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Abstract

The formation of electron rings and the ring behaviour just
after formation are studied in a static magnetic field experi-
ment. Particle losses and collective effects are investigated
for different beam emittances, intensities and ring surroundings.
The first large particle loss is connected with excessive
emittance. Further losses at later times are attributed to a
strong negative mass instability. This causes a spread in the
energy of the electrons. At high particle numbers, if the in-
stability is strong enough, the resulting energy and amplitude
spread cannot be placed in the available space with an axial
width of *+ 2 cm and a radial width of * 3 cm, and particles

are lost. As the negative mass instability reaches its maximum
amplitude at the investigated beam levels only 30 - 50 ns after
injection, an energy ramp in the injected beam might be just as
suitable for reducing the negative mass instability as an energy
spread. A large instantaneous energy spread, produced by foils

in the beam line, enlarges the emittance of the beam drastically.




Introduction

In electron ring experiments the formation of the rings and the
phase just after it is of decisive importance for the whole ex-
periment. Much effort has already been taken to investigate this

phase /1,2,3/

- But because of the complexity of the system, the
dependence on many parameters, the probably mixed presence of
single particle and collective effects no general recipe for the
formation of good-quality rings - whatever this means - can be
given. Therefore, for each new experiment this phase has to be

carefully investigated.

The experiments described in the following were undertaken to
prepare the Pustarex experiment /4'5/. The geometry of Pustarex
is different from the other known electron ring experiments in
that after injection and during compression the ring mainly
moves axially. This prohibits the use of sidewalls such as have
been studied in Berkeley /1/ and Garching /8 and favours con-
ducting cylinders as nearby walls around which the ring is form-
ed, and along which it is moved. This geometry favours, in addi-
tion, axial inflection instead of the radial inflection always
used hitherto.

The present report gives a description of the experimental appa-
ratus in the first chapter. A discussion of the electron trapping
experiments follows. As the trapping turns out to be unsufficient
under many conditions the reasons for the particle losses are in-
vestigated and the losses are attributed to collective and single-
particle effects. As collective effects should be reduced by en-
larged energy spread, experiments were undertaken with stray

foils in the beam line. A short discussion of these is given.

A probable explanation for the single particle effects is found

in the measurements of the beam angular divergence in the entrance

snout. These are described in a separate chapter.

A few properties of the negative mass instability, especially
the growth of the oscillation amplitude for different beam inten-

sities are investigated and described. The conclusion is, that in-



stead of a large energy spread which, if produced by foils,
causes large angular spreads followed by single particle losses,
an energy ramp might suffice to reduce the effects of the nega-
tive mass instability and to gain (possibly a factor of 2) in

the number of trapped particles.

1. Description of the Experiment

Fig.1 gives side-on and end-on sketches of the experimental
arrangement. A 2 MeV electron beam is formed by a gun /6/ ()< An
a Febetron Marx generator (2). The beam line (3) was shortened
as much as possible to reduce the energy selectivity 11/ of the
magnetic focusing lens (4) and to reduce space charge effects.

A beam attenuator (5), which allows 6 different diaphragms to

be used in the beam line, is followed directly by the magnetic
lens. The beam line is made of normal steel with sufficient

thickness to prevent the penetration of the static field.

The magnetic field is produced by two coil pairs (6,7) which are
arranged to give the Pustarex field index of n = 0.45 at the in-
jection radius of R = 20 cm (instead of R = 19 cm in Pustarex).
The injection snout (8) is 3.5 cm off midplane. At R = 15 cm a
copper cylinder (9) reduces the coupling impedance of the

/8/

connected in series and placed at different radii. The inner

system . The inflector (10) is formed by two current loops,
loop at R = 15 cm is cut out from the copper cylinder. The hole
(axial width 8 cm, azimuthal length 12 cm) is covered by a foil
with a surface resistance of 25 Q. The outer loop is at R = 23 cm.
The whole inflection system extends from ¢ = 135° to 180°. The
inflector pulse used in most experiments is shown on Fig.2. There
the radial field is plotted in arbitrary units versus time. The
inflector field strength was set in such a way that the first
particles to be trapped just barely missed the snout after the
first turn. The time derivative of the inflector field was opti-
mized by working with different maximum amplitudes of the in-
flector field but the same pulse length.




