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ABSTRACT

The study of optimum conditions of antiproton production
within a fixed phase volume - the acceptance of antiproton
accumulator or another device, is performed to determine the
requirements for op@ical systemsg, used for proton focusing
onto the ﬁarget 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 antiproton focusing wi-
thin the target is considered on the examples of a target
with current, providing the distributed focusing through the
target length, and a target with concentrated focusing, carri-
ed out with lenses placed between target sections.



4ntiproton emittance and optimum
tarcetry conditions

The optimiaation of antiproton production inside a fixed
phase volume - the accep%ance of a storage ring or another de-
vice - consists in matching of the acceptance form to a par-
ticle distribution in phade space by optimum choice of the
torget and incident proton beam pafametere to provide the high
particle denpity inside the acceptance. .

To find the antiproton distribution function in a first
approximation one can neglect the elastic nuclear and multiple
séuttoring of protons and antiprotons, the angular spread in
'che proton beam, and ionization losses of energy in comparison
to the production angle and momentum spread of the antiprotonse

The equations determing the distribution function (the
kinetic equations) of the antiprotons produced by incident
protons interacting‘in a target, are in this approximation

L 9P _
az+9 (z)n,,
P _ .

- &; n,oP
deo . (1)

' ' — digtribution
where P(r-,z) and P(l", 9,2, P) are the proton and an.tiprotonA

functions, & is the cross section of antiproton production,
&in and &, are the proton snd antiproton absorption cross
gectiong , ?Lo is nuclear density in the target. From thé
second equation it follows P(M2)= Po(r)e” -2/d -y where
Pgﬁﬁ - is the proton distribution across the incident pro-
proton beam,JK-g;Ji-— the proton absorption length, and so
the equation for P(r,6,2,p) is

BP GaP”Po(r' “m no -glc};ll’l.op- | (2)

After the integratiolx of (2) over trensverse phase space
with the condition that P(I",QE,P)—»O at r, t}@ -0 '
we have the equation, determing the antiproton yield dependen-~
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on o the position 2 along the target (Oé z2<Ll) s
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which glives: >
Al g d, ol gttt 1 dz z 5k o
I | = Nogdp €
P d’P b= bip & =bin in A

whelre )J ds the number of 1ncident ot'on The maximum va=
lue of d” occursg at 2 = 2 “‘/éw Becausge gmgégﬁ,

one hag Ef)z EA and{d*”) '\-Nodé Ho (3 -bin) o

Ii‘ before integration of (2? we multiply it by p*, PO
ond 9 in turn there will be the system of equations deter-
ming respectively the mean values <If“) <Y“9> and <9’) in de-
pendence onZ

(<‘> )2<"9>d —Nan.,-@exm‘) 3mm<r‘>

.a@;_((w@%)- 92>%=—3mno<r9>%
2 dN 2 2y N
%«w )= N, n, 28 Pex<9> no<9>¢p

(4)

where 8, and fy, - denote the angle and coordinate of antipro-
ton production. Using (3) the system is easily solved. For
émall difference between &, and &, we have

(r) = <r)+__<__9°>(1 - 2N, qu Siny.)

(re) = —-<2—9—°-> (1 -2n, -iz:-“'l-é:é_‘!.wv)
(6% =<8

The values of the {r2), {ro) and {@?) determine the
effective cmittance of the antiproton beam Ep'. as 5;5 =

=’\/(~Y“>(6‘)'-<V'9)2' , its envelope function fbp es
ﬁﬁ"" {r®» , the distance to the beam waist from the target exit
E
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ag AR = - g.fez,é y and the value ofﬁ, in it as ﬁF»Min z%é,).
For an extremély thin prot?n beam ({rd> K ‘%@) and

&= &), these are ..E'-ﬁr.%sgl«) , A2=--§-, ﬁﬁ,m:: ‘—2‘%_ (5)
The emlttance value at a target length corresponding to the
maximun antiproton yield, i.e. 2 &\ y can be taken as an
characteristic emittance &, of an entiproton production for
chopen antiproton momentum and target material. The linear de-
pendence of 55 on target length whereas the time of antipro-
ton yield is proportional to Z.@ Z/4 shows that the opti-
mun Z 4isg congiderably omaller than A if the antiprotons

are captured into the acceptance much emaller than &, .

