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Abstract

The role of instabilities in the performance of an Electron Beam Ion
Source (EBIS) has been studied experimentally. Measurements were made on the
EBIS test stand at the Lawrence Berkeley Laboratory'using an rf spectrum
analyzer, a x-ray camera and a time-of-flight analyzer. Instabilities
associated with the beam current, trapped electrons and trapped ions were
identified. It was found that when the instabilities were present the
effective ionization rate was reduced and the radial extent of the jons was
increased. These observations are consistent with the hypothesis that the

jons are being heated by the instabilities.

* This work was supported in part by the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.



1. Introduction

An Electron Beam Ion Source (EBIS) uses an electron beam of high current
density propagated along a uniform magnetic field to trap and strip ions to
high charge states. The advantage of this device over other ion sources is
its potential for producing very high charge states while keeping the ion
kinetic energy very small. Applications as an injector for accelerators and

1

in the study of atomic physics have stimulated renewed interest in EBIS

2,3 In the

devices, and néw.squrces are being built fn several laboratories.
classical model of an EBIS, ions are electrostatically trapped in the electron
beam; radially by the charge’of-the beam g]ettfonsvénd longitudinally in a
field created by biasing drift tubes (seé Fig. 1). These trapped ions are
then sequentially stripped of orbital e1ectrohs by the electron beam.

52 have been bbtained by this method1.

ioniiation stages as high as Xe'
Desb1fe fhe success that:hés been obtained usihg an EBIS, Dbnets4 has
notéd'énoma1odsvbehavior that mighf'1imit'EBIS performance. One explanation
of the anomalous behavior is the exiétence 6f plasma instabilities which heat
the ions so that they escépe the ionization trap. |
There are ;everal instabilities which could cause these problems such as
the electron-electron two streamv1nsiéb111ty,5 Penning electron driyen

1

1nstab111t1es,6 current driven 1nstab111t1es and the.10n~e1ectr6n two stream

8 In this paper we report experimental measurements in

rotational instability.
an EBIS of rf noise, changes of the ion charge state spectrum and changes of
the ion spatial distribution. The data are consistent with the existence of

several instabilities and the consequent heating of the trapped ions.



2. lonization and Trapping

An idealized model for jons trapped in an EBIS is that they oscillate
radially within the electron beam and bounce back and forth between axial
potential barriers at the ends of a series of drift tubes. If these ions are
created from a constant source of neutrals, then there will be an evolving
distribution of high charge states. As is shown in Fig. 2, the abundance of
thése charge states is a function of Jr, the product of the current density, J
and the confinement time, . The highest charge states result from the
maximum J<.

The maximum current density, J, that can'be obtained is given by the
Brillouin 1imit. It is found by balancing the electrostatic force of the
electron charge with the Lorentz force on the gyrating electron in the
magnetic field, B. If a uniform beam profile is assumed, and J = NeVe: then
the maximum electron density, Ngs is given byg-

3

n_ = 4.86 x 108%/(1-f), cm”

. (N

where B is in gauss and f is the fraction of the electron beam neutralized by
ions. Theoretically a condition known as "beam collapse" might occur if f

increases to 1. This would give extraordinarily high electron and current

densities.
We can find the potential difference, Vb, between the center of the beam
and the edge of the beam:
Vp = 1.51 x 104 L (1=f) vyoits (2)
g1/2

where I is the beam current in amperes and E the beam energy in eV. Thus,

Qevb represents the maximum energy for any ion of charge, Q, created at rest



within the beam and not subject to heating. If the radial energy of the ion

somehow becomes greater than QeV,, then the ion will spend part of the time

b’
outside of the beam, and the average electron current seen by the ion will be’
less than the actual electron current density. Thus any mechanism which heats
the ions could lead to lower average charge states (for a given'confinement

time, ).

