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ABSTRACT 

The study of optimum conditions of antiproton production 
k.th3.n a fixed phase volume - the acceptance of antiproton 
accumulator ‘or another device, is performed to determine the 
requirements for optical systems, used for proton focusing 
onto the target and antiproton collection. Analytical evalua- 
tion of particle capture efficiency is carried out and compa- 
red to computer simulation results. The possibility to increa- 
se the capture efficiency by means of &tiproton focusing wi- 
thin the target is considered on the examples of a target 
with. c.urrent, providing the distributed focusing through the 
target length, and a target with concentrated focusing, carrf- 
ed out with lensee placed between target sectione. 
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-2- &itiproton ernittance and opt$.mum 
tnrf;ctry cond.itione 

Yhe optimfnation of antiproton production inside a fixed 
phxle volume - the accepiance of a storage ring or another de; 
ViCO - consists in mat,ching of the acceptance form to a par- 
tkle distribution in phase orjace by optimum choice of the 
tnrget ‘and incident proton beam parameters to provide the high 
pat*ticlo dcnaity inside the acc’eptanoeo 

To find the antiproton diotribution function in a first 
n!~proximution one can neglect the elastic nuclear and multiple 
acattoring of protons and antiprotons, the angular spread in 
the proton beam, and ionization losses of energy in comparison 
to the production angle and momentum s$read of the antiprotons+ 

The equations ,determi.ng the distribution function (the 
kinetic equations) of the antiprotons produced by incident 
protons interacti~g9.n a target, are in t&&s approximation 

(I) 

distribution 
where P(r;Z) und p( ‘“1 %z, p) are the proton and antiprotonh 
functions, 6 is the cross section 02 antiproton production, 

<is;, and ai, are the proton and antiproton absorption cross 
sections , FO is nuclear d.ensity in the target. From the 
second equation it follows P(rA = Pa(P) dZh , where 
Po(I-> is the proton distribution across the incident pro- 

proton beam, A= 6&Lb - the proton absorption length, and so 
the equation for Pw Gh p) es 

(2) 

After the integration of (2) over transverse phase space 
with the condition that P(t”,e,Z,p)+o at I” I t$,@  * 0 * 
we have the equation, determing the antiproton yield dependen- 
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The maximum va- 
Because g’ S% &b 

l 

we multiply it by PI, P6 
b~id 8” in turn there will be the system of equations deter- 
mirrg rcopective1.y the mean values {Pa>, (Ire> and (83 in de- 
aendcrice on +? r 

vfhere & an& y*o - denote the angle and coordinate of antipro- 
ton production. Using1 (3) the system is easily solved. For 
timal.1 difference between &b snd &b we have 

The values of the (V), {P@ and (9’) determine the 
effective emittance of the antiproton beam 
e; \/(r’><e’)- (re>“’ 

Ep as E;p = 
) its envelope function J3p as 

Is? = id? r 9 the distance to the beam waist from the target exit 
& 
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<@ au 422- ---- , and the value of 

maximum antiproton yield,, i.e. 2 g.k , can be taken aa OJI 
characteristic emittancc &,. of'an ant'iproton production for 
chosen sntiproton momentum and target material. The linear de- 
pendence of &p on target length whereas the time of antipro- 
ton yield is proportional to 2.62 -wt shows thatthe opti- 
mum Z is consid erably smaller than .k if the antiprotons 
tare captured into the acceptance much smaller than &, l 

To determine the prod.uction angle it is convenient to use 
the thermodynamic description of the transverse momentum dist- 
ribution W(~~)~/$ Cc r/m7:&X/$-~)(6),which agrees well 
enough with experimental data at .smailWvalue of PA 
when the teyperat’ure T' is taken of the order of 
masu, T Z I?$$ . The .miiin (5) is trazzeverse mass 
= lbFq?* The angular distribution which follows 
n'onrly GaussYan.with mean: square of angle (e,")%' 

