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1. INTRODUCTION

The application of electron cooling to beams stored

in LEAR 1) is of importance for various reasons. The cooling results in an
increase of beam lifetime, essential for a long spill; in a reduction of
beam emittances,allowing for loss-free deceleration; and for reaching

very low extraction energies. The use of electron cooling is indispensable
for the operation of an intermal jet target over a wide energy range to prevent
the beam from blowing-up (beam loss) and thus alloweg reasonable target
thicknesses. During this operation it is of particular importance that the
energy can be altered easily by changing the high voltage and magnetic
fields correspondingly. From the electron gun high voltage the stored beam
momentum can be determined with a high relative accuracy without knowing the
machine parameters. Circulating p and H ions can be cooled simulta-
neously.

From what has been said above it can be concluded that
an electron gun reaching the highest possible voltages and currents would
be desirable. A new system would have to be built to reach energies close
to p transfer energy from the PS to LEAR. In the following, however, we
study the possibility to use the present ICE electron cooling system with
small modifications,in LEAR and discuss the improvements achievable with
this system on the LEAR beams. _

We first give a short description of the ICE gun and
resume the results from the cooling experiments in ICE. From these measure-
ments we scale the cooling performance to other energies, discuss the
deceleration procedures and the jet target operation. We then describe the
existing equipment, the required modifications, diagnostics, controls and
operation and give cost and manpower estimates as well as a tentative time

scﬁedule.
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2., SUMMARY OF THE ELECTRON COOLING EXPERIMENTS IN ICE
2.1 The ICE electron gun

A description of the electronm gun is given in Ref.2)
and the set-up is shown in Figs. 1-3. The cooling system consists of three
parts , the electron gun, the drift section and the collector, all
immersed in the field of three solenoids. The gun and collector are joined
to the drift tube at an angle of 36 degrees by two toroids. The Pierce
type flat cathode is in the magnetic field of the gun solenoid. The gun is
operated in space charge limited flow, hence voltage and current are related
through Child's law :

I="F V3f2
where the perveance P 1is set by the voltage applied to the ancdes.

Through resonant focusing the electrons emerge with small
transverse velocities from the gun. Perpendicular to the beam axis they have,
however, an energy distribution originating from the space charge depression
across the electron beam. In the collector the electrons are decelerated to
about 1.5 keV in a tapered magnetic field before they are collected. The
collector consists of a repeller to shape the field at the entrance, the
spike to deflect the axial electrons to the collector walls, the mesh to

repell low energy secondaries and the ceollector itself (Fig. 3).

The electron cooling system was designed for 60 kV.
The cooling experiments in ICE were performed around 26 kV. The maximum
high voltage reached so far that could be held continously was 33 kV

(3.1 Amp). In Table 1 a summary of the design characteristics are given.

TABLE 1 - DESIGN CHARACTERISTICS OF THE ICE ELECTRON COOLER

Cathode diamerer (cm) 5
Cathode type flat dispenser
Cathode temperature for space
charge limited operation (0K) 1350
Cathode heating power (W) . 100

3/2, 7

Maximum perveance P (A-V ') 6:10

Number of anodes 5



Bore of anodes {(cm) ' 6

Gun fecusing resonant
Basic length of gun section (em) 130
Length of cooling section {cm) 300
Basic length of collector sec—

tion (cm) 109
Length between vacuum valves

(cm) 660
Toroid angle (degrees) - 36
Diameter of gun,drift and collector

tubes (cm) 70
Collector deceleration non resonant
Collector magnetic field | tapered
Collector diameter/beam

diameter 5
Collector voltage/full voltage

(%) 95
Maximum high voltage (kV) 60
Maximum beam current (A) 8
High voltage stability 8.107°
Maximum solenoid field (kG) 3
Magnetic field stability 5-10“5
Magnetic field rms angle 5.10*&
Number of correction coils 20

2,2 Cooling results

. . : 3)-5)
Electron cooling experiments have been performed in ICE )

on coasting proton beams with an intensity of 108 at an energy of 46 MevV,
Protons have also been stacked and accumulated to 2.109_particles and the
cooling performance under these conditions and density dependent effects
have been investigated. Moreover, the cooling of bunched beams has been
studied. Measurements have been performed above and below the transition
energy éf ICE. 1In Table 2 the initial proton beam properties and the ICE

characteristics are listed.



TABLE 2 - CHARACTERISTICS QF THE ICE MACHINE AND.THE PROTON BEAM (below transition)

ICE Circumference (m) 74,38
Proton energy (MeV)} 46
Proton momentum (MeV/c) 300
Horizental acceptance {mm mrad) O T
Vertical acceptance (mm mrad) 40
Momentum acceptance t 3-10-3
Horizontal Q wvalue 1.71
Vertical Q value 1.17
¥ transition 1.3
Horizontal beta in cooling section (m) . 3.
Vertical beta in cooling section {(m} 12
Momentum compaction in ceoling section (m) ap 5
Horizontal beam width in cooling section {mm) + 20
Vertical beam width in cooling secticn {(mm) + 20
Horizontal beam divergence in cooling sect. {mrad} £ 4
Vertical beam divergence in cooling sect. (mrad) 1.6
Average number of protons per single injeection 2-108
Average pressure (Torr) gauge reading 10_9
Beam life-time (without cooling) (sec) 180
Maximal stacked intensity 2.109
Bunching factor for bunched bean 0.33

Cooling experiments were performed with currents of 2.3, 1.2 and 0.6A
in space charge limited operation and also with a temperature limited
current at O.6A. The longitudinal frictional force was measured over
a wide range of velocity differences by imposing a voltage step, ramp
or sine wave on the gun high voltage and observing the rate of change
of the proton beam momentum. The transverse cooling times were in-—

vestigated through the damping of horizontal betatron oscillations ex-

cited by a kicker.