3. lon Heating

3.1 Collisional and Potential Heating

One mechanism for heating the ions is collisions with beam electrons.
However,'classical calculations show that this heating is small because of the
high energy of the electron beaﬁ and the_avéraging effect of the 1ongitudinal
oséi11atory motion of the trapped 1on_:~;.]'0 _For experiments'reported here
(trapping time = 20 ms, beam energies = 3 keV) the'fons are heated to 0.1
eV. This can be compared to the beam well potential, Vpo of about 30 V.

A much larger source of jon thermal énergy in the present experiments
comes from the energy gained during ionization in the radial potential of the

electron beam. For a uniform electron beam density, the radial potential is
, B
rf

neutral mean free path in the electron beam is long compared to the beam

harmonic, V(r) =V where rp is the beam radius. If we assume that the

diameter then the average total energy‘gained by a neutral jonized to Q = +1,
is vb/z; To calculate the energy gain for higher charge states we assume the
beam radius is small compared to the ion gyroradius, and that the ion-ion
relaxation time is short compared to the time for subsequent ionization so

that the ions are thermalized. Thus, Qe can apply the virial theorem, which



says that the time-averaged kinetic energy in the orbital plane is equal to

the time-averaged potential energy for a harmonic radial potential. Hence,
3/5 of the total energy becomes kinetic energy, equipartitioned over the two
transverse and one axial degree of freedom, and 2/5 of the total energy
becomes potential energy in the.rad1a1 well. The maximum radius reached by a
singly charged ion of average energy therefore occurs at a potential of

V(r) = % Vy,- We refer to this radius, r, as the radial extent of the ions.
Repeating the same process for subsequent ionizations leads to the curve shown
in Fig. 3. As can be seen, the ions should be confined to a radius
significantly smaller than the electron beam; and, they stay closer to the
axis as their charge increases. Any_additiona1 jon heating will tend to
inhibit this confinement, spreading the ions more uniformly in the beam and

beyond.

3.2 Instabilities and Ion Heating

Plasma instabilities can lead to ion heating. One illustration of how

this might happen via the ion lower hybrid wave is prédicted theoretica11y1]'12
and has been demonstrated ex'pev‘imentaﬂy.]3 This wave may be generated
directly by an instability, but it is more probable that another higher
frequency wave is generated that will stimulate the ion lower hybrid wave by
parametric decomposition. The ion lower hybrid wave is then damped, trans-
ferring the wave energy into jon thermal energy. Other ion waves such as ion
cyclotron waves, if stimulated, could also contribute to ion heating.

The two conditions needed to generate instabilities are present in an

EBIS. First, there is a source of free energy in the directed energy of the



beam. Second, if the current.is more than about 10 mA, the diameter (and of .
course.'the length) of the e]ectron;beam‘is larger than a Debye length. These:
cohditidns make it possible for a variety of instabilities to exist. Some of
the'possible instabilities are the electreh—eTectrOn two stream.instabi1ity;5
Penning discharge_osci11ation6 instabi]ity,'the batkward'wave‘oscillatorv
ihstdbitity,7 and the modified rotational electron-ion two streem; v
1nstabi11ty 8- . We wiT] discuss these 1nsteb111tie5‘in tdfn

Both the Penning discharge and the electron-e1ectron two stream
1nstab111ty depend on trapped e]ectrons : There ‘are several sources for these
*electrons 1nc1ud1ng,secondary electrons from the collector, e]ectrohs stripped
from'backgrounq gas, and e1ectrohs.stribpedhfrem trapped ions. Electron
' trapping-dctdrs Whefehe1ectrostat1c-ﬁotentia]»maxima;exist along a magnetﬁci
field 1ine. In an EBIS, potentia]'mexiha'norma]}y-occur at the‘endseof the
axial trap. By raising the collector potentiel until no potentiai_maximum
occurs between‘thehion trap ahd the collector, it is possiblé to eljmihate
electrons he1d in'this region 'The on]y remainﬁné e1eetron trap is the
'potent1a1 barrier on the upstream end of the ion trap.

