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Abstract

A procedure uses the equations that govern ionization cooling, and leads to the most im-
portant parameters of a muon cooling channel that achieves assumed performance parameters.
First, purely transverse cooling is considered, followed by both transverse and longitudinal
cooling in quadrupole and solenoid channels. Similarities and differences in the results are
discussed in detail, and a common notation is developed. Procedure and notation are applied to
a few published cooling channels. The parameters of the cooling channels are derived step by
step, starting from assumed values of the initial, final and equilibrium emittances, both trans-
verse and longitudinal, the length of the cooling channel, and the material properties of the
absorber. The results obtained include cooling lengths and partition numbers, amplitude func-
tions and limits on the dispersion at the absorber, length, aperture and spacing of the absorber,
parameters of the RF system that achieve the longitudinal amplitude function and bucket area
needed. Finally, | compute the merit factor that describes the enhancement of the density in 6D
phase space. The consequences of changes in the input parameters are discussed. The lattice
parameters needed to achieve the assumed performance are summarised. The design proper
of such a lattice, i.e. finding the precise arrangement of magnets, RF cavities, absorbers, etc.,
which has these properties is well beyond the scope of this document.

1 INTRODUCTION

In this document, | develop a procedure in the form Mathematicanotebook, which leads to the

most important parameters of a muon cooling channel that achieves assumed performance param-
eters. | first assemble the equations that govern ionization cooling. In Chapter 2, | consider purely
transverse cooling, following [1]. In Chapter 3, | treat both transverse and longitudinal cooling

in styles due to Neuffer [2] and Wang and Kim [3]. | discuss the similarities and discrepancies

in their results in detail, and develop my own notation. In Chapter 4, | apply my procedure and
notation to a few published cooling channels. In Chapter 5, | derive the parameters of the cooling
channels step by step. | start from assumed values of the initial, final and equilibrium emittances,
both transverse and longitudinal, the length of the cooling channel, and the material properties of
the absorber. | obtain cooling lengths and partition numbers, amplitude functions and limits on the
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dispersion at the absorber, length, aperture and spacing of the absorber, parameters of the RF sys-
tem that achieve the longitudinal amplitude function and bucket area needed. Finally, | compute
the merit factor that is meaningful only if muon losses along the channel for reasons other than
muon decay are negligible compared to the decay losses. In Chapter 6, | discuss the consequences
of changes in the input parameters, and summarise the lattice parameters needed to achieve the
assumed performance. The design proper of such a lattice, i.e. finding the precise arrangement of
magnets, RF cavities, absorbers, etc., which has these properties is well beyond the scope of this
document. My conclusions are in Chapter 7.

In the following a muon cooling channel may be either an open transport line or one or more
turns in a cooling ring.

2 TRANSVERSE COOLING

A typical channel for reducing the transverse normalised emittance of the muon beam consists
of liquid hydrogen targets in which the muon beam is decelerated and its normalised emittance
reduced, and of RF cavities that compensate the average energy loss in the targets. Between the
targets, the muon beam is focused, typically by solenoids that are arranged such that the amplitude
function 5, has a minimum at the targets. We arrive at the following differential equation for the
normalised transverse emittancewith the negative cooling term from ionization and the positive
heating term from Coulomb scattering [1]:

2
dj_: _ g1 d_E 4 ﬁl(13.6 MGV) (1)

G?E ds 2B3E,XoE
Here £ is the total andE, the rest energy of the muow, and~ are the associated relativistic
factors;dF/ds is the rate of energy loss in the hydrogen targés,is its radiation length. All
quantities in (1) may be functions of the distancalong the cooling channel. Botlt, /ds and
1/ X, are non-zero in the absorbers, and vanish elsewhere. The muon énhet@nd~ decrease
in the absorbers, and increase in the RF cavities.

We gain some insight by averaging all these quantities along the cooling channel. | postpone the
discussion of the exact meaning of averaging until Section 3.2, and don't bother to put bars above
quantities o> signs around them. We notice that cooling stops at the equilibrium emitt&hce
that we find by puttingle, /ds = 0 above and solving for ,

—1
Leq _ dEY " B.(13.6 MeV)?
+ ds 28E, X,

(@)

In order to obtain a small, , we want an absorber with a large prodaﬁ)t% of radiation length

Xy and energy Ios%% in an optical arrangement with small at the absorber. By averaging
the s-dependent quantities in (1) we turn it into a first-order differential equation with constant
coefficients that we can solve in closed form:

ei(s) =&l + () — 1) exp(—s/s7) 3)

Heres{ = %F/(dE/ds) is the transverse cooling length, arfdis the initial normalised trans-
verse emittance at= 0, ande;, — 9’ for s — oo as expected. In order to achieve an enhance-
ment at all of the transverse phase space density of the muons in a cooling channel, the cooling
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lengths, must be short compared to the muon decay length 3vcr,, wherer, is the muon
lifetime at rest. Tab. 1 shows the effect of the equilibrium emittarfiten the length of a cooling
channel that reduces by a factore. Fore}! — 0, we haves/s; — 1.

Table 1: Scaled lengthy/ s of a cooling channel that reduces the normalised transverse emittance
by a factore as a function of the ratie’ /=% of final and equilibrium emittance.

el fefr 2 3 5 10 20 50 100
s/s¢  1.489 1.275 1.1467 1.0679 1.0327 1.0128 1.0064

A common figure of merit\/ for a cooling channel is the product of the three ratios of initial
over final emittance in the, y ands directions, multiplied by an exponential factor describing
the muon decay in the channel with decay time at rgst 2.19703 us and decay lengthr, =

658.654 m: 0 0 o
€, €y E S
M==23Zexp|— 4
5£ 65 55 p< 5%%) @)

M is meaningful only if muon losses along the channel due to reasons other than muon decay are
negligible compared to the decay losses.