Momentum, and momentum spread, of the coasting beam were
deduced from the Fourier spectrum of the Schottky noise induced in a pick-
up. The horizontal and vertical beam distributions were measured

with a beam profile monitor imstalled in the straight
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section opposite to the cooling region. This device was also used to
monitor the intensity and to determine the beam lifetime. Neutral hydro-
gen atoms formed in the cooling process and leaving tangentially the

cooling region were detected with a MWPC and a scintillation counter at

the end of a 10m long prolongation of the straight section. The neutral
beam was used to analyse the proton beam distribution and its divergence

in the cooling region. From the formation rate of neutral hydrogen atoms

the transverse electron temperature was determined. Some of the experimental

tesults are summarized in Table 3 3)_5).

TABLE 3 — TYPICAL CCOLING RESULTS AT 46 MeV PROTON ERERGY
AND 108I STORED PROTONS FOR OPERATION BELOW TRANSITION

Electron gun high voltage (kV) 25.9
Electron beam current (A) _ 1.25
Electron beam current density (A/mz) | 640
Solencid magnetic field (G) 500
Space charge depression within the electron beam (V) 120
'%-momentum cooling time T,, (sec) *) 0.5
é-betatron cooling time ﬁl_(sec) 2.5-4
Equilibrium momentum spread Ap/p (FWHM) 1.4+10
Equilibrium horizontal emittance €y (mm mrad) dl
Equilibrium vertical emittance EV (mn mrad) 4
Equilibrium horizontal beam FWHM {mm) 1
Equilibrium vertical beam FWHM (mm) £3.5
Eqguilibrium horizontal divergence (mrad) 0.3
Equilibrium vertical divergence (mrad) 0.3
Neutral hydrogen rate (sec-l) : 400

é lifetime of cooled beam (sec) > 2000‘—10
Average gun vacuum {(Torr) (gauge reading) 2.10
Collector gun voltage (kV) 1.2
Collector efficiency (Z) 98
Transverse electron tempefature (eV) 0.2
Longitudinal electron temperature (eV) < 0.01

%) These values correspond to the reduction of the initial momentum spread.
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3. ELECTRON COOLING IN LEAR WITH THE ICE EQUIPMENT

3.1 Accessible momentum range

The cooling experiments in ICE had been performed with elec—
tron gun high voltage at 26 kV. This voltage could be kept for days without
problems and the operation of the gun was stable and reliable. Imitial
difficulties with the high voltage was cured at a later stage of the expe-
riments. The highest voltage reached was 35 kV (corresponding to
337 MeV/c). Limitations arose from the continuously deteriorating vacuum
caused by unsatisfactory electron collection. Electron
beams were produced frequently at lower voltage levels. These conditions
are much less stringent and running the electron gun is less pfoblematic.

In the following we estimate the ccoling time for 26 kV {corresponding to
300 MeV/c) and 2.8 kV (100 MeV/c) where reliable operation of the gun can

be guaranteed and a good electron beam can be expected. In addition it
should be noted that in Wovosibirsk, experiments had been performed at .8 kV
(53 MeV/c) and all the features of electron cooling had been observed at this
low energy.

3.2 LEAR parameters relevant for electron cooling

In the following sections we shall estimate the cooling
performance of the ICE gun on stored beams in LEAR. The machine and beam

parameters used in the calculations are listed in Table 4 1).

3.3 Operation at 300 MéV/c for the stretcher mode

From comparison of Table 2 with Table 4 it is obvicus that
the initial emittances of a precocled beam at a momentum of 300 MeV/c are
smaller than those in ICE and further that the lattice functions in the cooler
are similar. Hence, we are confident that the cooling times obtained in
ICE (Table 3) easily can be reproduced.

The emittances of a beam decelerated without precooling to
300 MeV/c would be roughly equal to those in ICE and only the momentum spread
would be a factor 2 higher, The increase in longitudinal cooling time as
compared with Table 3 would, however, be less than a factor of 3. Without
precOOIing, precautions should be taken to prevent coupling of horizontal and
vertical emittances, which could be caused amongst other things by the sole-
noidal field of the cocler. Such a coupling would lead to intensity losses,

because the vertical acceptance in LEAR is smaller than the horizontal.



