequent arcing and would require significantly longer time to condition
the cavities initially and/after-any-wentzplThe reliability of the RF window
is also strongly influenced by the vacuum level. The frequency of window
arcs and the lifetime of antimultipactor coatings on the ceramic are both
degraded by operating at pressures above about 107 Torr. These conditions
will require strong pumping and goed conductance to the RF cavities. Be-
cause of the presence of strong magnetic fields ion pumps may not be used
in close proximity to the cavity during operation, though they may be useful
during initial conditioning with selenoids off. Cryopumps or Titanium subli-
mation pumps/may be ugeful close to the cavities with magnetic fields on. It
may be advantageousito pump the cavities through the RF coupler if there
proves to be sufficient eonductance, since this will ensure the best possible
vacuum at the'windew. A large diameter coaxial feed with a short distance
to the pump may have sufficient conductance by itself. If not it may be sup-
plemented by an additional pumping port on the cavity body. A thorough
bakeout to above 150 C would be advantageous but may be incompatible
with the superconducting solenoids in the same assembly. In that case the
individual compoenents/may be baked separately before final assembly into
the cryostat.
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18.5 SCRF Specifications for Acceleration

Note this section will be updated due to changes in the SCRF layoutR.R.

Based on the high real estate gradient desired to minimize muon loss,
superconducting cavities are selected to. provide an active gradient of 15
MV/m, and a real estate gradient’ of 10 MV/m. At such high gradients,
the peak RF power demand for/eopper cavities would become prohibitively
expensive (15 MW per cell). By vittue of low losses, SC cavities can be filled
slowly (rise time 2 3 mS) redueing theéspeak power demand to roughly half
MW per cell for 3 mS rise time.

As a result of experiencée at LEP, CEBAF, TTF, Cornell, KEK and
CEASaclay, the science and technology of superconducting cavities and as-
sociated technologies arg highly developed. In all, SRF systems totaling one
km in active length haye been ingtalled in a variety of accelerators and rou-
tinely operated to providesa total of 5 GV. The largest installation is for
LEPII where 500 m of niobium eeated copper cavities provide more than 3
GV of acceleration.

Although sheet metal Nb cavites used for TESLA are capable of provid-
ing gradients of/fheordersof 5. MV,/m and higher, we have chosen Nb/Cu
technology developed at CERN for LEPII for several reasons:

1) Because of the lewer/RF frequency 201.25 MHz, and the accompanying
thicker wall (e.g. 6 mm)y/the cost of raw sheet niobium becomes prohibitive
(¢, 100 M$ at$500/kg) forthe roughly 700 cells needed for Nufact.

2) High thermal condugtivity copper provides better stability against
quenching of superconducting cavities over sheet Nb. This is especially ben-
eficial a6 201.25 MHz beeause of the high stored energy per cell (roughly one
kJ pet eell at 15 MV /m).

3) The wall thickness of large size 201.25 MHz cavities may need to be
greater than 6 mmufor mechanical stability against atmospheric load and
for reduicing, Lorentz force detuning and microphonic effects from external
vibrations.

4) A coated eopper cavity allows the use of pipe cooling instead of the
more usual bath cooling. Pipe cooling saves liquid helium inventory (esti-
mated at 100,000 Liters for standard bath cooling of 700 cells). It also opens
additional avenues for improving the mechanical stability for large scale cav-
ities.

Recent results from CERN on 400 MHz Nb/Cu cavities (figure H1) reached
accelerating gradients of 15 MV /m at 2.5 K at a Q of 2 x 109. Because of
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the lower frequency for Nufact, we can expect the Q to be four times higher.
We have chosen an operating temperature of 2.5 K and a Q value of 6x109.
LEP results at 4.5 K when scaled for the lower frequency will imply a much
lower Q j 2x109. And LEP cavities have never reached Eacc = 15 MV /m at
4.5 K.

Modeling the Q vs. E obtained for LHC 400 MHz eavities (figure H1)
and incorporating the Q increase for 201,25 MHz, ANSYS studies conclude
that it will not be possible to reach Eacd =35 MV /m at a Q of 6 x109, unless
the operating temperature is reduced o 2.5°K, see figure H2.

FIGURE H1. Qo vs. gradient for Nb/Cu CERN cavity.

FIGURE H2. Qo vs. gradient expected for 201.25 MHz cavity.

Accelerator physics studies show that an aperture of 300 mm (diameter)
is acceptable for the neutrinosfactory except for the first 700 MeV (7) of the
preaccelerator linac, where an‘aperture of 460 mm has been chosen. Because
of the higher peak fields arising from the larger aperture the gradient for the
first section of the preaceelerator hasibeen reduced to 10 MV /m.

In selecting the RF pulse length (Trf), a tradeoff must be made between
peak RF poweron the one hand with refrigerator load, tolerance to micro-
phonics and to' Lorentz force (LF) detuning on the other hand. Increasing
Trf will lower the peak/power, but increase the average RF power and the
refrigeration load. Inereasing Trf will also drive QL toward higher values,
decreasing the.avity bandwidth and thereby increasing its sensitivity to LF
detuning and micrephonics. The peak RF power (Ppk) needed to establish
the fields depends on thestored energy (U), cavity time constant () and the
amount of detuning expegeted from Lorentz force and microphonics as follows:
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Once the fill time and detuning tolerance are selected, the loaded Q of
the cavity can be found to minimize the peak power required. A conservative
estimate for detuning tolerance in these large 201.25 MHz structures is 40 Hz.
Cavities at TTF and CEBAF show mierophonic excitation of { 10 Hz. For a
fill time of 3 ms, the optimum QL is Ix106 (bandwidth = 200 Hz) and the
required peak power is 395 kW per cell for the'small aperture case. Coaxial
couplers developed for the KEKB factory have delivered 380 kW CW to one
amp beams. In pulsed mode,/ higher power performance can be expected.
For a wall thickness of 8 mm /the Lorentz force detuning at 15 MV /m is 100
Hz. Most of this can be taken care of with feedforward techniques developed
at TTF for TESLA.

Future R&D on structure stiffening, feed forward, and active tuning to
compensate LF detuning and migrophonics could lower the required peak
power by reducing the detuning tolerance. For example if the detuning toler-
ance can be lowered t0°20 Hz, the input power drops to 350 kW per cell and
optimum QL rises to 1.5 x106. Goeing further in this direction and adopting
a 4 ms fill time would decrease input power to 270 kW per cell at best QL =
1.5 x106

18.5.1 SCRF Structures at 201.25 MHz

To improve the realestate gradient it is important to have a large filling
factor of cavities in the eryomodule. This pushes structures towards multicell
cavities. On the other hand, because of the low frequency and high gradient,
the coupler power, and stored energy per structure increases with number of
cells. Tradingoff between these factors, 2cell units at 15 MV/m are chosen
for mgst of the neutrino factory. In the first 700 MeV of the preaccelerator
linac, where,gradients are lowered to 10 MV /m, 4cell units are selected. The
input coupler power is kept at the 400 kW level by providing one coupler at
each_end. for both 2¢ellvand 4cell units.

Figure H3. Twocell geometry Figure H4. 4cell geometry

Theperformance of a superconducting cavity depends on the peak surface
fields. Minimizing Epk is important to avoid field emission that lowers the
cavity Q and increases heat load. Minimizing Hpk is also important, since the
Q of Nb/Cu cavities falls with surface magnetic field, one of the characteristic
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features of Nb/Cu cavities (figure H1). In the CERN 400 MHz LHC cavity
which reached Eacc = 15 MV /m, the corresponding peak surface fields were
Epk = 33 MV/m and Hpk = 750 Oersted. Because of the relatively smaller
beam pipe of the 201.25 MHz, 2cell cavity/itimis possible to optimize the
neutrino factory cavity geometry (see figure H3 ce the peak fields by
30% below LHCcavity values. Relative t rmance there
is adequate safety margin through impr structure choice."Table H1 lists
the properties of the 2cell unit and Ta for the 4cell units. Figure H3
shows the 2cell geometry and figure 4cell geometry.

