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MEEC WITH SINGLE PASS ELECTRON BEAM

Electron Cooling of Hadrons
in GeV Energy range

V. Parkhomchuk




Electron Cooling of Hadrons in GeV Energy Range

HEACC’98, Dubna
V.Parkhomchuk, BINP (Novosibirsk)

1) first cooling NAP-M (Novosibirsk INP) (1974)

65 MeV (proton beam)
35 keV (electron beam)

ICE (CERN)
FNAL
LEAR, ESR, IUCF, CELSIUS, TSR ...

1 MeV/n = 600 MeV/n

high energy projects
Electron Nucleon Collider (GSI)
Electron cooling for Recycler (FNAL)

Electron energy 5 MeV
Electron current 2 A

Pnorm. emittance 10 t:-mm-mrad
Beam radius 1.4 cm

A®, 7-107 sec

T cooling required 10* sec

n. (at Lab. System) 10° 1/em’
n.(at beam system) 107 1/em’



Uy . ELECTRON COLLIDER
WITH ELECTRON COOLING

Ions kinetic energy GeV/u
Flectron kinetic energy GeV
Circumference km

Ion weight A

Ion charge Z

Number of ions N

Number of electrons /N

Emittance & cm

Bunch spacing D m

Beta IP g° cm

Beta cooling fScoos M

Length on cooling section m

Part of cooling at orbit

Cooling current mA

Logarithm Lcoo]

Beam radius at cooling section cm
Beam radius at interaction point um
&i

Ee . |

luminosity ion-electron cnr?s!
luminosity nukleon-electron cmZs/
Electron cooling kin energy MeV
Flectron beam density (lab system)
1/cm?

Transverse momentum spread Ap/p
Transverse temper meV

cooling time sec
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4

1
238

90
7.5107
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ion current [mA]

MOSOL 1980 — 1986
Ultimate possibilities of electron cooling

H,ax = 4 kGs 0.1-20 mA
n.=2-10° 1/cm’ & =2mm
Ep.... 450 —500 eV
n= N =
Axc-AV, - Ap- AV, - Az~ AV,
10 8
" :ng . =n -10
. 10210210101 . 1-1077
 Ax —> 4cm — 0.04cm | ™
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! e

dl injected current

,{1 el ]
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° 2 (3ec)
points - measurements
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Bi(+67)209, Je = 400 mA, exp. factor = 3
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Cooling time
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Friction force (at beam ref. system)

- 4e'n 27’ v (Pmax + C Pomin +pL)
F=- ) 7in
mo (7402 (Prin + 1)

e — electron charge
n. — electron beam density

V -ion velosity

veff - effective velosity electrons

Pmax= VT ~lem, p>p, Vv, =0 magnetization

2
e’z _s
pmi":mvz ~ 10" cm , veff :yv-@l

Py = mbeoc 107 cm

eH

1

F~-v7 yv>>v,.

A~17 "' ~ ~

const v>>v,
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| cooling cm**3/s
Kr+34(84) SIS cooler
B=600 Gs
60 — @
N - losses energy eV
D ® at electron beam :
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For high field cooling saturation on
more high electron beam density
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Novosibirsk 1 Mev x1 A (test)

e ) Ca . IMV
. - l J\LJ/)
LI I '-r‘

i | i . i

Sk
(pressed)

high
voltage
generator

Figure 1: High voltage electron cooling device.

1 - cathod, 2, 3 - accelerating tubes, 4 - collector, 5 - reseiver, 6 - ion pumps, 7, 8,9 - solenoids

parts.
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electron cooling system for medium
energy 1 > 5 — ? MeV

1-2 MS$

Energy 5 MeV
Max. Diameter 2.5 m
Weight 6T
SF, ~ 4T
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Flectron beam current A

For intense (fast) cooling we need
more current and magnet field
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We need correction heating electrons by
transverse components!