3 TRANSVERSE AND LONGITUDINAL COOLING

We now apply the same recipe to cooling channels that cool muon beams both transversely and
longitudinally. A small amount of longitudinal cooling is already present in a typical channel
for transverse cooling, if the energy lod&'/ds is an increasing function of within the range

of muon energies. This is the case if the muon momenta are larger than about 300 MeV/c. In
practice, longitudinal cooling is typically done by wedge-shaped absorbers installed where muons
of different momenta are transversely separated by having non-zero dispPraidhe absorber.

3.1 Neuffer Style

Neuffer has given the differential equations for transverse and longitudinal cooling [2]. His style
works for cooling channels with observation points outside the solenoid focusing fields. His equa-
tion for the normalised transverse emittan¢ds:

d&_L __€lng_E ﬁL(13.6 MGV)2
ds  [2E ds 23 E,XoE

The dimension of | isalengthasin (1). The new factpr = 1— D¢/, is the transverse partition
number analogous to the partition numbers in synchrotron radiation dandfifigis the relative
transverse rate of change of the absorber length/aislthe length of the absorber at vanishing
energy error.

Neuffer's equation for the normalised longitudinal emittangén units of energy and phase

(E,¢)is:

(5)

dey g dE | B d(AE?)

ds B2FE ds 2 ds ©)
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The longitudinal partition numbeyj consists of two parts, the first is due to the variatiod bf ds
with 3+, and vanishes in the neighbourhood’f ~ 3, the second is due to the wedge absorbers:

2 2 /
g = — 27y 221H[K(7 21)] N D¢ @
YI[K(? =] -(*-1) b
Here K = 2m.c*/I, andm.c? is the electron mass. The ionization potential is- 162%9 eV,
andZ is the atomic number. In a cooling ring with circumferericeslip factorn, muon energy
E, harmonic number, RF wavelengthmgr, peak RF voltagd’, average RF voltage gradient
V' = V/C, and stable phase angte, counted from the last zero crossing (or from the last peak?),
Neuffer defines the longitudinal amplitude function at the absaospeis follows:

21
B3veV' Agp B, sin @

gi = (8)

The dimension ofj; is the reciprocal of an energy. Section 3.4.1 discusses the relations between
Neuffer's 5, Wang and Kim's3;,, 3, printed by MAD, and my calculation from first principles.
Neuffer gives the following expression for the heating term due to straggling:

d(AE?)
ds

Heren. = NapZ/A is the electron density in the materiaV}, is Avogadro’s numbery, the
classical electron radiug, the density,A the atomic weight. The sum of the partition numbers
over the two transverse and on longitudinal plane becomes:

= 47 (reymec?)*ne(1 — 5%/2) 9)

L, 2P 2m[KGR 1)
2922 SRR - 1) - (7 - D

(10)

The fact that the wedge parameter’//, does not appear suggests considering them partition
numbers. A cooling channel cools both longitudinally and transversely if all partition numbers are
positive. This implies that < D¢ /¢y < 1.

Having assembled all the pieces, we can proceed as in Chapter 2, and average all parameters
appearing in (5) and (6) over. The two equilibrium emittances and the two cooling lengths
become:

w0 (dE\ 7' B1(13.6 MeV)?

L= <E> 289, E, X, 1D
w  (dE\T' BPEB d(AE?)

T <E> 29, ds (12)
. BE [dE\"'

-1

§¢ — G'E [dE (14)

I g ds

The two cooling rateg/s¢ are in the ratio of the partition numbers. In a typical cooling channel
with g, ~ g| = 1/2, the transverse equilibrium emittance in (11) and the transverse cooling length
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in (13) are both about a factor of two larger than those given earlier. The closed solutions for both
transverse and longitudinal emittance have the form of (3) with the appropriate expressions for
initial and equilibrium emittances, and cooling lengths, i.e.

g(s) = % + (£ — %) exp(—s/5°) (15)

3.2 The Meaning of Averaging

So far, | have not been specific about the meaning of averaging. Let us look what happens when the
absorber is diluted and made longer, perhaps up to the point where it occupies the whole cooling
channel. The expressions (2) and (11) for transverse equilibrium emittances all contain the factor
(dE/ds)X,. This product remains the same when the absorber is diluted, émoés decreases
while X, increases in the same proportion. Similarly, the longitudinal equilibrium emittance (12)
is proportional to the rati¢d(AE?) /ds)/(dE/ds) in which both brackets are proportional to the
absorber density. Hence, this ratio is also independent of the absorber dilution. | believe that the
amplitude functiong}, and/3 at the absorber should be used in (2), (11) and (12).

SincedE /ds appears alone in the cooling lengths (13) and (14) it should be multiplied by the
filling factor, i.e. the ratio of total absorber length over cooling channel length. HéRgds is
enclosed in angular brackets in (13) and (14).

3.3 Wang and Kim Style

Wang and Kim used moment equations for a linear theory of ionization cooling in 6D phase space
[3]. They argued that the changes of emittance within a period of the cooling channel are small,
used averaging over the periods, and obtained equations for the equilibrium emittances and the
cooling lengths. The cooling channel may contain drift spaces, solenoids, dipoles, quadrupoles,
and RF cavities. In this section, the subscripgsidz mark the transverse and longitudinal motion,
respectively.

| tried to solve their system of coupled equations (32) to (36), assuming that all coefficients are
independent of, so far without success, sinééathematicaruns out of memory. However, their
equation (36) for the longitudinal emittanegis independent of the other four equations, and can
be solved fok,(s) in closed form with the cooling length, = 1/(2ec_ + dsn) and equilibrium
emittances$? = ., s,:

e:(s) = ezoexp(—s/s:) + e [1 — exp(—s/s.)] (16)

This result has the same form as (15), and the desirable properties(that ¢.,, the prescribed
initial value, and that, — ¢ for s — oo. The result (16) foe<? agrees with (43) of Wang and
Kim, apart from the fact that they write bars on top of their quantities and | don't.