Table H1cell cavity paramet

RF freq

No. of cells per cavit

active cavit

1.5

300
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&

aperture diameter

MV/m

Energy gain per cavity
MV

22.5
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stored energy per cavity
Joule

1563

R/Q
Oh avity
58
Ep/Eacc

Hp/Eacc

O MV/m
38

Epk a
MV/m
21.5

Hpk at 15 MV/m
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Oe

Q0

Bandwidth

RF tor

%
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4.5

Dynamic heat load per cavity

Operating temperature

QL

tolerable
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Lorentz force detuning at 15 MV/m

[ cavities

26
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aperture dimater
mm \
460 Q
Eacc
/m
10

Energy gain per cavity

stored energ
Joule

1584

Ohm/cavity

452
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Ep/Eacc
4

ersted/

Hp/Eacc

Epk at 10 MV /m

Hpk a

460

Q 6x109

Bandwidth
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Hz

/

Input power per cavity

RF ontime

RF duty factor

Dynamic heat loa
watt

14.9

Operating te re
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QL

Microphonics Detuni

put Power Coupler

he a a type coaxial design will be chosen based on the successful
experiene RN (LEPII), DESY (HERA and TTF) and especially the
success of the input coupler for KEKB. Figure H6 shows the dimensions
of th z.coupler, which will be scaled proportionately to 201.25
ths of the various sections will be adjusted to fit the final
at designs adopted. The waveguidetocoaxial transition is of
ety. As in all high power applications, the main window
emperature and remote from the cavity. At KEKB, it is a
er cooled, 95% pure alumina ceramic with a central hole for
ctor. Figure (no figure yetBob) shows the window in more
detail. A teflon coaxial centering disk between the window and doorknob
serves to limit the flow of air to the cavity in the unlikely event of a ceramic
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window break. The inner conductor is made of OFHC copper pipe and is
water cooled. The outer conductor is made of copper plated (30m) stainless
steel and has fins cooled by a 4.5 K stream from the refrigerator (Fig. ).
This reduces both the dynamic and static coupler associated heat leaks.

Benefitting from simulation codes recently available for calculating and
avoiding multipacting, the dimensions of the inner and outer,conductor will
be chosen so that multipacting will not/be a serious problem. The coaxial
design also permits application of a DC biasyvoltage between the two conduc-
tors to curtail any possible multipacting that may develop near the window
or other sensitive regions.

The coupler will be equipped with standard diagnostics for vacuum, gas
species, temperature and light monitoring. Macuum and light levels can be
used to trip the RF in case of anarc.

The Qexivalue of the input coupler can/be fixed after initial adjustment of
the position of the inner conducter byythe use of appropriate spacing washers
during final assembly. From experience athlKEK we expect that the Qe for
the nonaccelerating modes of the fundamental pass band will be of the same
order as the Qe for the accelerating mode, i.e. a few x105.

The design of the input couplér will befinalised during the prototyping
stage and will be based on the KEKB coupler.

Figure H6. KEK 508 MHz coupler
Highdr Order Mode (HOM) Couplers

The function of the HOM, couplers is to damp the higher order modes to
Qext values of 010> to prevent resonant build up of beam induced fields
that may/make the bheam unstable or increase the HOM power. The HOM
couplers extract beam induced HOM power from the cavity and deposit it
at room temperature loads. Because of large muon bunch length we do not
expect HOM’s to be a serious issue.

Two couplers,are needed with a relative azimuthal angle of about 90
degrees to ensure damping of both polarizations of dipole modes. One coupler
is attached to each end of the cavity. The HOM couplers must reject the
accelerating mode by means of a filter.

249



Detailed calculations will be carried out during the prototyping stage for
the HOM spectra, possible trapped modes, and expected HOM power. Codes
exist and procedures have been well established for electron applications.

A possible candidate is loop typeteeupler (figure H7) because it is de-
mountable, compact, has relaxed mechanical,tolerances, and demonstrated
performance in mode damping. The plane of the leop is orthogonal to the
beam axis. The loop couples mainly to the magnetic field of dipole modes
and mainly to the electric field ofdongitudinal modes. The rejection filter is
formed by the inductance of the loop and, the capacity between the loop end
and the outer conductor. A gapacitive coupling,links the loop to the external
load via a type N connector: The loop is cooled by conduction through an
upper stub. Final tuning of the filter can be carried out outside the clean
room once the coupler ig' attached and the cavity sealed. Qey values are typ-
ically 103 to 105 for high impedance modes in a 9cell TELSA cavity. These
Q’s will be even lower for the neutrino factory 2cell and 4cell cavities.

Power tests carried out under €W operating conditions showed good ther-
mal behavior up to an accelerating field of 21 MV /m in TESLA cavities.

The design of the HOM couplers will be finalized during the prototyping
stage and will be based onmsuceessful HOM coupler designs for the TESLA
test facility (TTE):

Figure H7. TESLAtype HOM coupler
Tuner

The function of the tuner is to match the cavity resonance frequency with
the desired accelerater operating frequency. If the cavity is not being used for
accelération, the tuner must detune the cavity frequency a few bandwidths
away from resonance, so that the beam will not excite the fundamental mode.
During accelerator operation the tuner must correct for slow changes in the
cavity frequency due to changes in the liquid helium bath pressure, or in the
lengths of the ¢avity and He vessel support system. Tuning is achieved by
varyingsthe total length of the cavity so that the field flatness is preserved.
The tuning coefficient of 2cell cavity is of the order of 50 Hz/m. Plunger
tuners are not advisable in superconducting cavities because of moving parts
and the danger of dust introduction.
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If a mechanical tuner is adopted, the length of the cavity will be controlled
by an electromechanical system acting differentially with respect to the cavity
body. If each cavity is enclosed in its own helium vessel the latter must have
some flexibility built in.

A mechanical tuning system is generally composed.of a stepping motor,
gear box, a screw and nut assembly, and a lever arm with aj#flex mechanism
attached. A piezo electric element can he added for fine tuning, controlling
Lorentz force detuning, figure H5, as well as reducing microphonics. Figures
H12 and H13 show the vibrational modes of the twocell and 4cell cavities
that could be excited by vibrations./The stiffness‘willsbe increased to raise
the frequencies of these modes.

Figure H5. Lorentz/force detuning

Figure H12. Vibrational mode of 2cell cavity

Figure H13. Vibrational modes of fourcell cavity

Alternatively a thermal tuner will be considered modeled after the LEP
system. This useg three Niitubes as tuner bars located in the cryomodule
insulation vacuum. The tuner ribsecage can also help raise mechanical reso-
nant frequency 0f cavity longitudinal modes. For slow tuning in one direction
(constriction) ghéstemperature of the tubes is lowered by flowing cold helium
gas For tuning in the opposite direction the temperature is raised by centrally
located electric heaters. Thentypical tuning speed is 10 Hz/sec. Heat losses
are minimizéd by counter flow eold He gas through the tuner tubes. For fast
tuning cgils can be wound around the Ni tubes to produce a magnetic field
which changes the length of the tubes by the magnetostrictive effect. Rapid
(ms) tuning ranges of kHz are possible.

Tuners are an aetive part of the complete RF control system, which
stabilizes the frequen€y, amplitude and phase variations induced by sources
such as the RF drive, beam current variations, Lorentz force detuning, and
microphonics.
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The design of the tuner will be finalized during the prototyping stage and
will be based on several successful tuner designs in operation for CEBAF and
TTF.

18.5.2 Cryoge CRF

el of the long cr’nodule with four, 2cell
t cryomodule with one, 4cell unit. Each
h end, and two HOM couplers, also

Figure H8 shows a 3D cad
units and Figure H9 shows a
cavity has two input couplers

beam line at each end of le to protect the cavity vacuum and to
keep the cavity surface installation into the beam line. Tables

Figure H8. Long cryomodule

H9. Short cryomodule

igure H10. LEP cryomodule

26

No. of cavities in one cryomodule
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One 4cell

No. of input couplers

2 Q
Overall length
Q
3 m

Active length

Cavity dynamic heat load ! ‘

Co d @ 2.5 K, 5 8 K, 40 80K

2W,4W, 40 W

Cryomodule static heat load @ 2.5 K, 5 8 K, 40 80 K
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2 W, 30 W, 300 W

.,

58 K, 40 80 K

Total 26 cryomodule heat

20, 880, 90

Table H4. Long C
No. of cryomodule

No. of cavities

odule Parameters

omodule

Four 2cells

Overall leng

125 m

Active length
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Cavity dynamic heat load@2.5 K \

4x 15 =

Couper dynamic heat load @2

Coupler static heat load @2.5, 58, 40 80 K

Cryomodule s HK, 5 8, 40 80 K

5, 60, 600 W

Tota 1eat load @ 2.5, 58, 40 80 K

5800, 5700, 57,000 W

Cryogenics for SCRF
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Hasan

The structure of this section could resemble the same section in feasibility
study I, except for modification of heat load tables.

The refrigeration section needs t0 be modifed to reflect a 2.5 K system.
The 4.5 K system will not meet gradient andy(Q) specs. The heat load tables
need to be modified according to/the cryomodule heat loads given above.

The total cryomodule heat lgad is 6.3 kW at 2.5 K, 6.6 kW at 5 8 K, and
66 kW at 40 80 K. Each of these numbers needs to be multiplied by a safety
factor. Usually refrigeration gystem designers chose a safety factor of 1.5.

For SRF the refrigerator/plant needed'is 9kW at 2.5K, 10 kW at 5 8 K,
100 kW at 40 80 K.

