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THE OPTIMISATION AND EFFICIENCY OF ANTIPROTON
PRODUCTION WITHIN A FIXED ACCEPTANCE

T.A«Veevolozsekaya

&
Institute of Nuclear Physics
630090, Fovogibirsk 90, USSR

Abs t ract

The study of optimum conditions of antiproton production
within a fixed phase volume - the acceptance of antiproton
accumulator or another device, is perfurmed'to determine thé
requirements for optical systems, used for proton focusing
onto the target and antiproton collection. Anslytical evalua-
tion of particle capture efficiency is carried out and compa-
red to compunter simulation resulte. The posslbility to incree=-
se the capture efficiency by means of antiproton focusing wi-
thin the target is considered on the examples of a target
with ourrent, providing the distributed focusing through the
target length, and a target with concentrated focusing, carri-
ed out with lenses placed between target sectiona. -




Antiproton emittance and optimum
targetry conditiong

The optimisation of antiproton production inside g fixed
| phase volume - the acceptance of a storage ring or asnother deg-
' vice - consiste in ma{tching of the acceptence form to a par-

ficle distribution in phage space by optimum choice of the

target and incident proton beam parameters to provide the high
perticle density inside the acceptances ;

To find the antiproton distribution function in & first
i epproximation one can neglect the elaptic nuclear and mulfiple
| scattering of protons and entiprotons, the angular spread in
the proton beam, end icniza‘tiﬂ‘:rl'lussaa of energy in comparison
to the production engle end momentum gpread of the antiprntnﬁs.

The equations determing the distribution funetion (the
kinetic equations) of the antiprotons produced by incident
protons interacting in s target, are in.this approximation

EE 'E"P_ 3 d%2 A
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(el
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distribution
where P(ﬁz) and ﬁ(i’f’, Q,E, P} are the proton and antiprotanﬂ
functions, & is the croes section of entiproton production,
Sin, and Zm_ are the proton and antiproton absorpiion crose

sections , M, ise nuclear density in the target. TFrom the
second equation it follows P(r,z):-. PD(r)g'z/J- s Where
Pa(r) is the proton distribution across the incident pro-
proton beam, A= gh—no: the proton absorption length, and so
the equation for P(r,8,z,p) is
= 2 =
%§+6%E=pn(ﬂ€%°ncgﬁo‘ahﬂop 72

After the integration of (2) over trensverse phase space
with the condition that P(r6,Zp)=>0 at r, tg 00 1
we have the equation, determing the sntiproton yield dependen-




ce on the position # along the terget (0< 2<L)
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where M, _is the number of incident rutons) The meximum va-
lue of d# occurs at Z2=2 = in/8;,). Because Con & &5

one has 2,2\ > and( n—%éﬁ PP-(E.,.., i ¢

If before integration of (2? we multiply it by I"’ + 6
end 6% in turn there will be the system of equatiom: deter-
ming respectively the mean values <I'") <I""9> and <9> in de-

pendence on Z : )
ﬁ(""‘?‘ ) 2<"'9>% =Noho 22 T e@m‘) = Bin N I %
N i (4)
S dN s, .
-;(PB)”)—(EF)% = Em,n,(‘r-w%

2 dN "*; 2 J 2y dN
aﬁ;«” el N""d,p (82) - 6....11(9)#'

where O, and ¥, - denote the angle and coordinate of antipro-
ton production. Using (3) the system is easily solved. For
smgll difference between &, sand 6, we have

() = (F2) + %@i}ﬁ-zn,.{ﬂ%ﬁn...)
) =. -—Szﬁ"? (1 - 2N, é"-e:-é_‘ﬂ-l-)
(69 =<6

The values of the {r2), {ro) and {@! determine the
effective em:.tts.mce of the antiproton beam

y/fr:><e:> (FB)g » its envelope function ﬁ'ﬁ as |
he target exit
B = {r® , the distance to the beam waist from the targ |
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For an extremély +thin praton beam ((h") é:gf‘_@f?)
&in= by these are Ern--u 33"“*"%

The emittance va_'lua at mget length corregponding to the
maeximum antiproton yield, i.e. 2 2= A s can be tgken ag an
characteristic emittance £, of an entiproton production for
chogen antiproton momentum and target material. The linear de-
pendence of EF on target length Wé’lEI'EE.B the time of antipro-
ton yield is proportionsl to Z € shows that the opti-

mum 2 is considerably smaller than A if the antiprotons
are capbured into the acceptsnce much smaller than £, .

