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1. INTRODUCTION

Fig. 1 illustrates graphicall y&cbasicstnmﬂnpofmmt}prﬁmsomye[}ﬂ,ﬁi,ﬂ,
mnﬁsmitssmajmwchnicdmm.msdesaipﬁonmuemmnmmq«msues,
which are generally unique to sntiproton sources. Many coaventional accelerator physics
issws,mwciaedwimmebcmmspmhnesmd}hecdhmmmdmmmanmmgs.
will not be discussed in detail in the interest of brevity. . )

In Fig. 1 and throughout this article, ghc.Famnhbannptotonsowce[ZJ] will be
used as a specific example o illustrate the principles.

:‘ympeﬂod: 12-24
hours

ll:l.gl;u‘?nandty proton
‘synchrotron; cycle period: 2
seconds

Major technical issues:
(1) antiproton production and collection
(2) antiproton beam density enhancement (through stochastic
cooling).

Fig. 1 Basic components of an antiproton source (Fermilab energics)
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II. ANTIPROTON PRODUCTION AND COLLECTION

/ P
Target and beam

Fig. 2
The basic elements of the antiproton production/collection system

Fig. 2 shows schematically the principal elemeats of the amiproton production and
collection system [5,6,7,8,9]. Antiproton production will be covered first.

A. Antiproton production
1. Transverse plane considerations
(a). Production cross section. Antiprotons are produced in high-energy p-nucleus
collisions. The kinetic energy of the high-energy proton is converted to matter-antimatter
pairs in the reaction
p+ nucleus-> p + nucleus® + (+ p) + other hadrons

The production of antiprotons is conveniently described in terms of the differeatial
yield,

Y 1 de
dpdd o, dpiid @n
inwhicho..,,is:thmmabsotp(ioncrosssecﬁonimhemget,andg‘-a%isﬂw

differential antiproton production cross section. The forward yield rises with proton
energy. For a givea proton energy, the forward yield rises let;l antiproton energy
to a peak or plateau [10,11,12}.

(b). Antiproton phase space density: thin targes approximation
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Fig. 3
Parameters used to describe the interaction of a proton bunch with a short target

Fig 3. defines some quantities involved in the interaction of a proton bunch with a
very short target. The number of antiprotons produced per proton bunch oa target is

_ Fo Az| Y
AN = AN, MN[WAO,AG,AIJ]s an, T[-——-—AO,AG,Ap]

@2
in which
A=—1

N0, 2.3)

ismcpro!onabs«xptimlen in the target. For a beam with  finite .
with wodiversmceaxmcgrhget ¥ proton beam with a finite extension, but

AN, =pasay 2.4)

aZN .
where p= 3‘—5;‘- is the proton density distribution in (x,y) space. The antiproton density
distribution in phase space per unit momentum, per unit target length, is
Fp_ IN, o Fr
dpdz  dpdz 3x36,3y30, A dposd @.5)

For example, for a proton beam with a Gaussian transverse distribution

N e 2
MX,y}=—L_EW{{_+L)}
270,0, 20} 20 @6)

with Oy , (Oy) the rms x(y) beam size on the target, and a differential yield whose angular
dependence is also Gaussian (with rms width og),

&Y _dy i EtP{{aﬁw}]}
dpdfd  dp na: a? @7

the antiproton density is bi-Gaussian in x,y,8x, and 6y:

25 au__ N, AL
P 006) Mlo,w’dim{{ % 202 @8

The rms production angle og = pyp decreases roughly linearly as the antiproton
energy increases, since py is roughly constant at a few hundred MeV (characteristic of the
momentum transfer in hadronic processes).

Parameter Approximate Units Symbel
Value
‘Target parameters ‘
-Proton absorption length 10 cm A= 1
in (tungsten) target = 10,
—meryggal 118 PlsteradiaGeVid | gy ar 1
pmducnm proton - =
dpdqd|,., dp %og
s production angle 30 mrad o
—Prots b : = —
ton
ameters
protabusch > iom N
| Proton beam rms size in 04 cm P
X,y on target Y
beam bunch Tull 13 nsec o
time spread
Antproton beam
parameters
Full energy spread of the | 4% E=.36 GeV AE
collected antiproton beam
at production
Full transverse emittance 20 Ax, A
oo_llected (both m) 7% mm-mrad y
Antiproton mean velocity 994 c Bi
Table L.
Example parameters related to amipmta:e pyodt{gt]i)m:(Fctmilab antiproton source, ofiginal
Sign

For example, in Table |, the design parameters for the Fermilab antiproton source
are given, Using these number, the forward antiproton transverse phase space density at
production is roughly



- dy 1 N
0,0,0,0)=} —— |——L—
M ) [dp nai}.lzm;a,
0 2.5x10" - antiprotons
- 10x2x(0.4)} (mm — mrad)* (Gev /c)cm

62

dpoz
=0.118x1

d2a/dpd

/Simpliﬁed model: cutoff at 8¢
{c). Antiproton phase space density: thick target We allow the target to have a finite

thickness, and consider the total number of antiprotons produced, integrated over all
transverse phase space. The interaction length in the target for protons is given in Eqg. (2.3);
for antiprotons,

— 1 s
A = e 2.9
nG., @9 8 6
. . . . . Fig. 4
in which @, is the antiproton total absarption cross section in the target. The total number . . .
ofanﬁpmo:spaunilmawmmpmdtudﬁunawwdlengﬂnusm Shaxp-cutoffmodclfampmtmpmducumcmssmcuondependemcone‘
aN; _ exp(-{)f1 -~ exp(wL)] dY N
dp wd "’ (2.10)

in which w=-11--%and C=-i—'.Fathccase T=1,

dy
—N, {exp(-{)
d @11

dN-
—£(0)=
> )

Fig. 5
Rays from three points in the target, in physical space

This maximizes at §{ = 1, or L = A: a one interaction length target. From Table I, for the

Fermilab design; w;:’mvc for the lo;a: ;an’o of antiprotons produced per proton Phase space at target end
———L({)= %0, Sexp(-{) O
Nl dp w 0 ' , Particles ! wdz wo
= £(.050)°(.118)(0.5)exp(~0.5) = 2 8x10~ —Ziprotons produced
(.050)° (.118)(0.5)exp(-0.5) X proton (Gev/<) atz=L lie !
For the Fermilab design, the accepted momenturn bite is about 0.36 GeV/c, and the on this =7 l\ X
collection efficiency is about 10 percent, leading to collected antiproton-to-proton ratios of line— < o
about 10-5. .
The aniproton phase space density willdepend on the ransvere sizeof he Pﬁﬁg
incident proton length of the target, and the angular distribution of the antiproton ) g e
giﬁacntial yield. To illustrate the latter two dependencies qualitatively, consider Fig. 4 to ngsd onzthis e
. \ax z=is2 line
lie on this
line

Fig. 6
Rays from Fig. 5, in transverse (x) phase space
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Fig. 7
Transverse phase space of Fig. 6, projected to target center

From the figures, it is seen that a finite length L targes causes an effective source size for
the antiprotons of order Log/2. Because of the shape of Fig. 7, this is sometimes referred
to as the "buttezfly" effect. The finite size of the incident proton beam will result in an
additional effective source size of order Oy (at small 6y). Typically, 0x << Log/2. For
example, from Table I, Log/2 =50x0.5/2 mm = 1.25 mm, but 6y = 0.4 mm. The dominant
contribution to the effective antiproton source size is that due to the finite target length.