, where I?k and P are-the antiproton 

(pi*<< mt> 
9f -mesonts 
m = 

from (6) is 
a-+-, 2"yi 

P masu and P 

momantum. So the production emittance for the antiprotons with 
momentum P is c,z rwnj& l 

4sP' 
The equation which determines the number of antiprotons 

NE ' captured into the acceptance E , is obtained after an 
integration ,of (2) over angles and transverse coordinates in- 
side the acceptance* Then,one eatily sees that on the loft si- 
de there rem&rib the term & j Pd’rYdo-- g? only agkee- 
men-b with conservation of phase space by free part5kl.e matLo& 
So we have 

To determine the sphere of integration in the right aide 
of #(7) we must use the dependence of acceptance ' p- and &- # 
- or r - and C$- functions on longitudinal targef coordina- 
te 2 . 'The second couple is preferable because the I - func- 
tion has a constant value in a drift determined by the value of 
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P - f1tnc t.i.012 in cl waiut P &a0 $‘= eti b The .of ac- 
ceptQ31Ge haq, evidently, to be zero at the wais,t of the anti- 
proton beam, i.e. in the target centre by cb-&;, . Thus ti 
ia rc1atect to the 
v;ltcru 1, 

if 
fn tho 

Candp&,as d.=-r (it. - !z)-” (2-i) , 
target length. PL 

Let the protdn beam have a radius t”, less than the coor- 
dinate size of t@2 acceptance in ita minimum, PO< 
Than for Gaussian distribution of antiproton 
a da @x,O(~~LI(~DI , and &‘A% 62~. we have’ 
dpdQ = ap’ %G?V?> 

N; = yto $ @ -~f+~~+L wj$y3 PD (r)rchdydz ( 8l (03 82 
‘where 

0 

9X z f%” ’ 3; vj -x ‘~‘]~,4$$.nd the same for 

9 
with i)=Pti$P replacing the 8 = )” @ j(J I For infi- 

nitely ,thin ‘proton beam, 
exprenaion (8) is simplified to 

In the case where the range of angles captured is 
small compared to the range produced, 6)(4X f&f> 9 the ex- 
preaaion under the integral can be exp/aned in a series, and 
taking’ into account only the first term we have 

If we set the value of Y of the acceptance at the tar- 
get equal to that of the antiproton beam, rz 2 -a 

L 
, which 

is close to optimum for the acceptance not too small com$ared 
to &Q , we have I 

(11) 
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TO, find tha optimal target length f.@  by the accepted 
dcpmdonca of on L r we have to solve the equation 3M&,o . 
‘IJnkl.ng into .nocount two terms of the series in the rig t side it? 
af (3) WC hnva 

For finite radius of a proton beam and uniforh particle 
distribution in it the expression for Lo,& is 
= fl (14 $a+tb*) 

L 
l (13), where 

opt s 

.Fok very small values of acceptance the may 
appear to be far from optimum. To optimize it together with 

/., we have to solve the equation 
a&Lo 

$$J=O together with 
* This solution 1ead.s to the next expressions for 

t 

(14) 

At the limit R-0 th 
from jVl-+ 

e value of. &,w (Eq. 14) differs 
(Eqe 12) by a factor of I.5 times, but already at 

R rv IO”2 the difference&is less than lO$. The thin proton 
beam condition r,2&L* & 