The conical injection snout was rolled from a 0.5 mm soft iron
sheet; at the larger diameters a double sheet was taken. The
opening of the snout had a diameter of 14 mm, the cone angle
was 2.5°.The thickness of the iron was not enough to shield

the field. Only with the currents needed for compensating the
outside field disturbances, was the inner volume of the snout
sufficiently field free. The current distribution for compen-
sation in a sheet just outside the snout was found in a compu-
ter program /9/ based on the following simple argument: If the
permeability of the iron is large, the field component parallel
to the surface of the snout disappears. It has to be restored
by the currents in the compensation sheet. If the sheet is

close to the iron, the parallel field component H, produced by
the current sheet on the surface of the iron is zero and one
gets from ¢H"ds = I the relation H, = j, where the current den-
sity j on the sheet is perpendicular to H, in the sheet. The
field component perpendicular to the iron can be adjusted by
current loops, wound around the snout if necessary. Fig.3 shows
the current distribution calculated and used for compensation.
The cylindrical and conical sheet is developed, o° is up, 180O
down and 90°is directed towards the midplane of the field. The
currents on top of the cone flow from the thin to the thick end.
The ends of the current paths have to be connected and this can
be done via, above or below the snout and influences the perpen-
dicular field component at the snout. If the connections are
made according to the tendency of the current lines, very small
additional corrections for the perpendicular field component are
necessary. Field componsation to better than 1/2 % along the par-
ticle closed orbits in the midplane were obtained with this

current distribution.
The vacuum vessel could be pumped to a few times 10—6 torr.

The particle number in the ring was obtained from the induced
voltage on loops, inside (11) and outside (12) the ring (Fig.1).
The size of the loops and their position were chosen such that
the sum of the loop signals gave the number of electrons in the




ring almost independently of their radius or z-position. The
loop is a 1 cm wide single turn coil of low inductance. (Com-
putational checks with similar geometries suggest that the
shielding of the loops reduces the signals by about 10 % which
makes the particle numbers 10 % higher than given in the
figures.)

2. Trapping Experiments

The main purpose of the experiment was to study the trapping of
electrons in a static field with axial inflection and to get
information about the main processes during the early phases of
ring formation. In principle, there is no difference between
radial and axial inflection. In practical, it turns out that the
septum of the snout in the case of axial inflection is larger

than the wall thickness because of the conical shape of the

snout (with radial inflection the curvature of the ring takes

care of the problem). The cone angle was therefore chosen as

small as possible (2.50). If the axis of the snout is placed

3.5 cm off the midplane and if the radius of the outer tip of

the snout is 1 cm, then axial amplitudes of 2.4 cm at R = 20 cm
and 2.1 cm at R = 22 cm are possible. A further disadvantage

might be that with multi-turn injection - as is planned - the
axial width is greater than in the case of radial inflection.

If the electrons are properly injected at radii corresponding

to their energy, then collective and single particle radial be-
tatron oscillations are kept small and the mentioned disadvantage
of larger axial widths is counteracted by an improved radial width.
In the experiment described here it was, however, not yet possible

to inject all electrons at the correct particle radius.

The space available in the experiment for the rings is axially
limited by the snout to about * 2 cm, and radially by the inner
copper cylinder at R = 15 cm and the outer inductive loop at

R = 23 cm.




In the first experiments the number of trapped electrons after
1 us was optimized for different inflector conditions, closed
orbits and injected beam currents. The maximum injected beam
current could be influenced in two ways: 1. Diaphragms with

a hole on axis with different diameters d could be brought in-
to the beam line close to the magnetic lens. This reduces the
maximum current through the snout and, in addition, the angular
spread of the electrons, i.e. the emittance. 2. Diaphragms with
many holes, distributed over the cross-section of the beam line,
could be inserted. This way the intensity is reduced but the
angular spread stays constant.

Fig.4 shows the result of the trapping. Two curves are shown:
curve a for reduced divergence of the beam, curve b for reduced
intensity. There is a strong intensity effect (curve b), as was

/3.2/,

the trapping efficiency decreases with increased beam current.

expected from earlier measurements with radial inflection

But even at the lowest intensities the efficiency is not larger
than 50 %. Higher efficiencies, however, can be obtained if the
beam divergence is reduced (curve a of Fig.5). At the lowest di-
vergences used (maximum angle d = 20 mrad, see Fig.7) the number
of trapped electrons reaches almost 75 % of the number of elec-
trons injected during three turns. From Fig.4 it can therefore
be concluded that the low trapping efficiency is partly caused
by single particle effects because of the large divergence of
the beam and partly caused by collective intensity effects. It
seems worthwhile to develop beams with higher phase space densi-

ty to study intensity effects in low-divergence beams.