TABLE 4

Transfer line

Transverse acceptance E, (mm mrad)

H
EV {mm mrad)
Momentum acceptance Ap/p

Bunch area A (mrad)

LEAR

Transverse acceptance E, (mm mrad)

H
Ev (mm mrad)

Momentum acceptance Ap/p

Bunching factor

Average rressure {Torr Nz—equivalent)

LEAR circumference {(m)

QH
QV

Transition energy Yi

Lattice functionms in cooling section
By (@

By (m

GP {(m)

Tpnjected beam (600 MeV/c)

Assumed geometrical emittance EH (mm mrad)

=
Momentum spread Ap/p

Beam decelerated to 300 MeV/c
(adiabatic btlow-up only) EH {mm mrad)

€y {mm mrad)

Ap/p
Total beam cross—-sections and divergency in
straight section ay (mm)
at 300 MeV/c

ay (mm)

@H {mrad)

E% {mrad)

Transverse proton temperature T, (eV)

Longitudinal protor. temperature T“ (eV)

(mm mrad)

|4

I+

40 ¢
20 M
£5.1070
15 mrad
240 T
48 m
1,1 1072
0.8
10-10 (10-11)
78.54 m
2,33
2.75
~(14.5)2
3.4
4.9
3.9
Without after lmin.
stochasting cooling at
600 MeV/c
30w 10w
i 7T
3.107 +6.3-107%
60 ™ 20 m
30T 14 7
6.10 > +1.3-107°
t 28 + 9.7
+ 12 + 8.3
I 4.2 + 2.4
+ 2.5 * 1.7
2300 830
3100 220



In equilibrium the transverse angular divergences of the
stored beam, was, in the ICE experiment, limited by multiple scattering diffu-
sion on residual gas molecules. Since the design pressure in LEAR is more than
one order of magnitude lower, better equilibrium values than those in Table
3 are expected.

The achievable equilibrium values are, however, by far better
than what is required for the slow extraction and are only relevant for further

deceleration and extraction at very low energies.

Qperation below 300 MeV/c

As an example for extraction momentum, we consider the case

of 100 MeV/c,
After deceleration of the E beam previously cooled at 300 MeV/c, .
to an extraction energy of 100 MeV/c, the geometrical 907 emittances and

momentum spread are typically
EH = 3 7 mm mrad EV = 12 7 mm mrad Ap = ilrxlO_4

where we have taken into account the adiabatic blow up of emittances in
Table 3.
The corresponding beam sizes and angular divergences in the

cooler are hence
_ -4 S -3 -
@H = t 9x10 OV = +],5x10 ay = * 4 mm ay

If we scale according to the equation in Appendix I, we

=+ §,0 mm

arrive at a cooling time of 25 sec at 100 MeV/ec. This is, however, an

extremely conservative scaling. Firstly, the transverse temperature of the

electron beam here is lower than at 300 MeV/c ; secondly, for such small

angular divergence of the stored beam, magnetization effects in betatron .
cooling, as observed at Novosibirsk and in ICE, are of extreme importance.

A cooling time below 500 msec is found from a detailed calculation.

The equilibrium angular divergence of the stored beam can
be found by balancing the betatron cooling rate with the relevant heating
term, which here is multiple scattering diffusion on residual gas molecules.

Scaling of values in Table 3 according to equations in Appendix I, for an
average pressure in LEAR of 10_11 Torr, gives a rather conservative value
of 6 = +4107 "

The equilibrium momentum spread is, as observed in ICE,
limited by intrabeam scattering. Since, however, the cooling is always
faster in longitudinal direction than in transverse, we can at the very
most obtain a momentum spread corresponding to an isotropic velocity dis—
tribution of the stored beam, i.e., Ap/p $ ¥Op. It should be noted that
with these equilibrium values further loss free deceleration to even lower

energies is possible.



The ultra slow extraction process requires a high momentum
spread {(typically 10_3)6), whereas the equilibrium momentum spread with elec-
tron cooling is by far lower than that. However, intermediate cooling in
addition to stochastic precooling would allow loss free deceleration. Prior
to extraction small emittances could be achieved even at lowest energies by
further cooling at the extraction momentum. However, we are also investigating

the possibility of having transverse cooling operating during the extraction.

One possible operational procedure for the slow extraction

mode could then be the following :

. i) Antiprotons are injected at 600 MeV/c and the electron gun is set to
the high voltage corresponding to 300 MeV/c. After deceleration of the
beam (eventually precooled at 600 MeV/c), to 300 MeV/c the electron
cooling will, within a total time of 10 sec, reduce the emittances and

momentum spread to values better than stated in Table 3.

[
pds
—r

The electron gun is then set to the voltage corresponding to the
extraction energy and the p beam is decelerated to that value. The
cooling automatically sets in then. When the adiabatic blown up
emittances are cooled back to equilibrium values, after a few second,

cooling would be removed during extraction.

The final version of the operation procedure depends
. however on the actual machine cycle and the controls of the system as well

as on the stochastic precooling.
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3.4 Operation with internal jet target

For the operation of intermal jet-target, the electron
cooling is of extreme importance for increasing the beam lifetime through
compensation of the multiple scattering blow-up occurring mainly in the
target. A low beta-value at the target results in a considerable life-
time gain when the cocling is applied. This is due to the fact that the
single scattering lifetime is determined by local pressure, whereas the
multiple scattering lifetime concerns mainly average pressures, since the
time-scale for growth of betatron amplitudes are large compared with the

revolution frequency.

The optimum jet target thickness has to be found by equalizing
the loss rate due to single scattering and the average anti-proton accumulation
rate i.e., 106/sec. This criteria fixes only the product of target thickness
and stored beam intensity, and in principle, the equilibrium beam quality may
be improved by reducing the jet thickness and consequently increase the stored
beam intensity. In the following we estimate the maximum acceptable jet target
thickness and the equilibrium properties of the antiproton beam in the presence
of cooling. For the angular acceptances of the storage ring and at the jet
target position we assume greE = 4 31»':10“3 and OE;X = i6x10_3, respectively.
We work out the values at the two momenta 300 MeV/c and 100 MeV/c.