The backward wave oscillator 1nstab111ty deve]ops when an e]ectromagnet1c

_ wavevin the beam structure is amplified by charge bunching in the electron

beam. 1In the case of a uniform beam structure, the oscillation will exist if7

1> % (Aoy3 (@)
ZOV N ) ‘ )

where I is the beam current, Eb is the beam energy, N the length of the

structure in ane]engths, Zo the circuit impedance, and Ao a dimensiohless



parameter depending on fhe geometry. Because of the complexity of the EBIS
geometry A has not been evaluated. Equation 3 can be considered as an
instability "turn-on" condition. The backward wave oscillator is unique,
among the instabilities mentioned, in that its turn-on depends directly on the
beam current.

The modified rotational electron-ion two-stream instability is a
convective instability that grows in the trapped ions. Litwin, Vella and
Sesﬁ]er8 (LVS) predict that the most unstable mode grows if y L/v > 1, where

L is the ion trap length, v the electron beam velocity, and

' 2\ 173
/3 M)
Y= 2 (4)
Here “ne is the electron plasma frequency and ®nq is the ifon plasma
frequency. Thus, for stability, it is required that
1/2 '
- ) ne f 1/3
sasx 00 () (B (5)

where A is the atomic weight of the ion. For a tybica] set of conditions used
in the experiments reported here, i.e., Brillouin flow, B = 3 kG, f = 0.1,

Q/A = .2, E =3000 v,it is found that yL/v > 1 if L > 6 cm. Thus, as the

EBIS trap is made longer than 6 cm more and more of the electron beam energy

goes into wave energy.

4. Experimental

The Berkeley EBIS, designed and built by Brown and Feinberg, was used for

these measurements. A description of this device and some results are

14,15

published elsewhere. In this device, the electron beam propagated 0.75



meter from the gun to the collector' through 15 .drift tﬁbesl The drift tubes
were 1 cm inside diameter and 5 cm long and were separated from each other by
1 mm. The gun had a perveance of 2 miéréperv. Measurements'by'BrOWn and
Feinberg using a wire array gave a beam radius of 125:microﬁs for a 250 mA

~ beam ina 3 kG field.

In the experiments reported in this paper, the ions were created from the
backgrdund gas which consisfed of hydrogen, water, carbon monoxide, carbon
‘dioxide, nitrogenvand oxygen. In principle, the;beam could pump out all the.
neutka]fgas in the drift.tubes.v (Thé fate of rep]acemeht of neutrals from the
main chamber is $ma11 due td the low cénduttance of the drift tube array). A
time‘constant. to’ for pump-out to occufvcan'be defined as'to =.«r§,no

(dt/dNi)’where n grg is the numbér of neutrals per cm in a drift tube of

0
radjus r, and N, is the number of ions per cm created by the beam. Thus,

td =“«r§e/(al) where o is thg 1onizétion cros#'section,‘r the beam current
and-e_;hé e1gctron charge. For I=0.1 A, Fo = 0.5vcm and. ¢ = 2_.8210’”/cm2

(3 kéV'eleCtrons on nitrogen) we find to =40 msec. This time is longer than'
the'timeé-of the .order of 20 msec used in the éxperiment. fhus.vthe
background gas -provided a spatially uniform source of neutrals which weré then
jonized. This mode of operation (1.e., no gas. injection) also allowed us to
_operate at the best pqséip]e vacuum, whfch was 1mportant in ordeh to delay

over ffi}ing the ion trap for as long as possible.