3m , following from (13) and (14),i.s 
‘sufficiently more strict than obtaizied by the antiproton beam 
emittance definition (see (5)). This difference is due. to the 
strong ingomogeneity of the antiproton distribution at small 
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angles and coordinates, which doea not influence sufficiently cn 
:the intopal clmaracteristics of wlzol,e diatribu’tJ;on~. 0 

malytical estimates of the optimum values of c.apture of- 
fioiency, collection angle, target length and of the efficisn- 
cy dependence on proton beam size are well consistent with rc- 
aults of computer oimilation ,(sce Fig. I-41, in which the mul- 
tiple and elastic nuclear sca’ttering of protons and antipro- 
tona, the difference in their absorption lengths, the angular 
spread and real coordinate distribution in proton beam kere 

taken into account. The capture efficiency is characterized’ 
with a function F equal to t.he ratio of’ the number of anti- 
protons captured to the number of would be produced in,whole 
transverse phase space by interaction of all ,primery protons 
without antiproton absorption. The F equals to 1 in the case 
of an infinitely large acceptance, long and thin target and 
thin proton beam, The number of antiprotons capt,ured is deter- 
mined with F as 

In Fig. ,? it is shown the F dependence ‘on an accap,tance 
value at optimum values of ,acceptance if -fu.nc,tion, at Fig. 2- 
-ona me& square of proton beam radious, which for the uniform 
particle distribution inside a cylinder PQ ,L j”&+ , poatula- 
ted in analytical evaluation, is (p:)= **PzW . In’ computer 
simulation the proton distribution across the beam is taken 
for Gaussian. Difference in curves in Fig. 2 &t very small 

<p > 2 is due to influence of angular spread in the proton 
beam*, when this spread, increasing with beam sieB decrease at a 
finite value of beam emittance, becomes of the order of or mo- 
re than the range of angles captured. The F dependence on 
target length (Fig. 3) is shown for %arg;et with very lur::o 
croau section and for thin one with a cross section of tk or- 
der of proton beam cross section. it a ~.arge L,, the thin tar- 
get gives a marked gain due to the ama12er absorption of rtrrtk- 
protona, but the difference in F at optimum twy:et len~;t~x~ 
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The optimistltion of antiproton capture into an accumula- 
tar irm3udoa the? OptiWm choice of injection momentum. Thi.a 
choice: is determined by the energy d.ependence of production 
cross-section and by the accumulation scheme, In the case of 
PJltiproton deceleration before cooling, as in the INI?-1139 
pm-‘ojoct /I/, the maximum accumulation rate is achieved by the 
ir~;jectfan at a momentum, corresponding to the maximum of pp3 
the cross section of antiproton producti’on within a phRse vo f u- 
me clement e, which ,is conserved at the adiabatic particle CP 

P decelerations This element contains in. a product PA& * 
in eq. (12) (ora(14)), when as a result of the relation P 

CL’& TIN dependence of Pcl on P for -proton energy E, = 70 GeV 
i 3 s110tv11 in FiG. 5. P The solid line, plotted with the use of 
the: old IXEP experimental data extrapolated to low momenta un- 
der the symmetry of the invariant cross-section versus cDmose 
r,zpicU. ty , shows that the mkimum of p d% 

ap3 
lies near 5.5 GeV/c. 

As the more recent data compilation shows the maximum is ra- 
ther shifted down to 4,5 GeV/c. In case of the’stochastic coo- 
ling of the ant+proton momentum spread before the deceleration, 
as in the Ri3AL project /2/, the cross-section cm haa to be 
maximizedr iijZ0 

Antiproton collection 

Antiproton~collection from the target requires an optic 
s;ystem with a large angular acceptance and a short focal dis- 
tance? The optimum collection angle 0, is determined by valu- 
es of the accepta%e and, its r- function at the target as 

eq+, 51, I*@  ~0 and LcLdp (eq. 121 it is 
restriction of focal distance does 

not directly follow from the above consideration of optimum te 
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getry conditions. It ar9ses from the beam emittsnce 
distortion in the lens due to aberration, ,particle scattering 
and so on. And it is most strict in a case of amall acc,ep- 
tame, because, thanks to sharp maximum of antiproton density 
at the center of emittance, the aberration increase of partkc- 
1s &x&es or coordinates does not lead to the mcrked reduction 
of capture efficiency when this kncreake i's small comparedto 

thecorresponding dimension of acceptance only; Thus the rest- 
riction of aberration (or scattering) angle C%&, being &Lao 
the restriction of lens focal distance SF b is: 