3. Study of the Early Phases After Injection

The optimization and survey measurements described in the fore-
going section already provide a hint of the origin of the early
particle losses. After some improvements in the measurement with
the inductive loops, a more detailed study of the early phases
after injection could be undertaken. For the optimum long-time
conditions of inflection the particle number in the ring just




after injection was measured as a function of time. The follow-
ing technique was used: The signals of the inner and outer loops
were integrated with a 600 ns decay time constant and added. A
800 MHz low pass filter in the inner loop circuit allowed to ob-
serve current oscillations up to the third harmonic of the revo-
lution frequency (~ 250 MHz). In the outer loop circuit a 220 MHz
low pass filter rejected the higher frequencies to avoid inter-

ference, if the cables were not of equal length.

Fig.5 shows the result of the ring current measurement for
different intensities and divergences of the beam. The time
scale is always 10 ns/div. The general behaviour is the same for
all oscillograms. A rapid build-up of the current is followed by
a sudden loss. Some time thereafter rf oscillations appear,
which at higher intensities are connected with further losses.
At the right hand side of Fig.5 three oscillograms for different
intensities are shown. With the inflection method used and for
betatron tunes of v = 2/3 almost three turns, i.e. about 12 ns
of the injected beam can be accumulated. In the case of 100 %

13 electrons at the

intensity this amounts to about 1.5 x 10
time of the first peak. Almost one half of the once accumulated
electrons, however, is lost immediately after the third turn: it
is apparently wiped off at the snout. This behaviour is the same

for all intensities, even at 10 % intensity (not given in Fig.5).

This behaviour is different, however, if instead of the intensity
the divergence of the beam is reduced. At the left-hand side of
Fig.5 two oscillograms for reduced divergence are shown. For the
lowest divergence used (a diaphragm with a diameter of 4 = 25 mm
in the beam line) only 25 % of the once accumulated electrons
are lost, that is the initial loss is only half as big as in all
large divergence cases. Since for the first loss intensity
effects are absent - the same 50 % initial trapping efficiency
for all intensities - we conclude that it has to be attributed
to single-particle effects. And even more specifically: as these
losses are decreased when the beam divergence is reduced, we
tend to conclude that the acceptance of the compressor is less
than the beam emittance at full divergence. Measurements of the

beam divergence are described in the following section.




Some time after the first loss, large amplitude oscillations
appear in all oscillograms. They are attributed to the nega-
tive mass instability (see last section). As a low-pass filter
of 800 MHz was used, the first three harmonics of the gyrofre-
quency can be seen. The amplitudes of the oscillations in the
high intensity cases are much larger than in the low ones. The

modulation depth for high intensities is almost 100 %.

In either case the azimuthal bunching in the ring, as manifested
in the oscillations of the loop signal, should lead to a redis-
tribution of the particle energy and consequently to beam widen-
ing. For low injected beam currents this widening is apparently
so small that no further losses are incurred, whereas for large
initially trapped particle numbers the large oscillations cause
additional losses. If, in particular, one looks at the 100 %
intensity oscillogram of Fig.5, one sees that the particle num-
ber stays at about half the maximum number for about 20 ns after
the first loss, and then when the modulation of the current
approaches 100 % reduces to almost one-quarter (corresponding to
x4 x 1012 electrons.

Fig.5 therefore gives some explanation of the trapping curve in
Fig.4. As already assumed, the losses are partly of a single-
particle nature or, more specifically, are due to excessive beam
divergence and partly - at high intensities - due to collective
effects manifested in current modulations that apparently cause
beam widening and losses.

One more detail deserves attention in Fig.5. The oscillations do
not appear immediately after injection, but need 30 - 40 ns for
full development. This time corresponds to almost 10 revolutions
of the electrons and is probably long enough for an energy ramp
in the injected beam to suppress the negative mass instability as

would an instantaneous energy spread do.