4.1 Time-of-Flight Analyzer
A time-of-flight (TOF) analyzer was used to measure the charge state
distribution of the trappedvions. To accomplish this, ions were released from

the trap by lowering the barrier on the collector end. The ions were then



transported through the hollow collector, past a gated deflector, and then
down a 2 meter tube where they were detected with an electron multiplier. The
TOF was measured from the time of the gate at the entrance of the 2-metér
tube. Tests indicated that the intensity of the ion pulse was more
reproducible if the electron beam was turned off just after the ion trap
barrier was 16wered, probably because the turn-off eliminated field variations
due to asymmetries in the electron beam in the zero field region of the
collector. However, this technique only measured those jons which had already
been accelerated into the section between the ion trap and the collector when
the electron beam was turned off. A number of pulses were averaged in which
the time interval between the barrier-down time and the beam-off time was
varied. This insured that the measurement was independent of the time the

jons left the trap region, and was thus independent of ion mass.

4.2 RF Spectrum Analyzer

E1ectromagneti¢ radiation was detected with a Hewlett Packard model 85518
rf spectrum analyzer. The signal was obtained from the high voltage lead to
drift tube #2. A 1 k@ jsolation resiétor was used to decouple the high
voltage driver from the drift tube. A 20 pF capacitor in series with a 48 db.
amplifier was used to couple the signal into the spectrum analyzer. The
system had a frequency range of 1 to 1000 MHz. Inside the vacuum tank the
connection to the drift tube was made with an unshielded lead, 1 m long. This
lead ran parallel to the electron beam from the collector end to drift tube #2
. at a radius of about 6 ¢cm . Thus, the coupling to the electron beam was not
only through the capacity of drift tube #2, but also from the radiated field

of the beam picked up by the lead.



The rf spectrum analyzer sweeps through a preselected frequency range.
The shortest sweep period used was 20 ms, which is of the same order as the
fill time of the ion trap. fhus, conditions were changing during a -
measurement. To overcome this problem,bthe spectrum-analyzer was triggered
shortly after the electron beam was started, and the intensity of any
frequency as function of time could be bbtained by chang{ng-the starting
frequency of the spectrum analyzer. A digitizing amplifier, which could
average over many machine cycles, was used to improve the signal-to-noise-

ratio and further improve the sensitivity of the system.

4.3 X-Ray Imaging .

A gated x-ray camera was used to phOtograph the radial profile of the
fohfe]ectron interaction region (see Fig. 1). It consisted of a cylindrical
mirror at grazing-angle and a microchannel plate (MCP) with a fiberoptic
oﬁtput plate. An image was obtained on polaroid film pressed directly onto
the fiberoptic plate. The cylindrical mirror had a 1.9 m radius of
curvature. The mirrof waS'desighed to give 50% ref]ectivfty at 30 R. It was
gold plated, set 8 cm from the beam axis at 3.7 degrees centraT angle with an
3ccgptance width of 3 degrees. The mirror cast a one-dimensional image of the
beam on the MCP mounted 82 cm from the beam axisf The camera viewed through a
s1it in a single, double-length drift tube replacing drift tube #9 and #10.

Computer’analysis, using ray tracing, predicted.a 20 micron resolution
width for the camera. The éystem was prefocused to the center of the drift
tube using a laser illuminated wire, which was also used to check the

resolution.

- 10 -



The MCP had an inconel photocathode. In order to restrict the band width
of the system, a parylene film was p]acéd in front of the MCP. This gave a
band pass from 44 R to ~ 150 A. The MCP had curved channels with sufficient
amplification so that a single detected photon could be seen as a dot (about
50 microns diameter) on the film. Most data were taken with the MCP gated on
for 2 ms just before the end of the ion containment time.

With the beam on and with trapped ions, a clear beam image was recorded.
With the electron beam on, but with no trapped ions, no significant signal was
observed. When an image was recorded there was some’scattered X-ray 1ight
from the bellows connecting the MCP to the EBIS. The scattered light was
asymmetric and its intensity was proportional to the intensity of the beam

image.