(c&} e. ; s $” (16) 

where E is the valueof acceptance, P 
- its beta-function ;n 

the lens, related to thatin&parti&e source pa nsp=g0++ + 
Figure 4 shows the efficiency of antiproton collection with 
different optic systems - lithium lenses /3/ with focal dis- 
tances If = 10 cm and 20 cm, parabolic lenses (magnetic horns) 
with f = 25 cm, made of berillium and aluminium, and quadru- 
pole triplet /4/ - compared with ide'al focusing for the FHAL 
project parameters (& e: 540-6mrad, pc=x4 GeV, 4L f 2% 1. 
In the case of lithium and parabolic lenses the c'Q ture ! effici- 
ency reduction is mainly due to nuclear absorption and multip- 
le scattering, in the’case of triplet - to chromatic aberrati- 
on /5/. The lithium lenses considered /3/ have 2 cm length 1, 
0.25 cm (for f = IO cm) and 0.5 cm (for f = 20 cm) end be- 
rillium flanges thicknesses, 1 cm and 2 cm aperture diameters, 
140 KOe maximum field. Under a focusing, characterized with 
particle oscillation frequency W , the multiple scattering in 
lithium results in the mean square angle <$2)Llless by a fac- 

sh2wc 
tor Of $ wx > thfm @2)Li without focusing. When 

3c = 10 cm, the angle of scattering in lithium and berillium 
flanges, 4TR = 7@ 10-~~d , meetithe condition (Ib) and loo- 
ses in capture efficiency scarcely exceed nuclear looses. At 

f = 20 cm the multiple scattering leads to a'marked loos in 
capture efficiency. 
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Antiproton focusing within the 
target 

As it is seen from the first item, the effective trans- 
verse antiproton beam emittance on the condition of infinitely 
thin proton beam arises from the target length - the spread of 
longitudinal production ‘coordinate 2 turns into transverse 
coordinate )” spread in a beam cross section in accordance 
with dependence (the linear one) of )” on 2 * Full fourdimen- 
sional transverse beam phase volume remains zero because of 
zero value of particle 50 - velocities. Changing the dependen- 
ce I” on 2 one can decrease the transverse antiproton beam 
emittance and, hence, increase the particle density inside the 
acceptance. 

Antiproton focusing with magnetic field of a current pas&g 
through the tatiget along the beam axis /6/; at high enough 
current value 9 eliminates the emittence dependence on target 
length. It allows to extend the target length up’ to the value 
corriaponding to the maximum antiproton yield, The antiproton 
.beam emittance in this case is determined by the’field gradi- 
ent only and, in principle@ , can be done small enough to provi- 
de high capture efficiency. The maximum value,of. F’is determi- 
ned by nuclear target efficiency, i.e. F fs e at &=c!& , 
if proton d.efocusing in the target may be neglected* To take 
the antiproton foousing into account in kinetic cquationa, we 
have to add the term - 2 als -c1) p m to the left hand aide of the 
first equation of system (1). On the left hand sides of the 
second and third equations of s stem (4) ther+e appear the terms 

z drJl W2(P > s and 2em $ 9 respectively. At &==&Ljc, 
taking into account (31, one obtains 

(@Z} = ~9:~ (4 + sly~“>, cy3(j- St”“) 
2 

(p} = $!?!&I- *>+ y+ %$F)’ (I’!) 
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where a= d-- ?I!& 
PC 

- the frequency of antiproton oscillation 
in a field inoide the target, 6 - field gradient, p and, % -' 
- antiproton momentum and charge. The effective emittence of 
antiproton beam is '(ww:) << (90')) : 