GSI (Darmshtad) Project

1pm Energy,MeV 5 7 |10 15
L—u—l—-u—t—r Vessel Height,m 1|16 2] 31
09(08|09|089
ol 26 9.4

86 |76 17 | 38
Solenoids Weight,T 5 g 1o 13l

H Vessel Volume,m? 50 | 65 (125|310
SFg Weight,T 4 |52 10|25

65 | 90 | 130 | 200

Column Diameter Di,m
Max Diameter of Vesselm
Vessel Weight,T

i Accelerator

Power consumption kW

I'igure 6: The total view of cooling facility

Cooling seclion
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Conclusion

1) For the electron beam energy range less
5 MeV only DC acceleration at electrostatic
device with electron beam immersed in the
longitudinal field can be used without very
large new effort at research and
development study.

2) RF linac for E >> § MeV looks very
promising but needs investigation of optics
with magnet fields. ‘

3) Proper correction system for the electron

beam!
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INJECTION & STORING SCHEMES
WITH ELECTRON COOLING

Colliders for Medium Energy
With Electron Cooling

A. Skrinsky, V. Parkhomchuk |

Text is not presented




Limitation ion beam Intensity in electron cooling systems

V.V. Parkhomchuk, Budker Institute of Nuclear Physics, Novosibirsk, 630090, Russia

Abstract

Some effects making limitations for obtaining high ion cur-
rents are observed at interaction of an ion beam with an
electron cooling beam. Dag Reistad pioneer of investiga-
tion these effects at CELSIUS called its electron heating.
The same effect are limit of the proton beam intensity at
the electron cooling ring at the Indiana University and
many others storage ring. The last evidences of existing
limitations was measurement at experiments with accu-
mulation high Kr beam ion current in time of commission
electron cooler in SIS (GSI) at May 1998. The nature of
this limitation is not clear up to now but for future projects
it can be very impotent factors. At this new projects the
cooling of very intensive ions beam are used and we should
be absolutely clear understand intensity limitations.

1 REVIEW OF EXPERIMENTAL
RESULTS

1.1 Indiana University cooler

At the paper [1] we can read: “In the case of striping
injection, electron cooling system appears to be respon-
sible for limiting the peak current in the ring to about
6 mA, this limit is more then an order magnitude be-
low what we might expect without cooling”. The cooler
parameters: 0.3 A electron current, 2.5 cm beam diame-
ter, 45 MeV proton energy, 2.5 m cooling section length,
size of the cooled beam a=0.1 cm, momentum spread
Ap/p=0.510"" 5 = 0.86. The measurement was made for
I mA current of RF-bunched proton beams with bunch-
ing factor of about 6 that correspond the coasting beams
6mA.

1.2 CELSIUS

At the CELSIUS facility [2] high losses in a beam were
observed at proton currents from 4 to 25 mA, this is in
correspondence with coasting currents without RF 25-300
mA (beam energy 48 MeV). The cooling of 50 mA electron
beam with diameter 2 cm initial proton beam current from
25 mA drop down very fast and only 1-2 mA current have
good life time as easy to see from Fig.2 in report [2].

An experiment on the helium ions cooling was carried
out at the CELSIUS facility in December 1992. High losses
were observed at 60 mA electron current as long as the ion
current dropped below 0.04 mA. After that the ion losses
sharply stopped and the beam life time became very long.
They observed an injection under which only 0.02 mA was

injected in the ring as a result of an error in the injector,
under this situation no losses at cooling were observed.
This results reported [3] and in fig.4 (upper picture) shows
a pickup signal when the current quickly decreases at 3mA
injection, and one at 0.02mA injection when the signal
slightly increases, this is connected with a decrease of the
bunch length under cooling. Fig.4 (lower picture) clearly
shows losses at repeated injections in the storage ring, and
absolute absence of losses at a signal less than 41dB, this
corresponds to 0.04 mA ion current. At the accelerating
voltage switched off the beam extended over the whole
orbit (coasting beam), and the threshold current increased
to 0.52 mA, corresponding to a bunching factor about 13.
When the electron current decreased to 30 mA, the ion
current increased up to 1.6mA.