Assuming refrigerator/inefficiengies of 600, 250, and 20 at 2.5, 6 and 60
K, the total AC power equivalent for SRF refrigeration is 10 MW

18.5.3' RF Power Source for SCRF
Al

The superconductinglinacandzecirculating linear accelerator (RLA) de-
signs employ a total of 288 gavities. The linac contains 120 cavities running
at a gradient of 17" MV, /m /The early part of the linac operates at a gradient
of 15 MV/m. The remaining cavities all run at a gradient of 17 MV /m. The
RF pulse length is 3 msiand the average repetition rate is 15 Hz, although
the recovery time between pulses is only 20ms. Each cavity is driven by two
500 kW/eouplers.. With a_20% RF power overhead, this works out to 1.2
MW per cavity and a total RF requirement of 346 MW.

An examinagion of the average power requirement demonstrates that a
very high efficiency source is required. The best candidate for the required
source again is‘a multibeam klystron (MBK). This could be the same basic
design asithat used for the NCRF but with increased thermal capacity to
handle the inereased average power. However DESY has developed a 7 beam
MBK with an efficiency near 70%. Scaling this design to 201.25 MHz would
produce a 5 MW, 25 beam MBK with each beam having a perveance of
5%10°. The tube with gun and collector would be about 5.7 m in length and
could be.manufactured by industry after some initial R&D.

Each“tube will drive four cavities through 8way power splitters. The
specifications for the modulator, an IGBTtype like the NCRF, are 50 kV at
142 A and average power of 320 kW. To save costs the modulator will be
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designed to operate two 5 MW tubes requiring twice the current and average
power rating. A total 72 tubes and 36 modulated are required to supply the
RF power requirements.

The multibeam klystron may be designed with a vaporcooled collector
to save on the cooling water requirement. Such amsystem is at least 10
times more efficient than conventional water cooling. “With, vapor cooling
each tube will require 120 gpm of near room temperature cooling water with
total installed capacity of 8,640 gpm. /Assuming an efficiency of 95% each
modulator station will require 675 kW of installed AC power for a total of
24.3 MW.

The cost of a 25beam MBK with shared modulator would be about 18 %
higher than that for the NCRF system, or about $1.95 M for each klystron
and $140.4 M total.

18.6 Conclusion

The normal conducting and superconducting systems have continued to
evolve since study [. Both eavity designs have been studied in some detail
and feasible solutions have heen developed for the required cooling channel
and acceleration parameters. “Oungoing R&D programs are addressing the
practical aspects of gawity fabrication and conditioning. No fundamental
“showstopping” problems have arisens The cooling channel layout, though
densely packed has shown the feasibility of assembling all of the vital compo-
nents. There is room for further optimization of the cooling channel, notably
by adjusting the total cell length, to reduce the RF power requirements and
minimize the superconducting magnet costs. The superconducting RF accel-
erating section has been déveloped using design choices that are consistent
with the state’of the art at various laboratories around the world.

An ongoing R&D program is in place to demonstrate the practical imple-
mentation of these NCREF and SCRF technologies at 201.25 MHz.
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Alternative power sources?

SCRF R&D

The history of SRF development for/LEP, CEBAF, CESR, KEKB and
TTF (TESLA) shows that it takes mang years to design, prototype and test
structures in order to be ready for production. The lowest frequency at which
SRF cavities have been made for accelerating veloeityof light particles is 350
MHz. Therefore R&D and prototypinig for a neutrino faectory at 201.25 MHz
should be started at least five years in advance.

At present SRF R&D is in progress to address the following issues

Achieve 15 MV /m at Q of 6/x109 in a/single cell 201.25 MHz cavity

Stiffen the 2cell and 4cell cavityadesign to reduce Lorentz force detuning
and microphonics sensitivity

Explore pipe cooling to reduce liquid He ifiventory and stiffen multicell
structures

Reduce structure cost

A collaboration has been set up with CERN to produce a onecell Nb/Cu
cavity at 201.25 MHz. CERN, will provide the copper cavity, coat it with
1 2 micron thick niobium film by/their standard DC magnetron sputtering
technique, and send it-to Cornell'for testing after high pressure rinsing and
evacuation. To test the eavity Cornellis upgrading its facilities. Figure H11
shows a 3D cad qmodel of the CERN- cavity inside the test dewar. A test
pit 2.5 m diameter by 5 meter deep is under excavation to accommodate the
test dewar, which has béen ordered. A 201.25 MHz low power (2 kW) RF
test system is under €éonstruction. The clean room and high pressure rinsing
system are being upgraded te accomodate the large cavity.

ANSYS calculations have started on the 2cell and 4cell cavities to deter-
mine the mechanical'resenant modes and frequencies. The resonant frequen-
cies aredow (See figures' H12 and H13). Exploration has started on stiffening
schemgs with and without pipe cooling.

A6201:25 MHz, structure costs will be substantial. Multicell cavities are
usually fabricated, in parts that have to be machined, cleaned and electron
beam welded. This is an expensive, labor intensive process. We are collab-
orating with INFN in Italy to spin monolithic copper cells out of a single
tube. INFN has experience at 1300 MHz. As a first step they will spin a
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single cell 500 MHz cavity. In a future stage, the procedure will be extended
to 201.25 MHz and multicell cavities.

R&D and Protoyping
The goal would be to desi
with the first single cell 2
tuners. To prepare this t
necessary in the followin
high power input co
higher order mode
mechanical /ther
piezo /magnetostricti
cryomodule
system integration
high power t
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Chapter 11 \ 8

Instrumentatio

J. Norem
STUDY II Instrumentation fo eu 0 Source

11.1 Introduction

We discuss unique featut subsystem instrumentation, i.e.

Vrt, 7rf ete.

2. Mitigation'methods suggested

3. Measurement
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11.1.2 Phase Rotation / Bunching Line

11.1.3 Cooling line (jn, Solomey, et. al.)

Constraints: Most of the new problems are,involved with the cooling line
Profile monitors with intensity measurements should be sufficient jn, ns Lim-
ited variables require a somewhat minimal instrumentation set Don?t try to
measure emittance at each section,Emittance measurements are difficult and
imprecise Measurements of 7?1 and ?lpby profile 7 phase advance - profile
Emittance matching will be @ problem Mismatches (beta functions) Breath-
ing modes etc. (LANL data) Paul Lebrun Alignment Pencil beams

11.1.4 Special diagnostic sections jn

Beam profile is required Angulap,momentum measurements may be neces-
sary How do we tune L=0 at the end?, Chun-xi Background measurements
are required Backgrounds are not a major problem X ray / Dark Current
Backgrounds (oldrandsmewsdata). High energy particles need numbers from
Mokhov, Simone Norem Intensity measurements are hard, need not be high
precision Loss moniters are hard (lost particles don?t splash) range/mom
Timing is very useful formeasuring 7L and bucket filling Tune up and running
instrumentation may be different Muon cooling demonstration has tougher
instrumentation problems Weaker signals The same backgrounds Space and
access are very limited and close to rf (sketch) Rf induced backgrounds are
severe Strong B field Components should be removable from beam, and vac-
uum ¢hamber Black Components are large and require big valves Component
heating by the'beam is significant How do we measure polarization? Tough
at these very low énergies 7

11.1.5 Instrumentation Options

Faraday cup //SEM systems jn, ns Properties and constraints Geometries
and options, eéxp data Rigid structures Onel Scintillators Solomey Proper-
ties Ton chambers Mayda Transition radiation? Solomey Measurements in
LH2Bolometers Oreglia, Cerenkov options Summers, Blondel Timing tech-
niques Bross, Semiconductor arrays Plicidi

266



11.2 Accelerator issues (Lebedev, Berg)

Tuning with large beams, use of pencil beams Transfer functions, loss moni-
tors

Parker, Géodman)

cision Synchrotron mesure-

11.3 Storage ring issue

Measurement of beam intensity with
ments of muon intensity (. Morse)

11.4 Costs

e cooling line: instrumentation

Concerns with cooling lineir . adiation damage from x-ray /
dark currents Lifetime of cc
A possible way of intr
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15.0.1 Introduction

The Neutrino Factory will open up a regime of neutrino physics which is
inaccessable at existing facilities. When combined with a multi-kton detector
located at a large distance, the proposed aecelerator will allow the study of a
number of unexplored neutrino ogeillation parameters. A factory plus long-
baseline detector will have a physies program that meshes well with ongoing
and near-future neutrino oscillation experiments, and will potentially enable
physicists to determine values for-all'remaining unknown physical constants
associated with current neutgino oscillations,theory.

The features of the facility that allows these challenging oscillation mea-
surements are a high neutrino intensity, well-focused beam, precise under-
standing of beam compgsition and/spectra, and optimized energy. In addi-
tion, detector facilities located in eéxperimental areas near the neutrino source
will have access to integrated neutrino luminosities 10* - 10° times larger than
previously available (10*" neuttinos/year vs 10 - 10'%). Standard neutrino
physics at this facility could include'physics topics such as precision sin®fyy,
structure functions, high precision neutrino total CC cross sections at low /s
(a few GeV), nuglear.effects (shadowing at low x, anti-shadowing...), pQCD,
and neutrino magnetic moments.” These topics have relevance for standard
model physics, nuelear physics, astrophysics and physics beyond the stan-
dard model. Finally, the Neutrino Factory will serve as a test accelerator for
a high intensity muon aegelerator and so is an R&D facility that is absolutely
necessary if there'is to be'a muon collider in the future.