Wang and Kim state that,, <,, ande;, are orders of magnitude smaller thanande.. Ne-
glecting them in their equation (32) decouples it from the other three equations. It can be solved in
closed form with cooling length, = 1/(n — ec_) and equilibrium emittancet? = x,s; with the
result:

55(8) = &s0 eXp(_S/Ss) + 82(1 [1 - exp(—s/ss)] (17)



This result also has the same form as (15), and the desirable properties(that= <., the
prescribed initial value, and that — =£ for s — oo. The next step is linking the parameters in
Wang and Kim notation to physical quantities.

e = |D|-|onl/2 (18)

c. = cos(0p — Ow) (29)
1 dE

n = ﬁg (20)

X: = [Buxs +y(D2+ D)x] /2 (21)

Xs = (Brx+Hsxs) /2 (22)
13.6 MeV\” 1

X = (7])@ ) fo (23)

H, = (Ho+H,)/2 (24)

Here,dp anddy, are the rotations of the dispersion vector and of the wedges. | see very good
reasons for making them equal, and putting= 1. The subscripted and~ are the transverse
and longitudinal amplitude functiong, and D, are the two components of the dispersion vector
D; y andys = (62) are the rates of change per unit length of the mean square transverse angles
due to multiple scattering and of the mean square relative momentum error due to straggling,
respectively. H, andH, are the usual function®, = ~,D? + 2a,D,D!, + (3,D/?, where the
subscripta is eitherz or y.

To simplify the notation, | assume that wedge absorbers whose length depends on the vertical
coordinatey are installed in places whe®, = 0 andD, # 0, as in Balbekov’s ring cooler
[6]. Using (18) to (24) and assuming = 1, then yields for cooling lengths and equilibrium

emittances:
oo o _ L1 /dE D, 0 (dE
s, =1 ec_—p P > dy (25)
d 0 (dE
-1 _ i
s, = 2ec_+0m=— < y@y(d ) 85<ds>> (26)
B3 13.6Me L—l—H <52>
Eiq = XsSs = ﬁ < (D)();(dE) > (27)
ds 2 Oy \ ds
2 52 + D2 13.6MeV 1
giq — .8, = EQﬁ <ﬂL< >a YL ( pv dE) X0> (28)
Dyg; (52 )*aé( ?)

Both (25) and (26) have the dimension of an inverse length, as they should. Both (27) and (28)
have the dimension of a length,jdf-, H,, 5, and~; have the dimension of a length. | recall that
in this section, the subscriptsandz mark the transverse and longitudinal motion, respectively.

3.4 Comparison of the Results of Neuffer and Wang and Kim

In Sections 3.4.1 and 3.4.2, | give the relations between Neuffer’s longitudifwaiction 3, and
longitudinal emittance | and their standard definitions in MAD [7]. | then compare the results of
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Neuffer and Wang and Kim in detail. In Section 3.4.3, | compare the transverse damping rates,
show that the second term in the square bracket of (25) is half of the corresponding term in
below (5), and give the reason. | derive in Section 3.4.4 on the longitudinal damping rate, that
(26) agrees with (7). In Section 3.4.5, my result for the variation of the energy loss with energy
in Section 3.4.5 agrees with Neuffer’s result (10). My results for the emittances in Sections 3.4.6
and 3.4.7 confirm that Neuffer uses normalised emittances, while Wang and Kim use geometrical
ones.

3.4.1 Definition of the Longitudinal 5-Function

The goal of this section is finding the relation between Neuffer’s longitudirfainction (8), and
standard definitions. MAD [7] computes, ¢ and~ functions in all three directions from the
linear 6D mapk for one turn with the EMIT command. IR is 2 x 2 block-diagonal, one can also
calculate they, # and~ functions by hand. | write for the linear longitudinal mag for an arc
followed by an RF station, operating on the column veétordip/p):

1 chn
M = < 27 frreV cos ps 1+ QJTlﬁfeﬂV COS s ) (29)
EcB E32?

Here, frr is the RF frequency, and the origin of the stable phase angteat the last zero crossing
of the RF voltagé’. From (29) one finds to lowest order in the synchrotron tijpén agreement

with [8, 9]:
_ | nheV cos p;

c nhE cnCE
= _ == 31
b frr \/ 2meV cos pgq \/ 213 frreV cos pg (31)

The longitudinal motion is stable, ardgl, is real and positive, if the produgtcos o, < 0. Hence,
we need) < ¢, < 7/2 below transition withy < 0, while we needr/2 < ¢, < 7 above transition
with > 0. It follows that (8) must be multiplied byGE /(27 frr) to obtain (31), remembering
that the origin ofp, in (8) is at the crest of the RF wave, and thiat{ o, — 7/2) = — cos .

_ cfE
27 frF
Here, the factor3 /(27 frr) converts the longitudinal coordinate from RF phase to scaleddime

and the factoi’ converts the normalise@-function to the geometrical one. Note thathas the
dimension of length, the same as the transvgrienctions.