At fixed CQ the antiproton ;mittance achieves th$ value 
'close to the limit &&~~,'oo'$$ already at 2 g,- 

e 
) but 

this value slightly differs from the emittance for a arget of 
optimum length without field.'It means that to obtain the mar'- 
ked gain in capture efficiency, the field gradient has to be 
large enough to enable the equality wt -3 at a Z less than 
the optimum target length without field L,ptdotermincd by 
eq. (12) (015 eq. (14) 
So we have 
the IMP-IHEP 

small & cpmpsred to ,x(&!>j l 

and G > J TpxL . Par 
project/l/ (& = ,6*?OM5 'mrad , 

PC 7 5.5 GeV) it means G> 0.27 Moe/mm; The ~timpte for 2 
the FXAL project with Lo,& determined in eq* (14)~gi$?s>=~~'~~~ 

At tib7$ , infinitely thin proton beam, and ghSbi, 
% the capture efficient 

F = e”* [e~&!s; f 
into acceptance ‘& is found as 

(181, but th e applicibility of thio 
expression is restricted by proton defocusing in the target. 

Effect of proton defocusing on antiproton capture effici- 
ency F for the FI?AL and IHIZP beam parameters is clearly seen 
(Fig, .6 and 7) from thelcomparisoii of I? dependence on field 
gradient G at different values of proton energy E, and of 
beam emittance E, (&,oC&) and p - function in the targst J+, 
( Sp CC E, 1, accordingly* l?igurebb shows. the dependence opti-, 
mum target length Lopton 6 in the case of Pig. 6% Decrease of 
t,+twith an increase of 6 above some value also evidcncca thd 
effect of proton defocusing. 

Antiproton focusing inside the target leads to some de& 
crease of angular spread at target exit (see eq*, (17)). At ~1, 
fixed value of emittence EP it mcan~ the inbreaae of bean 

- function in the waist, 
P 

L!QL 
O <e2> 

, as comparad to nor; 
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value in the .caae of target without field at the same value of 
&Fib 

This increase is&maximum at OLS 0.7 Ic: and is Gharac- 
terieed by a factor of about 2.5. Hence the incyease of beta- 
-function of acceptance P without losses in phase particle 
d.ensity does not exceed significantly the factor 2 or 3. In 
the case of figure 6 the optimum P of acceptance is maximum 
alid equals wl.$ m-n at 6 ~~,SMOe/mm:At CR)L>> $ , 

P 
$5 cd . 

Magnetic field with gr 8 &ent of several Moe/mm requires 
very high current density in target ( jfsm2) c ‘& G(/$fm) ), 

accompanied with very high density of resistive energy deponi- 
tion. It leads to thermal d.iatortion of the target for a, very 
short time which can be less thti the proton spill durati’on. 
With taking into account the alteration of target material. 
electro-conductivity 6 as & = q&e-& /7/, the time of tar- 
get heating up to the melting temperature Tm& ia determined 
as follows: 

t = do&b (GXnattl 
2’2 W) 

IQ 
where be is the initial value of 6 , ~ - its thermal co- P 
efficient, nearly constant in the temperature interval from 
20~ to TM& ) Z - the mean value of temperature coeffici- 
ent, Q - the density of deposed energy8 p - mean square va- 
lue of current density. For tangsten target ( 6, 1 - 
= ( 5,5*40-50hm~mm 0 I-‘, /3 = 4.8 (J./mm’ j,’ , z = 5.8~&Y)-“, 

TmBet = 3380°C 1 the heating time is 

1.28 low6 

t's = (G, Moe/mm)2 
(19) 

Deposition of energy for melting increases this time not more 
than by 15$, and. so the target d.istortion under field gradient 
of several MOe /mm begins sooner than in a microsecond, It 
agrees very well with the results of experimental study of tlbl’- 
get behaviour at such fields, carried out in the IlJP /6,0/ in 
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2p28. SO, the short, lllife-time%f the target narrows the appli- 
c:ibiiity range of current 4argeta defipite Of all theire attrac- 
tivity. 

