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I. INTRODUCTION 

Fig. 1 illustraleS grapbically the basic str\ICtUIe ofao aotiprolon source[1,2.3,4]. 
and lists its major technical issues. 'Ibis desaiption wiD empbasize these major issues. 
which are generally unique to amipfoCon sourc:r.I. Maoy conventional accela'alor physics 
issues, associ_ wilh the beam transport lines and die coIIedioo and aeaunulalioo rinp, 
will not be discussed in detail in die interest of brevity.

In Fig. 1 and Ihroughout this article. the Fermilab aotiprOlOO source[2.3] wiD be 
used as a specific example to illusUaIe the priDciples. 

Taqe& Leal 

AcaunuIatioD rine: 
IIi&b fllUllity stonae 

~ period: ll-14 
IIoun

Proton Source: 
Rapid cydiJll, hi. enel'J)',.hi. inteDllity pnton
synchro&ron; cycle period: 1 
IIeCOIIIdI 

~ teduIicaIissues: 

(1) antiproton pnducCion and coIlecdon 

(1) antiproton beam density enbaneemen& (duouab ltocbasdc 
coobI>. 

Fig. 1 Basic components of an antiproton SOW"ce (Fermilab energies) 

II. ANTIPROTON PRODUCfION AND COLLECflON 
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The basic elements of me antiprolon productioolcollectioo sys1ClD 

Fig. 2 shows schemalicaIly me principal elements of me antiproton production and 
coUeaioa system (5.6.1,8,9]. AatiprOlOll production will be covCJed first. 

A. Antiproton pnxluction 

1. TnlllSVerse p/one COIlSideratiOftS 

(a). Prodw::tion cross section. Antiprotons are produced in higb-ener1Y p-nuc1eus 
collisions. 1be kiuetic CDel'IY ofme hi&h-ener1Y proIOO is converted to madCr-antimauer 
pairs in me reaction 

p+ nucleus-> p +nucleus· + (p+ p) +other hadrons 

The production of antiprotons is conveniently described in terms of the differential 
yield. 

d"y 1 d"a 
dpail = a... dpail (2.1) 

in which a... is me proton absorpUon cross section in me target, and ::a~ is me 
differential anti{Koton production cross section. The forward yield rises with proton 
eRCflY. For a given proton energy. die forward yield rises with antiproton energy 
toa peat or plateau (10,11,12]. 

(b). Antiproton phase space density: thin target approxbnotion 
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Fig. 3 
Parameters used to describe die intttactioo ofa (M'OlOIl bunch with a short target 

Fig 3. defines some quantities involved in the interaction of a proIOD bunch with a 

very slat target The number of aoUproIOnS produced pa- proton bunch OIl target is 


[ CPa ] &[ CPy ]liN; =1iN,&n. Opd{J,dO..,dO,,dp =1iN'T iJpO{J,dO..,dO,.dp 
(2.2) 

in Which 

.t=_I
n.a.... (2.3) 

is abe proton absorption length in the target. For a proton beam with a finite extension, but 
with zero divergence at the target 

liN, =pJh,dy. (2.4) 

a1N 
where p= ~ is the proton density distribution in (x,y) space. The antiproton density 

distribution in phase space per Wlit momentum. pa- Wlitlargel length. is 

0202p = D4Np =2.. 02y 

iJp« dpik dxoO"iJyOO, .t dpoD (2.S) 


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

= N {{x2 +-y2]}p(x yJ --.:..:.L-Exp 
• 2M..a, 2a; 20; 

(2.6) 

with ax, (ay) the nos x(y) beam size on the target, and a differential yield whose angular 
dependence is also Gaussian (with nns width (8). 

CPy ""dY_I&J-(O;+O:)} 
dpiKJ dp 11:0; 1 0; 

(2.7) 
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the antiproton density is bi-Oaussian in x,y,9x, and 9y: 

if - dY N, IlrJJ0; +0; Xl y2]}
dpik,p(X,y,O..,O,J= dp 2.ta..a,ra; ..-p11. 0; + 2a; + 20-; 

(2.S) 

The nns production angle oe = PiP decreases roughly lioearly as abe antiproton 
energy increases, since PI is roughly constant at a few hundred MeV (cbaracterislic of the 
momentum transfer in badronic processes). 

,on 
in (~) wgel 

1an A=~-
Doa.... 

producIiOll yield p/stK:ntlJiaolGeVld IAl2y dY
protOn . = 

dpd{l..o dp 

oe 

10 p 

an ax.Oy 

osee at 

4E 

-x,Ay 

c It 
.ea. 

Eumple parameters reWed 10 antiproton production:(FermiIab antiproton source. original 
design[SD 

For example, in Table I, the design parameters for the Fennilab antiproton somce 
are given. Using these number. the fOfWard antiproton transverse phase space density at 
production is roughly 

4 

" •' 




~- _[dY_I_]-.!!.t.
dpd2;P(O,O,O,O)- dp 1teT, A2A'a..a, 

=o.l18.d0"" 2 Sx10
10 

-300 antiprotons 
. IOx2A'(o.4i ("",. -lIII'rIdi(Ge¥ / c)cm 

(c). Antiproton phose space density: thicIc target We allow the target to have a finite 
thickness. and consider the total number of antiprolOOS produced, integrated over all 
Iransvene phase space. The iDterIction Jeaath iD abc IalJCt for protons is given in Eq. (2.3); 
for antiprolOnS, 

- 1
A=- (2.9)",a. 

in which a. is the aotiprolOO toIa1 abscxption CI'OIS section iD the target. The total number 
of antiprotons per unit momentum produced from a tarpt of Jeaath L is then 

~= UP(-'!I-upfwL))dY N 
tip . wA tip , 

(2.10) 

inwbich w=..!..-.!..and ,=!.Fcrtbecase r =A,
A A A 

dN-;tf') dY 
= tip N, ,exp(-,) 

(2.11) 

This maximizes at t =I, or L =l: aone interaction length target. From Table I, for the 
Fermilab design. we have for the toIa1 ratio ofantiprOUlos produced per proton 

1 dN- ~~Y
_--L(,)=A'o! 'UP(-')
N, tip dpdlJ 0 

=A'(.OSOl(.118)(0.S)up(-o.S) = 28.dO'" antiprotons 
proton (Gn/c) 

For the Fennilab design. the accepted momenlwn bite is about 0.36 GeV/c, and the 
coUectioo efficiency is about 10 percent. leading to collected antiprolOll-to-prOlon ratios of 
about to-So 

The antiproloo phase space density will depend on the transverse size of the 
incident proton beam, the IeIlgth of the target., and the angular distribution of the antiproton 
differential yield. To iUus&rale the latter two depeadcncies qualitatively, consider Fig. 4 to 
7. 
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Fig. 4 

Sbarp-cutoff model for antiproton production aoss section dependence on Ox 
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Rays from tbreepoints in the target, in pbysical space 
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Fig. 6 
Rays from Fig. S, in b"ansverse (x) phase space 
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Phase space at target center 

ex 

80 
x 

Fig. 1 
Transverse pbase space.of Fig. 6. projected to taract center 

From the figures. it is seen that a finite length L taraet causes an effective source size for 
the antiprotons oforder LaeI2. Because of the shape of Fig. 1, Ibis is sometimes referred 
to as the "buUafly" etJect. The finite size ofdie ioddent II-'OIOD beam will result in an 
additioaal effective sourc:e siz.e of order Ox (at amall8x.>. Typically. CJa« LCJef2. For 
example. from Table I, LoW2 =SOxO.sn mm = 1.15 IBID, but Ox =0.4 mID. The dominant 
caotribulion to the effective IIlI:iproUJn source size is that due to the finite target length. 