Bs

B (32)

3.4.2 Definition of the Longitudinal Emittance

The standard definitions of the normalised longitudinal emittande units of m, and of; in
units of eVs are:

es = (AL (AE/(E,))?) (33)
e = (A2 {(AE)?) (34)
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Here | neglect the cross correlation tefeAt)(AE/(E,)). Neuffer's definition ofs) contains
Ay instead ofAt or cAt. It has the dimension of an energy. Henceande, are related ta by:

ARFE||
L= 35
c 2rE (35)

7
&l
= —— 36
&t 27 frr (36)
The ratioe; /e, = ¢/ E,, is numerically 2.8374 m/eVs. Using (32), and (35) or (36), we can express

(12) in terms of5,:

2
o — (4B)T 86 dAR) (37)
ds 2E,9) ds
dE\ " B8, d(AE?)
eq _ [2H 38
o ( ds ) 2cg ds (38)
3.4.3 Transverse Damping Rate
With minimal changes of notation, Neuffer’s partition numpercan be written:
o (dE
glzl—DyayE_Es) (39)

ds

Inserting (39) into (14), and using? E = pv, bringss$ into the form:

oy 1[dE 9 (dE
(s1) = o [g - Dya—y <g>] (40)

This agrees with the Wang and Kim result (25), apart from the wedge term proportiohgl to
which is twice as large. This discrepancy is due to Neuffer treating a quadrupole channel, and Wang
and Kim treating a solenoid channel with— y exchange symmetry. In the latter case, transverse
cooling is divided equally between the symmetrical and asymmetrical modes. The factor one half
in (25) is also absent in Wang and Kim’s treatment of a quadrupole channel [10].

3.4.4 Longitudinal Damping Rate

With minimal changes of notation, Neuffer’s partition numpecan be written:

0 (dE 0 (dE
Bl () o
P S

The first term is related to the variation of the energy loss with energy. The second term is related
to the wedges, and already in the form of the first term in (26). | introduce intermediate variables
into the first term in (41) and write:

0 (dE\ do
2 (;%)EE Dy i (42)



Asin [3], 6 = (p — po)/po is the relative momentum erras, is the nominal momentum, arfd,
is the rest energy of the muons. With the relativistic equatigns- ——, &£ = o5 be = BB,

NE,' dE
we get: ( ) ( )
o (dE 0 (dE
96 \ds dy \ds
9= —ag T Dy s dE (43)
ds ds

Using (43) and3*E = pv in (14) yields:

oy-1_ 1 |0 (dE 9 (dE
(8”) v [85<ds>+Dy0y<ds>] (44)

The result (44) agrees with (26).

3.4.5 \Variation of Energy Loss with Energy

With A = 47 N4rim.c?pZ/A, Neuffer writes for the rate of energy loss, neglecting the density

effect by puttingd = 0:

dE
5 = AB 7 log(k ) 1] (45)

Writing (45) as a function ofiy and constants, | find for
(0 (dEY _ 2A(y° —log[K5%y7])
9fy \ds ) 333
The partial derivative with respect 9 needed in (42) to (44), i8~ times larger than (46). The
ratio of 3 times (46) and (45), needed in (43), is:

(46)

5 (%) 20 -logK(y? - 1)
26 \ds ) Y gy
€ [PlogK(y2—1) — (72 - 1)] 47

The result (47) agrees with Neuffer’s (9). For muons witk 200 MeV/c in liquid hydrogen, it is
numerically—0.294874. It vanishes ap = 377.6 MeV/c.

3.4.6 Transverse Equilibrium Emittance

With little effort, (11) can be brought into the form:

. e (B (13.61:)/@\/)2)%
€f— 2 (ﬁf;y%((fg (48)

Comparing (48) to (27) shows four things: (i) The heating tétgis?) due to the coupling of the
energy straggling to the betatron oscillations is absent. Neuffer [11] has shown that it is small com-
pared to the cooling term in a typical cooling channel. In Section 5.2, | shall derive the conditions
for this also to be true in my designs. (ii) There is an extra fagtom front of the large brackets.

This is consistent with Neuffer using normalised emittances and Wang and Kim using geometrical
ones. (iii) The wedge term is multiplied [y, instead ofD, /2. We have seen this factor already in
(40), and discussed it in Section 3.4.3. (iv) The remaining coefficients in the large brackets agree,
if 5y and’H, are the usual transverse amplitude functiGnsandH.
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3.4.7 Longitudinal Equilibrium Emittance

My version of Neuffer's equation for the longitudinal equilibrium emittance (37) can be brought

into the form: ,

£ — pByE ( ﬁsd«Ags/E) : ) (49)
T2 \G(@)+05(E)

Remembering, thahE/E = (*Ap/p and that the Wang and Kim paramet@t) is the rate

of change per unit length of the relative momentum error, we see that the factor in front of the

large brackets agrees with Wang and Kim’s (28), with the understanding that Neuffer and | use

normalised emittances, and Wang and King use geometrical ones. The denominators in the large

brackets agree too. In the numerator between the large brackets in (49), the heating term due to

multiple scattering, the second term in Wang and Kim’s (28) is absent. In Section 5.2, | shall derive

the condition for it to be small compared to the cooling term. Apart from this discrepancy, (49)

and (28) agree, if the dimension 6f is metres as that db,, 3, and X,, and the dimension of;,

is inverse metres as that of.

4 PUBLISHED COOLING CHANNELS

In this chapter | apply the equations to some published cooling channels. Tab. 2 shows the results.
The first two columns refer to the purely transverse cooling channels in Study | [4] and Study Il [5],
respectively. | can use the formulae in Chapter 2. The cooling channel in Study | has two absorbers
in a lattice period. The cooling channel in Study Il is “tapered”. The transverse amplitude function
varies from about 0.35 m to about 0.18 m, while the period length changes from 2.75 m to 1.65 m.

| use the values at the end. The third column shows the parameters of a ring cooler, designed by
Balbekov [6], that cools both transversely and longitudinally. It uses liquid hydrogen absorbers
in dispersion-free regions for transverse cooling, and wedge shaped LiH absorbers, which occupy
half of the vertical aperture, in regions with vertical dispersion for longitudinal cooling. At least
for Study I, the merit factof/, calculated from (4), is quite misleading, since it ignores the severe
muon losses at the beginning of the cooling channel.