To determine the production angle it is convenient to use
the thermodynamic deac,riptian of the transverse momentum dist-
ribution W(P.a.) d-P;, oC l/H_’LIEJ m"‘)(ﬁ] which agrees well"
enough with experimentel data at small value of P, (p} «m?)
when the temperature T is taken of the order of X -mesonfs
mass, T & ME » The My in (6) ie transverse mass my =
= \,fmI.ppf + The engular distribution which follows from (6) ig

nearly Gaussian with mean squere of angle ! <9:> = QE:IE gﬂ?ﬁ

» Where MW and P are the antiproton mass and ¥
momentum. So the prodvction emiftance for the antiprotons wifh

mc:-mentum P is gng ﬂ%ﬁ

The equation which dgfheminus the number of antiprotons
)Vg » captured into the acceptance € , is obtained after an
integration of (2) over aengles and transverse coordinates in-
side the acceptance. Then one naaily sees that on the left si-
de there remains the term 51 f pd‘;-do:: only agree-
ment with co:xaervatian of phase space by free partizle motion.
30 we have

j’;‘-noe AJPJP'*“? d*rd 0 - 6.:,..»,,.% (1)

where 4D 1o a momentum bite qa.ptured.

To determine the sphere of integration in the right side
of (7) we must use the dependence of acceptance S - and o-
=or ¥-and O- functions om longitudinal target coordina-
te Z . The second couple iz preferable because the F- func=-
tlon has a constant value in s drift determined by the value of




/5 - function in a waist ﬁm 2] B’= « The ‘of ac-
ceptance has, evidently, to be zero at the walst of the anti-
Thusg 0L

{Z‘-—) ’

proton besm, i.e. in the target centre by gm=ém s
ig related to the 3" and pmas =—-‘d” (2 o L):-
where L is the targ zet length.

Let the proton beam have a radius |, less than the coor-
dinate size of the acceptance in its minimum, Po<y ==
Then for Gaussian distribution of antiproton prﬂducilﬂﬂ angles,

di*io & % m!;fifgf?-f» , and B = Sy, we have
N, = QI‘E{ [] %f@ﬁ* ori B S idpde

Limag
where ]} (35_4.\/3_:?“_5_) g § J/("*—J')and the same for

with U= prUan replacing the X = 04 SP « For infi-
nitely thlnypmtcn S:eem, P, (r)= N, 3’(3) 3’(’9) = )'i’fu 3-('”) the

expression (8) is simplified to

b G e T T

In the cage where the range of angles captured is
gmell compared to the range produced, 6]’{-( <9:’> » the ex-
pression under the integral can be exp-aned in a series, and
taking into account only the f:r.rst ‘Eerm we have

SEe, Ly
Ny = N, apé £ 91‘)..(9.‘) tg Ly -:w).

If we get the value of of the acceptance at the tar-
get equal to that of the antiproton beam, X: 2y3 s which
is cloge to optimum for the acceptance not toc small compared
to Eeo s We have : '

Ngz

(9)

P. d-g 3 Ee k {11)
6«» Cdp 3D
Here we see the exponential decrease of J'lrg with target length

when [ = —?)}2(“_-} .

3 ;"WMI-#"'J:.

To find the optimal target length f.th by the acceyted
dependence of h’ on l. we have to solve the Equatinn -0

Taking into account two terms of the series in the I’lg?l‘b side

of (9) we have

'Lapt = 4.231?*‘2@'} (‘1 + 9.54\11-2——-;6;}4....)

~ Ne dZ . 8 Eeap(-L
Mol & 52 224p-3 ELRLlmi)
in dP COP (N + Lopt)
For finite radius of a protr:m beam and uniform particle
disfribution in it the expression for Lap't. ie ° L“’Pt =

\/II'T (1"‘%‘@4‘***) (13), where

R {65 (_}j%-g,:;;, 3 ;:,L )
23

For very small values of acceptance the a' TR P L
appeer tc be far from optimum. To optimize it together with
[, we have to solve the equation £ -0 together with
Bﬂ'a_o +« This solution leads to the next expressions for

(12)

oL Yopt » Lopt » 2 Neman :
T
ﬁﬂpt Topt v/n 1_:_9£R1,3
3
2 R
Lﬂpt gi:?L (4_ ﬂ- R%Jz (14)
L?*/.ﬂ,

N : E Nn . d-g .q =5
e

At the limit R-0 the value of Ngmay (Eq. 14) differs
from Ng (Eq. 12) by a factor of 1.5 times, but already at
B~ 1072 the differencezlﬂ legs than 10%. The thin proton
beam condition l",zt?.' » 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 amall

0



angles and coordinsfes, which does not influence sufficiently an
the integral characterisgtice of whole distribution.