15.0.2 Beam Parameters

The neutrinopbeams produced at the Neutrino Factory is either (v,,7.) or
(v,,v.) depending on, whether the machine is running p~ or pu*. The char-
acteristicsrof the machine design guarantee that the beam is pure, with no
gontamination from anti-particles of the same neutrino flavor. The design
lnminosity is Ii= 10?° i decays/year where a year is defined at 107 seconds.
The angular dispersion of the v-beam is 5.3 mradians with a momentum
spread of 30% RMS. The two long-baseline target sites considered in this
report are the/Waste Isolation Pilot Plant (WIPP) located in Carlsbad, New
Mexico and Soudan, Minnesota. WIPP is located 2900 km from Brookhaven
National Lab and requires a 13.1° dip angle in the muon storage ring, while
Soudan is 1700 km from BNL and requires a 7.7° dip angle.
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Based on design parameters in this report, the expected event rates at

the two possible sites are:

E, (GeV) Baseline (km) | E,, | E/ | Nfy, CC) N(v, CC)
Muon Ring (per Kt=year) | (per kt-year)
10pNL—souv | 1700 7.5 | 6.5 | 260 120
20pNL—sou | 1700 15 413 | 2150 960
20pNL-wrpp | 2900 15/ | 13y, | 740 330

15.0.3 Physics Signals

Neutrino mixing can be described by the lepton CKM matrix:

1 0 0 C13 0 S13 expi‘s C12 S192 0
U = UpUUi2 = 0 cog 823 0 . 1 0 —S12 ¢z 0
0 —S93 (93 —S513 exp_w 0 C13 0 0 1

The possibility of light sterile neutrinos is not considered here. Three-
flavor neutrino oscillation§éam bedescribed by, seven parameters, three Am;;?
terms, three mixing angles\;;, and/a CP violating term ¢. The mass pa-
rameters are related by thesimplefidentity Amio2+Amgs?+Ams?=0. Su-
perKamiokande has measured what appears to be non-zero values for Amgs>
and 63 in atmosphetiggneutrinos. Over the next few years both K2K and
MINOS will try te eonfirm\the Superk observation with accelerator based
experiments and Obtain aceurate values for Amgs? and 6,3. The v-oscillation
parameters Amjs’ and 6,4 are the province of solar and reactor based exper-
iments either now. running or planned for the next several years. The values
of these parameters hopefully will be measured over the next 5-10 years. A
long baseline experiment atithe neutrino factory will be able to measure 6,3,
the sign of Affigg?sand possibly the CP violation term ¢, providing 6,3 is
large enodgh. Depending on the values of the various neutrino parameters it
is conceivable that the meutrino factory will be in a position to measure all
the remaining outstanding neutrino mixing parameters. Additionally, a long
baseline neutrino detector should be able to make the first direct measure-
ment of the'meutrino-matter oscillation effect (MSW). It would study MSW
and could make a'model independant measurement of the matter parameter
A, where A = /2Gpn,. Measurements of A with 10% accuracy are possible
and may even be of interest to geophysicists.
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15.0.4 The Long Baseline Oscillation Experiment

The characteristics of a Neutrino Factory beam, v,, v, with no v,, v, con-
tamination, naturally lend themselves, to a neutrino appearance experiment.
Since a p~ beam at the neutrino factorymwill not result in any initial pro-
duction of v,, a v, signal will be due to v, —+¥poscillations. An experiment
designed to look for v, CC events measures P(v,—)

Where: P(v.—v,) = sin” 20,5 sin? fy3 sin?(Am?3L/4F)

A program to study both P(v.—v),) and P(v.—wv,) not only gives us
access to 13 but also tells us-the sign of the Amss? and allows us to measure
the matter parameter A (fig. [[5.1).

It is interesting to note that the matter parameter becomes accessable
only when the beam has passed fghrough a significant amount of material.
Calculation show that{the;BNL-WIPP distance of 2900 km is far enough for
the MSW effect to be measureable.

As stated earlier, if both the CP vielating term ¢ and 6,3 are large enough
they maybe disentangled in these measurements. In addition, a spectral scan
on the oscillationsprebabilities would potentially improve the precision of the
Amays? and 6,3 measurements by nearly an order of magnitude [?].

The experiment’siconcept is to look for a v, (1) appearance at the distant
detector in a beam that initially has no v,(v,). Measuring P(v.—v,) and
P(v.—v,)/P(v.—v,) givesone access to the oscillation parameters described
above.

One typically does a v, appearance experiment by looking for the leading
pt from the v, CC Féaction in the detector. The challenge in a search for v,
events'is primarily threefold. One must distinguish p* from the g~ coming
from the nom-oscillating v,’s, separate p’s from 7 punchthru’s and reject
p1’s coming fromphadronic decay’s. Another potential background which
dependsson the detector’s environment is accidentals from either cosmics or
some background radiation.

There are a number hadronic decay backgrounds for the i signal. They
are:

= v, CC where the primary ;¢ is missed and one see the p* from hadronic
decay. of the 7", K or D™.

- v, CC where the primary e* is missed and one sees the p* from hadronic
decay of the 7™ or K. The D* is not a significant concern here.
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Figure/15.1: Measuring the ratio of P(7,—v,) to P(v.—v,) enables one to
meastire the sign of Amas? and the value of the matter parameter A.
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- vu,ve NC where 71 and K™ again causes problems.

The requirements to measure both the signal and reject the background
determine a number the detector’s ¢haracteristics. The measurement of the
sign of the muon is critical to the experiment,which means the detector must
contain a magnetic field. Obtainingthe muon spectrum is also important and
can be done either through bending in the spectrometer or range using using
dE/dx. Separation of ;1’s from 7's\is accomplished through range-out in many
interaction lengths of material. Rejection of hadronic backgrounds requires
a combination of momentum, p, and isolation,cuts. A detailed investigation
of these background was carried out in Study L' [?]. It was determined that
to make the background managable a detector will require both momentum
resolution and transversg¢ segmentation (See figures [0.2), T0.3, 15.4). Rejec-
tion of accidental backgrounds can be handled by a detector with moderate
timing resolution. Timingyresolitions on the order of 100 nsec would allow
the experiment to only take'events in phase with the machine spill structure,
and so reject accidentals by a factor of,200. A timing resolution of 10 nsec
gains an additional factor of two background reject by allowing a direction
cut. Finally, thesmeutrino,event rates seen in Table 1 indicate the need for
the detector to heumultiple Ktons.

15.0.5 Detector Options

The specifications for the long baseline neutrino factory detector are rather
typical for an accelerator-based neutrino experiment. However, because of
the need to maintain a reasonable neutrino rate at these long distances the
detectior.proposéd are between 3 and 10 times more massive than those in
current neutrino experiments.

Large mass detector designs are driven primarily by cost of the absorbers.
Limiting the detector’s cost drives us to two basic options: steel-based and
water-based designs. The two detector options considered for the WIPP site
in this study arela 50 kTon Steel/Scintillator/Proportion Drift Tube(PDT)
detector and a Water Cerenkov Detector. The detector considered for the
Soudan site, a 15 kTon Steel /Scin./PDT detector is discussed in an appendix
to this'decument.

The Steel/Scin./PDT detector would resemble MINOS. The steel ab-
sorber plates would be between 10 - 20 cm thick, magnetized with a toroidal
field to 1 - 1.5 T. A combination of PDT’s and Scintillator slats would be
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Figure 15.2: Fragtion of neutrino events that produce a background signal as
a functionfof minimum muon energy. Background sources as m and K decays,
7 punchthru and Charm decays.
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Figure 15.3: Regonstructed neutrino energy distribution for several different
minimum muon energy cuts. Note that a minimum muon cut at 4 GeV
reduces thessignal by 30-35%.
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Figure 15.4: Distributions of the square of the muon momentum component
transvérse to the hadronie shower p? direction for v, CC events (solid line)
and backgreund muons [(dashed line). The effectiveness of a transverse cut
can be seen.
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+ Actlve Detectors

—_ Loyers of Steel,
PDT's and Scintilator Slats

—Hmn

Figure 15.5: A possible 50 kTon Steel/Scintillator/PDT at WIPP.

shielding in these detector geometries have been solved by
predecessor experiments, and so should not be an issue.