The maximum target thickness 1s determined by Tgés'(dnax)>jL
the transverse cooling time has to be shorter than the blow-up time constant
due to multiple scattering in the jet. For this maximum thickness the
single scattering lifetime Tﬁi(Eﬂ?x) is calculated, which gives a considerable
gain in lifetime (V50 at 300 MeV/c and 726 at 100 MeV).

Table 5 lists the expected equilibrium values of the stored
beam for jet target thicknesses giving 5% = 2x103 sec. The equilibrium
angular divergences are calculated by balancing the multiple scattering
diffusion due to interaction with jet target atoms with the correction due
to transverse cooling. The equilibrium momentum spread is similarly obtained
by balancing the momentum cocling with heating due to intrabeam scattering
and energy straggling in the jet target.

In conclusion we note that with the use of the ICE~gun,
equilibrium angular divergences and momentum spreads around or better than
i4x10_4 may be obtained for reasonable target thicknesses in the momentum

range of the stored beam of 300 MeV/c to 100 MeV/c.
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TABLE 5 — INTERNAL 1-I2 JET TARGET OPERATION

AT STORED BEAM INTENSITY OF 2x1091_3

Energy 46.8 MeV 5.3 MeV
Momentum 300 MeV/c 100 MeV/c
m.s. -9 2 -11 2
Max H2 jet density for TH, <eT 2x10 “g/em 6x10 "“g/cm
Max H, jet demsity for rgs =2x1035ec 4x10_10g/cm2 1.6x10-1lg/cm2
Lifetime gain "L," = 38 e 8 50 26 -

Equilibrium parameters

4 4

3x10

I+

Angular divergence @p +4x10°

5 4

4x10

I+

Momentum spread Ap/p £8x10

A possible cooling procedure for internal target operation

could be the fellowing :

i) as before (point i) for slow extraction
ii) the electron gun is set to the voltage corresponding to the Working
momentum (between 300 MeV/c and 100 MeV/c) and the p beam is decelerated
to this value. After a few seconds of cooling to compensate the adiabatic

blow up, the internal target is activated and cooling continues.

3.5 Cooling of H beams at 300 MeV/c

H -ions produced in the old Linac can be injected into LEAR
at 300 MeV/c and need no deceleration to be within the accessible range of
the ICE electron cooler. Provided the vacuum in the ring is good enough to
prevent the H -ions being rapidly stripped by the rest gas, this particle

beam can be cooled under conditions which are worked out in Chapter 6.1



- 12 -

4. EXISTING HARDWARE

4.1 High voltage system

HT supply

This consists of essentially two parts. One part ("Seifert”,
120 kV, .5A) supplies most of the required voltage and consists at present
of a polyphase transformer rectifier set paralleled with a 180 nF capacitor.
A thyristor primary regulator has been abandoned due to stability problems.
The other part, connected between the positive terminal of the Seifert and
ground, is a low voltage power supply (< 1 kV). The function of this supply
is to stabilize the total output voltage to the required value, Its disad-
vantage is its high fault rate, presumably because it has to carry the total
fault current in case of breakdown inside the gun.

The gun cathode is connected directly to the HT supply.
The anode voltages are taken from a 1 MQ resistive divider between cathode

and ground.

Collector supply

| A 185 kVA transformer supplies a rectifier-capacitor bank.
This assembly is used to bias the collector positive with respect to the
cathode and supplies the total gun current. The power needed is below 10 kW.
With thié arrangement the HT supply 1s not required to supply the full beam

current.

There are three smaller supplies for biasing auxiliary elec-

trodes inside the collector.

Faraday cage

Most of the electrical equipment is housed inside a Faraday
cage connected to ground potential. The cathode supply connects to a second
insulated cage inside the first one. This houses the cecllector supplies,
cooling systems and other equipment at or near cathode potential. Power is
supplied to this potential level by means of an isclation transformer rated 100 kV

and 40 kVA,
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4.2 Magnet system

The longitudinal magnetic field for restricting the transverse
motion of the electron beam is produced by three solenoids, which are connected
through two toroids (see Fig. 1). The length of the gun and collector is 1.3,
and .7m, respectively j; whereas in the interaction length of 3m the field is
produced by two sclenoids of 1.5m each. The toroid major radius is 1.05m
and the angle 36°,

The coils of the solenoids are wound in two layers of opposite
twist whereas in the toroids there are three layers to allow for optimiza-
tion of fields.

| All magnets are connected in series, with the third layer of
the toroids shunted. The maximum field strength which may be produced is 3 kG.
At the normal working point of 500G the power consumption is around 13 kW.

A high field homogeneity is required to prevent heating of
the electron beam. The rms homogeneity in the cooling region is measured
to be arocund 5X10_4, sufficient not to excite the electron or the circulating
beam. To steer the electron beam each section of the magnet system contains
two sets of correction elements {in total 20) for producing transverse fields.
Each of these elements are powered separately.

4.3 Vacuum system

A ultra high vacuum is required to prevent high voltage break-
downs and reduce the ionization of residual gas molecules through electron
impact. The latter may cause accumulation of ions, which lead to instabi-
lity and changed optics of the electron beam. Further a too high pressure
may result in sputtering of the cathode and collector surface. _

The materials for the vacuum system of the ICE gun have hence
been carefully selected and cleaned, and the assembly baked out for 100 hours
at 200°C.