5. Results

It was found experimentally that there was a range of conditions under
which rf noise was generated. A typical plot of the signal detected up to
1000 MHz is shown in Fig. 4. The intensity and the character of the noise
were a strong function of the operating parameters. The sources of the noise
were investigated in terms of the three instability regimes mentioned above,
i.e., trapped electron instabilities, current instabilities, and ion

instabilities.

5.1 Trapped Electron Instabilities

Trapped ions were eliminated by biasing all the drift tubes near 2 kV with
Jjust enough of a voltage gradient to expel ions. The collector voltage was

varied in steps from O kV to 2.0 kV. The resulting spectra are shown in

-1 -



Fig. 5. Thesevspectra show a minimum in rf noise with the collector voltage
set to match thé drift tube voltage (i.e. the number of trapped e]ectkons was
. minimized). With the collector voltage lowered to 1.5 kV and 1,0 kv the
spectra show a small region of broadband oscillations at a50ut ?3 MHZ'. with
thé collector voitage lowered to 0.5 kV so that fhere was a l.s'kv_difference
in potent1a1 between the collector voltage and'theVdrift'tube voltage,
narrowband radiafion at_sb, 65 and 84 MHz 5ppeared} wheﬁ the collector
yoltage,was reduced to 0V the narrowband rédiation from 3 Muz to 300 MHz grew
100-fold. A portion of this radiation is shown in the top trace of Fig. 5.

"Although it is difficult to assign specific resonances to the'obServed rf
'ﬁighals.bthe'narrow band'radiation'has the tha?acter'of'a Penning diScharge
, whgre<narr6wbahd‘WaVe modes such as diocotron Wavés, cyclotron wavés, etc. are
lﬁtimqlated by the longitudinal oscillations of the electrons. On‘thefother
hand,;thé squrée‘of the less intense broadband radiation would seem to be
different.

To investigate the effgct-of_the Penhing discharge on the operation of
EBIS.ihe MCP'camera QaS‘used. In order.td'obtain a éignal on. the MCP camera,
1ons'h§d to be trapped in drift tubes #9 and #10. Thisldid not appreciably
change the rf signal generétéd; sbfthat;_the Pénning discharge was still
present. The two images shown in Fig. 6 wefe taken under identical conditions
exéept_forvthe difference of the col]ector'vg1tagé. The ions wéré_é]]owed to "
build up in the well for 12 ms, and then an image was exposed for 2 ms. In
Fig. 6a-the collector vo]tage was at 0.0V, and in Fig. 6b the collector
voltage was at 2 kV. The trace in Fig. 6a 15 not as dark as that of Fig. 6b

indicating that the number of ion-electron collisions was reduced when the
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Penning discharge was present (as indicated by the rf noise signal). Assuming
that the electron beam was the same in the two cases, this result implies that
the number of ions within the confines of the beam was reduced when the

Penning discharge was present.

5.2 Current Generated Instabilities

Even when the collector was biased so that there was a minimum of free
electrons, there were still conditions under which a rf signal could be
measured on the drift tubes. Under these conditions the rf noise was a
sensitive function of the electron beam current and was present even without
trapped ions. »

The rf signal observed for several values of the electron beam current is
shown in Fig. 7. The large narrow band radiation is pickup from radio
transmitters. However, if the bottom trace in Fig. 7 is compared to the top
trace there is a noticeable broadband signal at about 130 and 150 MHz. This
broadband signal seen on the three lower traces is absent from the upper two
traces taken at lower beam current. For a given beam energy there was a
~threshold beam current at which rf noise could be observed.

A plot of the threshold current vs. beam energy is shown in Fig. 8 for
three different values of magnetic field. The region labeled "unstable" is
the region where an rf signal was observed. The linear relationship of the
3 kG instability boundary in the Fig. 8 plot of beam current vs. beam energy
satisfies Eq. (3) for a backward wave oscillator "turn-on.”