The experiments with accumulation the proton beam
with energy 180 MeV was made at June-July 1997 and
the accumulation process shows in figAcum. For this ex-

The linear accomulation for small current
and drop down the beam life time for
current more 3mA and stop accomulation.

—~
<Ei |
=4
1) Acumulation 180Mev pbeam
. 1y P
o { 2t CELSIUS, July 2, 1997
v Electron beam 1.8A
=
peo |
8]
<
o 1
I’ Initial injection
O f
e
a
J\
0  LSURL M5 L i I A B 22 |
0 100 200 300

time (sec)

Figure 1: The accumulation 180 MeV proton beam, elec-
tron current 1.6 A (CELSIUS)

periments was founded that for small current it is not too
large problems we have linear accumulation but if beam
current was more 3-5 mA the beam losses becomes too
large. The beam life time for current less them 2 mA was
more 1000 sec but for 3 mA drop down to 160 sec and the
proton beam losses limited the accumulation more beam
current. The test of influences the electron beam energy
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modulation was made at this experiments. The modula-
tion of the electron beam energy increase the momentum
spread at the storage ion beam. The fig. 2 demonstrates
the accumulation near maximum ion current with the en-
ergy modulation and without. The modulation improved
the lifetime the proton beam from 190 sec to 390 sec but
by decreasing the cooling we not increase maximum cur-
rent. The new results CELSIUS about positive action the

S P I e P

2.30
1
] A
1.90 : :
1| 9
11 200 V 500Hz
# Modulation o
] modulation
1.50 i‘ | (o S (A} e (R A R 1 'F TR r"l‘r"l‘“—l
380 480 580
time (sec)

Figure 2: The influence the electron beam energy modu-
lation 180MeV,0.3A (CELSIUS)

electron energy modulation reported at EPAC-98 [4]

1.3 SIS cooler

The last one result about same limitation on maximal cool-
ing ion current was obtain at time of commission electron
cooler for SIS (GSI) [5].
ion beam current and the signal of pickup electrodes at
time of experiments for accumulation maximal ion beam
current. At initial moment we have almost linear accu-
mulation but after storage ion beam current 2 mA we see
increasing same oscillation at ion beam and accumulation
drop down and near 5 mA we see the saturation of process
accumulation.

1.4 Equilibrium at the cooled beam core

The many experiments with cooling intensive ion beam
indicated that the ion beam density limited so called Laslet
tune shift the betatron oscillation. The value of Laslet tune
shift is equal to:
Av = M‘ (1)
2a2ly 3243
where f,. is an beta function. The measuring for many
cooler ring show that usually for intensive beam value of
tune shift is equal Av = 0.2 - 0.4.
The parameters of beams (Ee-electron beam energy,
le-electron beam current, li- maximal ion beam peak

At fig 3 shown the signal the

|
Aw Kr beam current
i i

Kr beam current (mA)
~
|

Signal pickup clccirodcs 1

Figure 3: The accumulation Kr(84)(+34) beam at SIS
11.4MeV/n,0.8A expf=3

current,a-ion beam radius,n.-electron beam density, n;-
ion beam density) for this model shows in table 1.

Ee (keV) 6 |6 25 |[°'100

Ie (A) .06 | 0.2 031

Z 213 1 1

A 4 84 1 1
Ii{mA) 055 6 |5

a (mm) 6 |4 1 0.3
me/1071/em® | 16 |56 | 42|12
ni/1071/em® | 2.7 [ 0.038 | 12 | 60

