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ABSTRACT 

The atuey of optimum conditions of antiproton production 
within n fixed phase :volume - the ace eptance of an ti proton 
nccumnlo.tor or another device, is performed to determine the 
requirements for op~ical systems, used for proton focusing 
onto the target and antiproton collection. Analytical evalua
tion of particle capture efficiency if3 carried out and compa
red to computer simulation results. The possibility to.increa-. 
se the capture efficiency by means of antiproton focusing wi-
thin the target :l,s considered on the examples of a target 
with_ c.urrent, providing the distributed focusing through the 
tareet length, and a target with concentrated focusing, carri
ed out with lenses placed between target sections. 



Antiproton erni ttonce and optimum 
' 

.tnrcetry_ condi tiono 

~rho opti.misation of ontiproton production inside a fixed 
~ 

phnoe volume - tho acceptE111ce of a storage rihg or another de ... 
vice - conaieta in mat.ching of the acceptance form to a par
t.lo·lo diotribution in phuoe apace by optimum choic~ t>f the 
taT'got 'and incident proton beam parameters to provide the high 
po.rticlo dcmai ty innide the ucc·eptance. 

110 find the antiproton distribution function in a first 
approxima~ion ono can neglect the elastic nuclear ond multiple 
scattering of pr9tons and antiprotone, the angular spread in 
th(? proton bt\nun, and ionization losses of energy in comparison 
to the production angle an~ momentum spread of the antiprotons. 

The equations ·deternling the distribution function (the 
kinetic equations) of the antiprotons produced by incident 

~ ' 

protons interacting'in a target, are in this approximation 

. oP op cL26 -
- + e -· = p (r,2) .. ~o - 6l.f\. Ito p az ~r dpdO 

el - 6• "1 p - - U\.f t.O -az 

{ 1) 

- dis-tribution 
where P(r,z) and P( r, e,z, p) are the proton and antiproton11 
functions, 6 is the orosa section o~ antiproton production, 
6~ and 6 in, are the proton and antiproton absorption cross 

sections , t1..o ie nuclear d.ensi ty in the target. From the 
second eql;lati~n it follow a P( r,2) :: Po (r) e -.C/..l , where 
P0 (~) is the pr9ton distribution across the incident pro-

1 1 ' 
proto??- beam, J\= 6itt.Y\..o: the proton absorption length, and so 
the equation for P<r; e,2, p) is 

~ + e ill? = R (r) e ... ~. ti d.
2
6 - "[j. ri. P c 2> o l () r 0 0 dpdO t.n. 

0 

After the integration of (2) over transverse phase space 
with the condition that P (r,01c,p)-P>O at r, t~ e _. O , 
we hnve the equation, determing the antiproton yield dependen-
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(;~' 1'.'ln the ;1•.Jo:i.tton Z along the target (o~z~L) 1 

whe.re }/0 j.o the number of incident J$?to~~· The maximwn va
iue of ~ occttre at 2 =_r,..,,, = -tn..( 0 .,..,/6""). Because 6~ ~ 6;,.,, 
one hno P :i ~ ~ , end(5!f.) er:Nod6 !'Vo (6;,..-61 ... ) • 

"'t'tl JI,. ' d I'\ - - -r:: • lo'T"" .....,.., ,,,.,~ e a.p .?. . 
If before inteeration of (2) we multiply it by r , ~e 

Hl'ld e2.. in turn there will be the system Of equations deter
ming roopecti vely the meari values (r')' ( t" e> and (91

) in de
pendence on Z : 
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v'.here S. ond• Y"0 - denote the angle and coordinate of antipro-
ton production. Using• (3) the system is easily solved. For 
small difference between bu,. and 6~ we have 

(I"')= (,.;) + ~2~e:> (1- ln..o 6.:...i/-6w.. + ... ) 

(r-9) = 21°:> ( 1 -w. 6,;,,6-6;., + ... ) 