Analytical egtimates of the optimum values of capture ef-
ficiency, collection angle, target length and of the efficien-
¢y dependernce on proton beam gize are well consistent with re-
sults of computer similation (see Pig. 1-4), in which the mul-
tiple and elastic nuclear scattering of protons and antipro-
tons, the difference in their sbsorpftion lengths, the angular ‘
gpread and real coordinate distribuftion in proton beam were
taken into account. The capture efficiency is characterized
with a function F equal to the 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 %o 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 |

= d . 3 {15)
Ne= N, dé d.p 6...,F NMO x(ea>F

In Fig. 1 it is shown the F dependence on an acceptance

value at optimum values of acceptance Hlfunctian, at Fig. 2 -
—-ona mean gquare of proton beam radious, which for theuniform
particle distribution inside a eylinder r';,ﬁ. l"' s postula-
ted in analytical evaluation, is {P})- 4 rmu . In computer
gimulation the proton distribution scross the beam ig taken
for Gaussian. Difference in curves in Fig. 2 at very small |

{rt» is due to influence of angular spread in the proton ' i
beam, when this spread, increasging with beam gize decrease ata
finite value of beam emittance, becomes of the order of or mo-
re then the range of angles captured. The F dependence on |
target length (Fige 3) is ghown for target with very large %
cross section and for thin one with & cross section of the or-
der of proton beam cross section. At a large L the thin tar-
get gives a marked gain due to the smaller sbsorption of anti-
protons, but the difference in F at optimum target lengths l

Py

does not exceed 15%.

The optimisation of antiproton capture into an accumula-
tor includes the optimum choice of injection momentum. This
choice 1s determined by the energy dependence of production
crogg-section and by the accumulation scheme. In the case of
entiproton deceleration before cooling, as in the INP-IHEP
project /1/, the maximum accumulation rate is achieved by the
injection at a momentum, corresponding to the maximum of p
the cross sectlen of antiproton production within a phase volu-
me element _—E, which is conserved at the adiabatic particle
deceleration. This element contains in o product P E«—ja
in Eq. {12) (or {14}1, when as a result of the relation P

Eq; —-9[<EE -EQEEIEF‘

ugse 1t turne into

eo°
< gt

42} wike iy
e=0"° )""'ant

The dependence of p'd',E on p for proton energy En = 70 GeV
is shown in Fig. 5. T‘ie golid line, plotted with the use of
the old THEP experimental data extrapolated to low moments un-
der the symmetry of the invariant Grﬂﬂq*HECtan Versuge CelleSe
rapidity, shows that the meximum Gf'P lles near 5.5 GeV/c.
As the more recent data compilation sh a 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,
ag in the FIIAL project /2/, the cross-section has to be
maximized. P

zE&E

Antiproton collection

Antiproton collection from the target requires an optic
gystem with & large angular acceptance and a short focal dig-
tance. The optimum collection angle ﬁc is determined by valu-
eg of the acceptance and its - function at the target as
ﬂ:f Ty 'For =¥p (ea. 5),Fe (0 andl= Lgptimq- 12) it is

‘8 y
“'155(5 ) » The restriction of focal distance does

not direatly follow from the above consideration of optimum tar-




getry conditions. It arises from " the beam emittance
distortion in the lens due to aberration, particle scattering
and so one And it is moat strict in a case of small accep-
tance, because, thanke to sharp maximum of entiproton density
at the center of emittance, the sberration increase of partic-
le angles or coordinates does not lead to the marked reduction
of capture efficiency when this increase is small compared to
the corresponding dimension of acceptance only. Thug the rest-
riction of aberration (or scattering) angle Olad, being also
the regtriciion of lens focal distance f y iles

2 £ A E ’
<ﬂ£a£> < F = -}-z—ﬂ (16)