4. Measurement of Beam Divergence

As it became apparent that a large emittance of the beam pre-
vents good trapping efficiencies, the angular divergence of the
beam in the snout was measured for the different diaphragms
used in the beam line. The maximum possible angle in the snout

for rectilinear particle motion is given by

_d+ 4"
T 2L

where d is the diameter of the diaphragm, d' = 1.4 cm the dia-
meter of the snout and L = 60 cm the distance between the snout
and the focussing lens (the diaphragms were inserted close to

the lens). For the different values of d used, this gives

d o o
(cm) (rad) (©)

.5 0.0325 1.86
0 .045 2.57
0.062 JiwD3

(o) I~ \V

In the experiment, the axial width of the injected beam at

¢ = 135° was measured. As the field index is almost n = 0.45

and the axial betatron tune vz ~ 2/3, the electrons cross the
midplane of the field (Br = Q) at about this azimuth. For negli-
gible energy spread, no beam divergence and constant field in-
dex over the radius the axial beam width at this azimuth would
be zero. With finite axial angular spread a (in rad) in the

snout one gets for the axial half-spread Az at ¢ = 135°:
Az = — = % *Req

which in this approximation does not depend on the position of
the particle in the snout (R the radius of injection). With a
Faraday cup, 0.5 cm wide axially and 7 cm long radially, the
axial distribution of the injected current at ¢ = 135° was mea-

sured (the beam was totally stopped at ¢ = 2700). Fig.6 gives
£39.0




the result for different diaphragm apertures d in the beam
line. The curves for different intensities lie, if normalized,
on top of each other. One curve is shown for the insertion of

S 16/

The foil was placed 10 cm before the end of the snout. At this

a pyramid foi in the snout for an energy spread of 2 %.
position the current through the snout was reduced by the foil
by a factor 2. The foil leads to a large widening of the in-
coming beam. If one plots the half-width half-maximum values

of Az in Fig.6 as a function of the diaphragm diameter d, one
gets Fig.7. The values of o obtained from Fig.7 are not far be-

low the maximum angles permitted by the beam line.

If the collective betatron amplitude is removed during inflection

a single-particle betatron amplitude remains which is given by
2 2
/+ - 1z_-/1+{ b2 )
v_(z_-x) o Az

Here x is the actual single-particle axial starting position in

z, = |(z -X)

the snout and z the "collective" starting position. For large

angles o and small apertures (ﬁi
o

>> 1) one gets

z1 = Az.

Az

Az
. o)
reduces to the minor snout radius (x—zo).

If the angle o is very small << 1, the betatron amplitude

Owing to the large angular spread caused by the foil in the beam
line the trapping efficiency of the beam with an instantaneous
energy spread was very poor. It is difficult to imagine how a
foil in a beam which already has a finite emittance and a time
varying energy could give sufficiently good results anywhere in
the beam line. Quite a few positions of the foil in the beam
line have been tried, always with the same result, viz. the
current through the snout was very much reduced. Only if the
initial phase space density in the beam is high enough to allow
for large particle losses, could a reasonably low-emittance,

high-current beam be obtained.



5. Negative Mass Instability

As already discussed before, the trapping efficiency showed
strong intensity effects. Two main effects were considered to
be their possible origin: transverse collective and longitudi-
nal collective instabilities. Among the transverse instabili-
ties the most effective one should be - in the absence of re-
sistive walls - the beam-beam instabilities as considered in
/10/. These instabilities should probably be affected by image
walls close to the ring. Axial and radial squirrel cages (see
13 in Fig.1) in addition to the conducting cylinder close to

the ring, however, did not alter the overall trapping efficiency.

The negative mass instability therefore was the main candidate

for the explanation of the intensity effects.

The negative mass instability should be absent in linear approxi-
mation if
AE 2
Ry ()

N £
e 2ro|Zm/mZJ

when y is the relativistic mass factor, AE/E the relative energy

spread, r_ = 2.8-10" 13

cm the classical electron radius, z, the
coupling impedance for the m-th harmonic and Z, = 3770 the impe-
dance for free space. The impedance for the low harmonics in the

presence of an inner cylinder is given approximately /8/ by
Z
\-L“l = (1-s) - 300

where s is the ratio of the cylinder radius to the ring radius.
With Rey = 100 and s ~ 0.75 in the experiment one finds

2
N < 9-1014[A—E] i
e E




The instantaneous energy spread in the beam is very small
(less than 1 %) and even the total energy spread might be as
small as 1-2 %. This leads to linearly stable particle numbers
of 1 - 4 x 1011 or currents on the closed orbit as low as 4 A.
Experimentally, HF oscillations whose frequencies were equal

to the gyrofrequency of the electrons and their higher harmonics
were indeeed seen even for the lowest currents of about 6 A that

were injected.

There are, however, differences in the oscillations between low
and high-current rings: The time which elapses until the oscilla-
tions reach a certain level is longer (the growth rate is smaller)

for low current beams, and the harmonic content, although not re-
producible from shot to shot, is different on the average for
different current levels.