Although the rf signal associated with the current-generated insta-
bilities was relatively independent of whether or not trapped ions were

present, there was one exception. There was a noticeable increase in the rf

-3 -



signal in the region of 170-190 MHz withfions,presentc Oscilloscope pictures
ofvthe rf"spectrum,in'this region are shown in Fig; 9 for an electron current
of 150 mA, well within the unstable region. In these tests the voitage on
drift tube #1 was 1050 v, drift tubes'#24#4 were at 950 V;.drift’tubes #6-#15 .
were graded from 950 V to 900 V, and the collector was kept at 900 V. .The
vo]tage on'drift'tube #5 was set at either 1025V to trap ions or at 950 V to
expel tons. A1l other parameters were held constant. With drift tube #5 at
1025 V; aumajor component of the ijons trapped‘was‘hydrogren. The calculated
value of the hydrogen lower-hybrid-. frequency is. 196. MHz. The observed rf
| s1gna1 from 170 190 MHz is close enough to 196 MHz (with1n experimental error)
vto suggest that 1t is due to jon 1ower hybrid waves being stimu]ated '
The TOF ana]yzer was used to measure the effect of : the current 1nstab111ty
onvthe 1ons. This was done by examining-the 1ons.from‘a:short 1on‘trap, 15 cm
long, creatéd»by'sélectiVe biasing of the drift tuhes, The trap was created -
1n,tﬁo positions. first near:the electron gun endvand»theninear the collector
end. ’Data-such as those shown TnvFig. 10 were‘obtained; From these data the

‘abundance - ratio of N5+/N4+ was compared to the computed ion abundance vs. Jt

shown in Fig. 2.  Thus, from a-measured'N5+/N -ratio and the jon trapp1ng
time, t, an effective. current density was obtained.

In Table 1, the effectiye-current density at the gun end and the collector
end are-giuen.for'three Sets of conditions. ‘The aCtua] current densﬁty in
EBISFWas measured previousw]5 using a wire array. In the wire array
‘measurements 1t was found that the variation in current density from end to

16

end in the region of uniform magnetic field was small. Thus, the sharp

decrease in the effective current density shown for the trap at the

- 14 -



collector end relative to the gun end, for large rf noise conditions, suggests
that the ions are heated more at the collector end and therefore spend less
time in the electron beam. This implies that the waves which heat the ions

grow along the electron beam.

5.3 1Ion Instabilities

Tests using the MCP camera indicated that instabilities may be present
even when the rf signal was not detected. A series of tests was run with the
electron beam parameters well'into the stable region shown in Fig. 8, and the
collector bias set to minimize the number of trapped electrons. Under these
conditions rf noise could not be detected by the spectrum analyzer. An ion
trap was established with a 60 mA beam current and a 60 V barrier. The
calculated potential at the edge of the eiectron béam is 28 V. Thus, ions
confined in the well were not necessarily confined in the beam. A series of
MCP camera pictures was takeh using ion traps of.different 1engths, and the
x-ray intensities/cm of trap length are plotted in Fig. 11. The intensity/cm
of the x rays when the trap was 40 cm long was less than the intensity/cm of
the x rays when the trap was 10_cm long. It follows that the ion-electron
interaction was reduced when the ion trap was long.

It was necessary to measure the number of ions per unit length in the trap
to determine if the reduced ion-electron interaction was due to a loss of ions
or, as hypothesized, ions being heated so that they spend part of their time
outside the beam. To do this, the TOF analyzer was not gated; so that, the
pulse was integrated over all of the chafge states. Undek these conditions,
the pulse height is proportional to the number of ions/unit length. The

results for traps of different length are shown in Fig. 11.