< e1> = <e;. > 
The values of the <r-t), ( t"' 9) and < 91) determine the 

effective emittance ,or the antiproton beam tr;· as ~-P = 
::; {(r-')(02) - <'f'fJ)a. , i ta envelope fi.mction } p as 
~r;:: {~!) , the distance to the beam waist from the target exit 
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eo il 2 .:::: - <;/~ . , ro1d the value of ~p in it i as t fop-,mi.t, = {'j2>. 
For, cm extremely thin proton beam ( (r0''} << 2 1~6;)) end 

~~= 6i.tt these are Cp:.. = l <Ji.') , 4 2 ::: - ~ , P.._ • = ~,..... (5). 
' ' 2. 2. J>lp,~ 2,3 

'l'he enti ttunce value at a target length corresponding to the 
mnx.lmum antiproton yield,, i.e. l-:::.A , can be taken aa an 

charnc teristic emittance £ 0 of· an ant'iproton prod.uct:i.on for 
chooen. sntiproton momentum and target mater~al. The linear de

pendence of Cp on target length whereas the time of antip1io
ton yi cld io proportional to l. e-i/.A shows that tho opti

mum i! is considerably mnaller than A if the antiprotons 
t:i.re cnptured into the acceptance much smaller th?Jll E,. 0 • 

To determine the production angle it is convenient to use 
the thermodynamic description of the transverse momentum dist

ribution Cif (p~) dp! CC Vrn.~ e.xp(-~)(6), which agrees well 
enough vri th experimental data at small value of p.L. (pl.<< rn,1) · 

when the te~perature T · is talcen of the order of 9( -meson ts 

maos, T ~ m:t • The. mi' in ( 5) is transverse mass m,J. = 
= vml· +pf•• The angul~r distribution which follow~ from (6) is· .... 
n·oarly Gnues'icUl with mean square of angle (91) ~ ltn T...., 2 tn mJc 
' ' 0 - pl = pl 

, where 1"r\.. and p are· the antiproton mass and 
momcnttmi. So the production emittance for the antiprotons with 
momentum p is f,_ ==: ln-fn.ioA • 

o {3 pa 
The equation which 

3
determines the number of antiprotons 

NE ' captured ~nto the acceptance e t is obtained after on 
integration ~f (2} over angles and transverse coordinates in
side the acceptance. Then one easily sees that on the left si-
de there remai.ris the term 

4 

/- Jt p d"1NdO;:: ~Ni only agree-
ment with conservation of ph~se space by free ~article motion. 
So we have 

dN - ~/J..JE d.2- -d/ = tt,o e ·t.P. Poff') dp~o'da~do -6;,,,. n. Nt C7l 

To determine the sphere of integration in the right side 
of ·(7) we must use the dependence of, acceptance · f3 - and ol
- or (- and Cl- functions on longitudinal target coordina
te ~. • ·The second couple is prefers.ble because the 0 - func~ 

tion has a constant value in a drift detennined by the value of 



1 .fo - func t.ion ill n waiot /3mM_aO 0::: fa~ • The of o.c-
c eptnno e hnq, evidently, to be zero at the wo.is,t of the anti
proton boom, i.e. in ·t;tto tnreet centre by 6u,,, m..6;,.,,,. Thus ct. 
is related to the 0 und fi~as cl.= - 0 (2 - j.) .:-..1. .{?.- ~) , 
where L ia tho tareet length. fo'"""' 

Tiet the proton beam hav·e a radius t'"'o less than the coor

dinate rdze of th'e acccptnnce in its minimum, 'f"0 <{f.:: {E. fi~. 
'rlicn for Gnuooian distribution of o.ntiproton produclion angles • 
. fi. i6_ = db . ~p (-eY<a»·>) , and 6u,..:: 6Ui. we have· 
dpdO Tp 'lr(e!) 