An exact result for the antiproton phase space density from a thick target results 
from asolutioo to the tra.o5p(Xt equatioo. 'Ibis equalioo (neglecting multiple Coulomb 
scaaeriD& in the target) is 

- -- - -.E!... d 
2y~+8.vp+f- 1 dpdDik (2.12) 

For a proton transverse density (round beam: Ox:::Gy="5t) 

P(X,y.Z)=i::&P{{x 
2;,r)}u,(-f] 

(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- 8 8 dY N, 1;'_1-(8: +e:) L}8dpP(.I••,y. ,) tip 21:r.ra,a:~tf. +tf, l a: +a.(x.8•• y. ,.L)-I 

[Eif(a,(.I. 8"• .,.8,. L))- Eif(~(.I. 8". y, 8,. L))] 
(2.14) 

in which 

a.(X,8;r,y.8"l)=~[(wari -w(.I8 +y8)- wl(82 +fi) (X8,-Y8;ri]
8" +a, 4 ", 2 .It, IT, 

(2.15) 

7 

I [wa x8 +.,8 l ]~(x.8"•.,,8,'l)=~ 2-~+-(B!+8:)
-va" +8, a, 2a, (2.16) 

1 [wa x8.. +.,8 l ]a,(X, 8",."8,,z)=~ .:.:...::..c.._~ __(82+82)
If +tf.. 2 a 2a" 1 
"1 " (2.11) 

The density in (x. Ox. ) phase space is 

p(x.8,,)= jd8, jd)j)(x,8",y,8,) 
(2.18) 

The result is 

i!.p-( 8)- dY ;;; u1-(~)+..L[(wa,l- 8 _ WL82]_!.}
X," ,1ft 21 Ira. 8 fT. 82 4 WX" 2 " 1tip 

"" ." ." 
[£.1~ x ~] E'.1~ ~]].I'Jl 28" - a, - 2a, -'-"Jl28" - a, + 2a, (2.19) 

This is contour-ploUed in Fig. 8, for the parameters given in Table I. 
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ContOW'S of CORSIaDt antiproton phase spice density for the example of Table I. 


The density is modified mostly at small x due to the finite size of the proton beam, and falls 
off at large theta due to the Gaussian dependence of aoss section on angle. 'The bulk of the 
density lies within the area KDxCJ&. 'The central density, for r =1, is 

.!!p(-0, 0 0 0, 'J=dY N,'up(-,J 
tip , • tip rcr,cr, (2.20) 

The number of antiprQ(OOS per wtit momentum per bunch collected into the 
colleaion rills is then 

~= I .!!"Plx,y,8",8,JdA"dA,
tip A•• A, dp (2.21) 

in which Ax, Ay are the areas in x,Ox,y,Oy phase space which the transport system and 
coUectioo 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 technique is to use the density 
distributions as a sampling basis in a Monte Carlo ray tracing calculatioo 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 PlI.,Pythe phase space density as a 
functioo of amplitude is 

.!!_ _ dyExp{-I
L 

J 

dpp(a",a,J-8N,tIp Aa:cr, 


j 1u{{·:jI#q))H~ f,(q)'-~]I 
odTJ J;',•.J{a:p,fY(fl))]/o[5A. f,(fli _4ei; ]

2l 2cr, 2ei; p,a; 
(2.22) 

in which 

fl1 +!!2 
f •.,(flJ=l+~P!, (2.23) 

and the amplitude variable ax is related 10 x and 9x by 

2 
1 x 2 

a.. = P.. +P.. 8.. (2.24) 

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 maximum "acceptance" 8m 
and the same Pfwlction at the target (see Fig. 8), then the result of this integration gives for 
the yield 

dN dY { L]=.:L=N -,exp(-, I-H(r,s'RJdp , dp flo 
(2.25) 

where 

l
2CoSh(£~g(qi -4r 1

2 J 2r 
2' _'Blq s' '-4r'H(r.U)=;{dqu{ 2r +~BI~q~4r' sm{2r 

) 

~Blq) ) (2.26) 

In this expression 

s= a. (2.27)
tie 

where 

a; = a,a, (2.28) 
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is the cbaracteristic emiltal1ce ofabe source; and 

r;;:;A. 
p. 	 (2.29) 

where 

II !!L. 
1'. == 

(J'•• (2.30) 

is the cbaracaeristic aspect ralio ofthe source. and 

1
g(q) == 1+r- +q2r

(2.31) 

For very large s. H(r, .I,:.) ->0. and we !egain the fOl'lDUla for me total integraaed yield. 

For finite S. the yield depends on the parameters S. r. and :.. Fig. 9 below shows the 

dependence ofme quantity [ 1-H(r, .I, ~)] on the parameter s. for three values ofr. and 

for a typical ~ =5 cmfl.5 mm. 

0.1 

0.08 

0.06 

0.04 

0.02 

0.2 	 0 •• 0.6 0.8 

Fig. 9 

[1- H(r, .I, :.)] vs. s, for 1'=1.0.0.5, and 0.2. The upper curve is for 1'=1. and the lower 

for 1'=0.2. 

For the Fennilab example, we have sOl = 28 mm-mrad, and for the acceptances given ~ 

Table I. s is about .85, and [1- H(r,s, ~)] is about .12 for 1'=1. Fig. 9 illustrates the 

strong dependence of the yield on r: as Pincreases from the characteristic source aspect 

ratio Po (about 7.5 mm for abe fennilab example). the yield is diminished rapidly. The 
collection lens (discussed below) is critical to achieving abe optical march requirr.d to 

establish abe proper value of P-(io. The acceptance. which also determines the yield, is 
established by abe apertwes ofabe transfer line and collection ring. 

The raIe ofantiproton production per Wlit momentum per second is 

dN- .dN-L=BC-L 
dp 	 dp (2.32) 

in which B= number ofbWlChes per cycle of proton synchrotron and C= number of 
cycles/second of the proton synchrotron. For the case ofFermilab. B=80 and C=O.S Hz. 
Ieadiogto 

dN-	 ·dY I L ]-.=N,BC dp '&PI-'ll- H(r,s, p/ 
== SOxO'5x2.8.r10.... xo.l2x2. Sx 101&x3600 antiprotons sa L2xl011 antiprotons 

",. (Gev/c) hr ((ley/c) 

(d). Target material limitations (13.14J. The ena-gy deposited in the target per cycle 
by the prokIO beam. per Wlit mass of target, is 

~={!dE} BN, 
m p dx tU1"a, (2.33) 

From Eq. (2.22). the phase space density is proportional to hence. to obtain 
alta, 

more antiprotons. one wishes to.maximize ~. The energy deposited in the target 
m 

causes the WCet's temperature to rise each cycle from T to T+AT. in whicb 
E T+1iT 

~= Jc (T")D' 
m r ' (2.34) 

where Cp is the specific heat ofme wget. If~ exceeds about 2()()'300 Joules/g, the 
m 

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

, 	 E.-......l 
shoct, and so they can be operated at higher values of -==- than tungsten. 

m 
This problem can be overcome to some extent through the use of a "beam 

sweeping" system [151, which scans the proton beam'across the ttqet during abe beam 
pulse, to !educe the peat energy deposition. To avoid an increase of me effective source 
size. me coIJection optics must also be swept in synchronism. 
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2. Longitudinal plane consideratiotu [16J 

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

H-p, • ---L- (2.35)
a,4E 

will be maximized with a small value of a,. A bunch lengthening and rotation in 
longitudinal pbase space in the proton syndlrotroo. just prior to extractioo. is performed to 
reduce the value of a, for the beam delivered to the targel. 

The usual practice is first to adiabatically lengthea the beam on a flat top of the main 
synchrotron. This Oat top lasts many syncbrotron periods. and occurs just prior to 
extraction for antiproton production. The d vokage is reduced adiabatically from VI =V IDJD. 

to V2=V1IIia. As a rault, the buacb is Iengtba1cd and die eDa'gy spread is reduced. (Fig. 
10) 

Reduced. bucket (30 MeV);
Initial bucket (330 MeV); Vl= 4 MV V2=30kV 

4E(MeV)~ 

& (nsec) 

-100 
I 

Fig. 10 

Adiabatic bunch lengthening in the proton synchrotron 


The numbers are exemp1aly of the FermiJab Antiproton Source 


Then, the RF voltage is snapped rapidly back from V2 to VI, in a time very short compared 
to a synchrocron period (Fig. 11). The now-mismatched bunch rotates in the new bucket 
Ifail was the original rms time spread of the proton bunch before the bunch lengthening, 
then the final time spread after the bunch rotation is 

a, ~a,.[~1 

(2.36) 

I 

The beam is extracted at this point; the factor [~ris typically in range of 3-4. The upper 

limit on VI is determined by the voltage capabilities of the proton synchrotron RF sysaem; 
the lower limit on V I is limited by beam loading effects which become important at low 
voltages. and possibly also instability effects due to the small value of the DlOIDeIltwn 
spread present just before the bwlch rotatioo.. Additioo.allimitations arise from the natural 
noo-linearities of the rf dynamics, which have been neglec1ed above. 
The beam transported to the target will bave a momentum spread incteased by the factor 

I .[~r, and the beam transport line from the proton synchrotron to the target. in particular 

the final focus to a small spot on the target, must have sufficient chromatic bandwidth to . 

deal with this momentum spread. 