where £ ia the value of acceptance, f4- its beta-function in
the lens, related to that inaeaparticle source ﬁ, E"Eﬁ F ik, =R
Figure 4 shows the efficiency of antiproton collection w:Lth
different optic systems - lithium lenses /3/ with focal dis-
tances J( = 10 ecm and 20 cm, parsbolic lenses (magnetic horns)
with j— = 20 om, made of berillium end aluminium, and quadru-
pole triplet /4/ - compared with ideal focusing for the FIAL
project parameters ( € = 5'10_6111.!"0:!'., PB=45 G’EV, 4D + 2% )
In the case of lithium and parabolic lenses the capture effici-
ency reduction is mainly due to nuclear abeorpntion and multip-
le gcattering, in the casge of triplet -~ to chromatic aberrati-
on /%/+ The lithium lenses congidered /3/ have 6 cm length &,
0.25 em (for Jf = 10 cm) and 0.5 cm (for 3‘- = 20 cm) end be-
rillium flenges thicknesses, 1 cm and 2 c¢m aperture diameters,
140 KOe maximum field. Under a focusing, characterized with
particle oscillation frequency @w , the multiple scattering in
1ithium rssulta in the mean square angle (91) less by a fac-
tor of f ('H- 5’“—2"‘%&”— ) than (9")“ withc:ut focusing. When
j- = 10 cm, the angle of scattering in lithium and berillium
flanges, \/E e =7.40" ruad, , meels the condition (16) and los-
ses 1in capture efficiency scarcely exceed nuclear losses. At

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

i0

Antiproton focusing within the
target

As 1t is seen from the first itexm, 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 I spread in a beam cross section in accordance
with dependence (the linear one) of I on 2 . Full fourdimen-
sional transverse beam phase volume remsing zero becauge of
zero value of particle 59 - velocities. Changing the dependen-
ce ' on £ one can decrease the transversge antiproton beam

emittance and, hence, inecrease the particle densa.t:.r 1*15:..:13 the
acceptance.

Antiproton focusing with magnetic field of a current passi.ng
through the target along the beam axis /b/, at high enough
current value, eliminates the emittance dependence on target
length. It gallowe to extend the target length up to the value
corresponding to the maximum antiproton yield. The antiproton
beam emittance in this case ig 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 P is determi-
ned by nuclear target efficiency, i.e. F& € at &, =di. .
i1f proton defocusing in the target may be neglected. To take
the antiproton focusing into account in kinetic equations, we
have to add the term - —W'PF2P to the left hand side of the
firat equation of system (1). On the left hand sides of the
gecond and third equations of system (4) there zppear the terms

2<r;> B.'.E end 2w*{rb) , respectively. At &, =&,
taking intu account (3), one obtains

<91> <9o> (.r 2;5?2
(rd = %%(1

5 w2 ) | {;rr}
()= ﬁﬂ;‘;‘z (1~ cos 2wz)
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where m_—:ﬂiﬁ-— - the frequency of antiproton oscillation
in g field in}?side the target, E- - field gradient, P and Ci, -
- antioroton momentum and c:harge- The effective emittance of
antivroton hean is

E <Eiu >‘/Ji m?-wz

wiz?

At fixed W the antiproton t;mittance achieves the value
close to the limit MEﬁﬂm-ﬁu already at 2 & % , but
this value slightly differs from the emittance for a targeti 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 wR =X at 2 2 lesg than

the optimum target length without field L determined by

eqs (12) (or eqg. {141 for very small & compared to .}.(9,!}} &
S0 we have {.u::-zh ﬂ"-”"_i_.zeg and G’ - 2?}:""’“ + For
the INP-IHEP ar'hlpratan gource project /4/ (€ = 610" =D mrad ,

PC = 5.5 GeV) it means G > 0.27 MOe/mm. The estimate for
the AL onroject with Lapt determined in eq. (14) gives
& > 22m0e/mm.

At U}LJP% , infihitely thin proton beam, and &, & &in
the cap‘ture eff:.clenc!?,r into acceptance € is found as
" [erf ,/35 ] (18), but the applicibility of this
expressgion is re r-icted by proton defocusing in the target.

Effect of proton defocusing on entiproton capture effici-
ency F for the FIIAL and IHEP beam parameters is clearly seen
(Fig. 6 and 7) from the comparison of F dependence on field
gradient (r at different values of proton energy E, and of
beam emittance &, (EP{I%‘) and -~ function in the target B,

PP o E, ), accordingly. Figureéb shows the dependence opti-
mum target length Lggon & in the case of Fig. 6as Decrease of
L.,P-l;wrhh an increase of (¢ above some value also evidences the
effect of proton defocusing.

Antiproton focusing inside the target leads to some de-
crease of anguler spread at target exit (see eqs (17)). At a
fixed value of emittence &p it means the increase of beam

- Tunetion in the waigt =SB as compared to its
P ¥ }Bﬂ. {91} ¥ P'

12

g =~

g

e e

R

value in the case of target without field at the same value of

Ep.

This incresse is maximum at @L & 0.7% and is charac-
terized by a factor of about 2.5. Hence the increase -of beta-
-function of acceptance ﬁ without losses in Phage particle
density does not exceed significantly the factor 2 or 3. Im
the case of figure 6 the optimum of acceptance ig maximum
and equals a 7 mm at @& ~ 2 MOe/mm. At mL}b% . FE {4}'1 .