L /.., ro 2JC 

Ni= Yl-o ~e-xjj J erf~ ef'j~~"fj P.(r-)f'dr-dpdl:ca> 
(zxr," . 17::; 

0 
2. t. , J 2 ~ 

'where ~1. = l z - + v E rr1 + ~4'6- )-ii.ii. /( 1.,. ~I )and th~ same for 

'rj:'t with V =,... ~ 'J' replacing the X = t"' ~Pi . For infi-
nitely thin pro.ton beam, P0 (r):: No 8-(x) ~(~) = 1fr:. ct(r) • the 
expreosi~n (8) is simplified to 21tY" 

·L. 

N d'b -b..f[ 1./ e,v ']2 

e ~.J• n.. dp e ..1. erJ V(e:>( 01+£¥!) cU 
... 0 .4 

(9) 

In the case where the range of angles captured is 

small compare9- to the range produced, c 0 << < e: > ' the ex
pression under the integral can be exp~aned in a series, and 
taking' into account only the first term we have 

-LI.A · 
N ::- N ·~pi.~. 8 e e QltC ta b.r- c10> 

£ ~.=O 0 
· 6~ dp 'JC A(00

2
) d 2 

If we set the value of . 0 of the ace eptanc e at the tar
get equal to that of the a.ntiproton beam, '( = 1.:f!. , which 

L. I is close to optimum for the acceptance not too small compared 
to Co , we h~ve 

( 1 1 ) 

Here we see the exponential decrease or· }/ £ with target len~ 
when L = 2 1/3 ).' 2 ·'f -h_ • 

~ "' v" <eo'I./ 
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1ro_ find the optimal target length Lopt by the accepted 

dcpondcnc e of 0 on L we have to solve the equation ~!.ff= 0 . 
1rnking into .nocount two terms of the series in the rig~t aide 
of (9) we havo 

L.pt :: 1. 2u />..c.<e:; ( 1 + 0.64 /ife:-~ + .. .) 
( 12) 

~ ( L ) ~ 11.2 . sf:l ·i1p .1- c exP... (- lo/!.t!~) 
t:. opt - 6in, clp 3 <e.'-) (.A.+ lopt) 

For finite radius of a proton beam and uniform particle 
distribution in it the expression for lopt is l opt= 
:: VR <1 ~ r fR + ... ) ._/ c 13), where 

- E. 3 T'i
1 

) 

R = 1. 65 ( A<e:> + 8 e.A 
- 2f3 

For very small values of acceptance the 't = l -.. may 
nppear to be far from optimum. To optimize it together with 
L _ we have to solve the equation : U1 = O together with 

a N E..:O • This solution leads to the" next expressions for 
0 '- y opt ' L opt , and Nc,/'l'l.M. 

' 

,..,,. 1 .A 
opt = a opt = 9f . 

R2/3 

(14) 

At the limit R.,. 0 the value of NE,/?i4-Y. ( Eq. 14) di ff era 
from N"t' (Eq. 12) by a factor of 1.5 times, but already at 
R ,.., 10-2 the difference is less than 10%· The thin proton 

beam condition r'0
2<<!· (~~ t following from (13) and (14)• is 

·sufficiently more strict than obtained 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 does not influence sufficiently on 
·.the integral characteristic a of whol.e distribu'tion. · 

Analytical estimates of the optimLun values of capture ef
ficiency, collection angle. target length and ·of the efficien
cy dependence on proton beam size are well consistent wt·th rc
aul ts of computer similation ,(see Fig. 1-4), in which the mul:
tiple and elastic nuclear scattering of protons and antipro
tons, the difference in their absorption lengths, the angular 

spread and real coordinate distribution in proton beam were 

taken into account. The capture efficiency is characterized 

with a function F equal to t.he ratio or' the number of anti
protone c'aptured to the number of woul'd be produced in whole . ' . 

transverse phase apace 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 captured is deter-
mined with F as 