5 COOLING CHANNEL DESIGN PARAMETERS

Our goal is finding a practicable design for a cooling channel that cools a muon beam with as-
sumed initial to assumed final emittances. The former are determined by the properties of the
muon collection system, the latter by those of the muon acceleration and storage systems. The
equilibrium emittances should be smaller than the final ones by a good factor, as shown in Chap-
ter 2. Compromises on this goal should only be considered, once unsurmountable difficulties have
been encountered in the design of a real cooling channel.

As an application | use cooling channels with parameters shown in Tab. 3. The nominal chan-
nelis in column 1. It is supposed to cool a muon beam with parameters corresponding to Study Il
parameters at 186 m from the source [12] to transverse parameters similar to those in Study II, and
in addition to cool longitudinally by a factor of three in emittance. Remember that the transverse
equilibrium emittance in a cooling channel, which cools both transversely and longitudinally, is
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Table 2: Parameters of published cooling channels. The radiation l&Rgthfor liquid hydrogen
absorbers without windows. Windows on absorbers and RF cavities réduaad increase the
equilibrium emittances. The channel length and the final emittances of the ring cooler are shown

for 15 turns.

Parameter Study | Study Il Ring

Muon momentunp/MeV/c 200 200 225.6

Period length p/m 2.2 1.65 18.5

Channel lengttt/m 165 107.8 5544
Straight liquid H Absorber

Absorber length. ,/m 2:0.126 0.21 1.28

Loss ratel £//ds/MeV/m 31.75 31.75 31.75

Radiation lengthX/m 8.66 8.66 8.66

Ampl. functiong,/m 0.35 0.18 0.26
Wedge LiH Wedge Absorber

Absorber lengthly,/m — - 0.14

Loss ratel® E' /ds/dy/MeV/m? -

Radiation lengthX,/m — — 1.02

Ampl. functions,/m — — 0.50

DispersionD,/m - - 0.47

Initial transv. emittance’, /mm 15 12 12

Final transv. emittance/ /mm 2 2.7 2.1

Equil. transv. emittance/’/mm  1.26 0.648

Transv. cooling lengthq /m 56.5 63.0

Initial long. emittances)/mm — — 15

Final long. emittancelf;/mm — — 6.3

Equil. long. emittance//mm — —

Long. cooling lengths/m — -

Merit factor M 49.3 18.1

about a factor of two larger than that in a channel that cools only transversely. | assume that the
channel length i$' = 200 m. HereS is the length of an open channel, or the product of circum-
ference and number of turns of a ring cooler. The remaining columns show the consequences of
varying the input parameters. The input parameters in the upper part of Tab. 3 are the starting point
for my design procedure that is written aMathematicanotebook. In order to achieve the design
parameters, the cooling channel must have the parameters in the lower part of Tab. 3 which | shall
now derive.

In this first round of the design procedure, | use Neuffer's equations that apply to a quadrupole
cooling channel, and neglect the extra cross-plane heating terms in Wang and Kim’s equations, due
to dispersion at the wedge-shaped absorbers. However, | use a comparison of the heating terms to
derive upper limits for the vertical dispersion at the wedge absorbers.
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Table 3: Parameters of cooling channels. The nominal channel is in column 1. The other columns
show variants. Parameters that apply to both horizontal and vertical motion are labelled transverse
and have a subscript. Parameters that apply only to the horizontal or vertical plane are labelled
horizontal or vertical and have a subscripbr v. Longitudinal parameters have a subsctjpt

At the wedge absorberd), = 0 andD, # 0. Slip factor and RF frequency are listed at the
intersection of the limits due t6;, and bucket heightizr = 2Ap/p = 0.2. The stable phase angle

is s = 2m/3. Input parameters are above the horizontal line. Calculated parameters are below it.

Column 1 2 3 4 5

Muon momentunp 200 200 200 200 200 MeV/c
Initial transv. emittance’, 10 10 10 10 10 mm
Final vert. emittance; 3 3 5 3 5 mm
Equil. vert. emittance:? 1 1 2 1 2 mm
Initial long. emittancer| 150 150 150 150 150 mm
Final long. emittanceﬁ 50 50 50 30 30 mm
Equil. long. emittance 15 15 15 10 10 mm
Channel lengtty 200 300 200 200 300 m
Vert. cooling lengths¢ 133 199 204 133 306 m
Long. cooling lengths| 148 222 148 103 154 m

Vert. partition numbep, 0.372 0.372 0.297 0.307 0.236
Wedge parametdd, (' /¢,  0.628 0.628 0.703 0.693 0.764

Hor. cooling lengthsy, 494 741 605 409 723 m
Equil. hor. emittance;’ 0.372 0.372 0.593 0.307 0.473 mm
Final hor. emittance; 0.540 0.540 0.939 0.380 0.623 mm

Long. partition numbeg;  0.334 0.334 0.408 0.398 0.469
Average acceleratioff:®) 3.6 2.4 2.9 4.3 2.4 MeV/m
Absorber occupancy factor  11.3 7.5 9.2 136 7.7 %
Transv.3-function 3, 103 103 165 854 131 mm
Length of absorbers 4 206 206 330 171 263 mm
Channel period length » 183 275 358 125 341 m