fiducial volume to edge ratios are as possible. A detector of
this size would record upto 4x10* v, events/year.
A large water Cerenkov counter would be similar to SuperK but with
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either a magnetized water volume or toriods separating smaller water tanks.
The detector could be the large water cerenkov UNO detector, currently pro-
posed to study both proton decay and cosmic neutrinos. UNO would be a
650 kton water cerenkov detector segmented/inte.a minimum of three tanks
(fig. M5.6). The gaps between the tanks may contain toroidal magents, or per-
haps large gap dipoles to provide the B-field needed to identify the charge of
the leading muon (fig. I5.7). The detector provides sufficient' muon/hadron
separation and muon containment up t@ 30,GeV/c. A water cerenkov detec-
tor would have backgroud rejection of the samérorder as a Steel/Scin/PDT
detector, though results from Study I (fig. 15-2)) suggest,muon pt cuts would
need to be 1.0-1.5 GeV/c higher in‘a water cerenkov counter to obtain the
same rejection levels. UNO would be readout with 70k phototubes, a com-
bination of the 20” SuperK tubes and 8”tubes. The timing provided by the
PMT’s would allow UNO to gate events in-time with the Neutrino Factory’s
spill structure. This enables UNOuto work simultaneously as both a long
baseline neutrino experiment and a proton _decay experiment. The multi-
faceted nature of the UNO physics program issan appealing aspect of this
detector option. The geometry of the water tanks do not provide a straight-
forward way to contain fhe spectrometes,magnets fringe field so magnetic
shielding of the PMT’s could be a technical challlenge. UNO’s active volume
is large, 60 m x 60 m x 180'my(w X h x 1), which implies a experiment hall
of significant dimensions. To provide reasonable access the hall would need
to be a least 100 m x.80.m x 300"my and perhaps more. The detector would
have an active fiducial mass of 440 ktons and would record up to 3x10° v,
events/year form/the Neutrino Factory beam.

15.0.6 The Site

The WIPP facility is the US,Department of Energy’s Waste Isolation Pilot
Plant locateddin Carlsbad, New Mexico. It is a large, underground depository
for the storage of lowlevel radioactive waste and has been in operation since
1999 (fig. [5.8]).

The WIPP site is approximately 2900 km from the Brookhaven National
Lab. “Thesactive depository is located 650 m underground in a deep salt
formation. Space,is potentially available for a large underground physics fa-
cility at depths of 740-1100m and discussions are underway between DOE
and the UNO project on the possible development of such a facility. Infras-
tructure, such as elevator access and electricity is currently available at the
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Figure 15.6:"Block schematic of UNO Detector including initial design pa-

rameters.
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Figure 15.7: Concept of multi‘water tank Cerekov counter with magnetic
field included.

waste storage levels but new excavation and infrastructure installation would
need to take place for the creation of an underground physics facility. The
area should be considered a green field, albeit a very salty one.

The Soudan Site is located in/he Soudan Mine State Park, Minnesota.
It has been the location of an underground neutrino facility since 1984 and
is currently being gprepared for the installation of the MINOS experiment
which is schedule fo start taking data in 2004. There are two excavated
halls available for physics/experiments: the MINOS hall and a neighboring
hall in which Soudan II/was located. The experimental areas are 714 m
underground and 1700 km from BNL (fig. [5.9). Services such as elevator
access, electricity, water and cranes are available in both halls but would
presumably needsto be upgraded if a larger experiment were to be installed.
This site i§ discussed further in the appendix.

Do these experiments need to be underground and as deep underground
as proposed? The effort and expense to build an experiment 700+ m under-
grountd adds significantly to the challenge of the experiment. Certainly for
the UNO detector, option the experiment must be deep underground. A pro-
ton decay experiment which is searching for events with maximum rates of
a few/year can tolerate little cosmic ray background. The v interaction rate
in a 50 kton steel-based detector is a few mHz at beam design luminosities.
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Figure 15.8: The WIPP area.
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At the surface cosmic ray interaction rates in the 50 kton detector is a few
x10°. These event rates would not provide significant data loading to the
Data Aquisition System from either a bandwidth or archiving perspective.
The main issue is the S/N ratio of 1077 — U078, which would be improved
by gating with the Neutrino Factory spill structurésand providing a veto
array around the detector. These techniques should allowgthe S/N to be
improved to 1072 — 102, Higher level software triggers could further reduce
backgrounds by cutting on event topologym A Monte Carlo study would be
necessary to determine whether the remaining ¢osmic ray background events
could be removed through data analysis.

15.0.7 Summary

The Neutrino Factory combined with a long baseline detector will allow a
number of neutrino oscillation parameters to be measured (6,3, sign of Amys?,
d, A), some for the first time. There'is the potential that by the time the
factory comes online, the long-baseline experitment would be able measure
all the outstanding neutrino oscillation parameters. Two experiment sites
are considered in this study»WIPP-and, Soudan, both of which have space
available 700+ Meters underground with some associated infrastructure. FEi-
ther site can be targeted from a BNL-based Neutrino Factory. Detector
options for the experiment includé a steel/scintillator/PDT detector similar
to MINOS and its pregenetors, and weighing 10’s of kTons. The proposed
650 kton water cerénkov-detector, UNO, is also an option. Both choices are
technically feasible though the water cerenkov has a number of outstanding
technical questions. Conventional neutrino physics is also accessable at the
Neutrino Factery,with v beam luminosities many orders of magnitude higher
than previously available at accelerator facilities.
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Figure.15.9: The Soudan Site. The two underground experimental halls are
lo¢ated at 714, m below the surface. The MINOS hall is on the left and the
Soudan II hallis.on the right.
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16.2 Introduction

There are two types of cost reduction that we will consider:

e Changes in technology or design thaty, given some R&D, could reduce
costs without effecting performance.

e Changes that do reduce jperformance, but which could be remedied
later. Using these changes canybe considered as a phasing of the con-
struction, with an entry level phaséthat could be followed by an up-
grade to full performance.

We will not consider changes thatwould not allow a later upgrade to full
performance.

16.3 Proton Driver

16.3.1 No superconducting linac

If the supercondueting linac were not initially available, then the AGS could
be filled using the present/booster. There would then be an additional 330
msec added to the 400 mseéc cycle time, as the ring is filled with 6 the bunches
at 15 Hz. The performaneeloss would be 45 % for a cost saving of *** giving
a saving of ***per. % of performance.

16.3.2 Lower energy SC linac

A reductionvia the SC linac energy could be considered. This might not
reduce the power, but it would be less conservative and could lead to greater
lossest

16.3.3 No buncher ring

Ifthe bunch compressor ring were not initially built, some bunch compression
could bejachieved in the AGS itself. The minimum bunch length achievable
would be'set by the longitudinal emittance of the bunches and by the momen-
tum acceptance of the AGS. An rms bunch length of 9 ns seems a reasonable
expectation.
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Table 16.1: Efficiency vs. proton bunch length

rms bunch length p/p
ns tot 9.75
1 249 0. 8
3 0.20 .
6 20 0.167 .138 .
9 Jd44 117

10.0

Efficiency vs. Proton Bunch Length

which the proton rms bunch length was changed,
e final muons per proton obtained are given in
It is seen that there is relatively little gain for
ns (the specified value). For a 6 nsec bunch the
efficiency has dro by 16.5%, and for 9 nsec, which should certainly be
attainable in the A the efficiency has dropped by 28%. The cost saving
would be *** giving a saving per % of ***.
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16.4 Capture Solenoid

16.4.1 Reduced capture field

30

ws the efficiency for muon production vs. the axial peak
re magnet. Maximum performance is achieved with the
but the drop in efficiency is small for moderate re-
- A drop from 20 T to 18 T would have an almost
et (2%) and even a reduction to 15 T only 9 % reduction.
18 T would be about *** M$, giving ***$ per %. With 15
iving ***§ per %.

> of wrapped insulation

Figure [[6.3] shows the field vs. power consumption for three different incert
coil technologies. The lowest curve is for the baseline design using MgO
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Figure 16.3: Efficiency of pes of inserts in 20 T magnet.

insulated hollow conductor giving 6T wit . The dotted line above is
for a wrapped ceramic insulation as be1ng developed at MIT Ref***. With
this conductor, the field ing coil can be lowered from 14
T to 12.4 T for a saving *. There would be no penalty
in performance.

16.4.3 Use er magnet

The uppe figure is for a Bitter magnet. This technology,
which ction of its volume available to carry current, is

hollow conductor technology. It is not proposed
s oncerns for its lifetime. Bitter coils have water
insulation be and in a high radiation environment may rapidly
corrode. R&D 1 »d to establish if this is a real concern. If a bitter
coil could be used, the wall power could be reduced to 6 MW with the
superconducting coil still providing 12.4 T
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16.5 Phase Rotation

16.5.1 Combining Induc acs 2 and 3
The first linac must

induction a

order to achiev& non distorting phase
inacs were separate only in order that they
ith a bipolar pulse approximately
ses would be equally good.
sible and would be cheaper.