To determine the production angle it is convenient to use
the thermodynamic description of the transverse momentum digt-
ribution Cc)'(p_,_)d.pf cC ;/Eexp(—-'%l)%),which agrees well
enough with experimental data at small value of P, (Pf « mz)-
when the temperature | is taken of the order of @ -meson's
mass, | S MJE « The-MyLin (5) is transverse mass My =
=‘/m,_i:+pf + The angular distribution which follows from (6) i
noarly Gauseion with meen square of angle (92) Z":Tg 2 mmgy

y Where . and P ‘are the antiproton mapse and P
momentum. S0 the production emittance for the antiprotons with

momentum P is £, = ."l’ﬁ%‘l: .

The equation which determines the number of antiprotons
Ne¢ » captured into the acceptance € , is obtained after an
integration of (2) over angles and transverse coordinates in-
side the acceptances Then one easily sees that on the left si-
’ 2 [ D4t lp= B roe-
de there remains the term Pdirdo= only agree
ment with conservation of phase space by free particle motion.
S0 we have |

2 f 25 S
ds = & 3pfRr) BB dird 0 =i N (D

dz E,Ed

To determine the sphere of integration in the right side
of '(7) we must use the dependence of acceptance ' f -~ and ol -
-or X- and O~ functions on longitudinal target coordina-
te 2‘ « The second couple is prefersble because the b’-— func'-
tion has a constant value in a drift determined by the value of




/3 - function in a waist B,a8 Y= ""’"‘ « The of ac-
ceptance hag, r»vn,dently, to be zero at the walst of the enti-
proton beam, il.e. in the target centre by gmaém « Thus &

- - L -L
is related to the ) and Pmias O = X(Z ) mz =)
vhere L ig thc target length.

Let the proton beam have a radius F, less than the coor-
dinate size of the acceptance in its minimum, ¥, < \/& ﬁmm
Then for Gausslan distribution of antiproton producilon angles,

as dév 9xp(~ ?/<9°z>) , and By = By we have
dpdO . dp 7r<ez>
L2

Ne=no X j ] [ er f%ﬁ: orf D4 P (rdrdpd2 o
where l} (7E_+‘/.&W7+_#) x‘K”J/{""'—Jl) d the same for

with | ..pmso replacing the X = rm('p » For infi-

nli?ély thin proton beam, P,(r) = N, S‘(x) &(y) = o 3-(,»), the

expreosion (8) is Bimpllfled to

dg o5
Ve Zlomge ”J‘ @7 _x)]dz

In the case where the range of angles captured is
small compared to the range produced, £X<< <9°2> y the ex-
pression under the integral can be exp-aned in a series, and
taking into account only the first term we have

-L/A |
1 d& 8¢ce
N A/ Apémdp T 3 (10)

If we set the value of of the acceptance at the tar-
get equal to that of the antiproton beam, X':'?'E , which
is cloge to optimum for the acceptance not too small compared
to 5o y We have L

NE N 8 Ee (11)

zo P % 5

rIere we see the exponentlal decreasge of Ne with target lengh

when [ = 2{5»2["——) .

(9)

]

TM-1045
-5-



TM-1045
-6 -
To find the optimal target length Lopt by the accented
dependence of X on L. we have to solve the equation ?!2{.5:0 .