Init. hor. beam radius?’, 234 234 295 212 263 mm

Init. hor. divergence’’ 226 226 179 249 201 mr
Straggling ratel(AE?)/ds 33 33 33 33 33 MeVm
Long. G-function 3, 115 115 141 914 10.8 m
Min. dispersionD,| 44 44 62 44 60 mm
Max. dispersionD,| 297 297 474 246 378 mm
Slip factorn 0.320 0.214 0.320 0.308 0.205

RF frequencyfrr 143 143 117 18.0 153 MHz
Merit factor M/ 158 146 545 373 126
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5.1 Cooling Lengths and Partition Numbers

| assume as before that the horizontal dispergigrvanishes at the absorbers, while the vertical
dispersionD,, does not. Then the vertical and longitudinal partition numbers$ ateg,,, g < 1,
while the horizontal partition numbey, is always unity [2]. In the first step of my procedure, | get
the vertical and longitudinal cooling lengths by solving (15) §pands, respectively:

gy —e¥ ef — ¢
st = Slog =2 s = Slog ——L (50)
Ev — Ew 9

The cooling lengths are proportional to the channel lessgénd have a logarithmic dependence on
the initial, final, and equilibrium emittances. | use Neuffer’s result (13) and (14), that the product
of cooling length and partition number is the same in both planes, to obtain the partition numbers
g» andgy, and hence the wedge parameltet /¢, = 1 — g,,.

Sinceg, = 1, both the horizontal cooling lengt§ and the horizontal equilibrium emittance
er! areg, times smaller than the vertical ones. The final horizontal emittance, obtained from (15),
is even smaller than the vertical equilibrium emittance. Hence, the two transverse emittances will
be different at the end of the cooling channel if they are equal at its beginning, and if the horizontal
and vertical3-functions at the absorber are also the same. It is possible to acfjieves/, by
making horizontal cooling less efficient, and using> 3, , and hence}’ > .

The cooling lengths lead directly to the average rate of energy loss in the abserbérs;),
by solving (13) and (14). In order to get the cooling lengths listed, the average rate of energy loss
is about 2.5 MeV/m. For given emittances, the average rate of energy loss is inversely proportional
to the channel length.

5.2 Amplitude Functions and Dispersion
We get an upper limit of the vertical amplitude function at the absorberdue to the transverse
equilibrium emittance by solving (11):

pL <

2891 E, Xe! <dE> (51)

(13.6MeV)? \ ds

ds
From the parameters of the absorber, we can calculate the mean square energy wadationds
due to straggling, using (9), and an upper limit for the longitudinal amplitude functiatue to
the longitudinal equilibrium emittance, using (37):

2E,918" [ &
ﬂs S ﬂ d<AE2> (52)
ds

The fraction in the large brackets depends only on the absorber material. The amplitude functions
(£, andg,, and the lengtll 4 of the absorber are essentially proportional to the products of partition
number and equilibrium emittange*?.

The absolute value of the vertical dispersjan,| at the absorbers has a lower limit due to the
wedge parameter, since it would be nice if the absorber length were positive in the whole vertical
aperture. Taking an aperture radius equal to three RMS beanvtadiind:

D, > 3(1 - g.)o, = 3(1 — g,)\/e1L.81/(87) + (Dyol)? (53)
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Hereo! is the initial relative RMS momentum spread. Solving (53)/foy] yields:

e b1
= gv)J 51— (31— gu)o1)) o4
|D,| is real and positive i8(1 — g,)o’ < 1. This condition is also found by assuming thgt

is dominated by, and neglecting the contribution of the betatron oscillations. Upper limits to
|D,| are due to the cross-plane heating terms of the equilibrium emittances (27) and (28). If the
absorber is at a waist of the beam envelope with= 1/, andD;, = 0, we haveH = D:/f3,.

Hence, the heating term due to energy straggling is smaller than or equal to the heating term due
to multiple scattering in (27), if the following condition holds:

B31(13.6MeV /pv)
X0(02)

Applying a similar argument to (28), the heating term due to multiple scattering is smaller than or
equal to the heating term due to energy straggling)jff satisfies:

ﬂs XO<52>
(13.6MeV /pv)

| recall that, in (55) and (56)?) is the rate of change per unit of length of the relative momentum
error due to straggling. Tab. 3 shows the limits from (54) and (55). The limit from (56) is much
higher. WhenD, is one half of (55) or (56), then the cross-plane heating term contributes one
guarter of the in-plane heating term to the equilibrium emittance.

1Dy| < (55)

|1Dy| < (56)

5.3 Absorbers

| assume that there is one kind of wedge-shaped, liquid hydrogen absorber with a |d¢%/rate=
31.75 MeV/m and a radiation lengtily = 8.66 m. The absorber occupancy factor is simply the
ratio of (dF/ds) and the assumed rate of energy ldg$s/ds in the absorber. The length of an
individual absorbel. 4, should not be larger thaiys, , in order to limit the value of thg-function
at the ends of the absorber to be at ngst. Dividing L 4 by the absorber occupancy factor yields
an upper limit for the spacing between neighbouring absorbers, and hence the length of a period
Lp in the cooling channel. An obvious improvement of the theory would be replatingy a
suitable average over the length of the absorber. The arithmetic méan)is- 45, /3.

