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Abstract 

In the Pustarex electron ring accelerator low-intensity 
electron rings were accelerated without ions. Rings 
with larger electron numbers ran into instabilities 
with a radial precessional mode, which led to ring 
widening and particle losses. With resistive walls this 
instability - probably the resistive wall instability - 
occurred rather early. After replacement of the resis- 
tive walls by capacitive walls the instability happened 
mostly at the end of compression. Rearrangement of the 
system is planned to improve the symmetry of the fields 
and enhance the Landau damping coefficient. To increase 
the negative mass threshold of the number of trapped 
electrons in the ring, a beam with instantaneous energy 
spread has been developed. An arrangement which results 
in a beam with two energy peaks 5% apart is described, 
Also connected with the negative mass instability are 
calculations of the coupling impedance of an electron 
ring to a realistic squirrel cage. A few of the results, 
which show a rather large impedance with additional re- 
sonances, are presented. 

The present paper reports three main subjects: 
1. the experiments with the Garching Pustarex electron 
ring accelerator; 2. results of an experiment to pro- 
duce electron beams with instantaneous energy spread; 
3. calculations of the coupling impedance of an elec- 
tron ring to a squirrel cage structure. 

1. Experiments in Pustarex 

The main features of the Pustarex experiment are ;e;- 
cribed in 1 ; changes in the concept are given in ’ . 
In Pustarex the acceleration of ions - especially heavy 
ions - is to be accomplished in electron rings which 
are formed and accelerated in static fields, in between 
being compressed to higher density and larger internal 
field strength by pulsed fields. This concept was cho- 
sen to minimize the pulsed field energy to allow higher 
repetition rates and - with the static accelerating 
field - possible long accelerating structures. The ac- 
celerating length in Pustarex is about 1.3 m. Figure 1 
illustrates the experimental setup. 
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h’ig.1: Schematic of the Pustarex Device 
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Fig.2: Schematic of the Capacitive Side Walls 

To avoid low-order particle resonances the rings have 
threefold symmetry. A 2 mm wide and 35 pm thick Cu 
ribbon on a 50 pm thick Kapton foil is slit at three 
azimuths 1200 apart. To obtain an eigenresonance in the 
desired frequency range the slits are bridged on the in- 
ner side of the Kapton foil with a Cu ribbon of appro- 
priate azimuthal width, thus forming a capacitive ring 
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with 6 capacitors. An equivalent circuit diagram is 
shown in Figure 2. The azimuthal width of the inner Cu 
foil is varied along the conical compression surface, 
so that the eigenfrequency is always an order of magni- 
tude below the gyrofrequency of the electrons, the low- 
est harmonic of the negative mass instability. 

This arrangement allows rapid field penetration 
and - as the axial width of the ribbons is only 2 mm - 
it does not appreciably influence the field components 
at the ring position. Although with larger particle 
numbers high-frequency activity is seen, which is pro- 
bably due to the negative mass instability, particle 
losses, and hence also large ring widening, were not 
caused. A difficulty is still seen for the transition 
to the accelerating region. High ring velocities could 
excite the eigenfrequencies. Whether the rapid increase 
of the eigenfrequency in this region is sufficient to 
avoid this excitation has not yet been tested. 

The structure described no longer acts - for dis- 
tances of the order of the ribbon widths or larger - as 
a squirrel cage. This opens the possibility of using 
separate walls for focussing and impedance reduction. 

As the Cu ribbons have good conductivity resistive 
instabilities are excluded. In the first experiments 
with very thin Cu ribbons this instability had led to 
drastic particle losses. 