An exact result for the antiproton phase space density from a thick results
from a solution to the transport equation. This equation (neglecting multip m%‘:uhmh

scattering in the target) is

A dpdQ 2.12)
For a proton transverse density (round beam: o,:c,:ﬁb)

p(x,y.2)= —’-EH’{'(‘ :zy:}}':"{ 1] (2.13)

and a Gaussian antiproton differential yield as given in Eq.. (2.7), the antiproton transverse
phase space density from a target of length L, projected back to the center of the target, is

d .. dy N 0l +6; L
—p(x,6,,80,)= L o ,8,,.0,L)-—
Pl mNFa,o:,/o:w;E“’H P )“"“ »6,L) z}
[E(ay(x.6,.7.6, L)~ E(ayx.6,.6, L)

(2.14)
in which .
1 (WO',) W 2 (10,—)'9,)2
a(x,0,.y, ,.z)—03+9,[ 2 ~w(x8,+y6,) (9 +6;) ———-———-——0_’1
2.15)

.wa'r Iﬂx +y6

1
(1,(.:,0_.)*.9,,z)=\Ibz“a2
x y b

1

r 4 2 2
2 o, +2a,m:+0’)]

(2.16)

'_;;_»E'L_XO,-O-L%._ z

,6..7.0,2)=
a(x,0,.%.6,2) Ja:w,’

The density in (x, 8y ) phase space is

The result is

St {5)

(6} + ,)]
| 2 6, 20, @m

p(x.6,)= [d6, [#p(x.6,,7.6,)
-~ (2.18)

—wox Mgl L
o 4 e, 29‘} 7.}

Hze Sl 2,]}

This is contour-plotted in Fig. 8, for the parameters given in Table L
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Fig. 8
Contours of constant antiproton phase space density for the example of Table 1.

The density is modified mostly at small x due to the finite size of the proton beam, and falls
offatlargemetadmtolheGanssiandepmdcnceofamssefﬁonmmglc.'lhcbulkofthe
density lies within the area X0x0o. The central density, for 4 =A, is

d- dY N exp(-{)

—p(0,0,0,0,{) =—
dPP( & r'o,0! (2.20)

The number of antiprotons per unit momentum per bunch collected into the
collection ring is then

dN- d -
7;.= J‘ -d;p(x,y,ﬂl,ﬂ,}dA,dA,
AyA, 2.21)

in which Ay, Ay are the areas in x,8,,y,0y phase space which the transport system and
collection ring can accept (the transverse acceptance). For useful design estimates, the
equations given above may be used to perform numerical integrations over the accepted
regions of transverse phase space. Often the most useful technigue is to use the density
distributions as a sampling basis in a Monte Carlo ray tracing calculation through a
transport line and collection ring with complicated aperture limits.

For simple numerical estimates of the yield, an analytical result can be obtained with
some simplifying assumptions. We may transform the phase space variables into phase-

9

amplitude form, and do the integration over the phase variables in both planes. For upright

acceptance ellipses at the target center with aspect ratios 5, By the phase space density as a
function of amplitude is Py theph i

L
Exp[~—]
..‘1."’ — .‘!{—.—_‘3‘_
dpp(a..a,) 8N,dp Py

a’.ﬁg‘m) ap , 40’
E"’H 207 )H‘z‘s" 1 raf]

dn
a;ﬂ!fz(n) I aB, £ (nf - 40’
207 202\ n) m}:

© Sy 15 |

2.22)
in which
'+ ‘;’:L
fo,(M)=14—p"t
=y . (2.23)
and the amplitude variable ay is related to x and 6y by
2 x 2
at=2 1867 (2.24)
x

with similar equations for y. The yield may be obtained by integrating up to the maximum
accepted amplitude for each plane. If both planes have the same maxuiurp;n "acceptance” ay

:n‘ed tt;d same B function at the target (see Fig. 8), then the result of this integration gives for
i

dN. dy
;;l=~,§;£ap(—c{l-mr,s,§o)]

(2.25)
where
2
Co:h(j-—\{ 8(g) —-4r? J
_2f s'g(q) r
H(r,s,x) —.;qu - 2 2 )
° i s Va7 =
8(‘1) "4'2 2r (226)
In this expression
a
§=-= 227
2 27
where
%4 =00, (2.28)
10




is the characteristic emittance of the source; and

r=bo
B, (2.29)
where :
[+ ]
fo=2
’ O, (2.30)

is the characteristic aspect ratio of the source, and
1

)=1+—+¢*P
s@)=1+54q @31)
L
=)
B,
Fuﬁnites.theyielddepmdsoultwparamotms,r,mdi—. Fig. 9 below shows the

For very large s, H(r,s,——) ->0, and we regain the formula for the total integrated yield.

depcwemofmcqnndty[l-ﬂ(r,s,i)] on the parameter s, for three values of r, and

for a typical p£=5 cm/7.5 mm.

0.1
0.08
0.06
0.04
0.02
0.2 0.4 0.6 0.8 1
Fig. 9
[l - H(r,s, —;—‘-)] vs. 5, for r=1.0,0.5, and 0.2. The upper curve is for r=1, and the lower
¢ ]
for r=0.2.

For the Fermilab example, we have ag? = 28 mm-mrad, and for the acceptances given in

B

strong dependence of the yield on'r: as P increases from the characteristic source aspect
11

Table I, s is about .85, and [l - H{ r,s.-l;}] is about .12 for r=1. Fig. 9 illustrates the

ratio fig (about 7.5 mm for the Fermilab example), the yield is diminished rapidly. The
collection lens (discussed below) is critical to achieving the optical match required to
establish the proper value of B~PBg. The acceptance, which also determines the yield, is
established by the apertures of the transfer line and collection ring.

The rate of antiproton production per unit momentum per second is

ﬂi = Bc.i‘!.vl
dp dp @32)

in which B= number of bunches per cycle of proton synchrotron and C= number of
cycles/second of the proton synchrotron. For the case of Fermilab, B=80 and C=0.5 Hz,
leading to

D v pcdY CExpl-{ )[1 - H(r.s.i)]
g " dp B,
80x0.5x2.8x10™ x0.12x2. 5x10' 13600 22BLOONS _ ;5 1) g 2nsiprolons

=80x0.5x2.8x107 x0.12x2.5x10 x hr (Gev/c) x10 hr (Gev/c)

(d). Target material limitations [13,14]. The energy deposited in the target per cycle
by the proton beam, per unit mass of target, is
_&q-:i:{ld.f.}_‘!k

m p dx | 0.0, (233)

From Eq. (2.22), the phase space density is proportional to —;&L; hence, to obtain

=y
E, .
mmemﬁprmns,awwishesmmaxinﬁu—‘-‘i"—“—.mmgydeposiwdmthcmga
caukcsuwmrget'slcmpaammm:iseeachcyck from T to T+AT, in which
E TeAT )
Zdeposked Ic (T )dT’
m !

(2.34)

E,
where cp is the specific heat of the target. lf-—“:—“ exceeds about 200-300 Joules/g, the

rapid temperature rise may make the target susceptible to fracture due to thermal shock
waves. Copper targets are often used, rather than tungsten, because, although their
absorption length is longer, their ductility leads to a lack of extreme sensitivity to thermal

. E,
shock, and so they can be operated at higher values of —=22¢. than tungsten.

m
This problem can be overcome to some extent through the use of a "beam
sweeping"” system [15], which scans the proton beam across the target during the beam
pulse, to reduce the peak energy deposition. To avoid an increase of the effective source
size, the collection optics must also be swept in synchronism.