In the baseline design there are
be separate from the other tw
rotation, but the second and t
be each unipolar. A single s

This, although slightly les
The same two unipolar
single induction linac. i ed to confirm this possibility. The cost
saving, with no loss of , is estimated to be about $***.
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Figure 16.5: Efficiency vs. Length of Induction Linacs

plotted against the sum of the lengths of the
in efficiency are large when the first linac is
ss severe if only the second linac is removed. This would
save ap i y 60 M$ for a loss of efficiency of 11%, i.e. 5.4 M$ per %.

ing
cooling
Figure [I6. ows the muon production into the defined accelerator accep-

tance as a function of length. Table [16.2] shows the values for 3 cooling
lengths:

300



Table 16.2: Efficiency for three cooling lengths

cooling length | u/p loss savings

m % M$
108 174 0

88 .168 4

68 .150 3.8 .

48 12 9

0.174

mu/p

.6: Efficiency vs. length of cooling

16.6.2
The bea vs two different lattices, the first with a cell length
of 2.75 m a ow axial fields (3 T ), the second with 1.65 m cells

and higher fields o nearly 5 T), and a matching section between them.
A savings of $*** would result if the entire cooling is done with the 2.75 m
lattice. The loss of efficiency is ***.
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16.7 Acceleration

16.7.1 Dog Bone Configuration

¥ from Scott \

16.7.2 FFAG

% from Scott

16.8 Summary,
16.9 Storage/Ring

16.9.1 Lower Fie
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Table 16.3: rf windows: Grid of gas cooled Al pipes

sec r t  cover layers
cm um %
1,1-1,3 | 30 2

0
2

2,1-23 125 2

&

5 5
5
16.10 Possible Improvem

16.10.1 Proton Driver

Increased proton power

It appears possible to raise t rage/proton power to 2 or 4 MW, ***
insert from Tom Roser.

reduced bunch length

16.10.2 Phase R
Use of wiggler
Bunched beam rotati

correlation ma

polaraization
16.10.3
Grid of tube
Gain=159
The problems if the pipes have large diameters, but
these must be reduced as their diameters are reduced and their numbers in-
creas of many small tubes is that, for a given pressure,
their wall be reduced. One would like < 1 ¢m diameter pipes,

spaced on cente X their diameter, with wall thicknesses of < 1 mill
(25 pm). With 1 atmosphere of gas in the pipes, the tension in the walls
would be 3000 psi which should be ok.
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RF cavity
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Figtire 18:1: A conceptual illustration of the targetry setup.

18.2.1 Rotating Inconel Band Option for the Pion Pro-
duction Target

Introduction and Overview

A a back-up scenario to the base-line mercury jet target design, this ap-
pendix presents a solid-target option that is based around an Inconel Alloy
718 target in a rotating band geometry. Similar conceptual designs for ro-
tating band targets have been presented previously [?, ?, 7], for use at both
muon celliders'and neutrino factories, and a more detailed description of this
particular eénceptual design can be found in reference [?].

A plan view of the targetry setup for the band target option is shown in
figure I8} An inconel target band threads through the solenoidal magnetic
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30 cm = 1.8 interaction lengths

band

60mm

o]

Figure 18.2: Passage of the proton beam through the target band shown in
cross-sectional (left) and plan (right) views. The horizontal position of the
beam spot in the band webbing wyaries alougythe interaction region due to
the curvature of the band. The plan view shown in the right plot has a very
distorted 10:1 aspect ratio.

capture channel to tangentially intercept the proton beam. The circulating
band is cooled by passage through a water tank located in a radiation-shielded
maintenance enclosure.

Inconel 718 is a niobium=modified nickel-chromium-iron superalloy that is
widely used in nuclear reactors and/particle accelerator applications because
of its high strength, outstandingweldability, resistance to creep-rupture due
to radiation damage and to corrosion from air and water. The inconel target
band has an I-beam eross section.” The band dimensions and positioning
relative to the proton beam are shown in figure [82. The proton pulse
structure and buinch charges were assumed to be identical to the base-line
scenario with a mercury /et target. A tabulation of geometrical parameters
for the inconel targetpand of the assumed parameters for the incident proton

beam, is provided in table TSIl

Mechanical Design Considerations

As is evident from figure[I8.1] the threading of the target band through the
pion ¢apture channel represents only a slight variation on the channel design
for the base-linesmercury jet target option. The band entry port need only
traverse the iron plug in the upstream end of the capture solenoid while the
downstream port traverses the tungsten shielding and then passes between
the solenoidal magnet coil blocks and out of the pion decay channel. Two
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Table 18.1: Specifications of the inconel target band and assumed proton

beam parameters.

target band radius (R)
band thickness (t)

band webbing height (
full width of band fla
beam path length in ban
proton interaction lengt

rms beam spot size at

.5 mm (horizontal)

2.5 m
6 mm
m
40 m

30 cm
1.81

1 m/s

1.7 x 103
6
20 ms
2.5 Hz
100 mrad

5.0 mm (vertical)

WATER INLET PIPE

GUIDE

TARGET BAND

—> TOPUMP & CHILLER
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plausible options for incorporating the exit port into the magnet cryostat
are discussed in reference [?]. The third coil block downstream from the
upstream end had to be moved outwards by approximately 10 centimeters
to provide adequate space for the band to exitathe channel. A modest re-
optimization of the coil currents was required to restere the magnetic field
map in this region to the base-line specifigations.

No detailed consideration has yet beén given to the design of the beam
dump. As is clear from figure [I8.1] the target band exit port is far enough
upstream from the beam dump for it to be not axelevant factor in the beam
dump design.

The band is guided and driven by several sets of rollers located around
its circumference, as is shown in figure 8T}, A few hundred watts of drive
power [?] should be required to @vercome ghe eddy current forces from the
band entering and exiting the 20 tesla solenoid. and the smaller drag forces
from the water in the cooling tank:sEollowing the lead of the BNL g-minus-
2 target design, the roller assemblies will all incorporate self-lubricating
graphalloy [?] bushings that are compatible with high radiation environ-
ments.

The pion production gegion ofthestarget.and its surrounds are in an air
environment, with beam ‘window positions shown in figure I81] Activated
air and gases from the target and interaction region are continuously diluted
and then vented from the targethhall into the outside atmosphere following
the procedure adoptedsfor the BNLyg—2 target.

The heated portion of the band rotates through a 2 meter long cooling
tank [?] whose conceptual design is shown in figure [83. The band entrance
and exit ports in the ends of the tank also serve as the water outlets. Both the
heat transfer rates and water flow rates are found [?] to be relatively modest
and the water flows dué to gravitational pressure alone with no anticipated
need for forced convection.

The numbeér 6fincident proton bunches on any particular section of the
rotating band, and henee the localized radiation damage, is reduced by a
factor of approximately 50 relative to a fixed target geometry. Hence, each
target /band may last for several years [?] before requiring replacement.

The heavily irradiated used bands will be remotely extracted in pieces by
progressively elamping/then shearing off 1 meter lengths and dropping them
into a hot box. After removal of the hot box, the band maintenance area
can then be accessed and the new band progressively installed by welding
together, in situ, eight 1.96 meter long chords of target band that have been
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previously cast (or otherwise prepared) into the correct I-beam cross sec-
tion and circumferential curvature. Beam-induced stresses on the welds are
minimized by welding on the flanges of the I-beam rather than on the cen-
tral webbing that is exposed to the proton beam and to much larger energy
depositions.

Simulations of Pion Yields and Beam-Induced Stresses

Full MARS [?] tracking and Showering,Monte Carlo simulations were con-
ducted [?] for 24 GeV protons incident on the, target, returning predictions
for the pion yield and energy deposition densities.

The yield per proton/for pions,;plus-kaons-plus-muons at 70 ¢cm down-
stream from the central intersection of the beam with the target was de-
termined [?] to be 0.715 (positivg) and 0.636 (negative) for the momentum
range 0.05< p <0.80 ‘GeVi/c, and 0.304 (positive) and 0.288 (negative) for
the kinetic energy range 32< Epin<<232 MeV that approximates the capture
acceptance of the entire cooling channelk: This is slightly lower than the yield
from a mercury target; for the identical geometry, hypothetically replacing
inconel with mereurywassfound.to.increase the yield by 15%.

Approximatelyy7% of the proton beam energy is deposited in the target
as heat, with a maximum dnstanteous heat rise of approximately 30 degrees
centigrade from a singléyproton bunch. Detailed 3-dimensional maps of en-
ergy depositien.densities were generated for input to dynamic target stress
calculations [?] using the comumercial ANSY'S finite element analysis code.

The ANSYS simulations.conservatively assumed the deposited energy to
all be ¢onverted to an instantaneous local temperature rise. The von Mises
stress/(i.e. the deviation from the hydrostatic state of stress) was found to be
initially zero'but to develop and fluctuate over time as the directional stresses
relax or reflect frompmaterial boundaries. The predicted 200 MPa peak value
for_the von,Mises stress from a single proton bunch is approximately a factor
of six below the yield strength for inconel 718 and well below its fatigue
strength.