Although the resistive instability was excluded, 
the radial precessional mode became unstable during the 
sixth compression stage and roll-out phase and made 
compression and acceleration of rings with large parti- 
cle numbers impossible. The nature of this instability 
is still unknown. As the degree of ionization from the 
background gas is almost 0.5% it could be the ion elec- 
tron instability. Another possible origin could be mis- 
alignment of the squirrel cage to the field axis, which 
would produce a field disturbance for larger particle 
numbers only. Such a misalignment is not easily cor- 
rected, since the field axis is not known well enough 
and in the worst case might change in time and space 
for the combined pulsed and static fields. Our aim is 
therefore to rmprove the symmetry of the field produc- 
ing currents. To reduce the growth rate of the ion elec- 
tron instability, we shall installa better pumping sys- 
tem and increase the Landau damping in the critical re- 
gions. This could be done by a larger coil 6 and an ex- 
ternal squirrel cage. Figure 3 gives the Landau damping 
coefficient for the present system with inner squirrel 
cage for low and high electron numbers and the same for 
the enlarged coil 6 with external squirrel cage. 
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It can be seen that in the present system the Landau 
damping coefficient can get very small for certain par- 
ticle numbers. 

In the Dubna experiment 
4 

this instability appar- 
ently was absent or at least did not cause particle 
losses. The reason may be increased Landau damping for 
heavily loaded electron rings. Accumulation of ions by 
impact ionization results in ion densities with a pro- 
nounced peak in the centre. If the ion loading is high 
enough, space charge results in strongly unharmonic 
transverse betatron oscillations of electrons which can 
enhance Landau damping of the transverse resistive wall 
instability. Based on a self-consistent equilibrium 
model 5 we have calculated the space charge potential 
of the electron and ion distributions with f(= ZNi/Ne) 
varying between 0.05 and 0.3, the last value correspon- 
ing to that of the Dubna experiment. The resulting ra- 
dial tunes of electrons (V,) are plotted against the 
radial oscillation energy (Figure 4) for a case with 
R = 7.5 cm, n = 0.2, y = 12 and N = 1013. For f = 0.3 

we find hV, 2 0.5, which stabilizes the dipole mode 
for arbitrary surface resistivities according to the 
approximate criterion AS 2 21Ut(lti)V, (S : w,(l-V,)). 
Whether this enhanced Landau damping can also stabilize 
the electron-ion instability at high levels of ion 
loading is still an open question. 
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Fig.4: Dependence of radial tunes of electrons v, on 
transverse energy for different ion loading f 

Electron rings with small particle numbers (- 5 X 

10”) could be compressed and accelerated without in- 
stabilities and losses. The ring then maintained its 
integrity in the spill point, i.e. the electrons were 
not slowly wiped off, but the ring was transported as 
an entity into the accelerating region. Apparently the 
squirrel cage and/or ions gave enough focussing in the 
spill point. Figure 5 shows signals from a loop on axis 
and a Faraday cup that are placed about 25 cm beyond 
the spill point, 10 cm apart. 

J trons 

Fig.5: Signals of accelerated rings. Upper trace: Fara- 
day cup. Lower trace: Signal of an axial loop, 
10 cm before the Faraday cup. 

Fig.3: Landau damping coefficient. E = electron energy, The time difference of the signals gives a ring velocity 

s = (l-vr) ‘(tiO, V = single particle tune, w. = of M 1.7 ’ 10’ cm/s and the width of the Faraday cup 

electron revolutlron frequency, w = radial collec- signal suggests axial dimensions of about 3 cm. The ring 
tive frequency. Curve 1: no squirrel cage. velocity can be reduced by smaller radial fields. A 
la and lb: old and new coils 6 resp. Curve 2: In- thorough investigation of ion acceleration has be post- 
ner squirrel cage with old coil 6, Curve 3: Outer poned until rings with larger particle numbers can be 

squirrel cage with new coil 6. accelerated. 
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2. 
Spread and Improved Emittance Electron Beams 

Some of the collective instabilities that impose upper 
bounds on the holding power of the electron rings can 
be suppressed by Landau damping of the electrons hav- 
ing an instantaneous finite energy spread. In previous 
electron ring experiments the energy spreads were pro- 
duced by passing the beam through non-uniform energy 
absorbers 6r7i8 that, besides spreading the electron 
energy, also increase the electron beam emittance un- 
desirably. 