Taking into aecount two terms of the series in the rig?xt plde
of (9) we have :

Lopt 5 1280V 5ga (14 0.64 ‘/XZ"‘“Ze:,»*“'>

a No d& 0. 8 Eexp (=Low/L)
Nﬁ,(Lopt) = & d’P Ap 3 <9.">p(\]\,_+ Zopt)

For finite radius of a proton beam and uniform particle
distribution in it the expression for Lop‘L is

Lvi"
) ﬁ (’1-&- %/R‘-’-nt) ‘0/(13)9;”}161'9 P
, £ 32 re
R=165(xn* 5 ex )

(12)

2y3

For very emall values of acceptance the x=""'L""’ may

appear to be far from optimum. To optimize it together with
L,_ we have to solve the equation Q_M::O together with

Q___Na_..o + This solution leads to the next expressions for

aL xopt ’ LOPt ’ a.nd NE,W :
opt = Yoot~ T A_ 4 ¥
Vor ';1 s R7”
~ 2 R"3
LOPt - g&l ' (4—. 3&7-[ R.Vs)z . (14)
N£,m'= No . db'Ap' 4& e (1-—%{213)

Sin dp o e

At the limit R-»0 the value of Mgmay (Eq. 14) differs
from Ng+ (Eqe 12) by a factor of 1.5 times, but slready at
R~ 1072 the difference is less than 10%. The thin proton
beam condition r’,,z«%'zg—::) 'y following from (13) and (14), is
sufficliently more strict ¥hen obtained by the antiproton beam
emitfance definition (see (5))s 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 characteristica of whole distribution.:

Analytical estimates of the optimunm values of capture of~
fioiency, collection angle, target length and of the efficlen-
cy dependence on proton beam glze are well conslstent with re-
pults of computer similation (see Fig. 1-4), in which the mul-
tiple and elagtic nuclear scattering of protons and antipro-
tons, the difference in their sbsorption lengthg, 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 the ratio of the number of enti-
protons captured to the number of would be produced in whole
transve;ée phase sgpace by interaction of al;-primery protons
without entiproton absorption. The F  equals to 1 in the case
of an infinitely large acceptance, long and thin target and
thin proton beams The number of antiprotons captured is deter-
mined with F as

- _d_é:._ép_ - 2 (15)
Ne = N e .F = Ndpdo-ﬂﬂe)F

In Fig. 1 it is shown the F dependence on an acceptance
value at optimum values‘of,acceptance [—funqtion, at'Fig. 2 -
-ong mean square of proton beam radious, which for theuniform
particle distribution inside a cylinder r;,.s P'max » DOstula-
ted in analytical evaluation, is {p2)= E'me . In computer
slmulation the proton distribution across the beam is taken
for Gaussian. Difference in curves in Fig. 2 at very small

n}) is due to influence of angular spread in fhe pfoton
beam, when this spread, increasing with beam sizd decrease at e
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 (Pig. 3) is showm for target with very larze
cross sectlon and for thin one with a 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 smallev absorption of antl-
protons, but the difference in F at optimum target lengthe
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dooo not ecxceed 15%.

The optimisation of antiproton capture into an accumula-
tor includes the optimum choice of injection momentum. Thig
choice ip determined by the energy dependence of production
croas~section and by the accumulation schemes In the case of
antiproton deceleration before cooling, as in the INP-IHEP
project /1/, the meximum accumulation rate is achieved by the
injection at a momentum, corresponding to the maximum of pa—ﬁ3
the croan mcctlon of antiproton production within a phase vofu-—
me clement ——E, which is congerved at the adlebatic particle
deceleration. This element contalns in: a product P 5 AP
in eqs (12) (or (14)), when as a result of the relatlon P

d’é 2
i = 5 {o; >W 6:33 it turns 3.ntiopt/]\'
Ng = No } 89- < P 2R
65,” ap’ 9003 A+ Lot P
The dependence of P%:"'_E_L on D for proton energy Eo = 70 GeV
is shown in Fige 5. The golid line, plotted with the use of
the 0ld IHEP experimental data extrapolated to low momenta un-
der the symmetry of the invariant cross-eection Versus CeMe.8e
rapidity, shows that the maximum ofpg[‘.é lies near 5.5 GeV/c.
As the more recent data compilation shows the mex:.mum ig ra-
ther shifted down to 4,5 GeV/c. In case of the gtochagtiic coo=-
ling of the antiproton momentum espread before the deceleration,
ag in the FAL project /2/, the croass~section d,g has to be
maximizeds mo

