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The project which 1s to obtain an· intcnc1e antipro :;on beam in 

the 8torage ring VAPP-4 for experiments with collidinc p:c:iton and 

ant.iproton beams at an energy of 2 x 25 Ge'f in_;ludes the intermediate 

storage of antiprotons at an energy of 1.8 Ge7 in a storage ring with 

electron cooling1) . 

In the present pa?er we consider the .following problems: the 

focussing of the primary protons onto a targe·:;, hence the production 

of an antipruton beam an<:l its injection into the 1. G GeV storage ring. 

The antiprotons are produced in an exteraal ta=get by a proton 

bea:n, which is accelerated u:;, to 25 GeV j_n th0 main storage ri.ne;, 
ejected from �t ani then focussed on�o tne tar�et. The ratio of the 

eneru of antiproto:1s ( 1. 8 ::re7) to the e112 rgy of the :primr-.iry proto:-is 
( 25 GeV) is so chosen that one ls near the m:i . .xi1:1um of the antiproton 

prod•.icti:m ::ate in a target of heavy ::natc1·ial, as 011.e can conclude 
fro.n published experimental cla';a for leac.2) o 

The a::1gular iistr.:.bution of the a:i ti:pr0to21s at the energy of 

1.8 GeV ca� be assessed from the iata of the quoted reference by 

extra;iola";;ion 1-nto the region of small energi 2s of seco:1dary par

ticles o It ;:mst b? expec te,i to 1:Je close to a Gaussian dJ.s tributLm 

with a root meaJ square an6le 

'92 --'V 0.15 rad • 

The to�al number of antiproto:1s le2.vinJ -!,he ta:rcet, ' . .tnd.e:r the 

as su..'!lptio::1 that the a::i t ip::ot on.3 remain inside the t; ar6'e t while tra

varsing its length, depends on th5..s ler1gth .e accord.ins to 

where f is the pro due tion ?roba::iili ty of a,1 tiprotons with a momen-

tum ih the given interval per c� path leneth, crA the inelastic 

cross-section of protons and antip::-otons wj_th the !luclei of the tar .. 

get and n the number of nuclei per cm3 • This function has a maximma 

of 
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at 

that means at l:;he inel a.stic collision le ngth . 

The root mean squa.re emittance of the antip rotons ¥ under the 

assumption of a in.finitely thin proton beam increa.ses proportionally 
to the target length 

i = e
2 

1, 

and at the length of 1, = 10 cm, which is approximately the inelastic 

nuclear scattering length in tungsten, its value is 225 mradcm 
( 1t included) and has a sh ape which is shown on Fig. 1 . It is clear 

that an antiproton beam of such an emittance cannot be efficiently 
captured into a storage ring. 

In an a.ttempt to increase the capture efficiency a method �1a.s 

been worked out in our institute in which the secondary beam is pro

duced in a target through which runs a "very high electrical cur�ent 

(~ 106 A) o The magnetic field generated by the current do es not per

mit the particles to run a.way from the axis of the system and force s 

them to o scillate within the dimension 

r 9 {Pcr;; 
max - max ✓�' 

'.) 

where r is the r adius of the target, B the magnetic field strength 
0 0 

on it s surfa.ce and whe re e can be regarded a.s the root mean square max 
production angle of the antiproton s. 

The emitta...�ce of the be am depend s thus not on the target length 

� is �te.rmined only by the gradient of the magnetic field and the 
original a.ngular spread of the antiprotons . In coml)arison to a t ar

get without magnetic field the emittance of the beam is reduced . 

This is not in contradiction to Liouvil le 1 s theorem since the 
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se0ondary particles a.re produced inside the magnetic field. The in

fluence of the magnetic field on the primary protons can be ne

glected (in first approximatio:i) because of the large difference in 

energies and the smallness of tne enLi. tta�-ice of the proton beam which 

makes it possible to focus it to small dimensions over the full 

length of the target. 