In the drift region the vacuum chambers are stainless steel
tubes with diameter $=20cm in each solenoid separated by manifold vacuum
vessels in the toroids. These manifolds, through which the proton beam

enters, contains several feedthroughs and saphire windows (Fig. 6).
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The system is equipped with three 220 1/s sputter ion pumps
(Fig. 1) and two Ti-ball sublimation pumps situated in the toroid manifolds.
On ultimate pressure of 7x10_11 Torr, gauge reading, virtually all due to
hydrogen was reached in the cooler when it was disconnected from the ICE
vacuum system. This corresponds to a real pressure of about 1.4 x 10_10 Torr
(Hz) which is compatible with the required LEAR vacuum dewn to 100 MeV/c 7).
The pressure increased to around 1 x 10”10 Torr when heating the cathode to
working temperature. During cooling experiments, when the cooler was connected
to the TCE-vacuum system, the pressure in the cooler was essentially determined
by the vacuum of ICE (%2-10ﬂ9)*. The pressure reading in the cooler was then
3-10_—10 Torr. It should be noted that because of the poor vacuum in ICE no
effort was put into a further improvement of the cooler vacuum. .

The ICE gun vacuum system is further equipped with two fast

valves, through which the gun may be isolated from the storage ring.

4.4 Collector

The main difficulty in such a high power electron beam device

is the recuperation of electron beam power through deceleration., This efficiency
may be expressed by the power and current efficiencies n_ and n.
p i

n -1 -2 n: = 1 - AL

P~ W 17

I
The power loss AW consists mainly of two terms ?OAI and VCCI, where the
first is supplied by the stabilized high voltage supply and the second by

the collector power-supply operating at petential Vcc with respect to the
cathode. The power loss is in general dissipated as heat on the vacuum
chambers (V_ I in the collector), where it causes degassing and desorpiion .
of residual gas molecules. It is hence preferred to collect the current at
as low a collector potential as possible. .

There are several contributions to the loss current AT ¢
i} imperfections in guiding field (beam optics) ;3
ii) recuperation of rotational energy iu the cyclotron motion ;
1ii) secondary electrons emitted from the collector surface escaping from
the collector.

For the ICE collector in particular i) and ii) limit the
efficiency, whereas secondary electrons to & iarge extent are'suppressed by
the retarding field created by the electrostatic mesh. The optimum collec—
tion efficiency, which has been obtained at 10 keV is AL/T = SXIO-a.
However, as the electron gun high voltage, and hence the magnetic
field, is increased, the efficiency becomes progressively worse and for

26_keV A1/1 = 6x10_°.

% oance reading
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A power efficiency of n, = .96 is here obtained.

The main difficulty is the decceleration of the electron
beam in the tapered magnetic field and the matching of magnetic potentials
for recuperation of rotational energy in the cyclotron motion. Experiments
have shown that the effective collector aperture is somewhat too small as
the coherent ripples of the electron beam intersects the aperture. At
present exﬁerimants are continuing with a simple set-up of the gun for the
purpose of changing the beam optics at the collector entrance.

However, even if these tests are not successfull the
existant collection efficiency is sufficient to assure safe operation (low
pressure) in the energy range up to 32 kV. |

4.5 Correction elements

The transverse component of the magnetic field in the toroids

causes a radial shift of the proton beam in the cooling region, which at
26 kéV amounts to 5mm. To prevent a closed orbit distortion two dipoles
positioned at the ends of the interaction region are used with a bending
power equal to the toroidal field. We note that since the horizontal
machine aperture is by far the largest it is preferred to have this local
distortion in the horizontal plane, which dictates that the electron gun
symmetry plane is vertical.

' These dipoles are also used for horizontal angular alignment

of the proton beam to the electron beam. Their specifications are given in

Appendix 1I. Their bending power 1s high enough to be usefull for closed
8)

orbit corrections in LEAR .

In addition the electron beam may be deflected and parallel

shifted in both planes for adjusting cooling efficiency , with the aid
of the small correction elements already mentioned. The angular alignment

should be within 5X10_4radians.
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5. MODIFICATIONS NEEDED FOR INSTALLATTON INTO LEAR

5.1 High voltage supply

A priori there are several possible solutions

i) One unique supply capable of supplying up to 100 kV with a stability

in the order of 3.1Oﬂ5.

ii) One unique power pack to provide up to 40 kV with a stability better
than 10_4 and using the existing divider to connect the anodes.
iii) Four different supplies, one to supply the cathode with similar speci-
fication as i) but with lower current capability and three supplies
stable to 10_3 with low current ratings to supply the anodes. _
iv) Use the existing ICE equipment. Two modifications would then be
needed. One would be to have fast control on the Seifert, i.e., .
introducing thyristor regulation on the primary side. The other con~
cerns the transistor regulation which would need a practically complete

rebuilt in order to achieve the necessary reliability.

Solution 1) is preferred for reasons of a later upgrading
of the system to higher voltages and of economy in manpower and equipment.
| Solution ii) would be preferred if cooling higher energies
would not be envisaged or costs have to be reduced.
_ For extremely low voltages, where possibly the stability
of the HT supply could not be guaranteed, switching over to a smalier one
may be envisaged,

5.2 Vacuum system

Some modifications apart from a general overhaul are needed 9). .
The present correction windings have to be replaced to allow a bakeout at
300°C. The toroid vessels have to be cleaned and vacuum tested. The Ti
pumps might have to be changed. An ion pump at the collector end should be
added.