Antiproton collection

Antiproton-collection from the target requires an optic
system with a 1arge' angular acceptance and a short focal dis-
tances. The optimum collection angle ﬂc ig determined by valu-
eg of the acceptance and its 2{-— function at the target as
36-.:\/5? . I‘ozr K“ (eq.IS),Y;EO and L=Lop1;(eq. 12) it is

& 1,65 (£ Y . The restriction of focal distence does
not dlrectly fol’low from the above consideration of optimum tar-
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getry conditions. It arises from the beam emittance
distortion in the lens due to gberration, particle scattering
end so one And it is most strict in a case of emall accep-
tence, because, thanke to sharp maximum of antiproton density
at the center of emittance, the aberration increase of partic-
le angles or coordinates does not lead to the marked reduction
of capture efficiency when this increase is small compared %o
the corresponding dimension of acceptance only. Thus the rest-
riction of aberration (or scattering) angle Olad, being slso
the restriction of lens focal distance‘f , lm:

(otal) < “}%‘ = —3-5’-2- (16)

where £ is the value of acceptance, f- its beta-function in
the lens, related to thatinaparticle source ﬁ., asﬁ ot aT
Figure 4 shows the efficiency of antiproton collection with
different optic systems - lithium lenses /3/ with focel dis-
tances .f = 10 em and 20 cm, parebolic lenses (magnetic hornsa)
with f = 29 cm, made of berillium end aluminium, and quadru-
pole triplet /4/ - compared with ideal focusing for the FIAL
project parameters ( € = 5-40”6m.raal,pc=.ili GeV,4RB=t2% ).
In the case of lithium and parabolic lenses the capture 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 7 cm length L
0.25 cm (for § = 10 cm) and 0.5 cm (for § = 20 cm) end be-
rillium flanges thicknesses, 1 cm and 2 cm aperture diameters,
140 KOe maximum field. Under e focusing, characterized with
particle oscillation frequency w , the multiple scattering in
lithium results in the mean square angle<<9?> less by a fac-
tor of E (4+ ZQLQ%L ) than <62>Lu w1thout focusing. hen
j’ = 10 cm, the angle of scattering in lithium and berillium
flanges, \/2 8% =7.1O'4rad , meets the condition (16) and los-
ses in capture efficiency scarcely exceed nuclear losses. At

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

As 1t 18 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 P spread in a beam cross section in accordance
with dependence (the linear one) of I on 2 . Full fourdimen-
pional transverse beam phase volume remains zero becauge of
zero value of particle gp - velocities. Chenging the dependen-
ce I on 2 one can decrease the transverse antiproton beam
emittence and, hence, increase the particle density inside the
acceptance.

Antiproton focusing with magnetic field of a current passing
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
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 to provi-
de high capture efficiency. The maximum value of F is determi~
‘ned by nuclear target efficiency, i.e. F e e at Em =din
if proton defocusing in the target may be neglected. To teake
the antiproton focusxng into account in kinetic cquatlons, we
have to add the term - —w?M2P to the left hand pide of the
first equation of system (1). On the left hend sides of the
second and third equations of s gtem (4) there appear the terms

z(l""} and 2w‘(rv9> R respectivcly. At 3'..&6&".,
taking into account (3), one obtains

(%) = .4%2_)_ (1+ 2wz)+ 2<r~z>(1 sin 202\

2wz
2wW2\
(rt) = S__Z.Zeiz (1- ng‘;’z)+ <'2'3?(4+ W;wcg ) an

(6> =.—§~,@;—5>—Z (4~ cos2wz) - %";-?(%cowwz)
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where w.-.-\/%EG-'- - the frequency of antiproton oscillation
in a field inside the target, § - fleld gradient, p and g, -
-~ antiproton momentum and charge. The effective emittance of
entiproton beam is (wW3rd) K <62>):
2
£5 <9°>‘/4 YmAwe

“wiz?