Magnetic field with gr Eient of sevar&l HIDe fmm reu_uires
very high current density in target {‘]( a)" 2% G(mm) )
accompanied with very high density of reaiative energy depogi-
tions. It leads to thermal distortion of the target for a very
short time which can be lessg than the proton spill duration.
With teking into account the alteration of target material
electro-conductivity & as & = én /1/, the time of tar-
get heating up to the melting temperature T, is determined
ag follows:

b= bo (1:°¢‘de£)
i

where &g is the initial value of & , - its thermal co-
efficient, nearly constant in the temperature interval from
20°C to Tmolt ’ o - the mean value of temperature coeffici-
ent, @ - the density of deposed energy, |® - mean square va-
lue of current density- For tangsten target ( 6. = =
= (5540 0omenn Y, B = 4.8@/m?); = 5.840°(°C)",
Tmelt = 3380°C ) the haatiﬁg time is

L
(&, Moe /mm)*

(18)

(19)

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 then in a microsecond. It
agrees very well with the results of experimental study of tar-
get behaviour at such fields, carried out in the INP /6,8/ in

13




1968. So, the short "life-time"of fhe, target narrows the appli-

cibility range of current targets despite of gll theire attrac-

tivity.

inother way to increase phase density of antiprotons

inslide the acceptance /9/ consists in replacing the tar-
get by several short ones with strong lenses placed between
them to focuse the antiproions from one target to another. In
this case the trajectories of antiprotons produced in diffe-
rent targets coincide and the whole beam emittance does not
exceed the emittance from one short target. The optimum value

o

af summary target length Lofl depends on the number of targets

N as
Lot = N-&;" = VRN (1+ VRN +-)

L=f2,5,...,N

where R has the game value ag in eqe (13)e. The value of
beam K- func on is termined by the length of one target

v l/_g

L XF « Thus the accewatance ¥
equal to Yf , and sclld cﬂllectiun angle R =JEY incre-
ase Wi 5}1 ag vﬁ together with the same increase of summa-
ry terget lengith, and so the capture efficiency increases
approximately as N :

' . A
F j‘r‘ <;;‘> eiﬂf:}(-l-l / )_ (20)

The trensformation of expressions (14) to the case of N
tergete also coneiste in replacing R by product RN and in
multiplying the expr&ssluns for x opt. and F by N s

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 ﬁ -
- function at the targets. For lithium lens, occupying all the
distance between targets d, s the value of da ig relagted to
meximum field in a lens as  Hpmay d = ﬁU/T PEY, = php
Hmay ™~ 300 KOe using the dependence of op’cimum =%p oné

one obtains d(em)= 051 pc (G'GVJ]% [N € (om. ?"ﬂad)] i,

14

For practically interesting values of € and p the value
of @ can not be done significantly shorter than 10 cm., and
so the large proton beam P— function, ~d(N-1, end an-
tiproton ebsorption in lithium on the length =~ d,(h" 1) rea—
trict the range of effective applicibility of such targetry
scheme.
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Capture efficiency dependence on an acceptance value
from computer simulation (solid lines) and equations
(13) - (a) and (14) - (b) (dashed lines). Antiproton
end proton momenta, mean square proton beam radius,
and target material are writtem.
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(dashed line).
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Capture efficiency ( £ = 5‘1'Dibmrad, P{‘, = 4.5 GeV)
versus en angular size of acceptance gt the target undex
the antiproton c¢ollection withs | - ideal'leﬁs; 2 -

= lithium lensg with 10 em focal &is‘tance-j- 5B cm
length { , & 10 mm aperture, 2.5 mm end berillium
flan_gaﬁ thickness A ; 3 - lithium lens with )L =
=2écm, & = ﬁ 20 mm, A =5mm; 4 and

5 - linear parsholic lenses with J‘ = 20 em, 5 mm
neck diameter, A(p)= e Pm wall thickness,
made of berillium end aluminium, respectively;

& = quad triplet with ~ 1 m lengths, ~ 0.7 m drifts,
~ 1 KOe/cm field gradient.
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Capture efficiency (a) and optimum target length (b)
dependence on a magnetic field gradient inside the
target for 5:107° mrad scceptance £ , 4.5 GeV/c an-
tiproton momentum p , 80 GeV (1) and 800 GeV (2)
proton energies E; , 3°107> mm® meen square spot ra-
dius {r}) the proton beam -is focused in.
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