In the case considered the root mean square emittance of the 

antiproton beam is reduced to 50 mradcm if it is produced in a tar

get with a magnetic field of a gra.dien t 

gra.d B = 1. 3 x 10 
7 G/ cm • 

This requires a current density inside the target of 220 :-<:.A/mm2 and 

makes it impossible to use a target several times. 

It is consequently proposed to use each target only once ani 

to exchange it automatically a.ga.inst a new one between two cycles. 

The cycle time is determined by the speed of the electron cooling 

and will be 100 sec. It is essential only that the destruction of the 

target occurs not before the first current maximum. This can be ob

tained by using a sufficiently small current pulse time, since the 

build-up of deformations in the target is a :;:,rocess having inertia. 

From the experimental results which we have until now achieved 

we can mention a magnetic field strength of 1.3 MG on the surface of 

a tungsten rod of 2 mm diameter at a current pulse length of 1.35 µsec. 

Under these conditions the target is fully evaporated, but this 

happens only after the current maximum, as one ca.n judge from oscil

lographic observation. At a magnetic field of 1 MG one observes only 

a partial destruction of the target at the pla.ces where it is sup

ported. 

At present a new test set-up is being assembled which should 

give a current pulse of about 0.75 µsec (the anticipated length of 

an antiproton bunch is 0.1 µsec). With this pulse length we hope to 

obtain on the surface of a rod of 2 m:11 diameter a magnetic field of 

1.7 to 2 MG before it explodes. 
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The short du.ration of the current pulses provokes inevitably 

the question of the inhomogeneity of the current distribution over 

the cross-section of the target. In fact, at a pulse duration of 

about 1 µsec the skin depth in tungsten is only about 0.2 mm. How

ever, the heating of the target up to a tempera.tu.re close to the 

melting point causes the specific resistivity of the target material 

to increase so that the skin depth becomes comparable to the radius 

of the target. 

The task of focussing the protons onto a small target over the 

full length of it is complicated by the defocussing of the proton 

beam. inside the target with a high current and requires a very strong 

lens. In our case it is possible to focus a proton beam of an erni t

tance of�== 0.5 mradcm to a root mean square dimension (over the 

full length of the target) of± 0.35 mm by a lens with a focal 

length of about 25 cm. 

Such a lens for protons of 25 GeV energy can only be made by 

using the axially symmetrical focussing a.ction of the field of a 

direct current in a rod. The lens, which we have calculated, consists 

of a rod of beryllium or titanium of 1 cm diameter and a length of 

6-8 cm with a magnetic field on its surface of up to 300 kG. 

In the described lens 15% of the protons a.re lost by nuclear 

reactions and scattering. But this is inevitable for the �ti.Jn:;iJ. 

focussing of a proton beam of about 0.5 mradcm emittance. If, however, 

the emittance will be about 0.1 mradcm, then optimal focussing will 

already be obtained by a lens of ~ 100 cm focal length. Such fo

cussing is possible with a triplet or quartet of ma.gnetic quadru

pole lenses of 100 to 150 kG/cm field gradient. At present we are 

installing on a test bench a pair of quadr�ole lenses with an aper

ture 2a == 1.5 cm and a maximum field strength of 100 kG at the edge 

of the aperture (gradient 150 kG/cm). The length of each unit is 

10 cm. 

For� collection of the antiproton beam originating from the 

target with an angular spread of ± 0 .15 rad and a momen tum spread of 

a few percent, a lens is required not only of large aperture but 
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also of sufficiently small focal length, so that the .:.ngular spread 

at its end caused by chroma tic aberration does not exceed the angular 

spread for a given momentum. For this purpose we are designing a lens 

with a focal length of about 20 cm with field. strength of 200 - 250 kG 

and a special profile ( see Fig. 2a). This lens, which we call "linear" 

lens is so designed that its principal p lane coincides wit h its plane 

of sym�etry, in contrast to a parabolic lens which has no principal 

plane. The lens provides linear focussing of the beam and has a mini

mum aberration in the angular range we are interested in 3) . 

Figure 2b shows a sectional view of a model of such a lens. 