Particles follow 


-5 :-2.5 & (osee) 

-100 , 
Fig. II. Bunch rotation 


The numbers are excmpWy of the Fennilab Antiproton source. 

The final time spread is Gt=O.15 osee. 


B. Antiproton collection 

1. Tron.sverse plane considerations 

The strongly divergent beam from the target must be focused into a parallel beam. 
Fig. 12 illustrates the m.ismalch problem. 
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Source emittance 

Collection ring 
acceptance: 
Ax 

x 

LcJW2 
Fia·12 


Wusttalion of mismaIch betweca IOUR:C of antiproIons and typical acceptance of a 

coUecIioa Jin&. 


The mismarch is COI'reCted with a SIrooJ axisymmetric IJUl&DCtic lens pIKed imD)l'!ttiatcly 
after the waet. (Fig. 13) 

f 

r=f8 

Magnetic lens: 

axisymmetric azimuthal field B 

length I 


Fig. 13 

Axis)'tllllletric magnetic lens 


The transverse kick delivered by the lens 

P, =eJBdI (2.37) 

which gives a deflection angle: 

6=.8.= eJBdi 
P P (2.38) 

For axisymmetric point-to-paraUel focusing, we require 6 oc r => B= Gr. with G=lens 
gradient. 10 the thin lens approximation the lens focal length is 

/=!.=_p_.L 
6 eJGdl eGl (2.39) 

Beam 
Target Transport 

I ~ 
20x I I 

{-t+ ; 2ag I 2Ro~ :: 

... .......... "'1 

I I 
I 

I 
First principal plane Second principal plane 

Fig. 14 
Thick lens and larae&, showing focal length 

Fm' a lens of thickness l, the focal length (Fia. 14) is 

1 
/ ... -.:riTan(p:) (2.40) 

in which 

i=eG 
P (2.41) 

and 

p: =..[£1 (2.42) 

Fig. IS shows the action of the linear lens in transverse phase space: 

Xl = G9'..Jtsin(..Jtl) 
I~ -oa 

LENS ArnON => 

x 


x 

8f:(Lo0J2Ntsin(..JtI)I 

ltJfI2 


Target 

center Second principal 


plane 

Fig. 15 Leos action in phase space 


Referring to Fig. 15, from the requirement thal Xl "" Ro. we have that 
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a, 
~ '" :.[iSin({il) (2.43) 

which sets the lens strength k to collect an angle as. for a given length I lens of radius Ro. 
An additional requirement m die stR:ngth of the lens is related to the laaice function 

P" required for matcbin& into die beam UIDSpOItIl the seoond principal plane of the lens. 
From Fig. IS, 

x 2 
.::::J...=--ILfJ

I" S. w;".2(,yll) 
(2.44) 

If the beam ttanspon optics deIe.nninea PI. Eq. (2.44) may be c:mside:red an additional 
condition on k which. togelba' with Eq. (2.43), detenoinca both k and Ro. Alternatively. 
if Ro is fixed. for ex~, by lens engineering coostraiDt.s. Eq. (2.44) may be c:mside:red 
to be all18f.Chioa coodiboo for the II'BDSpOlt optics. 

Axisymmelric: focusing lenses which have been used include lithiwu lenses. bcxns 
and plasma lenses. In all cases. addiliooal important considerations include minimizing 
anliproCoo absorpUon in the lens material (whicb is wbal motivates the use of lithium, the 
lowest density conductor). reducing mubiple Coulomb scattering which win iDaase the 
emittance (again favoring low-Z JIIIteriaIs). and obtaining reasonable good (1*') 
quadrupole field quality. 

The transpM line from the lens to the collection ring generally may be designed 
using standard beam line design practices. Malching of the opIical functims is critical for 
high efficiency collection. The major unusual feature is the need for relatively high 
bandwidth (typical collectim rnomentwu spreads are in the IlII1ge of3*,; see below). This 
may necessilale the use of se.x.tupoles in dispersive regims 01 the transpOrt line. 

2. Longitudinal plaM considerolion.s [16J 

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

The antiprofOD bunch from the production target wiD have the same time spread as 
that of the proton beam. called Ot above. 
This bunch is injected into the colIectioo ring. in which the rf voltage is sufficiently large to 

accommodate the full energy spread AE from the target. The bunch is mismatched (see Fig 
16) and rOCateS in the bucket. 

~(MeV) 
Bunch from production target 

Panicles follow 
phase-space trajectories 
along ellipses with an 
aspect ratio 
determined by V 

41 (o.sec) 

Bucket matched 
to rowed bunch (V=7 kV) 

~ 
WE:: 
0.16*, 

& (nsec) 

Fig. 16 

Bunch rocation and adiabatic debunching in the coUection 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 rfvoltage is reduced to zero and the beam is adiabalicaUy 
debunched. If the entire process preserves the longitudinal emittance, then, we have, 
approximately 

T.
a,AE=-R..AE,.

2B (2.45) 

in which B is the owuber of bunches injected into the coDection ring, To is the period of the 
collection ring. and AE"" is the fmal fuD energy spread of the debunched beam. If 

dEJIIo =2a,Mill < (AE).. 
To (2.46) 
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in which (4E).=tbe full momentum acceptance of the nex.t (accumulation) ring, then the 
limit on the system momentum aCcepaance is the beam lindcollection ring momentum 
aperture, 4E, and the total Dumber of antip-otons produced per cycle of the proton 
syncbrotroD is just 

dN- dN- dY I . I { I ]--L.B--LAE=B"£,~ --"'-1-- I-H("'$-)dC tIp_.' dp .l """'Y'..a ' , Po 
(2.47) 

B is not really a free parameIet, because me bundles must fit into the circumference of the 
collection riDI, wbidl n:quUa 

B <!!..• 
To (2.48) 

in which h* is the barmooic number, and T; the period. of the proton synchroUon. Hence 

dN- • dY I I { I ]--L. hfoTo4EN, --:;Expl--:; 1-H(r,s, 'R) 
dC tip A A 1'0 (2.49) 

In this case, the dependence on the decails of the bunch 1eag1h manipulations in the proton 
synchrotron and the coUection rin, do DOt appear. 

If, on the other hand, 

AE.. >(AE). (2.50) 

then the limit on the system IDOInel1lum acceptance is set by (4£).. and the total number of 
antiprotons produc:ed pet cycle of the proton synchrotron is 

dN- dN- T. dY I I { '} T.--L.--L(AE)•..!.!L=N,--Expl-- I-H(r,s,-) AE)• ..!.!L 
dC tip 2a, tIp.a.a Po 2a, (2.51) 

The production rate depends on the transverse parameters, on the time spread at ex.lraCtion 
of the proton bunch in the proton synchrotton., on the efficiency of the lonptudinal cooling, 
and on the energy aperture on the ac:cumuladon ring. This is generally not a good situation. 
In practice, if this is the case. ooc may employ fast lonptudinal stochastic cooJing(sec 
below) to further reduce the momeolUm spread of the debunched antiproton beam prim- to 
transfer to the ac:cumulation ring. Wltil AE ... becomes less than (AE)•. 