12



2. Longitudinal plane considerations [16]

The duration of the antiproton proton pulse @, will be essentially the same as that of
the protons @,. The longitudinal density of the antiprotons at production ,

. Mo . ! 2.35
P GAE (2.35)
will be maximized with a small value of 0,. A bunch lengthening and rotation in
!ongimdinalphasespaoeinthcprotonsywhron'on,justpriotwcxmcﬁm.isperformedto
reduce the value of g, for the beam delivered to the target.

The usual practice is first to adiabatically lengthen the beam on a flat top of the main
synchrotron. This flat top lasts many synchrotron periods, and occurs just priof 10
extraction for antiproton production. The rf voltage is reduced adiabatically from Vi =Vimax
10 V2=Vpin. Asamm.dlehmduslengthmedmddwenagyspmadmmdnwd (Fig.
10)

Initial bucket (330 MeV); V=4 MV 5;‘:;‘;:3‘”"“ (30 MeV);
AE (MeV) »
100 "Lengthened" bunch:
o oy

At (nsec)
-501°

~-100

Fig. 10
Adiabatic bunch lengthening in the proton synchrotron
The numbers are exemplary of the Fermilab Antiproton Source

Then, the RF voltage is snapped rapidly back from V2 to V1, in a time very short compared
1o a synchrotron :fneod(l?'g 11). The now-mismatched bunch rotates in the new bucket.

If 6y was the original rms time spread of the proton bunch before the bunch lengthening,
then the final time spread after the bunch rotation is

1

V 4
9,=0, —‘]
o[ v, (2.36)

13

4
4
The beam is extracted at this point; the factor %’L] is typically in range of 3-4. The upper
2

limit on V is determined by the voltage capabilities of the proton synchrotron RF system;
the lower limit on V1 is limited by beam loading effects which become important at low
voltages, and possibly also instability effects due to the small value of the momentum
spmadprmnunstbeforcmebnnchmmnm Additional limitations arise from the natural
non-linearities of the ff dynamics, which have been neglected above.
The beam transported to the target will have a momentum spread increased by the factor

' .

4
[%l‘- , and the beam transport line from the proton synchrotron to the target , in patticular
2
the final focus to a small spot on the target, must have sufficient chromatic bandwidth to -
deal with this momentum spread.

AE (MeV)
Particles follow R"m“d bunch

phase-space trajectgpries
along cllipses witl/a new "Debunched” bunch
aspect ratio
determined by Vj;
7.5 At (nsec)
-100

Fig. 11. Bunch rotation
The numbers are exemplary of the Fermilab Antiproton source.

The final time spread is 6:=0.15 nsec.

B. Antiproton collection

1. Transverse plane considerations

The strongly divergent beam from the target must be focused into a parallel beam.
Fig. 12 illustrates the mismatch problem.



Source emittance

Collection ring
acceptance:
Ax

Fig. 12
Hlustration of mismatch between source of antiprotons and typical acceptance of a
v llection ring,

The mismatch is corrected with a strong axisymmetric magnetic lens placed immediately
after the target. (Fig. 13)

Magnetic lens:
axisymmetric azimuthal field B~
length 1 1
Fig. 13
Axisymmetric magnetic lens
The transverse kick delivered by the lens

p.=e|Bdl 237

=L fJ_B_{‘_

14 p (2.38)
For axisymmetric point-to-parallel focusing, we require @ o r =>B = Gr, with G=lens
gradient. In the thin lens approximation the lens focal length is
gl P P

[ gJGdl";aI

which gives a deflection angle:

(2.39)

15

Target Transport
20)( 1 |
H-
20g Lens t 2Ry )
| e >
'4 . L -
f I f i
l |
First principal plane Fis. 14 Second principal plane
ig.
Thick lens and target, showing focal length
For a lens of thickness 1, the focal length (Fig. 14) is
1
’= VKTan(p) (2.40)
in which
k= f-(—;
p (2.41)
and
p=k 2.42)
Fig. 15 shows the action of the linear lens in transverse phase space:
= kSin(Vki
8 % ) X 0'9/“ in(Vid)
— — oe .
|
LENS ACTION =>
x L x
] O=(Log/2NkSin(¥kl)
Log2
Target :
center Second principal
plane

Fig. 15 Lens action in phase space
Referring to Fig. 15, from the requirement that x; = Ro, we have that

16



a,
R lesw Vi) 2.43)

which sets the lens strength k to collect an angle g, for a given length | lens of radius Rg.

An additional requirement on the strength of the lens is related to the lattice function
B, required for matching into the beam transport at the second principal plane of the lens.
From Fig. 15,

p‘,.&.a Z
6, LiSin'(Vkl) 4

If the beam transport optics determines By, Eq. (2.44) may be considered an additional
condition on k which, together with Eq. (2.43), determines both k and Rg. Altematively,
if Ro is fixed, for example, by lens engineering constraints, Eq. (2.44) may be considered
10 be a matching condition for the transport
Axisymmetric focusing lenses which vebeenuwduu:ludchﬂuumlmscs,boms

andplmmalenses In all cases, additional important considerations include

tiproton absorption in the lens material (which is what motivates the use of lithium, the
bwestdmlyemdwm),mduqng-uhxkaouhmbwmenngwhchwmmusenw
emittance (again favoring low-Z materials), and obtaining reasonable good (1%)
quadrupoleﬁeldquah

twupmhnefmmhclaxsmthccouecnmnnggcnmnymaybedwg\ed
using standard beam line design practices. Matching of the optical functions is critical for
high efficiency collection. The major unusual feature is the need for relatively high
bandwidth (typical cotlection momentum spreads are in the range of 3%, seebcbw) This
mywemmdwuscofmtupohsmdmpamvcmgmmohhemm

2. Longitudinal plane considerations [16]

The collection lens, transport system, and collection ring have a combined energy
full width AE, which defines the momentum spread accepted from the target. However, the
accumulation ring downstream from the collection ring generally must have a smaller
momentum bandwidth for the injected beam. Hence it is necessary to reduce the momentum
spread of the antiprotons in the collection ring. This may be done with a rotation by 90° in
longitudinal phase space, followed by an adiabatic debunching.

The antiproton bunch from the production target will have the same time spread as
that of the proton beam, called ¢, above.

This bunch is injected into the collection ring, in which the rf voltage is sufficiently large 10
accommodate the full energy spread AE from the target. The bunch is mismatched (see Fig
16) and rotates in the bucket.

17

AE (MeV)

Initial bucket (V=5 MV) Bunch from production target

Particles follow

phase-space trajectories
along ellipses with an

Rotated bunch

Bucket matched
to rotated bunch (V=7 kV)

At (nsec)

g. 16
Bunch rotation and admbam: debunclung in the collection ring.
This operation is performed on the antiprotons just after injection into the collection ring,
and precedes any stochastic cooling.