At fixed (W the antiprotoy emittance achievés the value
close to the limit ME *m(—%‘f already at 2 & X , but
this value slightly dlffere from the emittance for a Eo'arget of
optimum length without field. It means that to obtain the mar-
ked gain in capture efficienc&, the field gradient has to be |
large enough to enable the equality w2 e X at a 2 less than
the optimum target length without field * L, t,determined by
eqs (12) (or eq. (14) for ver;v_‘ amaell € compared to 3)\(9‘?)) .

So we have w>2b = and G‘>—g—%nﬁ&— o For
the INP~-IHEP antiproton gource project /1 (€ 641072 mrad ,
pc = 5.5 GeV) it means G> o.27 MOe/mm. The gIstim%t%oggg
the I“IAL project with Lopt determined in eq. (14)p &l vés m*

G > 44v0e/mm.

At wL.'>>T y infinitely thin proton beam, and S’ma-ém
the capture efflcienzy into acceptance '€ is found as
Fze'[ 5\/355 ] (18), but the applicibility of this

expression is restricted by proton defocusing in the target.

Effect of proton defocusing on entiprotor; capture efflci-
ency F for the FWAL and IHEP beam pereme-ters is clearly seen
(Pig. 6 &and 7) from the.comparison of P dependence on field
gradient {r at different values of proton energy E, and of
beam emittance &, (8,,06 ) and P - function in the telga%t Bp
(ﬁ ad E, ) accordlngly. Figure 6h shows the dependence opti-
mum target length Legon & in the case of Figs 6s. Decrease of
Lept with en increase of § above some value also evidences the
effect of proton defocusing. |

Antiproton focusing inside the target leads to some de-
creage of angular spread at target exit (see eqs. (17)). At a
fixed value of emittance €5 it means the inérease of ben
fa— funcl.tion in the waist, /3.,= Zé%> y ag compared to itis
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value in the case of target withou.t field at the same value of
Ep.

Thig increase is maximum at WL = 0.7% and is cherac-
terized by a factor of about 2.5. Hence the increase of bheta-
-function of acceptance ﬁ without losses in phase particle
dengity does not exceed significantly the factor 2 or 3. In
the case of figure 6 the optimum ﬁ) of acceptance is mm:imum
and equale A+13 em at & ~{5MOe/mm. At wlL» % , ﬁ:”‘: W

Magnetic field with gr ient of several MOe /mm requlres
very high current density in target (J( ) 2%: G g‘fﬂ) )y
accompanied with very high density of resa.stlve energy deposgi-
tion. It leads to thermal distortion of the target for a very

gshort time which can be less than the proton spill duration.
With teking into account the alteration of target material
electro-conductivity & as 6 ..é.g.& /7/, the time of tar-
get heating up to the melting temperature Tme%' is determined
ag follows:

b= Sobw (1400 Tnelt) (18)
p

where &, is the initial value of & , ﬁ - its thermal co-
efficlent, nearly constant in the temperature interval from
20°C to Twelt » O - the mean value of temperature coeffici-
ent, Q - the density of deposed energy, e mean sguare va-
lue of current density. For tangsten ta.rget 4 éo = .