2 MODEL FOR ESTIMATION
INSTABILITY

Let me for the explanations of nature of this limitation
calculate losses of the energy at ion beam after passing
the cooling section the some fluctuation inside ion beam
[6]. For example take the spherical region at the ion
beam with displacement z and the velocity of motion v.
The electric field at ion plasma generated this fluctuation
is equal: F = 4mn;ez, where n;-density of ion beam, e-
charge of ion. In a case moving fluctuation section dis-
placements ions at time of flight the cooling section (r)
is equal £ = vr. As the result of the action this field
the electrons will shift from the equilibnum position on
distance equal to: Az, ~ £7% = “;n""f—v and this dis-
turbance of the electron flow generate the electric field:
E. ~ 4mn Az, = 15—’5)1"?‘-'3-‘—7:1; where n.-density of the
electron beam. This field produce the transverses kick at
the ions near the region of fluctuation equal to:
Ry 7Y SR

dp = —A(zl—);i%?in = —A)p, (2)
where p-ion momentum, M-ion mass, A-numerical coeffi-
cient which can be calculated by the careful integration of
the motion equation at time of interaction. The parameter
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Figure 4: The section of ion beam after passing cooling sec-
tion. The circular show region of fluctuation, the points
the position of electrons, the line distribution of the trans-
verse momentum by action of electric field.

) is useful for estimation of interaction between the ions
and the electron beam:

A = (4m)2enenireri(er)t = wiw? (3)

where r. = e?/mc?, r; = e* /Mc*-the electron and ion clas-
sical radii, we, wi-the electron beam and ion beam plasma
frequencies. On the fig. 2 model for the computer sim-
ulation with using the quasiparticles method is showed.
The electric fields are calculated as differences between
not movably background particles with a negative charge
and moving particles. The quasiparticles were taken as
spheres with a radius equal to half distance of grating.
The fig. 5 shows the momentum kicks ép/p;,, and sum
of squares of the momentum 3" (6p/pz ), where the nor-
malized momentum is equal p, = vM,,p;, = z/TM, M, =
M4ra®/3 * n;-mass of coherent fluctuation. The momen-
tum kick increases with the electron beam density up to
density where the w, > 1/7 and the time of interaction is
limited by Debay screening. The numerical fitting of the
result (for magnetization electron with small temperature)
shows that the momentum kick can be write as:

bp=-2-10"%AMv 5. 10-3AM§ (4)

and the energy losses after passing the electron beam
equal:

AE
+ =-2 10730 + 10752% 4 10-‘,\2(%? (5)

In this equation it is taken into account that for the am-
plitudes of fluctuation at the cooling section a relations
< z? >=< v? > [(v0y)? + B2 and < z * v >= 0 exist.
Fig. 6 show the variation of AE/E/) for different den-
sity the ion and electron beams. As easy see for the too
high ion density cooling becomes heating (for 7 = 108,

transverse kick

ni= 4EB8, 1/em**3
a=1.cm
tau=1.0E-Bsec

"I'l'"l'n!:' —T_TYTI-'TT[' LA rl‘||lll" T !l“IHII —
1E+5 | 1E+6 1E+7 1E48
dencity electron beam

Figure 5: The momentum kicks the ion cloud for different
density of electron and ion beams.
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Figure 6: The losses energy of ion beam after passing cool-
ing section: if looses negative it means cooling,if positive
it means heating.

From equation 5 we can estimate the threshold value of
parameters A;p as:

. 20
T 014 (B /1)

The parameters A is limited by the interaction ions in-
side beam (Laslet tune shift) and Debay screening in-
side electron beam. From results of computer simula-
tion we can write estimation as A = (w.7)?Avpv2(27n) «
*2/(1.0 4 (weT)?/40), where v and Avy- tune and Laslet
tune shift, n-fraction cooling at beam orbit. For the
standard parameters Apa: ~ 2 — 10. For the correct
choice B; ~ | from equation 6 it is easy to see that
the phenomenon of electron heating is not work Apar <
Atn but if B, >> [ the heating can limited the ion
beam intensity. For experimental results from table 1
easy to calculate the value of A as shows at table 2.