Subsequently, as in Fig. 16, the tf voltage is reduced 10 zero and the beam is adiabatically
debunched. If the entire process preserves the longitudinal emittance, then, we have,
approximately

T,
0,AE = —LAE
28"~ (2.45)
in which B is the number of bunches injected into the collection ring, To is the period of the
collection ring, and AE,,_ is the final full energy spread of the debunched beam. If

20,AEB
AE,, =~ T <(4E),
0

(2.46)
18



http:a,AE=-R..AE

in which (AE),=the full momentum acceptance of the next (accumulauon) ring, then the
limit on the system momentum acceptance is the beam line/collection ring momentum
aperture, AE, and the total number of antiprotons produced per cycle of the proton
synchrotron is just

dN;  dN. dar i
ke 5 B puay § —_
B—FAE = BAEN,— lEzp[ {l H(r,s, ﬁo)]

(2.47)
B is not really a free , because the bunches must it into the circumference of the
collection ring, which requires
B(Hﬁ
T, (2.48)

in which h* is the harmonic number, and T, the period, of the proton synchrotron. Hence

dN dy | '{ ]
—L = if,T, - 1= H(r,5,—)
dc WTsAEN ""”‘Ew ”‘6" (2.49)

In this case, the dependence on the details of the bunch length manipulations in the proton
synchrotron and the collection ring do not appear.
If, on the other hand,

AE,, >(AE), (2.50)
then the limit on the system momentum acceptance is set by (AE),, and the total number of
anuptowosptoducedpucycleohheptmonsynchmumm

&5 ( o= N, 22 Bapl -2 11~ H(r5 ) (4E), S
dC ‘20 tdpa ﬁ ‘26 @.51)

’l’hepmducnonramdependsonthemverscpmmnctas on the time spread at extraction
of the proton bunch in the proton synchrotron, on the efficiency of the longitudinal cooling,
and on the energy aperture on the accumulation ring. This is generally not a good situation.
In practice, if this is the case, one may employ fast longitudinal stochastic cooling(see
below) to further reduce the momentum spread of the debunched antiproton beam prior to
transfer to the accumulation ring, until AE, becomes less than (AE),.

1. THE ANTIPROTON COLLECTION RING
Antiprotons from the target are injected into the collection ring. After the bunch

manipulations described above, the debunched beam is cooled transversely (and
longitudinally) to prepare for transfer into the limited acceptance of the accumulation ring.

A. Transverse Stochastic Cooling
1. Conceptual design: general results.
Fig. 17 illustrates the basic scheme [17,18,19,20,21,22,23,24,25,26].

PICKUP l l KICKER

DIPOLE
PICKUP DIPOLB
/v— CE N TRAL
w BEI‘ATRON
— OSCILLATION

I(_nm
nodd
Fig. 17 Transverse stochastic cooling
The pickup measures the offset x from the reference trajectory of a sample of the

beam,; this signal is sent to a kicker, located an odd multiple of betatron quarter-

wavelengths downstream. The kicker delivers a kick 6y to the sample. This kick causes the
position at the pickup on the next tum to be (x-gx), where g is called the “system gain®.
Forwchasymm,inmnsofg,mecoo}ingmz for the transverse emittance € is

—= —[2g -g'(M+U)]
% 3.0
in which W = system bandwidth, and N=number of particles in the ring. The "noise-to-

signal” ratio is
v=SZal _y 5
WTﬂ,,,e £ 3.2)

where Uy is the value of U corresponding to the initial emittance 9. £2, is the rms system
noise, measured as a position error at the pickup. T is the revolution period in the
accumulation ring, and Ppy is the beta function at the pickup. The mixing factor M depends

on the longitudinal beam density
(o)=L oL0)2

in which f=1/T is the revolution frequency, and the lmg,imdinal density is

¢(ft’)-'ﬁa 39

For a rectangular frequency distribution, with a full spread Awin the beam,

(3.3)

20



#()= 3.5)

fiin2
M=l 2l
2wWAf (3.6)

Ideally, M= 1, but this is not always achievable in practice. If M>>1, the mixing is said to
be "poor”: it takes roughly M turns for the beam sample to become renewed. Cooling is

only possible for gs—g—i-_-ﬁ;mcoolinzmmimimmhcnpﬁmnmvmofg
Ex=YsU an
for which the cooling rate is

Dz
T, NiM+U (38)
With the appropriate value for g, cooling is always possible, no matter how large M
and U are; however, the rate is inversely proportional to the sum of M and U. Note that the
“noise-to-signal” ratio U (Eq. (3.2)) is a function of the emittance, and increases as the
beam is cooled. The cooling rate, which depends on U, decreases, and there will be an
asymptotic value of the final emittance to which the beam will finally cool. This is given by
solving the following equation for the asymptotic emitiance &,,:

£=![2g— g‘[M+U,—§lD=o

& N

- (3.9)
The result is
£ _ U, = U!
€ ? -M M+2U,
° /8 ¢ (3.10)

whém the last result follows if we use g=g,, . It is clear that we want M>>Ug to achieve a
small value for £_. Some systems {27] have "plunging pickups” in which the system gain
g is increased during the cooling cycle as the beam cools, to maintain close io the optimum
gain at all times despite the increase in U.
2. Single-particle cooling
{a) Coherent cooling rate. Consider just one particle in the ring, undergoing a
betatron oscillation with amplitude x at the pickup. The kicker delivers a kick angle 64 to

the particle, where the proportionality between x and 8, and the appropriate time
synchronization, is provided by the stochastic cooling system. (Fig. 17) The devices used
as pickups and kickers are usually stripline couplers [28,29}, as shown in Fig. 18.
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Particle J

trajectory h
Time of - fx _____________ <+ — ~ Pickup centerline
armrival at PU:
t Revolution
e - [-/\/\/—' —I,..,sm,ss
\ Transmission line
7 Impedance 7
Fig. 18

Loop(stripline) coupler beam pickup (kicker)
length 1, width w, gap h;
Ro = output impedance (typically 50 £2)
Zj =characteristic impedance of the transmission line
1=M/4, where f=c/A is a frequency at the middle of the desired bandwidth.
For such a device, the voltage produced by the beam in the dipole pickup is determined by
the (frequency dependent) transverse impedance Z, (@)
d(0.0) . .
z ()= \/&Z—L—‘—ls‘nle(wmxpmf - 6()]
2 A 2 @.11)
in which 8{w) = - and d(0,0) = 2Tanh| o ] is the on-axis transverse sensitivity.
Summing over the harmonic structure (betatron sidebands) of the beam, the voltage from
the pickup due to one particle is

Vou(t) = JEBy, _eif_ EZ‘({niQ}G)}Expli{n 1 Q}ax —inax,, tiy]

'y (3.12)
in which e=emittance of the particle, B, =beta function at the pickup, f = zﬂawoluu'm
n

frequency of the particle, tpy = time of arrival of the particle at the pickup, Q=betatron tune

of the particle, and y=betatron phase of the particle at the pickup.
. Typically a number np of pickups is used, and the power is summed into a signai

Poy ()= n,Ppy(t) 3.13)
The total voltage is

Vﬂl.l(‘) = '\[‘;VHJ “} (3 l4)
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This voltage is amplified (multiplied by g (), the amplifier gain function) and delivered to
the kicker after a time delay of L/c, where L is the electrical length of the pickup-amplifier-
kicker system. For a harmonically varying pickup voltage, the voltage to the kicker is

. L. -
ux(‘)“‘SA“")VN(W}E‘P{"'W{"‘?» (3.15)
The relationship between the voltage applied to the kicker U, (@), and the kick angle which
the particle receives 6, (1), is parameterized in terms of the kicker sensitivity K, (0):

0,(1)= wm—iﬂ)
BE (3.16)

for a harmonically varying kicker voltage U(w)Exp(-iat). Here fiy is the particle’s velocity,
and E its energy. The stripline kicker sensitivity is

K, (@)= |k 2d(0,0)=5-Sin{ 8( @) | Exp[~i6(w)]
s 1’2& (0.0)~Sin{ 6(@) JExp[-ib(w) -

The total kicker voltage Uy is divided through power splitters to feed nk kickers. Each
kicker receives power

PK..([) = M.).