The initial horizontal RMS beam radius, and both divergences,, ando,, at the centre of
the absorber follow from the initial transverse emittancend/3, , assuming thab,,, D/, andD?’j

vanish there:
e €l
Op = Op = Oy = 57
ez \h 7)

The vertical dispersio®, and the RMS momentum spread contribute to the vertical RMS beam
a,. To get an upper limit for,,, one might use (55) and 1/3 of the bucket height. At either end of
the absorbe, is larger by a factox/2, while o, is larger by almost as much. Bothy ando,, are

not small compared to unity, invalidating the par-axial approximation in beam dynamics. Palmer
reminded me that this is a generic feature of cooling channels with a factor as large as ten between
initial and equilibrium transverse emittances and constanilab. 3 shows, ando,..
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5.4 RF System and Longitudinal Dynamics

The RF system must do three things: (i) Compensate the energy loss in the absorbers, (ii) achieve
the assumed initial longitudinal equilibrium emittance by having a valug ¢iat satisfies (52),

(iif) have a bucket height large enough to accept the momentum spread in the beam, (iv) have a
bucket area that matches or is smaller than the initial longitudinal emittﬁnd@he average rate

of acceleration in the RF cavities is equal to the average rate of energillbgds), if the muon
energies at the entrance and the exit of the cooling channel are the same. It was already derived
in Section 5.3. The average voltage gradient inside the RF cavities is higher than the average rate
of acceleration for two reasons: (i) The RF cavities occupy only a fraction of the channel length,
and (ii) the peak voltage gradient is higher than the accelerating gradient when the muons are
accelerated off the crest of the RF wave form.

The conditions org, and bucket area also involve the longitudinal dynamics, and include the
slip factorn. Below, | avoid fixing the sign ofy and the quadrant af, by taking absolute values
where needed. By suitably arranging (31), introducing the circumferénokthe cooling ring,
which will promptly drop out of the equations, and usiig| sin p,| = C(dE/ds), we find for the
ratio |n|/ frr, Needed to satisfy the condition (52) 6n

ol _ 2nBB2AE/ds)
Jrre — cEtangg

(58)
The second relation betweenand frr follows from the requirement that the relative half

bucket heighbgr is large enough to accept the relative RMS momentum spread in the/ggm
assumingrr = 2Ap/p. The relation can be written in the form:

Y2(ps) (dE/ds)c (%) - (59)

frrlnl = singpy  4An[BE P

HereY (¢) = \/\(w — 2¢p) sin p — 2 cos | with Y(0) = /2 describes the dependencebgf on
the stable phase angle Fig. 1 shows the upper limits for the absolute value of the slip fagtor
as a function of the RF frequendyr, caused by, from (58), and due to three bucket heights
from (59) for o, = 27/3. Doubling the bucket height reduces the value$nofand frr at the
intersection by a factor of two.

A third relation betweemn and frr follows from the requirement that the bucket area is at least
4 times the initial longitudinal emittanoq. The factordw might also be&r or 97. Remember
that the traditional formula for the bunch area is the true area, while my definition of the emittance
is the product of the standard deviations. Comparing emittance and bucket area implies that the
bunches are matched to the buckets at the entrance to the cooling channel. If this is not true, a
comparison between momentum spread and bucket height, or between bunch length and bucket
length, is more appropriate. The relation can be written in the form:

20%(ip, — 7/2)(AE/ds)y <6_>

(me})2E,, sin ¢, T

[l fie < (60)

Here,a (7)) is a bucket area function, with the originofat the crest of the RF wave, and0) = 0
anda(7/2) = 1. Ddme [13] gives a series expansion fgr)). Fig. 2 shows it.
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Figure 1: Upper limits for the slip factdn| as Figure 2: Bucket area functiom(¢)) as a func-
function of RF frequency in MHz ap, = 27/3. tion of ¢ in degrees. The origin of is at the
The straight red curve shows the limit dueto crest of the RF wave. At = 90° the value
The yellow, green and blue hyperbolic curveshould be unity. The difference is caused by the
from above show the limits for relative RMSeries expansion.

momentum spread&p/p = 0.075,0.1,0.15.

EIRE 1 [\ 1607 [\
o) = g {1_B<§> T 10110 (5)

939031 [¥\° 397918669 [1\°
ST (D) R (D) 61
+1237oo50<2> +4855851000(2) + (61)

Fig. 3 shows the upper limits for the absolute value of the slip fagtas a function of the RF
frequency frr for ¢ = 27/3, due tog, from (58), and due to three bucket areas from (60).
Increasing the bucket area in the ratio 9/4 reduces the values afid frr at the intersection by
afactor3/2 = \/ﬁ. Fig. 4 shows the upper limits fgn| as a function of the RF frequengyr

for three stable phase angles= 57/6, 37 /4, 27 /3, due toj, from (58), and due to a bucket area
1.357 m from (60). Reducing the stable phase angle fforyi6 to 27/3, and reducing the peak
RF voltage in the ratia/3, reducesn| by about a factor 6 angkr by about a factor 3/2. | do not
necessarily propose to operate a muon cooling channel at valiigsaoid frr Where the limiting
curves intersect. | simply take them as a starting point for scaling. Doulflingeducesn| by a
factor of eight when the bucket area is the limit, and by a factor of two when the bucket height is
the limit.

The relative bucket heightt;r in Tab. 3 is 0.2 for the nominal cooling channel. Hence, at the
nominal values ofn| and fgr muons with momenta between 160 and 240 MeV/c are inside the
bucket. If this range is not considered large enough, the RF system must be operated at a higher
frequency. If frr is scaled up at constant bucket area and constant stable phaserantijle
bucket height is proportional térr. | repeat that constant bucket area implies scalinglown
like 1/ f3.