For the focussing of a beam with large er...ergy spread (for 

instance, for the callee ti 0�1 of pions wi th 1:;p/p = ±10%) another lens 

is needed with a focal length F 10 cm and a curren t of 1. 5  2 .. ' - .,.11. 

Such a lens can generate in its �eek a field strength of 600 kG and 

it will no t be possible to use it �ore than once. The lens has the 

shape of a "half-lens" wit:: a special profile of the firs t surface 

and a flat secon,i surface. A prototype of such a lens is at present 

in operation with a current of 1. 5 MA. For the time being the elec

trodes are cha.n6ed ma;1ually, but a scheme for the automatic cha..�ge 

of electrodes is in preparation. 

The antiproton storage ring consists of a race track with four 

long straight sections of 7 m length and four quadrants with a radius 

R = 3 :n. One of the long straight sections is reserved forthe injec

tion and ejec tion of antiprotons and the other three for elec tron 

cooling and an RF cavity. �he magc;.ets of the quadrants have zero gra

dient and. edge focussing, .syr:1.:netrical -:rith respect to the centre of ·;r.c 

quadrants. This gives a constant momentum co:npaction function in the 

long straight sections, which is necessary for successful electron 

cooling of the antiprotons. 

The aper�ure of the storage ring is AZ x � = 8 x 32 cm2 and 

allows the cap�re of a particle beam with an emittance of up to 

70 mradcm and a.momentum spread of bp/p � ± 2.5  x 10•2 • 

One of the conditions for electron cooling is that the apparent 

energy spread for a given closed orbit due to horizontal betatlf'On 
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o sci lla t i ons c ov ering neighbouring c lo s e d  o rbi t s  i s  small . Th e in

j ec t e d b e am i s  th erefor e  made t o  unde rgo a chroma t i c  di spe r s i o:i in 

c orre sp ond enc e to th e va lu e s  of the mo mentum c ompa c t i on fru1c t ion in 

the long s tr a i 01 t  s e c t i o ns o f  the s t o ra ge rinc . A s  the re sul t of 

thi s  the app are n t  energy sp re ad for a gi v en c l o s e d  orbi t  is  no t 

high er t han tsp/}) = ± o .  676 . 

Th e chr onw. t i c  di sp e rs i on of the  inj ec t e d  b e am i s  re ali z ed by 

the b ending magnet  I.T1 ( s e e  Fi g .  2 )  an d the le n s  A
1

• Th e f o c al l ength 

o f  t hi s  lens i s  co nn ec t e d  wi t h  the b endi ng angle � ,  the fi e l d  gra

di ent o f  th e mag::rnt n and the mo me nt um c ompa c t i on £unc t i on 'f of th e 

s to rage ring by the re l at i on s :iip 

J 1 - n 

sin 9 J 1 - n 

The inj e c t ion o f  t h e  pa rt i cl e s  int o the s t o rage ring takes  

plac e a t  t h e  bezinning of t h e  inj e c t .i o n s tr ai gh t  s ec t i o n  and. v er t i

c ally u:pwa.rd.s b;s,.- ne a"'l s  of the  :rragne c.: �, : . :2 and I.:
3 

( s e e  Fig.  3 ) .  The 

magn e t  r,,:
2 

pl ay s '; � :e  ro l e  8 f  a s ep t u:rr ma;·net vri th a sep tum 0f no t 

l e s s  than 1 cm t l, i c kne s s .  L"'lj e :: tio::i in fr ont of a quadrant , whic h 

woul d b e  the b e 2 :.  if one  ai r;:,.;:� a t  the sma l l e st po s sible infle c 1.. or 

volt age woul d. r e qui re '.;vri s e  a .;;  muc h ve r t i cal ap erture in the s t orage 

r ing b e c au s e  the e1cii "';; t anc e o f  -:;he inj e c  "';; e d  b eam i s  pra c t i c ally e qual 

t o  the ad .,.. -;  t t an c e  o f  the s t or age ri ng* ) . 