Ath (6)
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Ee (keV) & |6 25 | 100
ne/1071/em® | 1.6 | 5.6 42112
n;/10"1/em® | 2.7 [ 0.038 [ 12 | 60
l. (m) 259713 2525
T nsec 54 | 65 26 | 12
A 20 | 28 13 | 10

As easy to see the maximal value of A 10-20.

3 THE LIMITATION OF THE BEAM
CURRENT ACCUMULATION

As you can see the interaction the ion beam with electron
beam made same-limitation on the ion beam density. It
is very interesting how to calculate the limitation on the
current. When we accumulate the large ion current the ion
beam density limited the Laslet tune shift and not increase
not too much. If at the core beam with the very small
beam size are development the coherent oscillation with
amplitude (a.) near the beam size. This small oscillation
is not kill the main beam but dangerous for the ions with
large amplitude (a). The electron cooling for this ions are
very weak and the small fluctuation at the core beam easy
heat this ions. Let to estimate the maximum ion beam
current for this effect. The electric field at the system of
the rest ion beam at this model is equal to:

_ 2ZN
T a’ln €

o

where ly-lenght of the ion bunch, N-number of ions at
bunch. The frequency bandwidth of this oscillation is
Deltaw = nwomAp/py. The heating of the transverse
motion ion we can write as:

dp?  (eZE.)?

& Aw ®)
The power electron cooling can be written as:
dE 4re?Z%n.nL
_ _4me’Z n.nlnc ()

dt m(a/B.)cBy?

where ne-density of electron beam at lab. system, n-
fraction of the cooling section at the beam orbit, Lnec-
Coulomb logarithm, .- beta function at cooler. The con-
dition cooling looks as:

dp® dE

——+ — < 0.

dtM  dt (10)

For estimation we take value a, = ay, where ar equilibrium
beam size limited maximal value the Laslet tune shift Av.
The maximal harmonic number estimate as n = 27 R/a.
All this condition can be write at form for the maximal
cooled ion beam peak current:

2w M Lnen, a®nn.dp/py? 5* )1/3

mZ2r R k2L

Tpeak = eZcf(—

For the experimental results
discussed at table 1 this equation gives maximal ion cur-
rents shows at table 3 at assumption that Ap/p = 104

Fe (keV) 6 [6 |25 | 100
me/1071/em® | 1.6 | 56 | 4.2 | 12

E WETEERE T
A 4 (84 |1 |1
I, (m) 25|3 |25 25
2rR (m) 84 [ 300 | 84 | 84

Ipear (MA) 2 145 |46 |21
As easy to see agreement looks good and only for high
energy (100 keV) at experiment with accumulation proton
beam with energy 180 MeV instead 21 mA we can accumu-
lated only 5-6 mA. The difference can be connected with
less value Ap/p and development the coherent oscillations
not only for very high n=R/a but more low resonances.

4 CONCLUSION

The electron cooling increase the ion beam density at 6 di-
mensional phase space at many order of magnitude. But
so extremely cooled ion beam have problems with develop-
ment coherent oscillation. The experimental results show
that at many case the electron beam are responsible for
this oscillation. And if the proposals of this report are
close to reality the optimal length of cooler should be care-
ful study for the new project of cooler. I am very grateful
to Dag Reistad for interesting discussion about electron
heating fenomena.
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New technology for production of precision solenoid
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Abstract

An electron cooler was build at the Budker INP for the
heavy ions synchrotron SIS at GSI, Darmstadt. A preci-
sion solenoid, 0.4 m in the inner diameter and over 3 m
long with a magnetic field uniformity of about 10~5 makes
the main part of the cooler. The paper discribes in detail
the solenoid production and techniques of its parameters
control.

1 INTRODUCTION

The electron cooling, suggested by G.I.Budker in 1967 [1],
is based on the interaction of heavy hot particles with a
cold electron beam. In the forthcoming experiments in
Novosibirsk feasibility of realizing this idea was shown and
peculiarities of a cooling process were discovered [2]. The
electron cooler for the heavy ions synchrotron at GSI is
one of the devices successfully working in accelerators [3].
The main part of the cooler is a large solenoid with a high
uniformity of magnetic field, so, it’s worthwhile to describe
the experience in building such a device and in methods
of its parameters control.