The maximum permissible value of the absolute value of the slip fagtas a function of the
RF frequencyfrr is given by up to three phenomena: (i) at Igwe, || < frr is determined
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Figure 3: Upper limits for the slip factdn| as Figure 4: Upper limits for the slip factom|
function of RF frequency in MHz ap, = 27/3. as function of RF frequency in MHz fap, =
The straight red curve shows the limit dueto 57/6,37/4,27/3 from above. The straight
The yellow, green and blue hyperbolic curvesirves show the limits due t6,. The hyper-
from above show the limits for bucket aredsolic curves show the limits for a bucket area
0.67, 0.97 and1.357 m. 1.357 m.

by 3, from (58); (i) at high frr, || o< fzp is determined by the bucket area from (60); (iii) at
intermediate values ofzr, |n| o 1/ frr is determined by the bucket height from (59). Depending
on the parameters of the cooling channel, this limit may be higher than the other two.

5.5 Merit Factor

The merit factorM is calculated from (4). It is meaningful only if losses along the channel for
reasons other than muon decay are negligible compared to the decay losses.

6 DISCUSSION

In this chapter, | first discuss the consequences of changing one or more of my input parameters.
Finding a lattice for a cooling channel, i.e. the precise arrangement of magnets, RF cavities, ab-
sorbers, etc., is well beyond the scope of this paper. However, | summarise in Section 6.2 the
parameters that such a lattice must have in order to fulfil its purpose.

6.1 Consequences of Changes in Input Parameters

Tab. 3 shows the parameters of the nominal cooling channel in the first column. The other columns
show the consequences of changing input parameters.

e The length of the cooling channel is increased in the second column. This increases the
cooling lengthss;, s, sji and the channel period lengih- in the same proportion, and
decreases the average acceleratitfi/ds), the absorber occupancy factor and the limit on
the slip factorn in inverse proportion. The merit factor decreases because of the smaller

fraction of surviving muons. The other parameters remain the same.
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6.2

The final and equilibrium values of the vertical emittance are increased in the third column.
This increases the vertical cooling length, but leaves the longitudinal one unchanged. This is
achieved by increasing the longitudinal partition number, and decreasing the vertical one. All
changes of the other calculated parameters are a consequence. The most noticeable changes
are the increases of,, L, andLp, and the reduction af/ by almost a factor of three.

The final and equilibrium values of the longitudinal emittance are decreased in the fourth col-
umn. This decreases the longitudinal cooling length, but leaves the vertical one unchanged.
As in the third column, this is achieved by increasing the longitudinal partition number, and
decreasing the vertical one. This channel is more difficult, having high¢fds), absorber
occupancy factor, and smallgr, L, and Lp. Its merit factorM is more than twice that in

the first column.

The fifth column shows a cooling channel with all three previous changes combined, i.e. itis
longer, and has less vertical and more longitudinal cooling than the nominal channel in the
first column. All its parameters are “easier”, but it still has almost the same merit factor

Lattice and RF System

The lattice transports and focuses the muon beam along the cooling channel. The RF system
compensates the ionization loss in the absorbers and focuses the muon beam inside RF buckets. In
order achieve the assumed performance, it must have the properties listed in Tab. 3:

The g-functions at the absorber, and, must not be larger than those derived in (51) and
(52), in order to achieve the assumed equilibrium emittances.

The horizontal dispersio, = 0 at the absorber must vanish, and the absolute value of the
vertical dispersionD, | must be within the limits (54) and (55), in order to achieve a positive
absorber length across the vertical aperture, and to avoid excessive cross-plane heating, and
the associated increase in the equilibrium emittances.

The wedge-shaped liquid hydrogen absorbers must have léngtind wedge parameter
D,l' /¢, as shown in Tab. 3. Their spacing must be smaller than or equal.to

The lattice must provide the space for the RF system that makes up for the energy loss in
the absorbers. At a stable phase angle= 27/3, the average peak voltage gradient of

the channels in Tab. 3 is at least between 2.1 and 3.9 MV/m, assuming that the RF system
occupies all the space not taken by the absorbers. Practically feasible RF voltage gradients
determine the length of the cooling channel.

The slip factom and the RF frequencykr must provide a bucket area matched to the initial
longitudinal emittance. This is achieved by the combinatiompénd frr shown in Tab. 3.

For higher values ofyr, the bucket area is constant if the rafti¢/ /3 is held constant. For

every factor of two infrr, || goes down by a factor of eight. At constant bucket area and
constant stable phase angle, the bucket height, which determines the accepted momentum
range, is proportional tggy.
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7/ CONCLUSIONS

A procedure was developed for the calculation of parameters for muon cooling channels that
achieve a prescribed performance. It is meant to be used as the first step in the design proper
of such a channel, which finds an arrangement of practical magnets, RF cavities and absorbers that
meets the required parameters.

The procedure is written iMathematica It starts with assumed values for initial, final and
equilibrium beam emittances, material properties of the absorbers for ionization cooling, and the
length of the channel. It derives first the e-folding lengths for ionization cooling in the vertical,
horizontal and longitudinal direction, and the associated partition numbers. It finds upper limits
for the transverse and longitudinal amplitude functions at the absorbers, and uses them to deter-
mine absorber parameters such a length, aperture radius, wedge parameter, and spacing between
neighbouring absorbers. A finite value of the dispersion, assumed to be in the vertical direction,
is needed to achieve both transverse and longitudinal cooling. The procedure calculates lower and
lower limits for its absolute value. The RF system compensates the muon energy loss in the ab-
sorbers, and occupies most of the space between them. Relations between its parameters, such as
frequencyfrr, stable phase angle,, bucket area and height, lattice parameters such as the abso-
lute value of the slip facton, and muon beam parameters such as longitudinal emittanaee
used to find consistent parameter sets which are the starting point for further scaling. The scaling
laws are given.

The procedure is first applied to find the parameter of a “nominal” muon cooling channel. The
consequences of changing the input parameters a few at a time are presented. They indicate the
changes needed to make cooling channels “easier” to build without compromising their perfor-
mance. Further explorations of parameter space can be done very quickly.
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