Ny (3.18)
and thus voltage
U, (1)
U (t)=
« j"x (3.19)
The total coherent kick is then
8.(= 5;{%"—?‘— Y. F({nt Q}w)Expli{n tQ}m(r-—) in@ty, tiy]
ey (3.20)
in which
Flo)=g(w )Z (w)K,(w) 3.21)

This kick is sampled by the particle as it passes through the kicker at time 1, at which its
betatron phase is ¥ + ¥, , where ¥, is the betatron phase advance from pickup to
kicker. The emitiance change from this kick must be averaged over many revolution
periods, and also averaged over a random distribution in the initial betatron phase  at the
pickup. .
19 Finally, one requires timing synchronization between the pickup and kicker (Fig.
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epK/(l)

l

PICKUP KICKER

Fig. 19
Timing synchronization condition:
Ejectncaldelaynmc(neghcnns dxspmlon) Lic
L=system electrical
If epx=azimumalanguhrdmnncealongﬂunngfromplckupmknker.memhcﬁuﬁng
synchronization condition is
(2] L
T—1t el / Sl
(F=t)=" =% (3.22)
Since the beam has a spread in frequency, this timing condition cannot be satisfied for all
particles simultaneously. We choose to satisfy it for the mean frequency of the beam:
L
6 =a)-—
™ (3.23)
Then Aw = @~ @ is the deviation of particie’s frequency from the mean of the beam. The
phase and time avcraged emittance change produced by the cooling system, with this
condition applied, is then

(4e) = E1e\Brburre Y (Fi)F({n + Q}w)Exp[FiV ,y - inf rx o 22

2B}E -
* (3.24)
From the average emittance change, the coherent ("single-particle”) damping rate is
1__(4e) _ &L \BrBine
;=~ TS E Z(h)F({ntQ}w)ErpFFlvn—m O ]
(3.25)
(b }. Phase requirements . Suppose that A® = 0. We want the real part of
('h)F({n + Q}w)Exp{Fiy,, ] at each sideband to be positive to get damping.
F({" t Q}m) AExpli¢] (3.26)
Then we want
Re(LiEXp[FiY,g +i9]) =FSin[Fyp + 9] 621
1o be positive, and optimally =1. This requires for the positive sideband (top sign):
w9 =-2’5+2mn, m=0,1,2,. (3.28)



for the negative sideband

Vec+9 =§+2m, 0=0,1,2.. (329

These conditions can both be satisfied only if ¢ is an integer multiple of %: If ¢ = even

multiple, Wpx=w/2, S//2, 9n/2, etc. If ¢ = odd multiple, yp=31/2, Tn/2, 1172, eic.;
Now allow Aw # 0, and consider the term Expl-—in%?—ﬂ,.]: To obtain cooling at

all harmonics, we require for all n wiﬂﬂnsystunbﬂwidth:

9,, < =>n<n A (3.30)

ﬁ 2 - Aw4f,.

where fpy is the fraction of the ring's azimuth between pickup and kicker. For n > npax,
we loose cooling. Because it corresponds in menmedommpmmmclesleavmgdw
sample between pickup and kicker, this effect is sometimes called "bad mixing".

(c). Simplifying assumptions. Let

eszyﬁ;Uﬁ‘nPnl F({H+Q}ﬁ) =h.
i E (331

(we neglect the very small variation of F over the beam frequency distribution) and take Aw
=0, Wy =-2£+2m, to get

115
by YA, (332)

(3.33)

T N (3.34)
in which h is the average of by, over the system bandwidth:
J;
Jarn
Y —
L4 (335)

Comparison with the equivalent coherent term in Eq.(3.1), in terms of the "system gain” g,
allows the approximate identification:
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2
g~h= € fijﬁt;uﬁx"r"x (F({n‘l‘Q}ﬁ))
BE (3.36)
where the average is meant to be taken over the system bandwidth.
(d). Example: Fermilab Debuncher 2-4 GHz transverse cooling system [30,31).
The pickup/kicker parameters are h=2.5 cm; w=2.25 cm; 1=2.5 cm; W=2 GHz; Z; = 83Q
(see Fig. 20)

70 AbS[Z, (0K, ()]
(Q/cm)
60
50
490 10 AbsK, (w)]
30
20 AbS(Z, (0)]
@/cm)
10
1 2 3 4 f(GHz)
Fig. 20
Variation of pickup, kicker sensitivities, and their product, with frequency,
for the Fermilab Debuncher

gA at mid-band typically 140 dB; hence, from the figure, {Z, K, ) =60 Q/cm, so
(F) = 10140720x60Q/cm = 6x108Q/cm. Other parameters: np = ng = 128; Ppy=Px=780
cm; =590 kHz; i =~ 1; E=8x10? eV; N=7x107 (design). Then
-19 7
h(mid-band) = 6x1086cmx -6X10X5: 9x;(::)‘;;lx10 x780x128 c(l]n

=.05

and

1_ 2x10°
20.1=28 H
=70 ¢

Thctotaldampingmlcwillbesmnlk:mnceumedswmcludethehcaﬁngtenmalso.
3. Heating from other particles (Schotiky noise)

(a). Heating rate. For no Schottky band overlap, the rate of mean square emittance
change resulting from to fluctuations in the pickup signals due to the finite number N of
particles in the beam (Schottky noise) is

<[E] > e *BpuBynpnie’

- «a».)ZlF({nre}ml’

2(B2E) =

(3.37)
Since
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e d edt T (3.38)
the incoherent contribution to the emittance damping rate for particle k, due to other
particles in the beam is
1 _ xNe ' BruBinony

— T

s 4piE)

(b). Simplifying assumptions. Using hy defined above in Eq. (3.31),

t=-—-——¢m)2|h.l’u+c =~ Zhin,

(3.39)

(3.40)
where
fom) __f
M=x - T
n+Q i (3.41)
is the "mixing factor™ at harmonic n. The last equation follows for a rectangular
longitudinal beam frequency distribution, of full width Af,. The mixing factor is generally
>1 and approaches 1 at harmonics for which the Schottky betatron sidebands
overlap:n,_, Af = {- 1deally, this occurs at the top end of the system bandwidth. If we
take h,, as constant over the system bandwidth W, and equal to the average b defined
above. in Eq. (3.36), then, converting the sum to an integral gives
- I3 ger
3, = 299() [ L < 2npptpint2
- Ji

(3.42)
S0
1 woalalee)n2] w
o e T
in which
oM B) _fHin2)
W 2wy (3.44)

is the average mixing factor (as in Eq. (3.5)).