The band rotation speed, 1 m/s, advances the band by 40 cm between
successive beam fills. This presents a fresh 30 cm chord of target band for
each beam fill/but the energy depositions from the 6 bunches within the fills
are largely superimposed. However, the pile-up of stresses is not considered
serious since any significant level of von Mises stress is expected to die out well
within the 20 millisecond time span between successive bunches, leaving only
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the relatively benign hydrostatic stresses. This prediction could not be fully
verified due to computational limitations but the general trend of reduction
in von Mises stresses was tentatively confirmed in ANSYS calculations that
simulated a time span of only several micro S.

Conclusions

&

et design appears to be a promis-
et. The pion yield appears
is has yet to be fully
initial simulations

In summary, the inconel rotating band
ing back-up option to the base-line mer
slightly lower than the mercury bas
optimized. The engineering design
of target stresses are encouraging.
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A 220 m long ionization cooling system consistingref three solenoids with
two field-flip sections, is proposed as an alternative coolingschannel for the
neutrino factory. The reduction of tranSverse emittance is achieved using
87 Liquid hydrogen absorbers (30-40 cm long), and 87 (2 m long) 201 MHz
Linacs. The first flip is performed at gelatively'small magnetic field, B = 3
T, to keep the longitudinal motion under control.“Theéfield is then increased
adiabaticaly up to 7 T and a second field flip performed. The cooler is stud-
ied both theoretically and through a detailed simulation using GEANT4.
Preceeded by a 16 GeV proton driver, a carbon target, a minicooler and a
buncher, the system provides about 0.1 muons per incident proton. Trans-
mission and emittance predictions at,the end of the channel are presented.

18.4.1 INTRODUCTION

Unlike the baseline sFOFOwchannels-the. Double Flip channel has a very
simple lattice (see Fig. [[84): the cooling sections use continuous focusing
from long solenoids, with the absorbers placed inside the magnets.

Such a configuration provides'simple transverse optics: for a matched
beam there is no modulation of thexbeam envelope in the channel. The field
of the long solenoid is reversed twiee in the lattice in order to displace the
Larmor centers teward the beam axis.-and achieve a canonical phase ellipsoid
on exit. Special/matchingsections ire used at these points, both to minimize
the length of the region affected by the polarity change, and to mitigate
particle losses due to'the excitation of synchrotron oscillations. These oscil-
lations arise from the longitudinal-transverse phase-space correlations that
develop dueti®o thesdependenee of the time of flight on the transverse am-
plitude of the particlesin a solenoid. The transverse momentum and thus
the tramsverse amplitude changes at the field reversals; this change has to
occur in a spatial region smaller than the Larmor wavelength of the beam
in order toycontrol these effects. Fig. [8.3lillustrates the cooling principle of
the double-flip ¢hannels

The first section €ools the transverse momenta of the muons using a rel-
atively low solenoidal field (3 T on axis), to first order without affecting the
transverse size of the beam (to second order the beam grows slightly due to
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2 Flip Cooling Channel ( 220 m )

+3 -3-7 -7 +7 | Tesla

1st \2nd  3rd / 4th section

Field Flips Sections

Figure 18.4: sketch of the double-flip channel.

multiple scattering). (For an infinitely long channel, neglecting scattering,
the muon helicgs would shrink to lines.) In the matching section between
sections 1 andy2, the centers of the Larmor orbits are displaced such that in
channel 2 the muomns,to first order execute Larmor motion about the solenoid
axiss®Thenythe field is increased adiabatically up to -7 T in order to reduce
the [-functionifor final cooling of both the beam size and the transverse
momenta. The second field flip is therefore performed at -7 T without a sig-
nificant perturbation of the longitudinal motion because the beam radius has
reached a small enough value at this point. The section lengths are appro-
priatelly,.choseén to obtain a canonical beam without parasitic correlations
at the end of the channel. The beam is slowly accelerated to compensate
for longitudinal emittance growth and particle losses. The full length of the
cooling channel is approximatelly 220 m.
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Single-Flip Matching Section ‘\ /v
-changes Larmor center and v

radius for all particles \\ N

Cooling Section #1: B = -3®n axis Yy Cooling Section #2: B = +3T on axis

-Cools Pt (rms), beam radius ~unchanged ,,‘ ‘\\ -Cools Pt (rms) and beam radius (rms)

Figure 18.5: Illustration of the particle motion before and after the first flip
region.

18.4.2 INITIAL/CONSTRAINTS AND THE INPUT
BEAM

The optimization of any cooling ¢hannel is strongly coupled to the front-end
design. The design of'the, double-flip channel is optimized to maximize the
transmission and ghe cooling performance for the input beam produced at
the end of the buncher. The front=end, and therefore the input beam for
the double-flip £hannel, are different from the baseline designs described in
the previous chapters. They follow the design proposed in Ref.[?] which we
briefly describe in the following paragraph.
The front-end system consists of:

e A 16 GeV proton beam and a 9 m target station. The proton beam size
istfe, = 0, = 2.14 mm, 0;=3 ns. The solid carbon target is 0.8 m long
and it is placed in a 20 T magnet.

o A decay channel/ It is a uniform solenoid 41 m long, with a radius of
30 cm and a field of 1.25 T on axis.

e A / m long matching section. It provides a matching between the
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decay channel and the induction linac. The magnetic field increases
from 1.25 T to 3 T, and the solenoid radius from 30 cm to 20 cm.

e A 100 long induction linac. it develops a voltage from -50 MV to
150 MV in a pulse. The accelerating weltage in the gaps is adjusted to
accept muons in the energy/interval 230 MeV < Ej,; < 330 MeV.

o A minicooling and matching section. Minicooling is accomplished by a
2.6 m long liquid hydrogen (EHs) absorber inside a 3 T solenoid with
a radius of 40 cm. It produces someytransverse cooling and decreases
the energy of the mogt populated partof the beam from 280 MeV to
200 MeV, which is optimal for bunching.

e A buncher, which includes 3 accelarating stations and 3 drift spaces in-
side a r =71 cm, 3 T solenoid. Each station consists of six ¥ =201 MHz
7/2 cavities 32 cm long. /The full voltage of the 3 stations is 15, 19.5
and 24 MV respectivelly.. The synchronous phase is zero at the total
reference energy of 200 MeV.

The performance of the channelwas tested using the beam at the end of
the buncher (see TableI82). In addition, the channel was also tested using a
gaussian beam with parameters (lab. frame): o, = 5.46 cm, f; = 38.03 cm,
oq = 10 cm, (E) = 200 MeV, o = 20 MeV. The E-py correlations present in
the beam atathe,end of thesbuncher are also modelled in the gaussian beam
(for a clockwise Larmor motion):

y x 1.55MeV/c/em
2

Dy = Pg +

z x 1.55MeV/e/em
2

Dy = Dy

18.4.3 TECHNICAL DESCRIPTION OF THE CHAN-
NEL

This eooling lattice consists of four sections: the first contains 20 cooling cells,

2.51 m long, in an almost-constant magnetic field of 3 T on axis. Between

the first and the second sections there is a 1.02 m long matching section
in which the field changes polarity. The second section consists of 20 cells,
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Table 18.2: Parameters of the beam after bunching (input to the cooling
channel).

Oy Opa 0202/ MC | 4 11/ 1/p
(mm) | (MeV/c) | (mm) (mm) | E'< 300, MeV | (in bucket)
5.46 244 12.6 11.1 0,191 0.135

2.51 m long, at a field on axis which adiabatically (andylinearly) grows from
-3 T to -7 T on axis. It is followed by a third section“containing 32 cells,
2.51 m long, at a field of -7 T on axis. The second field flip region is 1.26 m
long and is followed by the fourth section/with 15 cells, 2.51 m long, at a
field of 7 T on axis. Gaps in thesolenoidsare required for rf power feeds and
absorber cooling equipment, and arejincluded in the simulation. There are
therefore four short coils, 47.45 cm long, and four gaps, 15.3 cm wide, in a
unit cooling cell. Although this is the model in¢erporated in the simulation,
we show a new engineering design in Fig [[8.6]lwhich avoids most of the gaps
by using flexible rf powef feedsswhichsall.go. through just one 20 cm wide
gap. To accomodate thesesnew feeders, the coils inner radii are increased
from 74 ¢cm to 80 ¢m. The ¢oils would be of NbTi superconductor material
with aluminum, cooled to 4.2K and locally to 1.8K in the high field regions.
The performance should.not dependyon the design change, since the field will
not vary significantly in the beam region. Figs. 81, illustrate how the
magnetic field is ¢onstructed in the simulation. The coil blocks are modelled
with a set of infinitelly thin current sheets which share the total coil current.
Fig. shows the field/B, on axis as a function of z.