2 GENERAL DESCRIPTION OF THE
ELECTRON COOLER

The electron cooler (Fig. 1) consists of the following parts:
a) a magnetic system that forms and transports the elec-
tron beam from the gun to the collector;

b) an electron gun and the collector;

¢) a vacuum chamber with pumping equipment.

The magnetic system consists of a main precision
solenoid with a uniform magnetic field; of two toroids of 45
degrees turns; of two short solenoids, adjoining the toroids
and two short solenoids of the gun and the collector.

3 PRECISION SOLENOID

3.1 Choice of parameters

Following the GSI ions synchrotron parameters: beam di-
mensions in a free straight section equal to about 20 cm
(3 o) and the time of cooling of about 0.1 s [4] - the in-
ner diameter of the solenoid was chosen to be 40 cm and
the length of the uniform magnetic field region to be 3 m.
The total mechanical length of the solenoid including the
regions for the electron beam lead-in/lead-out to the ion
trajectory was chosen to be 3.35 m.

Figure 1: General view of the electron cooler

Let’s determine the homogeneity of the magnetic field
essential for cooling. The initial amplitude of the ion os-
cillation in the cooler is about a=4 cm and the final one
should be about 0.1-0.2 cm. During the particle motion
through the cooling section with a S-function § and length
L ions deviate in the transverse direction of about of aL/g.
For an effective cooling the deviation angle due to the
transverse component of the magnetic field a should be
less then an ion beam angle, e.g. a/f. For a=0.1-0.2 cm
and B8 = 12 m it follows that A, /H < 10~*.

The solenoid consists of 58 short coils connected in series
to a current power supply and connected in parallel to
cooling water. The coils are wound with a copper busbar
of a cross-section 7 x Tmm?*. The coil size: the inside
diameter is 40 cm, the outer diameter is 52 cm, the length
is 5.8 cm, the number of turns is 6x6, the coil current at
the magnetic field of 1500 G does not exceed 200 A.

Let’s consider the requirements to the precision of the
solenoid coil manufacturing.
An integration along the current conductor is used to cal-
culate the solenoid field. Transitions from one layer to the
other create transverse fields at the solenoid axis. The re-
sult of calculations shows that the maximum transverse
magnetic field along the coil axis at a 200 A current is
equal to 0.15 G. However, a large coil radius of 20 cm
gives a weak field dependence along the axis. As a result,
if we sum up the fields of all the coils, the transverse field
modulations along the solenoid decrease substantially due
to mutual compensation. The transverse field alters peri-
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odically with a coil step A by 0.001 G, and the longitudinal
field modulation with a 7 cm step alters by 0.03 G. In this
case, due to this modulation at the radius r the transverse
field can be found according to the formula:

r dB, _wAB,r

7 ™)

B,

being equal to 0.05 G at a 4 cm radius, i.e, the relative
magnetic field modulation is 4 x 1075,

So, if the accuracy of the turn position is about 0.5 mm,
we can achieve a field parallelism better than 710~° with-
out extra field correctors.

Other parameters of the solenoid are listed in Table 1.

Table 1. Solenoid parameters

Magnetic field 400 -1500 G
Number of layers 6

Number of turns in a layer | 335

Step of winding 1.00 cm
Length of solenoid 335.00 cm
Diameter (inner) 40.00 cm
Diameter (outer) 52.00 cm
Resistance 1.68761 Ohm
Mass of copper 860.66 kg
Mass of insulation 579.01 kg
Mass of iron 430.70 kg,
Thickness of iron shield 1.00 cm
Current for H=1500 G 198.94 A
Voltage 33574 V
Power 66.79 kW

3.2

According to capability of the Pilot Production Plant at
BINP we decided to make the solenoid assembled of sep-
arate coils. It minimises the influence of the current lead-
ins on the magnetic field homogeneity and decreases the
value of the current supplied. Moreover in the case of a
multiturn coil the influence of the turns displacement is
significantly smaller due to mutual substraction.