10. THE ANTIPROTON COLLECTION RING 

Antiprotons from the target are injected into the collection ring. After the bOOCh 
manipulalions described above. the debunched beam is cooled transversely (and 
Ion&itudinally) to prepare fm- transfer into the limited acceptance of the accumulation ring. 

A. Transverse Stochastic Cooling 

1. ConceptualdiJsign: general results. 

Fig. 17 illustrates the basic scheme [17.18.19.20.21,22.23.24,25,26]. 

ncr~I®I~~ 

DIP()LE~DIPOLE
PICKUP KICKER 

t A CENTRAL- ~ /&x. ORBIT x.-, ~TRON 
't OSOlLA'DON 

~:U!~ 
Fig. 17 Transverse stochastic cooling 

The pickup measures the offset x. from the reference lrajectory of a sample of the 
beam; this sipal is sent to a kicker, located an odd multiple ofbeIaI:ron quarter-
wavelengths downstream. The kicker delivers a kick Ox to the sample. This kick causes the 
position at the pickup on the next twn to be (x-p), where g is called the "system gain". 
For such a system, in terms of g, the cooling rate for the transverse emittance £ is 

..!..= W[2g_g l (M +U)] 
t, N (3.1) 

in which W =system bandwidth, and N=number of panicles in the ring. The "noise-to
sipal" ratio is 

6iJS;"N _u. !9.. 
U= 'R - 0 E 

WTI'I'fIE (3.2) 

where Uo is the value ofU corresponding to the initial emittance £0. ~!.. is the ems system 
noise. measured as a position error at the pickup. T is the revolution period in the 
accumulation ring. and PPU is the beta fw1ction II the pickup. The mixing faclm" M depends 
on the longitudinal beam density 

M(co) n;{l;(co)1n2 
W (3.3) 

in which f= Iff is the revolution frequency, and the lonptudinal density is 

1 dN
;(1'.0):::-

N dco (3.4) 

For a rectangular frequency distribution, with a full spread 4lOin the beam, 
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I 
(3.5)~(t»). 4t» 

and 

12 1n2M--
2W4f (3.6) 

Ideally. M -I, but this is not always achievable in practice. IfM» I, the mixing is said to 
be "poor": it tabs roughly Mturns fw the beam &ample to become renewed. Cooling is 

ooIy possible fw g:S _2-; 'The alOIin& calc maximizes at the opaimwn value ofgM+U 
1 

g.= II+U (3.7) 

fw which the cooling rate is 

1 W[ 1 ] 
f'c =N M+U (3.8) 

With the appropriate value for g. cooling is always possible, no matter how large M 
and U are; however, the rate is inversely propcx1iooalto the swn ofM and U. Note that the 
"noise-to-sigoal" ratio U (Eq. (3.2» is a functioo of the emittance, and increases as the 
beam is cooled. The cooling rale, which depends 00 U. decreases, and there will be an 
asymptotic value of the final emiuam:e to which the beam will finally c::ooI. 1bis is given by 
solving the following equatioo. for the asymptotic emittance E.: 

: =:(2g - l [M+UQ~])=O 
(3.9) 

The result is 

E_=~=~ 
E~ 7g-M M+2U. 

(3.10) 

where the last result follows if we use g= g.". It is clear that we want M»11o to achieve a 
small value for E•• 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 to the optimwn 
gain at all times despite the inctease in U. 

2. Single-particle cooling 

(a) Coherenl cooling ltJIe. Consider just me particle in the ring, undergoing a 
betaI:ron oscillatioo with amplitude x at the pickup. The kicker delivers a kick angle Ox to 

the particle. where the proportionality between xand Ox. and the appropriate time 
synchrooization, 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. 

40r1: 

II. 
Particle  ...t-----'! 

..., 
trajectory - - - - - - - - - f -h_ - - Pickup centerline Time of x 
anival at PU: 
t. Revolutioo ----, 

periodT L 


~ 
Fig. 18 


Loop(stripline) coupler beam pickup (kicker) 

length 1, width w, gap h; 


Ito =output impedance (typicalJy 50 Q) 

q,=cbarac1eristic impedance ofthe transmissioo line 


1=ll4, where f=cJ). 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 ZJ.(t») 


ZJ.(t») = ~RoZL d(O.O) Sin[8(t»)JExp[i(!!- 8(t»))} 
2 h 2 (3.11) 

in which8(t») ... CIJl and d(O,O) =2Tanhr~J is the on-axis transverse sensitivity. 
c 2h 

Summing over the harmonic structure (betatron sidebands) of the beam, the voltage from 
the pickup due to me particle is 

V"At)=~EfJl'U ef l:ZJ.({n±Q}t»)E:rp/i{n±Q}t«-int«l'u±ilfJ2 p __ 

i (3.12) 

in which £:::emittance of the particle, fJl'tJ =beta function at the pickup, I = ~=revolution 
2. 

frequency of the particle, tpu = time ofarrival of the particle at the pickup, Q=betatroo tune 

of the particle, and 'tf=betatroo pbase of the particle at the pickup. 
Typically a number np of pickups is used, and the power is swnmed into a signal 

combiner: 

Pl'u.:;:(t) = nI'Pl'u(t) (3.13) 

The total Voltage is 

Vl'u,X(I) = ...jn;Vpu(l) (3.14) 
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This voltage is amplified (multiplied by gA(Ol), the amplifier gain function) and delivered to 
the kicker after a time delay of Uc, wbere L is the electrical length of the pickup:amplifter
kicker system. For a harmooically varying pickup voltage, the voltage to the kicker is 

L ' 
U~(t) oe 8A(lIJ)Vru(fl))&P(-illJ(t --)) 

c (3.1S) 

The relationship between the voltage applied to the kicker UK ( lIJ;' and the kick angle which 
the particle receives 8.(1), is parameterized in tenDS oflhe kicker sensitivity Kj.(Ol): 

8 ()oe eU,(lIJ)Kj.(OJ) ,..-.-1-'8) 
• 1 fJtE ~ I 

(3.16) 

for a harmonically varying kicka'voltage U(Ut)Exp(-iG'l). Here Pt is the panicle's velocity, 
and E its energy. The stripline kicb:r seo&idvity is 

Kj.( lIJ) = &2d(O.O)~SinI8(OJ)}Exp[-i8(lIJ)}
~:i~ IIl1J (3.17) 

The total kicker voltage UK is divided through power splitlCl'lto feed IlK kicka's. Each 
kicka' receives power 

PK.•(I) = PK(I) 
n~ (3.18) 

and thus vol. 

U (I) 

UK,.W=T. (3.19) 

The total coherent kick is then 

8.(1) = e2f.J~::un,n:r I F({n ±Q}lIJ)Exp[i{n ±Q}lIJ(l-.!:)-in8ru ±i,,}jE .__ c 
i O~ 

in which 

F(lIJ)=8A(lIJ )Zj.(lIJ)Kj.(lIJ) (3.21) 

This kick is sampled by the particle as it passes through the kicka' at time t, at which its 
betatron phase is "+,,,~, wbere "n is the betatron phase advance from pickup to 
kicker. The emiU8nce change &om this kick must be averaged over many revolution 
periods, and also averaged over a random distribution in the initial betalron phase Vat the 
pickup. 

Finally, one requires aiming synchronization between the pickup and kicker (Fig. 
19). 