(c). : Fermilab Debuncher transverse cooling [30,31}.
Using h=0.05 (from 2(d).above),

i‘ff— = nﬁ'i =.0055%.002 = 1.1x10°*
f fln(2) 5.9x10°x.7

M= =93
Af 2W  2x2x10°xLIx10°
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This is a rather large mixing factor. In the collection ring, the small value of 1) reqnuad for
the bunch-manipulation RF gymnastics forces this compromise. The Schottky noise
contribution to damping rate is then

- 2““’, £0.0529.3=-0.65 Hz
T,  1x10

4. Heating from electronic noise
(a). Heating rate. The other incoherent contribution is due to electronic noise

(primarily thermal noise in the pickup and preamplifier). This contribution is given by
writing the incoherent damping rate duc to Schottky noise (Eq. (3.39)): ¢

L STBR S (20}, e Olof L
) o T s
in terms of the Schottky power density at harmonic n£Q; :
dp dp M) o, dnzojof
O Ly T
& Tdmzw) () 2R, Prot (ntQ) (3.46)

If the thermal noise density is designated by -Aumsl  then the emittance (anti-)damping

contribution from this source has the same form as above with this power density
subsmuwdfadeehonkymdenmy,namely

P —‘—2’—;(%?)'"* S (r Qlone,(in olof Lam 2 0ls)

The thermal noise density is

dP, k
—dhermal, o
& 2 (Ty+T,) (3.48)

where Tr and T are, rcspecuvcly, the absolute temperatures of the pickup (emumnng
resistor and the preamplifier. To reduce this contribution to the heating rate
p’eamphﬁamdnstammanngmsxstu‘moﬂmwoledtoctyogemcwnmanxes.

(b). Simplifying assumptions. Using again hy, defined above in Eq. (3.31), we

-4 3w

(347)

have

(3.49)
in which
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dP,
2R, ——"‘"( {n 10}f)
2Nﬁw”rf£ IZ_‘ (fn+ Q}Wr
KT, +T,)R,
zNﬂm"rfelzx“" + Q}"’r (3.50)

U is called the "noise-to-signal” ratio:

oo dpagend

(3.51)
If hy, is taken constant and equal to its avemge h, given above in Eq. (3.36), then
= —-—*H‘U ‘
1-----a (3.52)
in which
1
[,
Usdh
w (3.53)

(c). Example: Fermilab Debuncher transverse cooling. {30,31).
The parameters are np = 128; fpy=780 cm; =590 kHz; Py~ 1; E=8x10% eV; N=7x107
(design); |Z, (@)} =300/ cm (mid-band); xe (initial, rms) = 3xx104 cm-rad; Ta= 40°;
Tr=80°; (note cryogenic temperatures). Then

U = 1.38x10"2x(80 + 40)x 50 _
* 7 (1.6x107) 7x10" x780x128x5.9x10°x3x10 x307
h=0.05 (from above); so
1 20

= (), 05%x
710 92=-2 Hz

“u—u
5. Overall damping rate and emittance sime evolution
(a). Overall damping rate. Putting all the tesms together, we have

1_L5 (1) (1) cp ol
f—NE(T)_»(T)_ h-5-M,+U,) (3.54)
1 (1 ._1_
L TRV (1)” SRR (3.55)
In bandwidth-averaged form:
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12
1=2_‘z[,,_u(,,,+,,,]
T N 2

(3.56)
Optimum gain:
1
h, = 1w
M+U.—=
"ty N(M+U) @50
(b).Time evolusion of the emittance. From Egq. (3.56), .
1__1de 2wl W =y 5
e d N[ 2 (M+U)]bm U-U,,E (3.58)
‘This equation is of the form

i£~-~k‘,e+k, with k, = [ H-M]andk,= Jfgz-uo (3.59)
The solution is

&(1) =e.{Expl—w+f:(l -Expl-k.,l])}

) (3.60)
Asymptotically, the emittance is cooled to
E_k_
& k [2_,
h 3.61)
At optimum gain
[ U,
_ =
(&), - o
(c). Example: Fermilab Debuncher transverse cooling [30,31).
1 o1 2x10°

2.3 Hz

by = ——— =08, — ==
93+28 T 7x10°(9.3+2.8)

'Ihcsystcmnsgcnemllynotoperaxedauhcopumumgmnbecauseofthehrgeamounwf

g:gm\;;we power required (scveral kilowatts). Hence the actual performance is (with °

1 1 1 1
—=—t +
T Tea  Tsaosy Treema
=2.8 Hz-0.65 Hz~.2 Hz=1.95 Hz
The asymptotic emittance is
5(52: 22.8 -0l
i —=93
05
30
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For an input emittance of 20 & mm-mrad, the beam cools asymptotically to about 2% mm-
mrad. .

6. Beam feedback: coherent effects

_ {a)-Modification to the system gain. The kicker's coherent effect on the sample
(gxp) is fed back into the system by the beam on the next revolution, if there is insufficient
sample mixing on one tum to remove the coberency. This is very similar to the gain
modification which occurs in a standard feedback system: the gain with feedback g' is
related to the open-loop gain g by i
=2 _
1+fg (3.63)

in which P depends on the feedback network (in this case, the beam transfer function). In
the cooling system, the equivalent of g (hg, at the nth harmonic) is modified as follows:

h->—B _opT,
14 Mhy
2 (3.64)
in which
1
T,=
PELY
2 (3.65)

depends on the beam frequency distribution through My,; the result above is correct for a
rectangular frequency distribution, for which M, is given in Eq.(3.41) above. Then, the
cooling rate nth harmonic contribution, with beam feedback included, becomes

BRY —]%r—m. +U,)

(3.66)
The optimum now occurs when
h, 1 1
BT = = s By = (3.67)
e I+—"‘—"‘-’—"‘“ﬂ'i M +U, " —‘—;l+U.

For M>>U, the optimum gain is increased by a factor of 2. Note that the cooling rate at the
optimum is the same as before. However, at hog, the beam transfer function gives
1 1 .
T, = — " 3 if Upc< My (3.68)
1+—2—
M, +2U,

Al the optimum gain, neglecting the noise contribution, the cooling system provides
"signal suppression” of all signals by a factor of two. This fact is sometimes used in
adjusting cooling systems.

(b). Example: Fermilab Debuncher. M=9.3; U=2.8; h=0.05. Then
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1 1
—p = ———=0811
14 Mb 14233

T=
2 S
As noted above, we are not at the optimum gain, which, with feedback, corresponds to
By == =013
- %w ——123 +28
The cooling rate, including beam feedback effects, is

1 2wl pif
-N[hT > (M+U)]

T

9
=‘;":g, 0.05x.811~ 05’;8' (93+28)|=175 He
X

slighily smaller than the value obtained ignoring feedback.

B. Longitudinal Stochastic Cooling

Longitudinal stochastic cooling may be used in the collection ring to further reduce
the momentum spread of the debunched beam prior to transfer 10 the accumulation ring.
This process is similar to transverse cooling--except that pickup definition of “center” is a
little trickier. There are two techniques to establish a "central energy™:

(1) a dipole (position-sensitive) pickup located in a region of the machine in which
there is a ion between the beam's position and its momentum ("Palmer” cooling,

Fig. 21)
Beam

e x=DAp/p

——

dipole pickup
Fig. 21
Palmer Cooling

‘The analysis is very similar to the transverse case: in simplification where we assume
perfect carrelation at pickup and kicker between position and momentum, we get
1 w
=yl gM+U)
T4’ (3.69)

Note: both M and U now increase as Ap/p decreases, so the cooling rate will vary in a
complicated as the beam is cooled. The analysis is similar to that outlined above for
transverse cooling, with this additional complication.

2) a longitudinal ("sum") pickup measures the frequency distribution of the beam;
an electronic "notch” filier, which provides a frequency-dependent gain is introduced into
the cooling systesm. The filter "notch" can be adjusted to make the gain minimize at a
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frequency corresponding to the central beam revolution frequency (energy) about which we
want to cool the beam. (“Thomdahl” cooling, Fig. 22)

beam frequency
distribution
dN/df '

A derailed analysis requires a treatment along the lines discussed below for the stochastic
stacking system in the accumulation ring.