9 As proposed by the Karlsruhe ERA group , a con- 
trollable energy spread of the electrons can be pro- 
duced by using separate cathode elements resistively 
coupled to the high-voltage terminal. In contrast to 
this proposal the cathode elements in our experimental 
device are not arranged coaxially but in a row. This 
allows the electrons to be injected after passage 
through the beam transport system approximately on 
their closed orbits, thus minimizing their radial beta- 
tron oscillations, 
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Schemati Fig. 6 : c of the Experimental Device 

The experiments are performed using an electron 
beam generator (Febetron 705) and a modified beam tube 
(see Figure 6) . The cathode is split radially in two 
halves (division into several parts is intended), which 
can be separately placed at different distances from 
the grid electrode and connected via different resis- 
tors R to the high-voltage terminal. This arrangement 
allows measurement of the potential difference of the 
two cathode halves and hence deduction of the electron 
energy difference AE and - with the resistance R - the 
current 12. The total current Itotal is measured with 
a Rogowski coil downstream from the anode grid, and in- 
dependently by the Faraday cup measurement. The magnet- 
ic spectrometer allows verification of the electron 
distribution as obtained from the voltage divider meas- 
urements . 

The formerly applied cathode elements made of pins 
or razor blades are replaced by plane solid graphite 
cathode elements lo since these elements - as the meas- 
urements indicate already - give small beam emittances. 
Great effort has been expended on the choice of the 
structure and material of the plates surrounding the 
cathode elements and determining the potential distri- 
bution in the diode in order to reduce and suppress 
parasitic electron emission from these surfaces. Alu- 
minum proved to be an appropriate material for suppres- 
sion of parasitic emission at a cathode-to-anode grid 
distance of d = 1.5 cm. 
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Fig.7: Total current Itotal, current I2 from the cath- 
ode half containing the resistor, and electron 
energy difference AE versus R 

500 

Fig.8: Partial current 12 versus normalized cathode 
spacing 

Some experimental results are shown in Figures I and 8. 
In Figure 7 the total electron current Itotal and the 
partial current I2 (from the cathode half with the re- 
sistor) as well as the electron energy difference AE 
(at the time of maximum current) are plotted versus the 
resistance R. It is found that Itotal and 12 (with Ad 
chosen such that both cathode halves have approximately 
equal field strengths) are nearly independent of R, and 
that both cathode halves emit about equal currents, i.e. 
12 is about half the value of Itotal. Moreover, the en- 
ergy difference AE increases about linearly with R (at 
a slope of 0.6 keV/Q and reaches a value of AE = 100 keV 
with about 170 s1, which corresponds to the desired re- 
lative energy difference of AE/E w 5% at 2 MeV electron 
energy. 



In Figure 8 the partial current 12 is plotted ver- 
sus the distance Ad of both cathode elements (see Fig- 
ure 6) normalized to d and to the resistance R. The 
data points - the same resistances R are indicated by 
the same symbols - can be roughly represented by one 
curve. The current 12 reaches about half the total cur- 
rent for Ad/(R*d) M 10e3 R-1, which corresponds to 
cathode spacings such that the mean electric field 
strength in both diode halves is about equal. As de- 
monstrated by particle trajectory calculations, the 
beam emittance is minimum in this case. 

The next series of experiments will be carried out 
with the cathode device at a potential of -2 MV (and 
the grid at -1.5 MV) to study the beam transport to the 
injection snout and measure the spatial and energetic 
distributions as well as the beam emittance in the in- 
jection plane. 

3. Longitudinal Coupling Impedance of 
an Electron Ring in a Squirrel Cage 

Axially slit conducting cylinders, so-called “squirrel 
cages”, have been successfully used for axial focussing 
of the ring. Since its longitudinal stability also 
strongly depends on the geometry of nearby conducting 
walls, it is necessary to investigate quantitatively 
the influence of a squirrel cage on the negative mass 
instability by calculating the coupling impedance ma- 
trix Z, n of the ring inside or outside a squirrel cage. 
The imp&dance of an E-layer inside a squirrel cage has 
been calculated by Beloshitsky and Perelshtein ll. In 
the present paper we consider the @&arce of al electron 
ring infinitely thin in the radial direction and with 
an axial length 2a. The electrons rotate coaxially in- 
side or outside a squirrel cage of radius T consisting 
of N strips of width D and slits of width L-D (Fig.9). 