~KQ~~ 

Fig. 19 

Timing synchronization condition: 
EIearicaI delay time (neglecting dispets.ioo) =Uc 

L=system elecbicallength 
If 8PK =azimuthal angular diSlanCe aIoog the ring from pickup to kicker, then the timing 
sync:broDizalim coodilion is 

8 L
(1'-1 )==.J:L=_ 

ru lIJ C (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 f~ the mean frequency of the beam: 

_L
8rK=lIJ

C (3.23) 

Then ~lIJ =lIJ -lJ is the deviation of particle's frequency from the mean of the beam. The 
phase and time averaged emittance change produced by the cooling systaD, with this 
condition applied, is then 

(.:1£)= e2fe..Jr-=fJru-2fJ-=-~-n-,n-:r I(+i)F({n±Q}lIJ)Exp/+i"n- in8n ~)
2fJ E .___ lIJ 

j 

i (3.24) 

From the average emittance change, the coherent ("single-particle") damping rate is 

.!.=_(~E)=e2f2..JfJr"fJ~n,n:r i'(±l)F({n±Q}lIJ)Exp/+illl -in~!,8 } 
l' ET 2fJ:E £:. Tn lIJ r~ 

i (3.25) 

(b ). Phase requiremenl3. Suppose that 4ro =O. We want the real pan of 
(±i)F({n ±Q}lIJ)EKp[+i" rK) at each sideband to be positive to get damping. 
Take 

F({n±Q}lIJ)=AExpli,J (3.26) 

Then we want 

Re(±iExp[+i",~ +i,})=+Sin[+"n +,} (3.27) 

to be positive, and optimally =1. This requires for the positive sideband (top sign): 

1C 
"I'~ -, =2:+ 2n:m. m=O,I,2,.. (3.28) 
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for the negative sideband 

1C"n +;='2+ 21D'J, n=O,1,2 ... (3.29) 

These conditions can both be satisfied oo1y if. is an inleger multiple ofK: If,= even 

multiple, .PK.=KI2, 5ffJ2, 9fd2, etc. If.=odd multiple. .PK=3K12, 7K12. 1111'12. etc.; 

Now allow Am ". O. BOd conside.r &be tam Exp[-in il; 6n J: To obtain cooling al 

all harmonics. we require for all n within system bandwidcb: 

ilcrJ 1C iii I
n-6n <- =>11<11 =--- (3.30)

• 2 - 4crJ4/n 

where fPK is the fraction of the ring's azimuth between pickup and kicker. For n > Dmax. 
we loose cooling. Because it correspoods in the time domain picture to panicles leaving &be 
sample between pickup BOd kicker. this effect is sometimes called -bad mixing". 

(c). Simplifying assumptions. Let 

e 
1fNjl"::"pl'fJ-.p-=-~-n-",,-~ F({n +Q}lO} =II. 

(3.31) 

(we neglect the very small variation of F over the beam frequency dislribution) and take Am 
Ie 

=0, "n ='2 +21D'Jt, to get 

!..:£ III. (3.32)
T N ••__ 

If we convert the sum over harmonics to an integral 

I -t!1tV'.___ I,. 
(3.33) 

and extend this over the system bandwidth from fl= W to f2 = 2W. we have 

!..=2W h 
T N (3.34) 

in which h is the average of lin over the system bandwidth: 

1tf'h. 
h=L-

W 	 (3.35) 

Comparison with the equivalent coherenttenn in Eq.(3.l), in lerms of the "syslem gain" g, 
allows the approximale identification: 

g""h e2jNY~f·n,.nK (F({n+Q}iii}) 
(3.36) 

where the average is meant to be taken over the system bandwidth. 

(d). E:uunple: Fermilob Debuncher 2-4 GHz.lransverse cooling system [30.31]. 
TIle picku~cker parameters are h=2.5 cm; w=2.25 cm; 1=2.5 cm; W=2 OHz; ZL= 830 
(see Fig. 20) 

30 I / ______---- 

10 

2 3 • f(OHz) 
Fig. 20 


Variation of pickup. kicker sensitivities, and their product, with frequency, 

for the Fermilab Debuncher 


gA al mid-band typically 1..0 dB; hence, from the figure, (Zj.Kj.}-60 Dlcm. so 

(F) -1014CV1:Ox6OWcm = 6xl()8Q.icm. Other paramelers: np =nK = 128; Pru=PK=780 
cm; f=59O kHz; Pk -I; E=8xl09 eV; N=7x107(design). Then 

h(mid-band) = 6xl()8Q.icmx 1.6XIO-l'X5.9X~o'X~XI07X780X128 c: -.05 
xlO .. 

and 
1 2:clO'
-=-0':cO.l=28 Hz. 
T 7:cl 

TIle total damping rate wiD be smaller since it needs to include the healing terms also. 

3. HelJIitagjrom other panicles (Schottky /IOise) 

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

(lilef)=1CNe4j4p""J.::"".e2 ;(crJ ) IIF({n±Q}crJf-l 
ill 2(p;E) 1 ••	__ n ±Q 

t (3.37) 

Since 
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I d£2 2 d£ 2 
£2 "dI=edt=--;r (3.38) 

the incoherent contribution to the emittance dampina raae f(ll' panicle k, due to other 
particles in the beam is 

2FfJ
_I =_1CNe ,;,fJf"'6: ;<1») IIF({n±Q}I»(_I
1'"", 4{fJ. E) _ n ±Q 

t (3.39) 

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

1 11/
2 

- I f - 2 
-=--;(1)>)I,l'a.r- --- I~.I M.1'"", 2N _ II+Q 2N .._ 

(3.40) 

where 

M.=.f;(c») .~ 
II+Q 2tuV (3.41) 

is the "mixing factor" at harmonic n. The lasI equation follows for a rectangular 
longitudinal beam frequency ,distribution. of full width 4f•. The mixing factor is generally 
>1 and ~ 1at barmoaics for which the ScboUky beWroo sidebands 

overlap: n...,4f .. f . Ideally, this occurs at ihe top end of the system bandwidth. Ifwe 

take lin as coos&ant over the system bandwidth W, and equal to the averaae b defined 
above. in Eq. (3.36), then, convcnina the sum to an intearal gives 

- IJdf, 1:,14. -211/;€c») ---;=211/;(1)>)111(2) 
..- II f (3.42) 

so 
2 

_I=_ WIhl2[1I/ ;€C»)1n2]=_ W!hrM 
1'Sdt N W N (3.43) 

in whicb 

14 _ ;(c»)1I/2 1n(2) _ f21n(2) 

W 2W4f (3.44) 

is the average mixina flllCtClI' (as in Eq. (3.5». 

(c). Example: Fermilab Debuncher lraiuverse cooling.[30.31). 
Using h=O.05 (from 2(d).above), 

M ="4p =.OO55x.OO2 = l.IxlO-' 
f p 

M = ~ flo(2) _ 5.9xIO'x.7 9.3 
M 2W 2x2x109 xl.lxlO-' 

This is a rather large mixing factor. In the collection ring. the small value of" required for 
the bunch-manipulation RF gymnastics forces this compromise. The ScboUky noise 
contribution to damping raae is then 

1 2xlO'
-=---7xo.OS2X9.3=~65 Hz 
1'Sdt 7xl0 

4. Healingjrom electronicnoise 

(a). Healing rate. The other incoherent contribution is due to eled:ronic noise 
(primarily thermal nWe in the pickup and preamplifier). This cootributioo is aiven by 
writing the incoherent damping rate due to ~ottky noise (Eq. (3.39»: 

_1___e2f~~K)~ l:IKL({n±Q}I»J)g,,({n±Q}aJf~ 
1'Sdt 2£ 'liE .__ ow 

t (3.45) 

in terms of the Scb.ottky power density at bannonic n ±Qj : 

dP"", -2. dP!J9 = c» N(eft' £ IZL({n±Q}c»(
4f d((n±Q)fI)) trf( ) 2R.. fjpall,. (n±Q) 

(3.46) 

If the thermal noise density is designated by dP;q-,then the emittance (anti-)damping 

contribution from this source bas the same form as above with this power density 
substituted for the Schottky noise density, namely 

_1___ e2fi~nK)~ l:/KJ.({n±Q}c»)g,,({n±Q}c»A2 dP!'"({n±Q}f) 
1'....- 2£ fJ. E _- ow 

t (3.47) 

The thermal noise density is 

~=!(T.+T,,)
d/ 2 (3.48) 

where TR and TA are, respectively, the absolute temperatures of the pickup tenninating 
resistor and the preamplifier. To reduce this contribution to the beatina l'BIe, the 
preamplifier and its ttnoioating resistor are often cooled to cryogenic temperalUres. 

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

~I~=_ f 
1'...., 2N Ijh.ru•..-

(3.49) 

in which 
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~((n±Q}f) 
U 2-& df 

• - ~2NfJ"",.IE iZ..d{II+Q}m/f 

(3.50) 

U is called the "ooise-to--signal- ralio: . 