- 15 -



In Fig. 11 the decrease in ions/cm as- the tfap length is increased from 10
“to 40 cm is 20%. The decrease in x-ray ﬁnténsify/cm as the trap length igb |
increased from 10 to 40 cm is 49%. Since the x-ray intensity isvproportional
td the number of ionQelectron-collisions,,this result implies a decreasevin
“the number of jon-electron collisions per ion. This decrease in the number of
. éo]lisions pervioh can be explained by the conjecture that fhe jons have been
heatedvto-a temperature hiéher than QeV; SO.that,Lthe ions are only partially
~ confined to‘the'e1eétron beam. This increase in heatinﬁ.with.trap_]ength
connofes an instability that grows 1n_thexions.

As another check of this hypothesis the effective current1den§ity-wasﬁa1so.
' 5+ .4+ '

measured from the N /N ratio as above. For a 15 cm well with 70 mA the
“effective cﬁkrent-densiiy from the NS‘*/N\A+ ratio was 65 A/cmzf'7when the well
' 5+ 4+

length was 1ncreased to 40 cm, the N /N   rat1o gave an effective current
-:qénsity;of 0n19529-A/cm2. This confirmed the hypothes1s thét the jon-electron
collisfon rate was reduced 1n‘allong trép as inferred from the‘MCP x-ray
camera results noted above. |

In order to test the classical theory for the ion temperature which
neglects instability heating, an attempt was made to create the "most stable"
conditionsvpossibie. The collector was biased to sweep out electrons. A
shortxion trab (10 cm) was used. Beam current-and voltage were set»away'from
the "unstable® boundary. A series of tests was run using the MCP x-ray camera
with a 2 ms gate.to examine the ion density ‘as a‘fuhbtion of time. A
densitometer was thgn uséd to obtain radial'iniensity pkofi]es as shown in

Fig. 12 for four different times. At 5 ms the intensity of the signal was

- 16 -



low. However, the profile is clearly discernible with a diameter of roughly
100 um. At 10 ms the intensity has increased, and the profile has a slightly
larger diameter. The profiles at both 15 ms and 20 ms are 300 uym wide, which

(15)

represents the diameter of the electron beam meaéured previously. These
results imply that the ions represented in the 5 ms'profile are confined to
the center of the beam as predicted by classical theory (see Fig. 3). As
shown in Eq. (5) the LVS instability is weakly sensitive to the ion density.
The expansion of the observed channel to 300 microns in the 15 ms and 20 ms
traces, as the trap fills with ions created from the background gas, could be
due to instability heating that develops at higher ion densities or it could
be due to beam neutralization which Towers the electrostatic potential
confining the ions. On the other hand, the existence of a narrow peak
indicates that instabilities, if present, give negligible ion heating. It
should also be noted that the Eq. (5) stability condition is satisfied using

electron densities calculated from Table 1 and f = .25.

6. Discussion

In order to obtain the highest quality electron beam in the Berkeley EBIS,
great care was used in the design and installation of the magnetic field and
the electron gun. The thought was that if Brillouin flow could be attained,
"beam collapse” might be achieved (see Eq. (1)). Brown and Feinberg suggest
that some of their data indicates larger values of the effective J than the
measured J. However the increased J was far less than might be expected. The
current set of measurements would indicate that plasma instabilities which

heat the ions may be the reason that "beam collapse" is difficult to attain.
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The instabilities that were measured existed in three regimes. They
involved free e]ectrons. beam current and trapped ions. The LVS instability
may be.thé most 1imiting because it was always unstable except when the ion
trap was very short. Complete stébi]ity,uas,indicated in Fig. 12, was only
observéd.w1th a short tfap and reduced jonvdensity. However, there is a need
to confirm the findings of-this,repbrt‘by;conducting experiments in a -
cryogenit'ﬁachine in which the ion density;can be controlled over a longer

experimental time thah was possible in the Berkeley EBIS.
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Table 1: Effective current density as obtained from the TOF analyzer.

Beam Current

RF noise effective current density
mA A/cm2
Gun | collector
70 none 65 66
100 small 70 65
120 large 96 55

P
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Fig. 2 Calculated nitrogen charge state abundance for a 2250 V electron beam
with jons continuously created from background gas.
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