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The project which is to obtain an- intense antiproton beam in
the storage ring VAPP-4 for experiments with colliding proton and
antiproton beams at an energy of 2 X 25 GeV includes the intermediate
storage of antiprotons at an energy of 1.8 GeV in a storage ring with

1)

eleciron cooling' /.

In the present paper we consider the following problems: the
focussing of the primary protons onto a target, hence the production

of an antiproton heam and its injection into the 1.8 GeV storage ring.

The antiprotons are produced in an exteraal target by a proion
beam, which is accelerzted up to 25 GeV in the main storage ring,'
ejected from It and then focussed onto tae tarset. The ratio of the
energy of antiprotons (1.8 Je7) to the energy of the primary protons
(25 GeV) is so chosen that one is near thc maximum of the antiproton
production rate in a target of heavy material, as one can conclude
from published experimeantal da%ta for leacd™/,

The angular distribution of the antiprotons at the energy of

uoted reference by
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1.8 GeV can be assessed from the data of the
extrapolaiion Into the region of small energiss of secondary par-
ticles, It must be expected to be closc to a Gaussian disiribution

with a root mean square angie
—E%
J % = 0.15 rad .

The total number of antiprotons leaving ithe target, wnder the
# (&) & 9

n
assumption that the antiipnrotons remain inside the target while tra-

e
versing its length, depends on this length £ according to
F(£) = £ 4 exp (—1/0An L),

where fo is the production probability of aantiprotons with a momen=
tum in the given interval per cm path length, o, the inelastic
cross-section of protons and antiprotons with the nuclei of the tar

g€et and n the number of nuclei per cm3. This function has a maximam

of



at

L = 1/0‘A:1

that means at the inelastic collision length.

The root mean square emittance of the antiprotons ¥ under the
assumption of a infinitely thin proton beam increases proportionally
to the target length

T-0°4
and at the length of £ = 10 cm, which is approximately the inelastic
nuclear scattering length in tungsten, its value is 225 mradcm
(n included) and has a shape which is shown on Fig. 1. It is clear

that an antiproton beam of such an emittance cannot be efficiently

capvured into a storage ring.

In an attempt to increase the capture efficiency a method nas
been worked out in our institute in which the secondary beam is pro-
duced in a target through which runs a very nigh electrical current
(~ 106 A)o The magnetic field generated by the current does not per-
mit the particles to run away from the axis of the system and forces

them to oscillate within the dimension

per,

r = 0
max max eBO

,

where T, is the radius of the target, BO the magnetic field strength

on its surface and where emax can be regarded as the root mean sguare

production angle of the antiprotons.

The emittance of the beam depends thus not on the target length
agd is determined only by the gradient of the magnetic field and the
original angular spread of the antiprotons. In comparison to a tar-
get withont magnetic field the emittance of the beam is reduced.

This is not in contradiction to Liouville's theorem since the
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secondary particles are produced inside the magnetic field. The in-
fluence of the magnetic field on the primary protons can be ne-
glected (in first approximation) because of the large difference in
energies and the smallness of the emittance 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 mradem if it is produced in a tar-

get with a magnetic field of a gradient
grad B = 1.3 x 10/ 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 eacih target only once and
to exchange it automatically against a new one between two cycles.
The cycle time is determined by the speed of the electron cooling
and will be 400 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 process 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 psec.
Under these conditions the target is fully evaporateds but this
happens only after the current maximum, as one can judge from oscil-
lographic observation. At a magnetic field of 1 MG one observes only

a partial destruction of the target at the places 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 psec (the anticipated length of
an antiproton bunch is 0.1 psec). With this pulse length we hope to
obtain on the surface of a rod of 2 mm diameter a magnetic field of

1.7 to 2 MG before it explodes.



-4 =

The short duration 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 psec the skin depth in tungsten is only about 0.2 mm, How=
ever, the heating of the target up to a temperature 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 emit-
tance of & = 0.5 mradecm 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 action 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 are lost by nuclear
reactions and scattering. But this is inevitable for the optimal
focussing of a proton beam of about 0.5 mradcm emittance. If, however,
the emittance will be about 6.1 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 magnetic quadru~
pole lenses of 100 to 150 kG/cm field gradient. At present we are
installing on a test bench a pair of quadrupole 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 the collection of the antiproton beam originating from the
target with:an angular spread of + 0.15 rad and a momentum 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 angular spread

at its end caused by chromatic 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 plane coincides with its plane
of symmetry, 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 anzular range we are interested inB).