Fig.8 shows the amplitude behaviour for harmonics with the number
4 S m £ 8 (corresponding to 1-2 GHz) as a function of time for
different beam levels. Time zero marks the beginning of the in-
jection. Fig.8a is for different beam intensities, 8b for diffe-
rent angular spreads. The maximum amplitude shifts to later

times when the current level is reduced. At full beam the maxi-
mum is reached at 30 to 40 ns after injection, at 10 % beam

about 70 ns after injection. The amplitude behaviour for low di-
vergence beams in Fig.8b looks different from the other cases.

An explanation cannot be given at the moment.

Fig.9 shows a typical example of the amplitude of the first har-
monic as a function of time for different intensities. The
"growth time" is again longer for low-level beams, but the maxi-
mum amplitudes are comparable if the 2 % case is ignored. Non-
linearities apparently limit the amplitude for the first harmo-
nic. The amplitude of the 3rd harmonic at full beam is normally

already 3 to 4 times as large as at 25% beam.




Conclusions

Experiments with beam injection into a static field with axial
inflection were performed. Rings could be formed. The number
of electrons in the ring was limited to about 4 x 1012. This
is about the same number of particles that could be trapped in
a static field with radial inflection when the ring was formed

/3/

ticle losses can be attributed to single-particle effects and

between sideplates The experiments showed that the par-

to collective effects. Single-particle effects allowed for-
mation of rings with Ne = 8 x 1012. To reduce the single-par-
ticle effects, a beam with lower emittance should be used
(there is a small chance that an improvement in the inflection
system gives better results, too). However, the overall trapping
might not be increased even if the single-particle effec:s are
2

)

leads to such strong modulation and widening of the ring that

avoided. The negative mass instability (with Ne =8 x 10

half of the initially trapped electrons are lost. This loss
seems to increase drastically with the particle number, with
the consequence that the number of particles finally trapped

might be less if the initially trapped number is increased.

The maximum number of trapped particles should increase with
higher energy spread. For the present electron gun, energy
spreads can be produced only by foils in the beam transport
system. This, however, leads to very large beam angular spreads
and to very small initially trapped particle numbers. Because,
however, the time taken for the oscillations to reach an ampli-
tude so large that additional losses are caused is a length of
5 to 6 turns, a small instantaneous energy spread together with
an energy ramp might suffice - even at particle numbers of

8 x 1O12 - to suppress strong effects of the negative mass in-
stability. A ramp was used in the Berkeley experiment /1/, but

a thorough investigation of this problem is not known.

The limitation of the particle number in the present experiment

to something less than 4 x 1012 as compared with trapped par-

ticle numbers of 8 x 1012 in compressor I /1 can be explained




by the fact that the space available for the ring in compressor

I was axially and radially wider than the space available in
this experiment. In addition, compression of the ring helps to

save particles from being lost at the snout.

If the impedance of the ring surroundings cannot be reduced,
energy spread and/or an energy ramp has to be applied if higher

particle numbers in a ring of good quality are to be trapped.

In conclusion it can be stated that the method of ring formation
with axial inflection along conducting cylinders, as it is
planned for the experiment Pustarex, is applicable and leads

to results which are comparable with those obtained with ring

formation between sidewalls and radial inflection.
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Figure Captions

Fig.1 Side-on and end-on sketches of the experimental arrange-
ment. Description in the text.

Fig.2 Radial component of the magnetic inflection field in
arbitrary units as a function of time. Beam injection

during the increasing slope after the negative peak.

Fig.3 Development of the current layer on the conical snout.
180° is radially inward, 90° towards the midplane

Fig.4 Number of finally trapped electrons N as a

e ring

function of injected current Ji Curve a: reduction

nj°
of beam emittance. Curve b: reduction of beam intensity

with constant emittance.

Pig<5 Rotating ring current in arbitrary units as a function
of time in 10 ns/div. Right hand side: Variation of in-
tensity with constant emittance. Left hand side: Reduc-

tion of emittance.

Fig.6 Axial distribution of the injected current at ¢ = 135°

for different diaphragm diameters d in the beam line.

Fig.7 Measured angular spreads o in the snout and corresponding
minimal axial betatron amplitudes Az for different dia-

phragm diameters d in the beam line.

Fig.8 Amplitude behaviour of the harmonics 4 to 8 of the re-
volution frequency (1-2 GHz) as a function of time after

injection. a) for different beam intensities; b) for

different beam emittances.

Fig.9 Amplitude behaviour of the first harmonic of the revolu-
tion frequency as a function of time after injection.
a) for different beam intensities; b) for different beam
emittances.
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