1 r squirrel 
/ cage 

electron 1 
rmg ---) mm 

R T 
2 : Ip 

‘j-2, 

Fig.9: Schematic of Squirrel Cage Configuration 

The impedance matrix Zm n is defined by 
I 

1 f" 

E cP,m = - - .x zm &, 
2nR n=-m ’ 

(1) 

where EQ m is the m-th Fourier component of the elec- 
tric field at ring radius R averaged over the ring 
length 2a. The electric field is produced by a charge 
and current density perturbation p, j The current is 
given by 

cp’ 

+a 
IQ = z 

I 6 (r-R)(O(z+a)-O(r-a)~ei (nQ-wt) , 
(2) 

n=-co n 2a 

where o(z) is the HeaViside function. The charge densi- 
ty follows from the continuity equation 6 + div j = 0. - 

Maxwell’s equations satisfying the periodic bound- 
ary conditions on the conducting strips Etan ential = 0 
were solved using a method by which the prob 9 em is re- 
duced to a Hilbert problem 12f13. The only non-vanish- 
ing elements of the impedance matrix Zm n obtained are 
those for which m = Nl?tn, IL1 = 0, 1, 2: ,., One gets 
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where s = JUG, and m, 2 0 is an integer such that 
n 

m =-- 
o N 

p, o<p < 1. zil is the ring impedance in 

free space and Ziltn n is the contribution due to the 
I 

squirrel cage. The path of integration in equ.('?l 'bias 

to be taken below the pole at k = W. The b,, b; are 

products of Bessel and Hankel functions Jn, N H(l) and 

their derivatives J’ H(1): 
n’ n 

/ 
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The coefficients xm, ym are the solutions of an ln- 
finite system of linear equations: 

7 (cL~~)xm~~mo, 
n 

m=-m mtp /m+u/ 
(8) 
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where 6, is the Kronecker symbol 
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The matrices Wz and Tz are defined by 
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*m 

(11) 

=m,n>l 

=O,m=O 

The Pm(u) , Pk,(u) are Legendre functions of the argument 
u = cos (‘rlD/L) . 
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Fig.10: The first harmonic of IZnI/n in units of Z 
0 

[= 377 R] is plotted as a function of the strip 

width for different squirrel cage radii T. 

The equation for xm and y, converge rather quickly 
so that one needs only few equations to obtain suffi- 
ciently correct results. In Figure 10 the absolute val- 
ue jZ, n/n for n = 1 is shown as a function of the 
strip hldth 1) for different T. One can restrict the 
discussion to the diagonal elements Z, n, because in 
most cases cons-Lderation of the off-diigonal elements 
gives a small correction only in the linear stability 
analysis 14. The surprising result 1s that IZ, nl ex- 
ceeds the ring in free space values and very slowly 
approaches the lower impedance of the ring in a con- 
ducting cylinder as the slit width goes to zero. The 
reason for that is that the pole contribution of k = w 
in the integral (5) leads to a considerable increase of 
the real part of Z, n. In terms of the electromagnetic 
mode expansLon this’ is a TEM mode, a wave proportional 
to ,-iu(lzl-t.1 lnd propagating 
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undamped along the squrr- 
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F1g.11: /Z, n//n is plotted as function of n for diffcr- 
ent’squirrel cage radii T, number of strips N=lO, 
and a strip to slit ratio of D/(L-D)=0.85.Dashed 

Ai7R 
curve:impedance of the ring in free space. 

In Figure 11 the impedance 12, ni/n is plotted as func+ 
tion of n for different T and A strip to slit ratio of 
D/(L-D) = 0.85. The number of strips is N = 10. In a 
squirrel cage of finite length this effect will be sub- 
stantially suppressed. To give an example of the rather 
complicated dependence of 2, n on the different para- 
meters n, N, u and T, the re& and imaginary parts of 
Z, n/n are plotted as functions of T for n = N = 10 
(Figure 12). 

- Re Znln 
---- Im Znln 

I - 

O- 

-l ! T 
II 7 r 7 - 1 I I 0.5 ( 1.0 ,I 1., 

1.5 

Fig.12: The real and imaginary parts of Z,,,/n (n = IO) 
in units of Z, (= 377 R) for a strip to slit 
ratio of D/(L-D) = 0.85 as function of T/R. 
Number of strips N = 10 
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