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

For the focussing of a beam with large enerzy spread (for
instance, for the collection of pions with Ap/p ~ 110%) another lens
is needed with a focal length F < 10 cm and a current of 1.5 = 2 4.
Such a lens can generate in its neck a field strength of 600 kG and
it will not be possible to use it more than once. The lens has the
shape of a "half-lens" wiiin a special profile of the first surface
and a flat second surface., & prototype of such a lens 1is at present
in operation with a currenti of 1.5 MA. For the time being the elec-
trodes are changed manually, but a schemne for the automatic change

of electrodes is in preparation.

The antiproton storage ring consists of a race track with four
long straight sections of 7 m lengih and four quadrants with a radius
R = 3 m. One of the long siraight sections is reserved forthe injec-
tion and ejection of antiprotons and the other three for electron
cooling and an RF caviiy. The magress of the quadrants have zero gra-
dient and edge focussing, symmetrical with respect o the centre of <he
quadrants. This gives a constant momenium compaction function in the
long straight sections, which is necessary for successful electron

cooling of the antiprotons.

The aperture of the storage ring is AZ X AR =8 x 32 cm2 and
allows the capture of a particle beam with an emittance of up to

70 mradem and a momentum spread of Ap/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 horizomtal betatxzon
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oscillations covering neighbouring closed orbits is small, The in-
jected beam is therefore made to undergo a chromatic dispersion in
correspondence to the values of the momentum compaction function in
the long straight sections of the storage ring. As the result of
this the appareni energy spread for a given closed orbit is not

higher than Ap/p = + 0.6%.

The chromatic dispersion of the injected beam is realized by
the bending magnet M1 (see Fig. 2) and the lens A1. The focal length
of this lens is connected with the bending angle o, the field gra-
dient of the magnet n and the momentum compaction function Y of the

storage ring by *the relationship

J 1~-n

sing ,/1-n

L)

The injection of the particles into the storage ring takes
place at the beginning of the injection straight section and verti-
cally upwards »y neans of the magnez::s 12 and 15 (see Fig. 3). The
magnet MZ plays *“.ie role of a septum magnet with a septum of not
less than 1 cm ihickness., Injectlcn in front of a quadrant, which
would be the bes: if

voltage would recuire iwice a3 much vertical aperture in the storage
ring because the emittance of he injected beam is practically equal
to the adziitance of the storage ring /.

The existence of ithe long siraight sections makes it possible
to inject the beam under a z:all arngle with respect to the medium
plan directly in%c an inflector which is placed at the end of the
same long straight section., The bending angle of the inflector must

in this case be larger by a factor of 1.7 with respect to the con=-

o

)

A

. A s . . [ . s
ventional scheme of injecvion™’., Furthermore the distance between

the inflector electrodes must be twice as large as the aperture of

*) The capture of the beam with such an emittance is possible if one
synchronizes the pulse of the inflector with the moment of pas~
sage through the inflector of the previously stored beam, so that
the latter one is not destroyed in the field of the inflector.
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the circulating beam which increases still more the voltage on the
electrodes, in fact, up to + 500 kV for a travelling wave in the di-

rection opposite to the beam,

It has been proposed in order to reduce this voltage to inject
through one of the electrodes of the inflector in the following way:
The space between the two electrodes can be divided into two regions,
the region of the aperture of the storage ring, where the stored
beam circulates and where the field of the inflector must be pulsed
with a pulse length shorter than the revolution period and with a
very short rise time - which presents exactly the main difficulty -
and a region beneath the main aperture where one can produce a quasi-
stationary magnetic field of about 300 G bending the lower part of
the injected beam., These two regions can be separated by a thin wall
of a thickness of a few tenth of a millimeter through which the beam
passes practically without losses. This wall is the upper part of a
box like electrode of the inflector and the "knife" of some sort of
a septum magnet, placed inside of the box. This type of injection
reduces considerably the difficulfies connected with the design of

a high voltagze generator for the inflector.

The described scheme of production and injection of antipro-
tons allows the collection of all particles within the root mean
square production angle and in the given momentum interval and the
achievement of a capture efficiency in the storage ring of up to

10-5 defined as number of captured antiprotons divided by the number

of primary protons.

The realization of this requires the design of several compli-
cated pulsed electro-optical devices and is a part of the development
programme of the Institute of Huclear Physics directed towards the
application of powerful and superpowerful pulsed magnetic fields in

particle accelerator techniques.,
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Fig. 1 The emittance of the antiproton 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 107 gauss/cm.
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Fig. 2a Special profile of the "linear" lens.
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Fig. 2b Sectional view of the "linear" lens
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