N _ Al d6 /Jn F 
~ .... IV o ' -- • -- I=-- • 
~ dp 6~ 

(15) 

In Fig. 1 it ie shown the F dependence 'on an accepta.Yice 

value at optimwn values. of acceptance i-func.tion, at Fig. 2 -

-on a mean square of proton beam racliotts, which for the uniform 

particle dis,tribution inside a cylinder 1'"'0 ~ t"mMt , poEJtula

ted in analytical evaluation, is (V-0.,.>::: r· t;~ . In. computer 
simulation the proton distribution across the berun is taken 

for Gaussian. Difference in curves in Fig. 2 at very small 
(r;) is due to influence of angular spread in the proton 

beam, when this spread, increasing with beam siz.~ decrease at a 
finite value of beam emittance, becomes of the order of or ~o
re than the range of angles captured. The J:' denendenc e on . . . 

target length (Fig. 3) is shovm for tare;ct vii th very lurl!O 

croso section and for thin one with a croso nee ti on of the or
der of proton beam cross section. At a large L the thin tur

get gives a marked gain due to the smaller absorption of nn t:L

protons, but the difference in F at optimwn tnrc:et lenLtlw 



dooo not oxoeecl 15%· 
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1.rhe optimisa·tion of antiproton capture into an accumula
tor includes the optimum choice of injection momentwn. This 

choice i o determined by the enerey dependence of production 

crooo-section and by the accumulation scheme. In the case of 

r .. ntiproton deceleration before cooling, as in the INP-IHEP 

proJoc t /1/, the maximwn accumulation rate is achieved by the 

injection at a momentum, corresponding to the maximum of p~~J 
tho crooo ocction of antiproton producti'on within a phase vofu

me clement d~f?., which is conserved at the adiabatic particle 

deceleration. Thia element contains in a product P.te ~ 
in eq. (12) (or (14)), when as a result of the relatiori p 
~ = gr/e,z.> ... d 1 ~ I use it turns into. 
wt"' \' 0 ap <iO fJ = 0° 

d3_ , - Lopt/.A, P-
NE= No ...L.pJj · !.!. e · p2 E.~-

6u,, clp 3 e=oo 3 .A+ Lopt P 
The dependence of pf~, on p for ·proton energy Eo = 10 GeV 
is shown in Fie;. 5. r.rhe solid line, plotted with the use of 

tho old IlIEP experimental data extrapolated to low momenta un

der the· syr.unetry of the invariant cross-sec ti on versus c .m. s. 

ro.pictlty, shows that the mrodr:num of p ~363 1ies near 5.5 GeV/c. 
As the more recent data compilation sh!vrn the maximum is ra
ther shifted down to 4,5 GeV/c. In case of the' stochastic coo

ling of the antiproton momentum spread before the deceleration, 

as in the ],.HAL ~roj ect /2/, the cross-section :.p1~0has to be 

ma..timized• 

Antiproton collection 

Antiproton·collection from the target requires an optic 
system with a large ru1gular acceptance and a short focal dis

tance~ The optimLun collection angle 6c. is determined by valu-

es of the acceptance ond. its (f - function at the target as 

fi.c=li'i . For t=op (eq •. 5)' ro ~ 0 and L= Lopt (eq. 12) it is 
~t g: i.65(e~s))kt • ·The restriction of focal distance does 

not directly follow from the above consideration of optimum ta.I'-



getry conditions. It arises from the beam emittance 
distortion in the lens due to aberration, particle scattering 
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and so on. And it is most strict in a case of mnall accep-
tance, because, thanks to sharp maximLun of antiproton density 
at the center of emittance, the aberration increase of partic

le angles or coordinates does not lead to the mark:ed reduction 

of capture efficiency when this increase i.s small compared to 

the corresponding dimension of acceptance only.· Thus the rest

riction of aberration (or scattering) angle Olo,/,, being also 

the restriction.' of lens focal distance f 9 is: 