The exi st en c e  of :h e l o ng s t raigh t s e c tions  .:na kes  i t  p o s s ibl e 

t o  in j e c t th e be 3.:n u.."'lde r a 2;;1a ll an.gl e wi t h  re sp ec t t o  the medium 

p lan dir ec tly i -:: �� o  an infl e c to r  wl:ci c h  i s  p lac e d.  a t  t he end of the 

s ame long strai;-i1t s ec t i on .  T l:.e  bending angl e  of th e infl ec t o r  mus t  

i n  thi s c a s e  b e  l :::trg sr o:,- a f :::,c t o r o f  1 .  7 v1it h re s p e c t t o  t he c on

venti on al s chefil e  o f  i...."'1 j e c :. ion L� ) . Furth e rm•) re the di s t anc e b e tween 

the infle c t o r  elec t ro de s  r:iu s t  be t wi c e as l arge as the ap er ture o f  

* )  The cap t ure o f  t he be am wi t h  suc h a n  emi t t anc e i s  po s sible i f  on e 
synchroni z e s  t he pul s e  o f  t h e  in fl ec to r  wi t h  th e mo ment 0£ pas

sage. through t he i :n.fl ec t o r  o f  t h e  previou sly s t ored be am ,  so that 

the la t ter one i s  no t de s t roye d  in t he fi e l d  o f  the inflec tor . 
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the circuJ.a ting beam which inc rea ses still mo re the voltage on the 

electrodes , in f act , up t o  ± 5 0 0  kV f or a travelling w3.ve in the di

rec tion oppo sit e t o  the beam. 

I t  has been proposed in order to reduce thi s  voltage to in j ect 

through one of t he el ectrodes of the inflector in the follo wing way : 

The space b etween the two electrodes can be divided into two regions, 

the region of the ap erture of the storag e ring, where the s t ored 

beam circulates and where the field o f  the inflec tor must b e  pul sed 

with a pulse length shorte r than the revolution p eriod and wi th a 

veJ:y short ri se time - vrhich pres  em s exactly the main difficulty -

and a region benea th the :nain aperture where one c an  produce a qua si

st ationary magnetic fiel d of about 5 00 G b ending the lower part of 

the injected beam . These tvro  region s can be separated by a thin wall 

of a thickness of a few tenth of a mill imeter through whi ch the beam 

passes practically without losses.  Thi s wall is the upper par t of a 

box like electrode of th e infle� tor and the "knife " of  some sort of 

a septum ma gnet, pl ac ed insi de of the  box .  This type of injection 

reduces considerably the difficul ties  co r��ected with the design of 

a high vol tage generator for  the inflector . 

T he descri bed scheme of produc tion and inject ion of antipro

tons allows the collec ti on of  all particle s wi thin the root mean 

square production a."gle and in the given momentum interval and the 

achievement of a capture effici ency in  the storage ring of up to 

1 0- 5 define d as nunber of cap tured an tipro tons divided by the �umber 

of primary protons. 

The realiz at ion of tb.i s requires t he design of several c ompli

c ated pulsed electr o-op tic a l  devices and i s  a part of the development 

programme of the Institute of nuclear Physic s directed towards the 

application of powerful and superpowerful pulsed magnetic fields in 

particle accelerat or techniques. 
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Fig. 1 

0.2 

The emittance of the anti�rot on beam at the end 
of a target of 10 cm length 

1 )  without magnetic field in the target 

2 ) with magnetic field of a gradient of 

grad B = 1 � 3 X 1 07 gau s s/cm. 
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Fig . 2a Special profile of the " linear" lens. 

Fig. 2b Sec tional view of the "linear" lens 

1 - lens b o dy  
2 - coaxial c o nductor 
3 - insulation 
4 damping devic e  for demountable contac t 
5 - flat conductor for connection to the tran sformer. 



Fig. 3 Scheme of the injection of antiprotons into the 
s torage ring. 
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septum magnet 

1 stor age ring ma gnets 

2 top electrode of the inflector and position 
of the bottom electrode (dot ted line) for in

jection wi th double distance between the elec
trodes 

3 conducting foil 

4 conductor bar of the septum magnet 

5 thick bottom electrode in the case of injection 
t hrough the foil. 
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