At present the vacuum system is dismantled and will be cleaned.
Test measurements will be made to determine the final modifications. There
seem to be no principal limitations to achieve the required vacuum.

The integration of vertical dipoles into the electron
cooling system would require some modification of the pumping port at the
entrance and the exit of the p beam.

The vacuum chamber in the interaction region has a circular

diameter of 200 mm. The chamber at the entrance and exit of the antiproton
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beam has approximately a rectangular shape with a horizontal width of 152mm
and a vertical width of 60 mm (Fig. 6). Hence it presents no aperture limit
for LEAR beams 8).

5.3 Magnets

In principle no changes in the components of the magnet system

apart from the correction windings are required, if the total length of the
system could be kept. However, it turms out that the length has to be reduced
for an installation in LEAR. This is possible if one of the central solenoid.
halves is taken out. It entails some modification of the solenoid flange,
the vacuum tube and the support structure. The use of the correction dipoles
for closed orbit corrections in LEAR requires power supplies adapted to the

LEAR control system.

5.4 Collector
The present collection efficiency is sufficient to assure
reliable operation in the discussed energy range, although it would be -
of advantage to do some measurements on a test bench in conjunction with
computer calculations. This would in particular facilitate the goal of

further increasing the high voltage.
5.5 Suppert
Some changes in the support structure are needed to account

for the beam height of LEAR and to have the system length reduced.

5.6 Upgrading to 100 kV
As written before the system is designed for 60 kV. The

magnetic field would be sufficient for operation at 100 kV. The present high

voltage capability could be improved by modifying the limiting compoments.

In order to reach 100 kV the electron gun and the collector have to be repléced.
These two elements could be mounted together with a drift

region in between them. The relevant electron beam properties and vacuum

conditions could then be measured on a test bench. At a later stage the

new components could be exchanged with the present elements possibly without

a removal of the entire cooling system.



6. DIAGNOSTICS AND CONTROLS

6.1 Diagnostics

In order to optimize the electron beam properties and
to achieve satisfactory cooling performance it is essential to have ade-
quate diagnostics.

Prior to its operation in LEAR the ICE electron cooler
has to be optimized in the entire energy range of the later application
and the proper settings have to be found. This can be achieved if the elec-
tron beam diagnostics presently available for the ICE system are improved
and supplemented. These systems can be upgraded without requiring many
modifications in the actual hardware. '

A crude but effective method to pre—adjust the elec—
tron beam was through the observation of the loss current. Crossed
tungsten wires in the electron beam gave a possibility of measuring the
position and size of the beam at low beam power. They have to be re-
installed for the study of the low energy beam properties. Furthermore,
we have considered the possibility of measuring the electron density with
a miniature Faraday cup. The detection of the microwave radiation emitted
by the electrons spiralling in the solenoidal field was very useful for
the minimization of the transverse electron temperature. The electronics
for this detection system might be improved.

A sensitive, and also non-destructive, method to
determine the electron density and the longitudinal electron temperature
is provided by observation of the backscattered laser light sent head on to
the electron beam. This requires a powerful far-red or infra-red laser
and a simple optical spectrum analysing system. The photon count rates
are at the level of 1 Hz 10). The background is suppressed due to the
Doppler shift of the backscattered light and can be further reduced by
pulsing the laser. This system can operate over & wide range of electron
energies and may also be used for a new electrom cooling system at a
later stage. These methods are the essential diagnostics to deduce the
relevant electron beam properties.

| Once installed in LEAR the cooling performance
of the electron cooler can be studied with diagnostics for the clrculating
beam. The matching of the velocities is achieved by the analysis of the
frequency spectrum of the Schottky noise induced in pick-up electrodes by
the circulating beam. This method will alsc be used to investigate the
momentum cooling of coasting beams. Emittance cooling will be studied by
measuring the transverse distributions of the circulating beam with a beam

profile monitor.
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Cooling performance should initially be studied with
circulating protons (réquifes reversed LEAR polaritieé) because the formation
of neutral hydrogen atoms provides a very powerful diagnostic. The meutral
beam comes out along the straight section and the neutral beam distribution
will be measured with multiwire proportional chambers (MWPC) and the formation
rate with a scintillator. This system provides a possibility of measuring
the beam emittances and facilitateés the alignement of the beams. From the
neutral rate'the'effecfiﬁe transverse electron temperature can be detefmined.

When cooling antiprotons no neutral atoms are formed
and this important diagnostics is lost. However, information about the
cooling performance from a neutral beam may be obtained for the same LEAR
settings, if the ring is filled with H dinstead of P 10)*). Loss free
cooling of H is possible, if the energy difference between the H ions
and the electrons.is below the neutralisation threshold which is 0.75 eV..
Hence, the initially hotest part of the H beam will be stripped and
neutral hydrogen atoms emerge from the straight section until this condition
is reached.. Since the transverse and longitudinal (including space charge)
températures of the electrons are well below the H binding energy, neu=
tralisation is essentially die to the transverse and longitudinal velocity
spread of the H beam and the velocity matching:. Using the above given latt-
ice functions we reckon that the neutralisation threshold will not be exceeded
for H beam emittances below 207 mm mrad and a momentum spread below
3 for an operation at 300 MeV/c. 1In addition to the stripping by
the electron beam, intra-beam scattering may lead to a rapid neutralisation
of the hot part-of the H beam. Once the temperatures are below the
binding energy the beam lifetime will increase and the neutral atom rate
will drop. - The properties of such a celd beam, however, can be investigated
by inducing neutralisation through a rapid step in the electron gun high
voltage. A step of 1 KV within a few milliseconds would be sufficient.