~ ~ 
U _-1::-,,((0)1 -14.-1::

• =....tIt. (11+0) • .=..lsL 

41 41 (3.51) 

Ifba is taken coostant and equal to its averaae h, given above in Eq. (3.36). then 

1 W-=--jI(u 
'f......... N (3.52) 


in whicb 

141'u. 
U=A....

W (3.53) 

(c). Example: F~rmilab Debun.c~r Iran.werse cooling. (30.31]. 

The paramelelS are np =128; fJPlF180 em; f=590 kHz; Pt-l; E=8x 1()9 eV; N=7x101 

(design); jZ.I.«(i)~= 300/ em (mid-band); WE (initial, nns)= 3xxl()4 em-cad; TA=400; 
TR=8()O; (000: ayogenie temperatures). Then 

U ..,. 2 1.3SxlO-2.'I x(80+40)xSO -2.S 

• (1.6xl0-19
) 1dO'x180d2Sx5.9xl0'x3x10.... x302 

b=O.05 (from above); so 
1 2x10' :I

--=---0.05 x.92=-.2 Hz 
't...... 1dO' 

5. Ov~ralldamping fQle and emittance lime evoIulion 

(a). Ovemll damping mte. Putting all the tenns together, we bave 

!-L - (1) (1) hl
T - N];.. T .; T • = h,. - 2 (M. +U.) (3.54) 

1 (1) 1 
 (3.55)11.."" =M. +U,,; T.."" :: 2(M. +U,,) 

In bandwidth-averaged form: 

!= 2W[h_~(M+U)]
f N 

(3.56) 
Optimum gain: 

-. _I . 1 W 
h",,- M+U;_= N(M+U) (3.51) 

'f"" 

(b).Time evolution oll~ emiUance. From Eq. (3.56). 

1 1 de 2W[ 1iJ2 ] £.-=---=- h-!!L(M+U) but U=U.::!. (3.5S)
'f Edt N 2 °E 

This equation is of the form 

de . 2W[ 1M2] 2W 1iJ2-=-«oE+lt With ko=- h-l.'l..M and It =-!!LUo (3.59)
dt ' N 2 N 2 

The solution is 

E(I) = Eo{Exp/-k.,tJ+ t(l-Exp/-kotlJ} 
(3.60) 

As)'lDlltOticalJy, the eminance is cooled to 

u 
E_=.5.=rR 
E ko --M o h 

(3.61) 
At cptimum gain 

(E_) ---.!!.t (3.62)
Eo "" - [M+2Uol 

(c). Example: F~rmilabDebun.cher transverse cooling (30,31]. 
b ___1__ 08, ~- 2 x 10' -23Hz 
... - 9.3+2.S -. • t. -7xlO'(9.3+2.S) - . 

The system is generally not operated at the optimum gain because of the large amount of 
microwave power required (several kilowatts). Hence the actual performance is (with ' 
b=O.05) 

1.=_1_+_1_+_1_ 
't 'tCab t""",,*, t&.mol 

1beasymptotieemiuance~2.S Hz-0.65 Hz-.2 Hz=1.95 Hz 

E(oo) _ 2.8 
Ei -~=0.1 

[OS-9.3J 
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For an input emittance of 20 11: mm~mrad. the beam cools asymptotically to about 211: mm~ 
mrad. 

6. BeamfeedbDck: CoMTDII effects 

(a}.Modification. to the system gain. The kicbir's roberent effect on the sample 
(glq,) is fed back into the system by the beam on the next revolution, if there is insufficient 
sample mixing on one tum 10 remove the coherency. 'Ibis is very similar to the gain 
modification which occurs in astandard feedback system: the ,ain with feedback g' is 
relalccJ to the opco-loop gain , by 

g 
g'-I+{Jg (3.63) 

in which pdepends on the feedback network (in this case. die beam transfer function). In 
the coolina system. the equiValent of, (II. 81 the nth barmonic) is modified as follows: 

J.->~."T... At It .... 
1+=.ca. 

2 (3.64) 

inwbidl 

1 
T. = At.h" 

1+ 2 (3.65) 

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

(~l =h"T. _\h.~.r (At. +U.) 
(3.66) 

The optimum now occurs when 

J. h",,,, I. J. __1_ (367) 
...."'T..'" - M J.. ' ..... - M . 

1+T- At.+U. 2+U' 

For M»U. the optimum gain is increased by a factor of 2. Note th8I the cooling rate at the 
optimum is the same as before. However, 81 hope. the beam transfer funaion gives 

T•.", - 1M -+ ! if Uo« Mn (3.68) 
1+--'- 2 

At. +2U. 

At the optimum gain. neglecting the noise contribution, the cooling system provides 
"signal suppression- of all signals by a factoroftwo.1bis fact is sometimes used in 
adjusting cooling systems. 

(b). Example: Fermilab Debuncher. M=9.3; U=2.8; h=O.05. Then 

I 1
T ... ~=--=0.811 

1+_ 1+.233 
2 

As noted above, we are not at the optimum gain, which, with feedback. corresponds to 
I I 

h",,=~=~=O.I34 
-+U -+2.8 
2 2 

The cooling rate. including beam feedback effedS. is 

!= 2W[hT_~(At+U)]
f N 2 

=4XI0: [0.05X.811 jO. 05x. 81 If (9.3+ 2.8)]= l75 Hz. 
7xl0 2 

slightly smaller than the value obtained ignoring feedback. 

B. Longitudinal Stochastic Cooling 

Loogitudinal stochastic cooling may be used in the collection ring to further reduce 
the momenlUm spread of the debunched beam prior 10 transfer 10 the accumulation ~. 
This process is similar 10 transverse cooling~-except that pickup definition of "center" IS a 
little lrickier. There lIIe two tedmiques 10 es&ablisb. a "c:enttal energy": 

(I) a dipole (position~sensitive) pickup located in a region of the machine in which 
there is a correlation between the beam's position and its momentum ("Palmer" coolin" 
Fi,.21) 

Beam .... l~~p 
dipole pickup 

Fig. 21 
Palmer Coolin, 

The analysis is very similar 10 !he transverse case: in simplification where we assume 
perfect correlation 81 pickup and kicker between position and momentum, we set 

_1_= W[2g-l(At+U)] 
f •

I
, N .l (3.69) 

Note: both M and U now increase as AP'p decreases. so the cooling rate wiD vary in a 
complicated as the beam is cooled. The analysis is similar to tb8I outlined above for 
transverse cooling. widl this additional complication. 

2) a longitudinal ("sum") pickup measures the frequency distribution of the beam; 
an electronic "notch" filter. which provides a frequency~ndent gain is introduced into 
the cooling system. The filter "notch" can be adjusted 10 make the gain minimize 81 a 
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frequency corresponding to the central beam revolution frequency (energy) about which we 
want to cool the beam. (''Thomdahl'' cooling. Pig. 22) 

beam frequency 
distribution 

dNldf ~ 

frequency 
Pig. 22 

1bomdabl Cooling 

A detailed analysis requires a treatment aJoaa abe tines disaIsscd below for the stochastic 
stacking sySlem in the accumulalion 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 antiprolOD collection raIC. and so should be carefully maximized. The transverse 
apertures are generally limited by physical constraints. ~ beam dynamics does DOl playa 
very important role due to the sbort storage time. The design of the ring Iat1ice. and the 
physical dimensions of the cooling pickups and kickers, must respect the need for 
maximum transverse physical aperture. The II10IDentum aperture may be set by the maxim 
volllle available on abe buodl rotation caviUes. 

IV. THE ANTIPROTON ACCUMULATION RING 

The beam from the collection ring is injected into abe accumulation ring. where it 
will be stored for many hours. The injected beam is accelerated by a conventional rf system 
[34] from the injection orbit into the "SlaCk-tail" stocbastic cooling syseem.1n this system. 
the beam is "stochastically stacked" in longitudinal phase space (Pig. 23). Stochastic 
stacking[3S). is a form of longitudinal stocbastic cooling. It requires a more sophisticated 
analysis than simply dealing with time depeDde.nce of the second moments of the 
disbibutioo. The FOkkcr-Planck equalioo is used to desaibe the evolutioo of the beam 
distributioo fuuc:tioo. 