(16) 

where £. is the value of acceptance, p- its beta-functiojfn 

the lens, relate~ to that in apart~ source }o as fo= po+ /J-; • 
Figure 4 shows the efficiency of antiproton collection with 

different optic systems - lithium lenses /3/ with focal dis
tances f = 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 ideal focusing for the FlTAL 

project parameters < e = 5· 10 .. 6 m. ywa.d, pc= S.4 f.JeV, ~::. t 2 % > • 
In the case of lithium and parabolic lenses the ca~ture effici
ency reduction is mainly d.ue to nuclear absorption and mul tip
le scattering, in the'case of triplet - to chromatic aberrati

on /5/. The li tbium lenses considered /3 I have l cm length l, 
0.25 cm (for f :::i 10 cm) and o.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 GtJ , the multiple scattering in 

lithium resul ta in the mean square angle <e2)U. less by a fac

tor of t ( 1 +. ~~jl) than (G1)u .. without focusing. \'lhen 
f = 10 cm, the angle of scattering in lithiwn and berilliwn 

flanges, {(92) = 7·10-'*ra.d., mee'b.3the condition (16) and los
ses in capture efficiency scarcely exceed nuclear losses. At 

f = 20 cm the multiple scattering leads to a marked loos in 
capture efficiency. 



Antiproton focusing within the 
target 
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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 r turns into tronsverse 
coord.1,.nate ~ spread in a beam cross section in accordance 
with dependence (the linear one) of r on 2 • Full fourdimen
sional transverse beam phase volume remains zero because of 
zero value of particle cp - velocities. Changing the dependen
ce r on l one can decrease the transverse antiproton beam 
emittance and, hence, increase the particle density inside the 
ace ept anc e. 

Antiproton focusing with magnetic field of a currentpas~g 
through the target along the beam axis /6/; at high enough 
current value, eliminates the emittance dependence on target 
length. It allows to extend the target length up· to the value 

I . 

corresponding 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 t'o provi-
de high capture efficiency. The maximum value of. F is determi-

F -1 
. ned by nuclear target efficiency, i.e. ~ e at 6~ = o~ , 
if proton defocusing in the target may be neglected. To take 
the antiproton focusing into accotmt in kinetic cquo.tiono, we 

have to add the te~m - - Wl r' fg. to the left hand Di.de O~ .the 
first equation of system ( 1). On the left hand aides of tho 

second and third equations of ~179tem (4) there appear the termo 
w1(r'J.) ~ and 2w2 <rv9) b , respect~ivcly. At 6~=6.;.,,, 

tcl~ing into account (3), one obtains 

<et)= <e:> (1 + ~2w2 )+ co
2
(ro

2)(1- 5i,+,,2wl) 
2. 2Wi! 2 2Wl 

(rz) = .<ell. (1- ~2w&)+ (r~>(i+ ~2w~) <rn 
2 wa. 2wz 2 2w2 

<~ e> =. ifl:)_ (1 - UY.J ·2 wz)- < ~:1 ( 1-coo2 w2) 
4w2l 42 
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where to=~ - the frequency of antiproton oscillation 
in a field irf'side the target, G- - field gradie~t, p and· 't- _: 
- antiproton momentum and charge. The effective emittance of 

anti proton beam is '( w2(r.2') << (602
)) : 

c- = <e!_?. 11 _ ~1wz' 
P 2wV' w2 22. 