%) This would only be possible if the final design vacuum of LEAR is
reached.
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In addition to the results listed in Table 3 we show in
Fig. 4 the cooling of horizontal betatron oscillations for coasting and
bunched beams. The equilibrium momentum spread as a function of stored
proton beam intensity is shown in Fig. 5 and compared with the intra beam
scattering limit 4).

We want to emphasize that the above given cooling times and
equilibrium beam properties are typical and much better values had been
obtained under optimised conditions 3 . More detailed measurements had
been performed for different gun configurations. Details and a summary

of all results can be found in Ref. 4),

6.2 Controls

As for all other components of LEAR complete computer
control for the electron cooling system is desirable. Most of the para-
meters like correction coil currents, cathode current, etc., can be
treated as ordinary parameters. There is, however, a certain problem
with the acquisition and command of the HT of the gun. The necessary
precision requires a 15 bit converter. After deceleration the same pre-
cision is needed. Allowing for the mecessary dynamic range, this requires
then an 18 bit converter. This seems to be on the limit of what is tech-~

. 1
nologically feasible 11

Perhaps a solution like the switching off the
HT power supply to cope with the full range (as proposed above) might be
envisaged.

Apart from the action that needs to be taken for deceleration,
all parameters are varying slowly and normally no fast computer action is
needed. For the case of conditioning, however, fast response is needed.

It is hoped that the computer can take over the main workload during this
process. Experience gained on the new Linac with the automatic formatiomn

of the preinjector column 12) should be helpful,
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7. INSTALLATION IN LEAR

The ICE cooling system could be instalied in the long straight
sec, 3 or & of LEAR. The overall length (between valves) of the present system
is 6.6m. As mentioned above the total length has tc be reduced because space
requirements in the straight section. This can be achieved by removing one
part of the central solenoid. The total length is then 5.1 m (Fig. 7) which
8)

would be acceptable This takes into account collector and gun which
bend away from the drift tube at an angle of 36" and leads to a vertical
extension of the system (without support) of * 1.5m. On both sides 50cm are
needed for various installations. The entire system could be mounted on rails
in erder to easily move the system.

It is desirable that the system is installed in the center
of the straight section. An extension of the straight section vacuum tube is
required for the observation of the neutral beam (few meters). From the end
of the chamber in addition a length of about 0.50: is needed for the E°
detector.

If the existing Faraday cages are used, they should be installed
close to the straight section. The size of the inner cage is 4.2 x 2.2 m2.
It is located inside an outer cage with an area of 5.5 x 5.4 (3.2)m2 and a
height of 3.8 m. _

However, if the high voltage system and thé Faraday

cages are rebuilt, the space requirements can be reduced considerably.

It should be noted that the reduction of the cooling section
by a factor 2 leads to a corresponding increase in cooling time. It can be
compensated at least at lower voltage by working with full perveance and
having hence doubled the electron current. This assumes that end effects in

the cooling region can be neglected.

8. OPERATION

The basic cooling system should be fairly reliable within the
iimits of equipment using oxide cathedes. The operational reliability will
rather depend on the external components, e.g., power supplies.

Concerning the availability, however, it must be pointed out
that letting the cooling region up to air or changing the cathode required
in ICE four months of reconditioning. It i1s hoped that more computer control
would help this aspect and a two-month delay might be achieved. The main
reason for this rather long delay is that the presence of the electron heam
provokes quite a high degassing and for the operation of the cathode a

vacuum of better than 10_6 mbar is required to avoid poisoning.



- 27 -

9. BUDGETING AND MANPOWER

The following table is a breakdown of cost and effort for

installing the 5.1m cooling system in LEAR.

Cost Manpower
(KF) (contract
labour)

40 kV, HT supply 65

Transformers (iscolation and collector) 10

HT instrumentation 20

Vacuum system (gauges, adaptors, seals, vacuum

pumps, auxiliary equipment) 30

Magnets (bisection, correction coils) 10

Collector (improvements) 10 .
Gun (improvements, spare parts, running in) 10

Supports 15

Controls 80

Diagnostics 20

Dismantling, reassembly and installation of cooling _

equipment 10

Power supply for solemoids and toroids 25

Power supply for correction elements 8

Power supply for correction dipoles 40

Power and controls cabling .5

Total 358 2" man years .

These figures are based on the assumption of satisfactory
equipment condition and include only fhe installation and outlined modifi-
cations. Proper allowance must be made for tests and running-in (including
beam time).

The cost and manpower will be shared approximately equally
by CERN and KfK. '



_.23_

It is also assumed that standard equipment like beam current
monitors, profile monitors *), pick-up electrodes, spectrum analyzer %%), etc.,

are available.

%) desirable : resolution better than 1 wm and scan period dowun to 100 ms
*%) sweep times of 10 ms should be possible provided the pick-up signals

are high enough.