STACKED PARTICLES IN CORE
INJECfED PARTICLES 


'I'(E):=dNIdE I FROM COLLECflON 
 ,
Rml 

Ec E 

Fig. 23 

Stochastic Stacking 


A. The Foller-Planck Equation 

1. ParticJejlux equation 

A longitudinal pickup (similar to the loop coupler in Pig. 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 lechniques mentioned above for longitudinal stochastic 
cooling. The signal is amplified and delivered to the kicker. which changes the sample's 
energy by AE (Pig. 24). Particles are accelerated; the density increases with energy because 
the process inoorpora1cs longitudinal stochastic cooling along with the acceIe.ralion 
("stochastic stacking") 

The flux passing Eo due to action of a kicker delivering AE is estimated as follows. 
.1N =number of particles passing Eo= crosshatched area in arapb 

Eo E 
Fig. 24 

Illustrating 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 - dE; the kicker 
changes the sample's energy by dE. This results in a particle flux (cD =dNldt) aloog the 
energy axis 

4> ='fI /(AE)_ -i'::/(J1E)2),.,. 
(4.1) 

in which f= revolutioo frequency, and (dE)_ = average CoMrem energy gain per tum = 

eV(E), where VeE) is Ihe volta&e 00 Ihe kicker. (~t)_= mean-square energy delivered 
to Ihe beam per tum. 

An explicit expressioo for Ihe voltage VeE) can be given in terms of the pickup, 
kicker, and amplifia parameters. We n::ler to die loop coupler pickup in Fil. 18 above: the 
sum volta&e is 

V,..,(E,I) III ej I:Z..(IJOI,E)Bxp/lntl(t-t,..,)] 

(4.2) 

The effective longitudinal impedance Z" is (28) 

ZII(nlll'E)=~¥dll(E)Sin(9(llI)]Exp/l(~-8(W))] 
(4.3) 

The transverse sensitivity dll(E) is given an explicit energy dependence. This comes about 
because the pickup is often located in a dispersive regioo of the ring. The energy E is 
measured relative to thai of the closed ubit point through the center of Ihe pickup. The 
transverse sensitivity varies with x, the horizontal dista.Dce from the pkk:up centroid (see 
Fig. 18); in a dispersive reaioo. x=DEIEo. and 

S· 
du(E)::::;Tan-J ".lr ..... .! (4.4) 

[ Co, 

in which Eo is the beam total energy, E is the energy difference relative to thai of the on

axis particle, and D is the dispersioo at the pickup. Far off axis (for ::» J), the 

... falls off like d 4 (':_..r1fW]JO'J 1I:DE] This vides bariis5enSlbVlty IIIE)- > ;"''''12h ~- 2hE,,' pro a mee m 

for shaping the gain of the cooling system to an expooential energy response, which, as 
discussed below, Will be required for the "stack-tail" cooling system. 

The voltage delivered to Ihe ticker is 

V&:(E,I)=ej i ZII(nlll,E)Exp(inlll(I-!::.)-inGM/'UJg,.,(nW,E) (4.5)
••_. c 

in which the amplifier gain 8,., (nlll,E) also has an explicit energy dependence (such as 
might come from a notch filter). L is the system eleetrica1length. The voltage sampled by 
the beam, averaged over many revolutions, is 

- • ~W
V(E)=e/~n,nK "rZu(nw,EJg,.,(nW,E)K..(nw)Exp(-m8,.K-=-J (4.6)..__ w 

for np pickups and nK kickers. The kicker sensitivity (assumed to be at a zero dispersioo 
point) is 

K 2ZII (nlll,0) 
lI(nlll)- .No 

(4.7) 

VeE) is the coherent voltage which produces cooling. The expooential in Eq. (4.6) 
expresses Ihe "bad mixing" effect. 

(dE)l)_ is Ihe incoherent (heating) coolribution. As seen below, this wiD result 
in a diffusioo term in Ihe Fokk:er-Planck equatioo. Pbysically, it arises from Schottky 
noise, e1ectronic noise, and OCher diffusive mechanisms (such as intrabeam scattering) to 
which Ihe beam is subject. The Schottky cooIributioo may be obtained by the same son of 
analysis as in the transverse c:ooIing case. The mean square energy fluctuations per unit 
time due to ScboUk:y noise are 

( [V(..4tE)f)= 21CNe2r;(llI)n,nK Itzll(nlll,E)8,.,(nW,E)KII(nW~ 1..n 

(4.8) 

Writing Ihe beam frequency distributioo in terms of Ihe energy distributioo 

;( ) = PPl 'fI(E) 
III NlIJI21t (4.9) 

Here 1111= ~. The m...•........ energy <hang< "!be beam per _ due to Scbol1ky 


noise is 

( J1E)') =([eV(E)J')r=e4/2 PP. 'fI(E) n,n&: itzu(nW,E)8,.,(nW,E)K ( nwf ~ II
-.SdI M I'll ••__ 

(4.10) 

Similarly, for the amplifier noise coolributions we have 

lIP: (J1E)1" ... ::::elfRo~n&: I~,.,(nW,E)KII(nlllf
df ••-

(4.11) 
z Ie 'i-In i=e ./Ro-(r,+T,.,Jn&: .t..!I5,.,(nlll,E)KII (nw'I2 ...__ 

2 Beam/eedbad 
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As in the transverse case. the beam will form a closed loop with the coolinS system, 
providinS nesative feedback inIo the coolinS amplifier. The amplifier Sain is modified as 
follows: 

8iDJ,E) 
I..,(DJ,E)- > 1+1..,(m.E)jI(DJ,E) 

(4.12) 

in which the feedback network anaJoa is PVal in tams 01 III integral over the sradient of 
the beam's eneraY dislribu1ioo: 

(4.13) 

This expression for I.., (DJ, E) should be used in the reJadoas above to account for beam 
feedback. As with any feedback sys&em, abe amplificr and feedback Detwork must be 
desiped to provide sufficient pin and pbase margin from ins1ability.; in this case,1his 
must be dme for all hquencies within the system baodwidtb. for all beam energies within 
the stack, and ffX' all expected valuca oldie beam eaer&Y density gradicot. This requires 
careful desian, pedormed whit tbe use 01codes. 

2. Simplify tWumptiotu 10 obtain II FokUr-PIIlnd: eqlltllion 

We neJlect beam feedback and "bad mi.iins". Averagins pickup impedance, 
amplifier pin, and kicm sensitivity over die system bandwiddl W from fl to f2, we have 

V(E)-2eh(E)W 

hiE) =~1I,n,,(ZIl(1I(jj.E)I..,(,,(jj.E)KII(1I(jj)} (4.14) 

where the ave.raae is over the system bandwidth; and 

(4£)2) = 2e4f2 pJj, Y'(E) ,11:.1J.(Et _e2f2 pJj, Y'(E) V(El,J1:.] 
_ ScI IJJI "lfl!' 21JJ1w2 lfl (4.1S) 

Combining die noise contributions gives 

(.1Et)_ =2(AV(EiY'(E)+DN (EJ) 
(4.16) 

in which 

pJjt11:.]
A=e2f2 fl 

4fJJlW2 
(4.17) 

and 

k 
D,,( E) = e 4 •___ 

2fRo -(T. +T..,)n" I~..,(1Io), E)KI/(1IDJf 

(4.18) 

·The first tenn is due to Schottky noise, the second to system electrical noise. 

1ben the equation for the flux becomes 


41= feV(E)Y'(E)- f(AV(E/ Y'(E)+D,,(E))~: 
(4.16) 

Use ofdie continuity equation 

aY' +a. =0 
at aE (4.19) 

gives 

a; =-ef~(V(E)Y'(E)+ f !.((AV(E)2Y'(E)+D,,(E))~:) 
(4.20) 

This Fotker-Planck equation is required to describe the time evolution of the density 
disuibution.lt is seoerally only solved nu.mt.rically, because it is nonlinear in '1'. 