The specificationsiof the cooling sections are given in Table

Each cooling sectioneontains one liquid-hydrogen absorber and one linac
consisting of 67 /2EM010-mode pillbox cavities. Our preliminary design for
the cooligg solenoids (the one used in the simulation) specifies 3-cm-thick
coils for/the 3 T field at a density of 105.7 A/mm?, and 6-cm-thick coils for
the 7 T field at a density of 123.4 A/mm?. This current densities exceed the
conservative limit. One/possibility to reduce hoop stresses is to use thicker
coils at lower curtent density. The alternative followed in the new design is
to remove the gapstoallow a lower current density for a given coil thickness.

The absorber length vary from 30 cm in the first two sections of the
channel. The synchronous phase of the r.f. cavities was tuned to produce the
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desired reference energy dependence on the cell number. The reference energy
is the average energy of a particle in the beam. The “reference particle”, if it
existed, would have a longitudinal velocity equal to the propagation velocity
of the r.f. wave. A particle with an énergy of 200 MeV would loose about
10 MeV per absorber in the first section and,gain ~12.5 MeV per linac at
synchronous phase ¢ ~25.7°. This slow accelerationallows to to increase the
size of the rf bucket and compengate for the increase of the rms energy spread
through the channel. The goal of increasing the bucket size is to avoid particle
loss due to this longitudinal phase-spage, dilution. The reference energy in
the double flip channel is therefore set to'increase linearly from 200 MeV to
250 MeV in the first sectign’ (see Fig [8.10). At the flip regions, the beam
gains transverse momentum and its,average longitudinal velocity decreases.
The reference energy is/therefore decreased by 15 MeV at the flip regions
to allow the bucket toaccomodate to the changing shape of the beam. The
same average net acceleration, 2.5 MeV /cell, is performed to the beam in
the second section, and then deereased to ~0.85 MeV/cell in the last two
sections. The reference energy at the eénd of the fourth section is 326 MeV.
To compensate for the smaller dE /dx values as the energy increases, and keep
approximatelly the samersynchronous phase throughout the channel for an
effective voltage of 15 MV /m, the absorber length is increased to 39 cm in the
third (starting from the third cell) and fourth sections. Fig.I8TT shows the
absorber (in grey) insidéithe solenoidal coils (in blue) in a unit cell, including
the aluminumswindows (inlight grey). The window radius and thickness are
20 cm and 200m in the first two sections, and 10 cm and 100pum in the last
two sections (where the beam size is smaller). Figs. I812, show the 6
cavitieg associated to alinac in a unit cell (in red). The beryllium windows,
with a radius of'20 cm and a thickness of 125 pm, are shown in green.

The ‘mostasensitive parameter of the cooling channel is the gradient of
the magnetic field im,the field-flip regions. This gradient must be maximized
in order tosstabilize the longitudinal motion. The two matching sections are
lustrated in Fig. 18.14] The 1.02 m long first flip region consists of the
two outer coils'separated by 20 cm and two 42 cm long inner coils separated
by 2 cm from each other. The current density for both is 89 A/mm? and
their radii 74 ¢m and 21 cm, respectivelly. The 1.26 m long second flip
region censists of the two outer coils separated by 20 c¢cm, two 15 cm long
central coils separated by 80 cm, and two 22 cm long inner coils separated
by 2 cm. The current densities and radii are 108, 108, 104 A/mm? and 74,
41, 11 cm, respectivelly. The coil thickness in the flip regions is a matter
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of discussion. For now, the simulation is performed using 3 cm thick coils
in the first matching section, and 6-8 cm thick coils in the second matching
section. The magnetic fields on axis, B,, associated to the matching sections
are shown in Figs. [8.10, [8.17. The matching Section is the most technically
challenging component of this cooling channel.

18.4.4 PERFORMANCE

The performance of the channel, given the parameters described in Ta-
bles M8.2] is summarized in Fig. I8 for the gaussian beam (based
on 1000 particles). The transversg cooling factor is 7, from 12.6 cm to
1.8 cm. The channel heats longitudinally by a factor of 2. As seen in the
figure, the first section of the double flip channel reduces the rms transverse
momentum of the beam by a faetor of two without changing the size of the
beam envelope. The change of fieldswpolarity in the matching section causes
ops to grow by a factor of 3. Dueto the displacement of the Larmor or-
bits, the second section cools both o, and“@,gpto final values of 13.2 mm
and 21.2 MeV /¢, respectively. The second, third, and fourth sections recover
from the emittance growth in thefield=flip.tegions, cool the transverse size
of the beam, and restores angular momentum such that the beam is canon-
ical when it exits the cooling sectign. Fractional transmission through this
channel is approximately 75%.

Fig. M8 T illustrates:the performance of the double flip channel for the re-
alistic beam (1000/particles). The buneh fills the 201.25-MHz rf bucket from
the start. About/half of the lost particles are muons that are not captured
into the buckety these are/lost in the first few meters of the cooling channel.
The remaining particle 19ss is due to the excitation of longitudinal motion in
the first field-flip region. Low-momentum muons are lost at the maximum of
this synchrotron oscillationpa, few meters after the matching section. Thus
the second sectionwef the channel scrapes longitudinally. Final transverse
and longitudinal emittance are 1.8 mm and 80 mm, respectivelly. The lon-
gitudinal emittance increases by a factor of 1.6 between the end of the first
section and the end of the channel. Both o, and o0, are cooled from initial
values'of 57 mm and 25.5 MeV/c to final values of 14 mm and 21 MeV/c,
respectively. - Thetransmission predicted by the GEANT4 simulation, refered
to the total number of particles in the initial beam (with a E<300 MeV cut),
is 40%, against the 52in Ref.[?]. This poorer performance, coming from a
stronger perturbation to the longitudinal motion in the first section (given
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that we have a full bucket), may be understood from the known differences
in the two simulations. While we have used Pill Box cavities in the GEANT4
simulation, which include realistic dimensions and flying time considerations,
the study in Ref. [?] uses ideal thiu €avities. The size of the unit cells are
also different: 2.51 m in all sections in the GEANT4 simulation, and 2.42 m
in the first two sections (2.51 m im the other two) in,the Ref. [?] simulation.
These differences deserve to be further investigated to allow an optimization
of the channel parameters.

Given the parameters of the front-end system described above, the num-
ber of muons/proton at thé end of the“eooling channel is approximatelly
0.08-0.1 (this number does/not include the acceptance cut of the accelerator
system downstream).

18.4.5 Summary

We have studied double-flip'eooling channel using GEANT4. The channel
offers greater mechanical simplicity, sifiee it has only two field reversals. The
0.08-0.1 muons/protons at the end of the double flip channel are computed
for a 16 GeV protondriver-and.a,carbon target. If we upgraded the design to
a 24 GeV proton driver and a liquid mercury target (as in the study II pro-
posal) the number ofmuouns per proton would almost triplicate to 0.23-0.28.
(this number does not in¢lude the acceptance cut of the accelerator system
downstream)..To confirm this statement, it may be necessary to re-visit the
front-end Simulation. The eurrent GEANT4 simulation has to be updated
with the/new magnet engineering design and more realistic r.f. window thick-
nesess (slightly thicker). "Moreover, the geometry and field parameters have
to be optimized 40 mininize the perturbation to the longitudinal motion, and
maximize tramsmission. The optimization of the magnetic field values and
section lengths, based on a cost/benefit equation, is also an issue.
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Eigure 18:%7: Four coils associated with a cooling unit cell.
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Table 18.3: List of parameters associated to the'double-flip cooling channel.

PARAMETER VALUE
Global -

Length of a section, AL 2.51 cm
Magnetic field on axis, AL 3—-7T

Magnetic field at the coil

8 Thmaximum

Field variation

0.2%

Current densities

88-125 A /mm?

Coil thickness

3-8 cm

Coil radius 74 cm
Number of sections 4

Number of cells/section 20, 20, 32, 15
Number of flip sections 2

Absorber -

Length of hydrogen (IiH2)mabsorber | 30-39 cm
Density of LH2 0.0708 g/cm?
Thickness of abserber windows 200—100 p
Material absorber windows Aluminum
Energy lossper cell ~10 MeV
Radialfaperture,.in LH2 20 cm

Linae -

Length of linae (per cell) 1.925 m
Numbez of r4. cells 6

Frequeney 201.25 MHz
Effective voltage 15 MV/m
Synchronous phase 24 — 26degrees
Beryllium-window thickness 125 pm
Radial aperture, linac 20 cm
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Figure 18.11: The absorber (in grey) is placed inside the solenoidal coils (in
blue) in a umit celllvThe aluminum windows are shown in light grey .
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Eigure 18.12: The six r.f. cavities forming the linac (in red).
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Figure 18.13: The six r.f. cavities (red) and their berylium windows (green).
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Figure 18.14: The first matching section.
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Eigure 18.15: The second matching section.
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Figure 18.18: Performance of the double flip cooling channel given a gaussian
beam.

Figure 18.19: Performance of the double flip cooling channel given a reallistic
beam.
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