C. Other issues in the collection ring [32,33]

The transverse and momentum apertures of the collection ring often set the limit on
the antiproton collection rate, and so should be carefully maximized. The ransverse
apertures are generally limited by physical constraints, as beam dynamics does not play a
very important role due to the short storage time. The design of the ring lattice, and the
physical dimensions of the cooling pickups and kickers, must respect the need for
maximum transverse physical aperture. The momentum aperture may be set by the maxim
voltage available on the bunch rotation cavities.

IV. THE ANTIPROTON ACCUMULATION RING

The beam from the collection ring is injected into the accumulation ring, where it
will be stored for many hours. The injected beam is accelerated by a conventional f system
[34] from the injection orbit into the “stack-tail" stochastic cooling system. In this system,
the beam is "stochastically stacked” in longitudinal phase space (Fig. 23). Stochastic
stacking[35]. is a form of longitudinal stochastic cooling. It requires a more sophisticated
analysis than simply dealing with time dependence of the second moments of the
distribution. The Fokker-Planck equation is used to describe the evolution of the beam
distribution function.
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INJECTED PARTICLES STACKED PARTICLES IN CORE
W(E)}=dN/E | FROM COLLECTION »

RING/

E
E  Esg Ec
Fig. 23
Stochastic Stacking
A. The Fokker-Planck Equation
1. Particle flux equation

LONGITUDINAL
MOMENTUM
COOLING SYSTEM
STACKS THE BEAM
INTO THE CORE AT
ENERGY E,

A longitudinal pickup (similar to the loop coupler in Fig. 18, but operated in sum
mode) measures the energy of a sample AN of particles. The energy measurement is
accomplished by one or both of the techniques mentioned above for longitudinal stochastic
cooling. The signal is amplified and delivered to the kicker, which changes the sample's
energy by AE (Fig. 24). Particles are accelerated; the density increases with energy because
the process incorporates longitudinal stochastic cooling along with the acceleration
("stochastic stacking™)

The flux passing Eg due to action of a kicker delivering AE is estimated as follows.
AN = number of particles passing Eg= crosshatched area in graph

WERINGE], = eegpmecwaa. Y(Egp)
> AN=cross-hatched area

AE

Eg E
Fig. 24
Hlustrating the development of the equation for the particle flux
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The pickup measures the energy of a sample AN of particles at energy E - AE; the kicker
changes the sample's energy by AE. This results in a particle flux (@ = dN/dt) along the
energy axis

o= ¥ f(aB), - 22X f{(4EY),,

“.1)
in which f= revolution frequency, and (AE)__ = average coherent energy gain per tum =
€V(E), where V(E) is the voltage on the kicker. ((AE)') _ = mean-square cnergy delivered

to the beam per tum.
An explicit expression for the voltage V(E) can be given in terms of the pickup,

kicker, and amplificr parameters. We refer to the Joop coupler pickup in Fig. 18 above: the
sum voltage is

VelE)=ef 3. Z,(nw, E)Esplint—tpy)]
= 4.2)
The effective longitudinal impedance Z, is (28]
2,(n0, )= | B d, () Sin{ (@) IEspli( 5 - ()]
4.3)

The transverse sensitivity d,,(E) is given an explicit energy dependence. This comes about
because the pickup is often localed in a dispersive region of the ring. The energy E is
measured relative (o that of the closed arbit point through the center of the pickup. The
transverse sensitivity varies with x, the horizontal distance from the pickup centroid (see
Fig. 18); in a dispersive region, x=DE/Ey, and

4.,(s)=%m~' “.4)

in which Eg is the beam total energy, E is the energy difference relative to that of the on-
axis particle, and D is the dispersion at the pickup. Far off axis (for % >> 1), the

sensitivity falls off like d,(E)->— S Ll —-——] .This provides a mechariism

2h 2hE,
for shaping the gain of the coohng system to an exponential energy response, which, as
discussed below, will be required for the "stack-tail” cooling system.
The voltage delivered to the kicker is

V(Et)=¢ Z Z,(nw, E)Exp[mw(:—-—) inax,, Jg,(nw,E) (4.5)

Am—-

in which the amplifier gain g, (n®, E) also has an explicit energy dependence (such as
might come from a notch filter). L is the system electrical length. The voltage sampled by
the beam, averaged over many revolutions, is
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V(E)=ef iy 32,(n0, Elg,(n0, E)K, (n@)Exp{~inBye 2 = 2) “.6)

for np pickups and nx kickers. The kicker sensitivity (assumed to be at a zero dispersion
point) is
2Z,(nw,0)

R %))
V(E) is the coherent voltage which produces cooling. The exponential in Eq. (4.6)
expresses the "bad mixing” effect.

((4E)*)__ is the incoherent (heating) contribution. As seen below, this will result
in a diffusion term in the Fokker-Planck equation. Physically, it arises from Schottky
noise, electronic noise, and other diffusive mechanisms (such as intrabeam scattering) to
which the beam is subject. The Schottky contribution may be obtained by the same sort of
analysis as in the transverse cooling case. The mean square energy fluctuations per unit
time due to Schottky noise are

<[K%’I> = 22N Y n, 3|2, (n@, E)g, (nw, E)K, (naff nl

K,(nw)=

(4.8)
Writing the beam frequency distribution in terms of the enexgy distribution
Y(E)
‘{w) = p—ﬁl—-—
M2 4.9

a,
Here |nj= é The mean-square energy change of the beam per tum due to Schottky
P

noise is

2 -
((AE)z)m.&* z([‘_‘f.(__E_)L>T=e4f2 ggﬁﬂn,n, Z‘Z“{uw,E)gA(nw. E)K.,(nmf-’!;

At
(4.10)
Similarly, for the amplifier noise contributions we have
((Al::)’)mW =fR, i“%}m&n, ilgA(naJ, E)K“(nau['
4.11)

_eszo (T +T,)n, Zlg (”“)’E)Ku(”wd

2 Beam feedback
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As in the transverse case, the beam will form a closed loop with the cooling system,
providing negative feedback into the cooling amplifier. The amplifier gain is modified as .
follows:

8,(0.E)
o E ._.___.A__.__._.—_
O e @ Ep(@.E) @i

in which the feedback network analog is given in terms of an integral over the gradient of
the beam's energy distribution:

ploB)=iz, (0 B S faer 2%
b

(4.13)

This expression for g,(, E) should be used in the relations above to account for beam
feedback. As with ansift;ieedback sysum,md p&mphﬁa&fwdbwkmn mu::utswb;ns
designed to provide cient gain margin ty.; in this case,
mustbedonefuﬂlﬁequmm&mﬂwuyﬂmbuﬂmdth,fmaﬂbcammpuwxﬂun
the stack, and for all expected values of the beam energy density gradicnt. This requires

careful design, performed whit the use of codes.
2. Simplify assumptions to obtain a Fokker-Planck equation

We neglect beam feedback and "bad mixing”. Averaging pickup impedance,
amplifier gain, and kicker sensitivity over the system bandwidth W from fj to f2, we have

V(E) = 2eh(E)W
E) = [nne(2,(nD, E)g,(n, E)K, (n D)) @14
where the average is over the system bandwidth; and

N o zgﬂ,'f‘(E),,{[l}.( g2 2 PBHE) f],
(@8, =265 B0 2 i TG i BN
Combining the noise contributions gives

((AE)’)_‘ =2(AV(E)* W(E)+ D,(E))

4.16)
in which
Pﬁt ’_’:I ‘5.1 l
A = ¢2f2 ) 1
4njw* @.17)
and
D,(E)=c*R, %(T, +Tng 3 featne, XX, (noof
(4.18)
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‘The first term is due to Schottky noise, the second 10 system electrical noise.