The basis of the solenoid is a frame 1 and a prism 2
(Fig.2), forming a rigid support of the installation. The
prism 2 together with a cover 3 forms the magnetic flux
return.

The coils of the solenoid were mounted on a plane E of
aluminium alloy supporting bars. Surfaces E and surfaces
F were treated with high accuracy for one operation: the
nonflatness of E and F surfaces along the whole length of
about 3.5 m was no worse than 0.05 mm. At the one end
of the aluminium bars a plate was rigidly fixed perpendic-
ularly to the surfaces E and F. The coils were nestled to
this plate and subtended to a monolithic package with the
four pins H and with the other mobile plate at the oppo-
site end of the bars. The gaps between the surface E and
the supports 8 of the coils (Fig.3) were less than 0.03 mm.
Surfaces F allow to inspect the position of the plates after

Manufacturing coils and solenoid

Figure 2: Cross section of the solenoid

the assembly of a the solenoid, and serve as a bindings of
the cooler to the synchrotron.

The coils (Fig. 3) were wound with a square copper bus,
7x7 mm in cross section with a bore 4 mm in diameter.
The bus was covered with two layers of mylar and a glass
tape insulation.

9510,1

D 400

Figure 3: Solenoid coil

The coils were wound in two stages: at first - six layers of
30 turns in one direction and then - 6 turns G in the form
of Archimed spiral in the opposite direction. Spacers 10
made of an insulation material, strictly fixed at winding of
a coil, provide smooth transition of the bus from one layer
to another and precise fixation of the bus inside coils.

The basic technological element for the coil manufac-
turing was a rigid precise steel ring H, at which all main
operations were performed.

At the beginning a moulded G-10 shell 1 was processed
coaxially with the ring H. Then the ring was installed to
the fixture at the winding machine and winding was com-
pleted. After that the power supply contacts 2 with water
connectors 5 were soldered to the bus; spacers 11 and sup-
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ports 8 were installed; all that was wrapped with a glass
tape and filled with the epoxy compound. When the epoxy
compound became hard the processing of the coil support
8 coaxially with the ring H was done with an accuracy of
about 0.07 mm. Then the ring H was removed and after
that the support 8 became the basic element for installing
the coil to the solenoid.

Each coil manufactured was tested to determine the di-
rection of its magnetic field force line with respect to the
coil surface. For this purpose two coils with opposite mag-
netic fields were placed with a gap of about 1 cm coaxially
one over the other. The surfaces of the coils were adjusted
in parallel with an accuracy better than 210~* . The lower
coil was fixed, but the upper coil could be rotated around
the axis. At the same axis, in the centre between the coils
a Hall probe was placed to measure the transversal con-
ponent of the coil magnetic field. So, if the magnetic field
of the upper tested coil is not perpendicular to its surface,
the Hall probe signal is sinusoidal (see, the upper curve in
Fig.4).

The amplitude and phase of the Hall probe signal de-
termine the angle and azimuth of the inclination of the
coil. All the coils with a field inclination angle over 10~*
were additionally processed to eliminate the inclination.
The procedure was repeated as many times as the angle
between the magnetic field and perpendicular to the coil
surface decreased below 107

Fig.4 presents the magnetic field measurements before
(upper curve) and after (lower curve) the additional proc-
cessing of one of the coils.

100 ’ 2m 30 400
Angle of rotation, degree

o4

Figure 4: Transverse magnctic ficld of the coil vs. the
angle of rotation.

4 MAGNETIC FIELD
MEASUREMENT IN THE
SOLENOID

4.1 Techniques of field measurements

We used two methods to control the magnetic field homo-
geneity in the solenoid.