At fixed W the antiproton emittance achieves the value 

close to the limit .titn.Epl,:=
00

51-;} already at 2~.2£ , but 
this valuE?, slightly differs from the emittance for a target of 

optimwn length without field•, It means that to obtain the mar·
ked gain in capture efficiency, the field gradient haa to be 

large enough to enable the e.quali ty W2. c: J at a c less than 
.the optimwn target length without fif'.lld Lept,,de~erminod by 

eq. (12) (or eq. (14) fo/tJjjv.er small E. c.ompared to )..<ef)) • 
So we have W> L ~ & and C,. >- 2mrn.r~ • l''or 

· 2 l..opt E.A. ~ rype>.. -5 · 
the IUP-IHEP antiproton source project /1/ ( £ :;: ·b• 10 ·mrad , 

pc =;= 5).5 GeV) it means G.> 0.27 MOe/mm~ 'l'he e.stimate for ~ 
L ( )a.t (r"l) 2 0.00!Jmm 

the FiIAL project with opt dete~mined in eq. 14 /\gives 

(;. > f.tMoe/mm. 

At W L >> ~ , infinitely thin pro~on be8lll, and 6t... ~ 6""' 
the capture efficienc; into acce.ptance e is folllld as 

F = e--f. ( er-f { ZeT; ] . ( 18)' but the applicibili ty of this 
expression is restricted by proton defocusing in the target. 

Effect of proton defocusing on antiproto~ capture effici
ency F for the FNAL and !HEP beam parameters is clearly seen 

(Fig •. 6 .and 7) from the· compariso11. of F dependence on field 
gradient G- at different values of proton energy E0 and of 

beam emittance Cp (E.pt;i;~0 ) and p - fLmction in the ta11 c;et fop 
( pp ct E0 ) , accordingly. Figure 6b shows the dependencebfopti ... 

mum target length Lepton & in the case of Fig. 6a.. Decrease of" 

Lo1>t with an increase of 6' above some value also evidences 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 a 

fixed value of emittance c p it mco.ns the increase of be nm 

p- fLmction in the waist, p0 = (~~) , ns compared to j_to 
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value in the case of target without field at the same value of 
Err. 

This increase is1 maximwn at wL := 0.1 x and is charac
terized by a factor of about 2.5. Hence the increase of beta
-function of acceptance fl without losses in phase particle 
density does not exceed significantly the factor 2 or 3. In 
the case of figure 6 the optimum } of acceptance is ma.v.:imum 
e11d equals .iv1.3 cm at G- -1.5 MOe /mm.· At wL >> i , p ~ W"."

1 
• 

Magnetic :field with grtEient of several MOe /mm requires 
very high current density in 

1~arget ( j(tm.i) = ·Er, G-(g7n) ) , 
accompanied with very high density of resistive energy deposi
tion. It leads to thermal distortion of the target for a very 
short time which can be less thah the proton spill du.ro.ti·on. 
With taking into account the alteration of target mo.teriul 
electro-conductivity 6 as 6 = ~ /'7 I, the timo of tnr-

1 ... /:;UI. 
got heating up to the melting temperature T melt is determined 
as follows: 

6 0 ~ ( 1 + ~ · T mdt), ,,_ f t= (18) 

where 60 is the initial value of 6 , fl - its thermal co
efficient, nearly constant in the temperature interval from 
20°C to Tw..tt; • Ol - the mean value of temperature coeffici
ent, Q - the density of deposed energy, Ji - mean square va-
lue of current density. For tangsten target ( 60 ~ . ~ 

= ( 5, 5 · i0-5 Ohm•mm · f\ fo = ~. 8 (J./mm3 f ~ . 0(.: ::: 5. 8· 10 (°CY'1. 
T tneti = ~380°C ) the heating time is 

_ 1.2.·10-G 
t,s - i <19> 

(G-, Moe /rnm) 
Deposition of energy for melting increases this time not more 
than by 15%, and so the target distortion under field gradient 
of several MOe /mm begins sooner than in a microsecond. It 
agrees very well with the results of experimental study of tar
get behaviour at such fields, carried out in the IHP /6,8/ in 



19ot.~. 80, the short. "life-time"of the. target narrows the appli

c:Lbili ty range of curront·ta.rc;ets cleopite of all theire attrac
tivity. 