Then the equation for the flux becomes
= feV(E)¥(E)- f(AV(E) V(E)+ D,,(E))%g— “16)
Use of the continuity equation
..a..z 4..?2 =0
& OE (4.19)
gives
a¥

3,—=—ef—(ws)m))+f [(AV(E) Y’(EHD,,(E)) )

This Fokker-Planck equation is required to describe the time evolution of the density
distribution. It is generally only solved numerically, because it is nonlinear in .
However, there are solutions of the static case( % =10), which are instructive [35].
B. The Static "Stack-Tail" System
1. Required voltage profile

We take DN=0 for simplicity, and np=ng=1. Assume coustant flux = input flux

fromu:ecollectornng(@o) Output flux goes into another cooling system (called the
“core” system). Then the flux is

(4.20)

@, = JeV(E)H(E)- S{AV(EY HIE)) o

@21
s0
a¥ - D, e
dE  fAV(E)W(E) AV(E) @)
The pickup voltage profile V(E) is chosen to maximize %
d¥ 29,
—_—
wlag)-o=vimr- THE)
¥ _efHE)
dE  4AQ, “23)
Solution:
E-E
-5
£, =349, _ /B, m[f ]
ef Wt LS 4.24)
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where E; = injection energy, ‘¥; = injection density. The maximum increase in ‘¥(E) with
energy which can be achieved is an exponential growth, with an energy scale Eg. In this
case, the required voltage profile is

20, (E-E
V(E)= =9 _4__..]
¥, E, 4.25)

This illustrates that the maximum increase in W(E) with energy which can be achieved is
an exponential growth, with an energy scale Eg. In order to provide this, the voltage
applied by the kicker system must decrease exponentially with the same scale factor away
from the injection energy. This decrease in voltage is typically accomplished by a
combination of the falloff in transverse sensitivity of dipole pickups located in dispersive
regions, and the use of filters.

2. Example: Fermilab Accumudator ring stack-tail system [36]

For the Fermilab accumulator ring, the beam and machine parameters are: 1) = .023;
f2=2 GHz; fj=1 GHz; W = 1 GHz; fxp = 8 GeV/c;®g=5x107/sec, 1/f= 1.7x106 sec,

giving
g,=% Iz]
[Aw* 1A
8x10° x5x10" x0.693
D et 2 7 M V
17210~ £.023510" ¢
Required kicker voltage at injection: (‘¥=5/ev)
V(E;):-zl,9-=34 volts

The energy scale of the whole stack is set by ﬂ‘w required density gain:: for a density
enhancement of 5x10%, we need
mwz%ﬁwsno’ =131
i 4
. E.—E =131 E, =92 MeV
Fig. 25 shows the stack density profile for the Fermilab accumulator.
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C. The Static "Core” System
1. Longitudinal core cooling.

The accumulator core is a longitudinal cooling system into which the flux from the
stack-tail system is deposited. (See Fig. 25). In practice, one of the major limits to the
operation of the stack tail system is the perturbations which it produces in the core. These
may be either longitudinal or transverse (the transverse effects are caused by small
misalignments in the stack trail kickers). Substantial care in pickup/kicker design and
implementation is required to reduce such effects to a manageable level.

A dynamic description of the interaction between the core and the stack-tail requires
numerical solution of the Fokker-Planck equation. However, a crude analysis can be made
of the sitation after the accumulation process using the "stack-tail" ceases. This will occur
when we have reached the required total number of antiprotons ( about 5x101! for the
original Fermilab design [37); see Fig. 26)

6 STACK CORE AFTER
Log ‘¥(E) CESSATION OF STACKING
(antiprotons/eV) 3
4
3
2
1
o
-1
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Fig. 26



Core longitudinal density distribution
In this situation, the input flux is zero and the density is stationary in time.
The equation for the flux gives:
d¥
0= feV¥ - fD,—
JeV¥ = IOn g (4.26)

where we have assumed that the system noise dominates over the Schottky noise, and
xghctedd»huu.lnpracﬁce.intw)um ing is one of the dominant contributors to
the heating term Dy, The "core cooling™ system ( must be physically separate from
d'mmsyﬂcm).mamdmwhwwmdymomemblma
voltage

dav
V(E)=~——(E-E,)
T 4.27)
wm&wlhemuﬂewgyofﬂnm and E is a constant. Thea the equation for the
flux gives

d¥v

——-—(E EME = —
D, dE ¥ (4.28)

_ 2
wm_sv,m[ I, 45‘5 E)] )

This corresponds 1o a Gaussian density distribution with an rms width

((aey’)
o= 1= a
\L; Y a4

which has as a solution

(4.30)

The Fermilab system [37] has o, =5 MeV.
2. Transverse core cooling.

The core also requires a transverse cooling system to reduce the transverse
emittance to about 2x mm-mrad, required for the final beam to be delivered to the collider.

In addition, this system is useful in controlling transverse perturbations to the core

cnuuawecansedbythsuckmlsymu the collection ring system, this system

does not require rapid cooling.
Example-Fermilab accumulator core transverse cooling system{37). The

parameters are 1) = .023;Ap/p = .0005 (this is the final result of the core cooling process; T
= 1.7 psec (same as the collection ring), W = ZGHz.'lhen

M= !

=13
9 -
2‘”1,19‘;2 2x2x10 xl.'lxlo x.023x.0005
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The mixing is "poor”. For N=5x 10! lparticles, and with a noise figure of Ug = .5, the
cooling rate at optimal gain is

2;10’[ 1 ] y
= L ]=3x10" Hz
Sx10" L1350

1, =09 hrs

An initial emittance of 7xmm-mrad from the collection ring would be reduced to 2x mm-
mrad in about an hour. This is acceptable, since the accumulation time is typically more like
10-20 hours. The asymptotic emittance is

U, . 5

— =7y -~ mrad
°M+20, B+l

=0.25x mm — mrad

€. =€

D. Other issues in the accumulation ring

Although by far the dominant issues in the accumulation ring relate to stochastic
mlmgiﬂmcmdwnunmu‘dmcwvemmdmhﬁphymnm These are
generally those associated with an quality storage ring. They include single particle

and collective stability considerations; dynamic aperture and Resonances(this is a
particularly difficult because the stack covers about 1.5% in momentum) ; intrabeam
xmnngmmdmmgmuomofﬂnmmhmmmmbngmdmaldam&y In
addition, as with any Mednepnvcmbummtrﬁngofmsldmlgasmmﬂn
potential well of the negative beam can be a non-lincarities associated with
the ion cloud electric field can drive hi resonances and cause emittance growth.
The methods for dealing with this include the use of clearing electrodes and “beam

shaking" [38].
E. Unstacking

In order to use the antiprotons in a high-energy collider, they must be efficiently
extracted from the core. In the Fermilab system, a harmonic 2 «f system is used, with one
of the buckets "suppressed”. Beam captured in the other bucket is decelerated to the
ixgwu%mmmmmmmumfawmueamwmm[m
(Fig. 27)
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Greal care in emittance preservation during the transfer to the collider is crucial.
Careful matching of all transfer lines, and sufficient aperture for close to 100% cfficient
transfer, is required.
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