= (5540 omenn Y, p= 4.8@/mdyE | & = 5840°CC),
Tmelt = 3380°C ) the heating time is

tew= 12:107°
(G,MOe/mm)z

Depogition of energy for melting increases this time not more
than by 15%, and so the target distortion under field gradient
of several MNOe /mm begins sooner than in a microsecond. It
agrees very well with the results of experimental gtudy of tar-
get behaviour at such fields, carried out in the INP /6,8/ in

(19)
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1908+ 8o, the short "life-time"of the target narrows the appli-
clbility range of qurrent-targeta despite of all theire attrac-
tivi tyo

Another way to increase phase density of antiprotons

inpide tlhie acceptance /9/ consists in replacing the tar-
¢et by meveral short ones with strong lenses placed between
them to focuge the antiprotons from one target to another. In
this cnge the trajectories of antiprotons produced in diffe-
rent turgets coincide and the whole beam emittance does not
exceed the emittence from one short target. The optimum value
of - summary target length Lﬂftdepends on the number of targets

N as
,PJC N tm = F (1+ 5‘/-!\74----)

L=!23

where K has the same value ag in eqe (13)e The value of

bean - funct on_ is determined by the length of one target
{(m Y5 = 2 2‘/?\/— « Thus the acceptance Y s
equal to XF d solid collection angle 911% -9[&‘6 incre-

ase m.thN as \//7 together with the seme increase of sunma-
ry target length, and so the capture efficiency increases
approximately as N ‘

8 A/ . exp ("‘ i‘ /).l |

The trensformation of expressions (14) to the case of N
targets aleo consists in replacing R by product RN and in
multiplying the expregsions for 3 opt. and F by N

The lenses between ‘cargéts mugt have the .shortest focal
distances to minimize the aberration effect and the length of
whole gystem, which determines the value of proton bean /3 -
- function at the targets. For lithium lens, occupying all the
distance between targets d, , the value of d J.s related fo
meximun field in a lens as  Hpmex vl = T\/E . For

)

Hmex ™ 300 KOe using the dependence of opta.mum = Xp

one obtains  d (em) = 0.5 L pc (G—e\/)]% [N € (em. md ]
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For practically interesting volues of € and D the velue -14 -

of. ¢, can not be donc esignificantly shorter then 10 cm, end
g0 the large proton beam ﬁ— function, g~d (N-1, end an-
tiproton gbsorption in lithium on the length_a;cLOV—1) res—~

trict the range of effective applicibility of such targetry
pcheme.
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Figs 1+ Capture efficiency dependence on an acceptance value
from computer simulation (solid lines) and and equa=-
tions (13) - (a) and (14) - (b) (dashed lines). An-
tiproton and proton momenta.are 5.5 and 70 GeV/c,
mean square proton ‘beam radius and target material
are writien.
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Fig. 2. Capture efficiency depen-
dence on a proton beam size
from computer simulation
(golid line) and ege (14)
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Fig. 3. Capture efficiency depen-
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£ =5.10"%p
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Capture efficiency ( € = 510 "mrad, 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 diSta.noe.-f- s .0 cm
1ength6 ’ ¢ 10 mm aperture, 2.5 mm end berillium
flanges thickness A ; 3 - lithium lens with f =
=20cm,£ = T«5 cm, ¢ 20 mm, A‘=5m;n; 4 and 5 -
- linear parabolic_lenses with f = 25 cm, 5 mm neck
diameter, A(r)=m mm wall thickness, made of

A

6

‘berillium and aluminium, respectively; 6 = quad tri-

plet with ~ 1 m lengths, ~ 0.7 m drifts,
~ 1.5 KOe/cm field gradient.
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Fige 5. Antiproton production Cross—-section versus a momentum.
Solid line - the data /10,11/, extrapolated to low

momenta under the gimmetry of Ed versus
Ceme8s rapidity; the points- datap/12,13'/;
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Figs 6+ - Capture efficiency (a) and optimum terget length (b)
dependence on a magnetic field gradient inside the.
target for 5'10-6 merad acceptance £ , 5¢4 GeV/e gno'
‘tiproton momentum p , 80 GeV (1) and 800 GeV (2)
proton enefgiés E. ,'43*10"3 mm? mean square spot ra-
‘dius {rZ) the proton beam is focused in.
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Fige T+ The samelaé‘in figure 6a for £ = 6-10'5 mraq,
P = 5.5 GeV/c, Eq = 70 GeV (1) and 350 GeV (2),
<'vol> 9001 mm2.