Another nay to increase phase density of antiprotons 
inside the acceptance /3/ consists in replacing the tar- 

get by several short ones with strong lenses placed between 
,thcm to focune the antiprotons from one target to another. In 
tkis case the tra,jectorieo of antiprotons produced in diffe- 
rent turgutu coincide and the whole beam emittance does not 
cxcccd ‘the emittance from one short target. The’optimum value 
of mmm&y target’ length fz$ dependu on the number of targets 
N QB 

where /? has the same value as in eq. (13). The value of 
the length of one target 

equal to I(p” , - 
l Thus the acc2eptance )( ) 

angle %$C =xEx incre- 
ase with N‘ as [N together with the same increase of summa- 
ry target length, and so the capture efficiency increases 
approximately as N : 

(20) 

The transformation of expressions (14) to the case of N 
targets also consists in replacing R by product RN and in 
multiplying the expressions for 

)I 
opt. and F by )/ 6 

The lenses between targets must, have the shortest focal 
distances to minimize the aberration effect and the length of 
whole system, which determines the value of proton beam p - 
- function at the tarGets. Por’lithium lens, occupying all the 
d.istance between targets d I’ the value of d is related to 
maximum field in a lens as 
H ,,,W ti 300 

one obtains , 
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For ~~~~aotI:c~lblly intoroa,Ling values of & and p the value -14- 
of, 4 CCUI Ilot be done ,significantly shorter than 10 cm, and 
GO the iaztyg proton beam P - function, Ji-d(%-11, and an- 
tiproton qbaorptipn in lithium on the length *'&(N-{) res- 
triot' the range of effective applicibllity of such targetry 
nchome. 

Author is thankful to G.Silvestrov for ve,ry useful dis- 
cussions an4 advices,, to J.Naclachlan fora,U.terature reduce,- 

tionofthefirst part of english tiariant of the paper! 
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‘pyIs@  16, Capture effioiency dependellce on an.accept6111ce lvs&e 
from,computer simulation'$solid lines) and and equa- 
tihls (13) -'(a), and (14) - (b) (dashed 1ipeB). An- 
tiproton and ‘proton'momenta.are' 5.5 and 70 GeV/o, 
mean s&re protowbeamzadius' and t&get tiaterial 
am written* 
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Figc 2. Capture efficiency depen- 
dence on a proton beam size 
from computer simulation 
(solid line) and eq. (14) 
(dashed line). Antimoton mo- 
menturn and acceptanbe value are 
5.4 GeWc cwd 5dO’%. 
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Fig. 3. Capture efficiency depen- 
dence on a.target length 
for thick (1) and thin (2) 
targets; p =.5.4 G&T/c, 

c = 5*10’6 n 
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Fig. 4. Capture efficiency (& = 5*10u6mrad,/3C = 5.4 GeV) 
versus,an angular size of acceptmce at the target 
under the antiproton collection with: l - ideal lens; 
2- lithium lens with 10 cm focal distance f J.5 cm 
length4 , $ 10 mm aperture, 2.5 mm end berfllium 
flanges thickness A ; 3 - lithium.lens with f = 
=: 20 cm, e = 7.5 cm, srl 20mm, A = 5 ml; 4 and 5 - 

- linear parabolic51ensee withf = 25 cm, 5 mm neck 
diameter, A(P)=- r ovb4 rvlmwa3.1, thickness, made of 
berillium and aluminium, respoct$lely; 6 - quad tri- 
plet with * ? m lengths, N 0.7 m drifts, 
* 1.5 KOe/cm field gradient. 
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0 

Fig. j, 

* 1 2 3 4 5’6 7 8 9 40 43 
pc, G.eV 

Antiproton production cross-section versus a momentum. 
Solid line - the data /IO, II/,’ extrapolated to .low 
momenta under the aimmetry of E$$ ver t3t.m 
qlmraN rapid.ity; -the points- data /12,13?~ 
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F;tga 6, Capture efficiency (a) a.4 optimum target length (b) 
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