10. TIME SCHEDULE

A precise time schedule depends on the availability of man-
power and workshop time as well as on the time schedule of LEAR itself. It
also depends on the location where the system could be assembled and the electron
beam measurements could be performed. It would be desirable to do these
measurements close to the final position in LEAR. For the modifications and
test measurements which can be done outside of LEAR we give the following ten-
tative time schedule. |
Remaining 80 . definition of modifications for the support structure ;

vacuum tests and gun—ccllector tests
1981-1982 : design, modifications and tests in paréllel H installation

and electron beam measurements.

The objective is to have the system well tested and available without interference
with the construction and running-in time of LEAR. T1f satisfactory vacuum condi-
tions and electron beam properties are achieved in the cooler it will be installed
at the earliest possible opportunity in LEAR which could be between mid 1982
to mid 1983.

This time schedule assumes no major additional workload for
a's, new linac improvements or major failures, etc., and satisfactory state of
the equipment recuperated from ICE. It might be subject to changes if the time
schedule or the operation program for LEAR is altered. In addition it is
assumed that the time required for the HT conditioning and degassing can be

reduced.

ACKNOWLEDGEMENTS

The authors would like to thank F. Kriemen, G. Petrucci and
the members of the Lear design committee with particular reference to P. Lefévre
and D. Mohl for useful discussions and R, Charles, W. Glessing, M. Hauer,

R. Pintus and G. Stefanini for their help and information.




11.

L)

2)

3)

4)

5)

6)

7)

8)
9
10)

11)
12)

- 24 -

REFERENCES

Design study of a facility for experiments with low energy antiprotons
(LEAR), CERN/PS/DL 80-7, 16 May 1980.

M. Bell, J. Chaney, 8. Citolin, H. Herr, H. Koziol, F. Krienen, G. Lebée,
P. Mdller-Petersen, G. Petrucci, H. Poth, T. Sherwood, G. Stefanini,

C.8. Taylor, L. Tecchio, C. Rubbia, S. van der Meer and T. Wikberg
Phys.Lett. 87B, 275 (1979). '

M. Bell, J.E. Chaney, F. Krienen and P. Mé¢ller-Petersen

Report on the CERN Electron Cooler

Proc.Joint CERN-KfK Workshop on Physics of Low-Energetic Antiprotons
(Karisruhe 1979 KfK Report 2836) '
CERN p LEAR Note 29,

P. Mé¢ller—-Petersen
Ph.D Thesis University of Aarhus (unpublished).

M. Bell, J. Chaney, H. Herr, F. Krienen, P. M#ller-Petersen, G. Petrucci
(in preparation).

R. Cappi, W. Hardt

Ultraslow extraction with good duty factor

XI International Conference on High Energy Accelerator, CERN 1580,
and '

W. Hardt, private communication

K. Kilian and D. M&hl, p LEAR Note 82 (in preparation)

P. Lefd8vre, private communication.

P. Riboni, private communication.

H. Poth

Diagnestics for electren cooling (to be published).
A. van der Schueren, private communication.

H. Hasercth

Computer contreolled formation of the 750 keV accelerating column on the
new CERN 50 MeV linac
Linac Accelerator Conference, Montauk, USA, 1979,



_25-..

APPENDTIX 1

SCALING OF LIFE TIMES AND COOLING TIMES

Multiple scattering life time

3.2
Tms « B g R,Y : relativistic factors of the circulating
heam
P : average pressure in the storage ring

Single scattering life times

58 P

12

/Tms = constant 7 for pencil beams

T
55

[H

40 for large emittance beams and jet
target operation

Electron current density

B%y?
j o= — =573 for constant perveance

(y+1)

Proton beam divergence

2 . 2 2 . .
S} el + G‘I €qr %y geometric emittance
.
2 = 02402 = o i i
= OV+GH s + =B BV,H beta function of the lattice
v H _
- 1tp Sp, beam momentum spread
H TP p
Electron beam divergence
0 = fi£
e Rye
Temperature
2.2 2 2 . . .
T = B*y® me” © m : mass of considered particle
Transverse cooling time
2 3/2
Ja me?
v (v 32 gy2 el ( for v <v,)
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Magnetic data -
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Manufactured -

Reference drawings -

Fuses and safety
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APPENDTIZX IT

Steering manget for ICE electron gun

over—ail length
over—all width
over-hall height

gap

useful aperture
conductor cross-section
iron weight

Cu weight

power consumption
max. exXc. current

ohmic resistance at 20°C
number of turns

insulation to earth

equivalent length before
yoke saturation

field or gradient at max.
ex. current

bending power or max. lens

gtrength at max. exc.
current

by
pressure drop

water temperature in-—
crease at max.power

water flow

yoke
coils
support
aséembly
winding
yoke

support

Thermoswitches set at 60°C

MEP/ICE/1 and 2
260 mwm

360 mm

200 mm

92 mm

92 x 200 mm2
(5x 5@ 3.0) mm
54 Kg

18.5 Kg

N 2 kW
150 Amp
0.125 Q at 40°C
192 total (2 x 64 + 2 x 32)
>10 M

0.261 m

1180 Gauss

307 Gauss x m

demineralized water

18 bars

30° ¢

A 1 1/min

MSC/EP workshop

TA 7985 - 1
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Fig.7 Installation in LEAR




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