However.1bere are soIWODI of the saatic case( ~ =0). which ~ instructive [3S). 

B. The Static "Stack-Tail" System 

1. Requind voItale profile 

We take DN=O ffX'simplicity. and np=nK,=1. Asswne CODItant flux =input flux 
from die collector rioS (410). OulpUt flux ,OCS into another cooJins system (called the 
"core" system).1ben the flux is 

410 = feV(E)Y'(E)- f(AV(Er Y'(E))dY' 
dE (4.21) 

so 

d'P =_ 410 +_e_ 
dE fAV(Er Y'(E) AV(E) 

(4.22) 

dY' 
The pickup volta,e profile V(E) is chosen to maximize dE: 

!!..(dY')=O=> V(E)=2!L
dV dE ej'P(E) 

d'P el f'P( E) 

dE = 4AtPo (4.23) 
Solution: 

'P(E) = 'l';exp(E;"EI) 

= 4AtPo = flJap4lo In[lLJE 
.. elf l'1Iw2 fa (4.24) 
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where Ei =injection energy, 'l'i =injection density. The maximum increase in 'I'(E) with 
energy which can be achieved is an exponential growth, with an energy scale ~. In this 
case, the required voltage profi~ is 

V(E} = 2f>, _...1Ej -E) 
ef'P, ~ E" (4.25) 

This iDustrates chat the maximum increase in 'I'(E) with energy which can be achieved is 
an exponential growth, with an energy scale f-d. In order to provide this, the voltage 
applied by the kicker sysaem must decrease exponentially with the same scale factor away 
from the injection energy. This decrease in voltage is typically accompJ.isbed by a 
combinalion of the falloff in transverse seositivity ofdipole pickups located in dispersive 
regions. and the use of tilters. 

2. ExmnpIe: Fermilllb A£:cunuUo.tor ring IIad-Iail system [36} 

For the Fennilab .::cumularor riD•• the beam and rnacbine parameters are: 1) = .023; 
f2=2 GHz; f)=l GHz; W =1GHz; PkP =8 GeV/c;4tg=5x107/sec, lIf= 1.7x1(t6 sec, 
giving 

E =~,J!.J.]
" 111Iw2 "1/, 

... 8xlO' x5xl0
7 
xO.693 7 MeV 

L7xl0~x.023xl0" 
Required kicker voltage at injection: ('I',=SIev) 

2~ 
V(E;)-~ =34 volts 

The energy scale of the whole stack is set by the required density gain:: for a density 
enhancement of 5xlOS, we need 

In 'l'(Ee} II:: E£ - Ej =1n5xl0' = 111 
~ E" 

E,,-Ej=111 E,,=92 MeV 
Fig. 25 shows the stack density profile for the Fennilab accumulator. 

Log'l'(E) 
(antiprotonsle V): ( 

3. 
2. 
H 

JnjeclCd beam \ 

I 
20 40 60 80 100 120 

Stack-tail / ~ Stack core 

~(MeV) 

Accumulator ring 
antiproton stack 
Fig. 25 

C. The Static "Core" System 

1. Longitudinal core cooling . 

The accumulator core is a longitudinal cooling sysaem 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 p~oduces in the core. These 
may be either longitudinal (¥ transverse (the transverse effects are caused by small 
misalignments in the stack trail kickers). Substantial care in pickuplkicker 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 situation after the accumulation process using the "stack-tail" ceases. This wiD occur 
when we have reached the required total number of antiprotons ( about 5x1011 for the 
oriJinal Fermilab design (37); see Fig. 26) 

STACK 0lIlE AFfER6 
Log'l'(E) CESSATION OF STACKING 
(antiprotonsleV) 5 

t 

3 

2 

o 

_1 1L---------'----.....L. 
o 	 20 40 60 80 100 120 aE (MeV) 

Fig. 26 
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The mixing is "poor". For N=5x.101Iparticles. and with a noise figure of Uo = .5, the 
cooling rare at optimal gain is 

I W[ I ] 
te, ="N M+Uo 

9 

=	2XI0 [_I_]=3xlO'" Hz 
SxlOIl 13+.5 

t e• =0.9 bn 

An initial emittance of 7JD1l11H11J:ad Iiom the collection ring would be raIuced ro 2K nun
mrad in about an boor. This is aa:eptabIe, since the ,",nopllation time is typically QIOIC like 
10-20 hours. TheasymplOlic emittance is 

Uo 7'S mrad£ =£10 = --x mm
... M+2Uo 13+1 

=0.25. mm-mrad 

D. Other issues in the aceumulation ring 

A1tboup by f.. the dominant issues in the ac:cumuJation ring reJar.e ro stochastic 
cooling. tbeIe are also number ofother coaventional accelerator pbysics issues. Tbese are 
generally thole associaIcd with an bi&b quality storage rin,. They include single particle 
and collective stability coasiderabona; dynamic apeItu.m and Resonances(tbis is a 
particularly diffICUlt because the SlaCk covers about 1.5,. in 1DOIDCDtUm) ; intrabeam 
scattering--one iDcobemIt JIIUOI!SS is one ofthe IDIin limits ro axe longitudinal density. In 
addition, as wida .y stored neplive ion beam. ion trapping of residual gas ions in the 
potcotiaI well of the aeptive beam can be a problem. T6c non-linearities associated with 
the ion cloud eJecuic field caD drive bigb-order resonances and cause emittance growth. 
The II1dbods for dealing wfda this include the use ofclearing electrodes and "beam 
shakin,· (38). 

E. Unstacking 

In order ro use the antiprorons in a bigb-cnergy collider. they must be efficiently 
extracted from the com. In the Fermilab system. a harmooic 2 rfsystem is used, with ODe 
of the buckets "suppressed •. Beam capWmI in the other bucket is dcceIeratcd ro the 
injectionlextracUoo orbit. and kicbd into a uansfer Iioe ro the coIUde.r wben needed [39].
(Fi,.27) 

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'l' 
0= leV'l' - fDN dE 

(4.26) 

where we have assumed that the system noise dominates over the SchoUky noise, and 
neglected the 1aUer. In practic:e, intrabeam scattering is one of the dominant contributors to 
the beating tenD DN. The "axe cooIin&. system (wbich must be physically separate Iiom 
the "stack-tail" system)' ..... one 01......baw pRlviousIy madioocd. establishes a 
Voltage profile 

dV
V(E)=- dE(E-E,) 

(4.27) 

where Ec is the ceatnl eneraY of the core.lIId:: is a coastaat. T'bea the equation for the 

(4.29) 

flux gives 

d'l' 
e !!!(E - E,)dE:;: y;- D. dE (4.28) 

which has as a solution 

"'(E)= "'.~- 2~. :(E-E.)'] 

1bis c:om:spoads ro a Oaussian density dislrilJution with an nos width 

a.=~D= 
e

dE 

The Pennilab system [37) has Ge:;: S MeV. 

(o4E)2),. 
d 
dE(.dE)~ 

(4.30) 

2. TrtI1IS'I!e1'Se con cooling. 

The core also requiR:s a transverse cooling sySlcm ro n::duce the ttansverse 
emittance ro about 2K mm-mrad. reqund for the fmal beam ro be dclivaed ro the collider. 
In addition, this system is useful in COIlIroIlin, transverse pertwbations ro the con: 
emittance caused by the stack tail system. Unlike the collection ring sySlcm, this sysacm 
does not require rapid cooling. 

Eumplc-FenniIab accwDIlator con: transverse cootin& systcm[37). The 
panuneters are I'l :;: .023;ApIp:;: .OOOS (this is the fmal result of the axe coolin, process; T 

=1.7 JI5eC (same as the collection rina); W :;: 2 GHz. 1"hea 
I 1 

M= lip = 	 -13
2WJ1tJ1- 2x2.dO'xL 7xlO"'x.023x..OOOS 

P 
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Great cme in emittance preservation during the· b1IDSfer to the collider is CIlICiaI. 

Careful marcbiaa ofall transfer I.ioes.IIId suffideot ape.dIR few close to l00'J, efficient 

transfer, is RquiJal. 
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