Another wo:y to increarrn phase density of antiprotons 

inoide the acceptance /9/ consists in replacing the tar

get by oevcral short ones with strong lenses placed between 

them to focuoe the o.ntiprotone from one target to another. In 

th..tn cose tho tra,i cc tori co of untiprotons produced in diffe

rent turgeto coincide and the whole beam emittance does not 
exceed ·the emittance from one short target. The optimum value 

. . ,flo 
of DUmmnry target length Lopt depends on the number of targets 
N as 

Lc~;i: = N · l~"> :: VRFi' ( 1 + I Vfri +"·) 
i 1: f,2, 5, ... , N 

where R has the same value as in eq. ( 13). The value of 

beam r- funclf on is determined by the length of one target 

~fN', '(p = fl~'" - j 'C[ Vii • Thus the e.cc
2
eptance '( • 

equal. to '(p •'and solid collection angle 9t~e =g[;fo incre
ase vti th N aa {ii together with the same increase of summa
ry target length, and so the capture efficiency increases 

approximately as fV : 
_ !. }/ .J_ . ~ (- L~kt (.A) 

F - 3 <e:> LC::~ +.A. ( 20) 

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

multiplying the expressions for ¥ opt. and F. by N • 
The lenses between targets must· have the shortest focal 

distanceo to minimize the aberration effect and the length of 

whole system, which determines the value of proton bearq fl -
- function at the tareets. For· lithium lens, occupying all the 
distance between targeto d, ,' the value of cl is related to 

mo.,"'{imum field in a lens as Hm.a« ·cl= 1i.{E0 ~ · For 
Hrnl/,i"" 300 KOe using the dependence of optimwn '{=op on E 

one obtains d..(~) = 0.5 L pc (G-tV)]-'/a ·[N·c (cm.r'a..d)]114 
• 

TM-1045 
- 13 -



For praot.tcally intcrost:Lng values of E and p the value 

of. d, onn not be done .oignificantly shorter than 10 cm, and 

no the lru.'t:;!il proton berun ~ - fwtction, } ""cl (N-1) , ond nn

tiproton qbsorption in li thiwn on the length ~· cl.(N-0 res

trict tho rnnge of effective applicibility of such targetry 
achome. 
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Pig. 1• Capture effioienoy ~epen~enoe on an.acceptance value 
from. computer simulation (solid lines) and and equa
tions (1.3) - ·(a) and (14>° - (b) ·(dashed lines)~ An

tiproton and .proton· momenta.are· 5.5 and 70 GeV/o, 

mean square proton 'beam .radius and target material 
are written. 
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Fig. 2. Capture efficiency depen-
dence on a proton beam size 
from computer simulation 
(solid line) and eq. (14) 
(dashed line). Antinroton mo
mentum and acceptance value are 
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Fig. 3· Capture efficiency depen
dence on a target length 
for thick (1) and thin (2) 
targets; p = .5•4 GeV/c, 

S. = 5.10-6 m 
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Fig. 4• Capture efficiency ( €. = 5•10-6mrad, pc = 5.4 GeV) 

versus .an angular size of acceptance at the target 
under the antiproton collection with: 1 - ideal lens; 
2 - lithium lens with 10 cm focal distance f ,1.5 cm 
length l , ¢ 10 mm aperture, 2. 5 mm end berillium; 
flanges thickness IJ. ; 3 - lithium. lens with f · = 
= 20 cm, l = 7. 5 cm, ¢ 20 mm, /J = 5 ~; 4 and 5 -
- linear parabolic lenses with j = 25 cm, 5 mm neck 
diameter, t1 (r) = 5( ) him wall thiclcnes. s, made of' 

t"' m~ . 
berillium and.aluminium, respectively; b - quad tri-
plet with ""' 1 m lengths, "" o. 7 m drifts, 
N' 1.5 KOe/cm field gradient. 
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Fig. 5• Antiproton production cross-section versus a momentum. 
Solid line - the data /10, 11/ t extrapolated to. low 
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