In the first one [5] magnetic field homogeneity is deter-
mined from the readings of the direction of the magnetic
compass moved along the solenoid axis. The deflection
of the compass needle axis during the mirror movement is
measured optically with the help of a small mirror mounted
on the compass and autocollimator of AF-1Tz, detecting
an angle between the falling onto and the reflected from
the mirror of an autocollimator infrared light beam .

A great advantage of this method is the independence
of the rail quality (deflections, ledges at joint points, etc.)
during the mirror movement because the compass needle
is always directed along the magnetic field force line.

Signals from the autocollimator proportional to the an-
gle in the horizontal and vertical planes are digitized in the
CAMAC module and directed to IBM PC. This method
has an accuracy in angles of about 5.107° rad and due
to a limited dynamic range of the autocollimator can be
used in the magnetic field with homogeneity better than
151073,

The second method based on a general Hall probe tech-
nique was used to measure magnetic fields in all parts of
the cooler: in the toroids,in the gun and collector solenoids
and ,as a control, in the main solenoid. We used commer-
cial GaAs detectors 1.5x1x0.1 mm?® in size connected in
series with 100 mA stable (0.001 mA) current power sup-
ply. Their signals were digitized by a CAMAC voltmeter
and transmitted to the IBM PC.

All Hall probes were glued to sides of a copper 5x5x3
em® parallelepiped which could be moved on the same rail
as the mirror for optical field measurements. The paral-
lelepiped was installed on the rail in such a way that the
central (axial) detector was placed on the solenoid axis
with a larger surface normal to the axial field. The other
four detectors were glued to the centres of lateral sides.
They were intended for the measurement of transverse
fields.

Before the measurement all Hall detectors was cali-
brated in the uniform field of a test dipole with the help
of NMR probe in the range from 300 up to 1500 G . The
calibration allows to determine the sensitivity of each Hall
probe to the normal and parallel to the probe’s surface
components of the field. This data were used in the treat-
ment of the field measurements.

4.2

The main goal of the magnetic measurements was to mea-
sure the field geometry in the cooling section to calculate
required corrections in the coil positions compensating for
non-homogeneity of the magnetic field. Another purpose
was to measure the magnetic field of the coils intended

Results of measurements
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for changing the electron beam position and to measure
magnetic fields along the ion beam trajectory necessary
for calculating the influence of the cooler magnetic field
on the ion movement in the synchrotron.

Fig. 5 shows the distribution of the magnetic field that
accompanies the electron beamn from the gun to the collec-
tor at a 600 G magnetic field in the main solenoid.
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Figure 5: Magnetic field along the electron trajectory

Fig. 6 presents the vertical component of the field in
the solenoid. As it’s seen the transverse component of
the magnetic field in the solenoid is quite large and an
additional correction of the field is needed.

We used a coil inclination method to make the solenoid
magnetic field more uniform.
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Figure 6: Transverse component of the magnetic field in
the solenoid before corrections and calculated one after an
appropriate inclination of the coils

4.3 Solenoid field correction by coils inclination

If the axis of the coil is inclined to the solenoid axis, then
a transverse magnetic field appears proportional to the

inclination angle. A program code for an automatic selec-
tion of the angles for the transverse fields correction in the
solenoid was written to select the inclination amplitude.
It helps to select the spacers between the coils to correct
magnetic field distribution.

The result of the vertical field component correction by
this method is presented in Fig.6.

As it is seen the vertical component of the magnetic field
over a length of about 3m is better than 0.05 G at 1500 G
of the main field component.

The magnetic field measurements made at GSI [6]
showed that the uniformity of the magnetic field was about
10-5.

5 CONCLUSION

The precise solenoid about 3 m long and 0.4 m in the inner
diameter, with a magnetic field homogeneity of approxi-
mately 10~5 was created for the electron cooling device at
GSI, Darmstadt. The first experiments to cool ion beams
at the GSI synchrotron showed high quality of the mag-
netic field in the cooler.
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