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Results are presented for the first experiments in which long-pulse (0.4-1 usec), relativistic
(0.8 MV ) electron beams have been transported in the ion focused regime (IFR) in ion
channels formed in low pressure diethylaniline gas by means of KrF excimer laser-induced
ionization. These experiments demonstrate that the most efficient {509%-80% } and longest
pulse (0.6 usec) e-beam transport is obtained with laser-induced channels over a very narrow
gas pressure range (0.3-1.7 mTorr). Higher than optimal pressures cause excess e-beam
induced ionization and instability of the electron beam. At lower pressures, the laser-induced
ion channel density is insufficient for initial e-beam guidance. Transverse oscillations of the
electron beam have been measured at a frequency close to that predicted for the ion hose
instability. The growth length and wavelength of the transverse oscillations are comparable to
the betatron wavelength, further suggesting that these oscillations result from the ion hose

instability.

I INTRODUCTION

Intense, relativistic electron beams with microsecond
pulse lengths have significant applications to free electron
lasers,"? cyclotron masers,” and plasma heating.* In recent
years, several research groups have demonstrated efficient
transport®” and stabilization’ of short pulses (much less
than 100 nsec) and pulse trains® in laser-induced ion chan-
nels. Those experiments have relied upon ion focused regime
(IFR) transport in which the channel ion density is chosen
to compensate the electron beam space charge repulsion and
transverse pressure to permit e-beam propagation in a self-
pinched mode. For an electron beam with a Bennett profile,
the required condition for IFR focusing is

L2 U/ 42T, /vmc?, (1)

where f, is the space charge neutralization fraction, y is the
relativistic factor, m is electron mass, ¢ is the speed of light, v
is Budker’s parameter, and 7, is the transverse temperature
of the electron beam. The first term represents compensation
of the e-beam space charge repulsion while the second term
is an electron pressure term. The space charge term domi-
nates when the eleciron Debye length in the beam frame is
much less than the beam diameter.®

An important area of research concerns the transport
efficiency and stability of ion-focused-regime propagation
over longer time scales, on the order of 1 usec. Other experi-
ments”"" have studied the transport of long-pulse {greater
than 100 nsec) e beams in either self-ionized® or low energy
e-beam induced!® ion channels. The experiments reported
here represent the first investigation of long-pulse (0.4-1
usec) electron beam transport in excimer-Jaser-induced ion
channels.!!

) Present address: Massachusetts Institute of Technology Lincoln Labora-
tories, Lexington, Massachusetts 02173-0073.
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. EXPERIMENTAL CONFIGURATION

Electron beams were generated by the Michigan Elec-
tron Long Beam Accelerator (MELBA), which operates
with parameters of voliage = — 0.7 to — 1 MV, dicde cur-
rent = 1-30 kA, and a pulse length, which is adjustable by a
crowbar switch from 0.3-1.5 usec. This accelerator consists
of a modified Marx generator, in which the voltage is com-
pensated by a reverse-charged resistance-inductance—ca-
pacitance (RLC) ringing circuit; further details on the gen-
erator are given in Ref. 12. The experimental configuration
is depicted in Fig. 1. Two types of cold cathode were em-
ployed in these studies: (1) cotton velvet recessed in a metal-
lic shield, and (2) carbon brush on a bare aluminum plate.
More details of the cathodes are given in Refs. 11 and 12. The
electron beam anode for these experiments was a graphite
plate with a 2.54 cm diam aperture for e-beam extraction.
The anode cathode (A-K ) gap was typically 6.9 cm for the
velvet cathode and 8 cm for the brush cathode. These config-
urations gave an injected electron beam current of 200300
A with an e-beam diameter of 2.54 cm. The diode vacuum
{ <107 * Torr) region was separated from the interaction
chamber gas by a 6.3 gm thick aluminized Mylar foil. These
foils withstood several crowbarred generator pulses before
pinholes formed. '

The electron beam was injected through the anode foil
into a lead-covered, stainless steel interaction chamber of
length 1.2 m and maximuam diameter $.75 m. This chamber
was evacuated by a turbomolecular pump to 6 X 10 Torr
before continuously leaking in diethylaniline (DEA) vapor,
which was generated by heating DEA in an external flask.
The DEA was chosen since it has been shown®’ to have a
high cross section for ionization by KrF excimer laser radi-
ation at 249 nm.

The excimer Iaser was 2 Lumonics TE-292 K, which
generated about 1 J in a 25 nsec FWHM pulse. The laser
beam was collimated by a 2.4 cm diam aperture before the
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FIG. . Experimental configuration for long-pulse REB propagation in la-
ser preionized channels.

guartz input window in order to match approximately the
diameter of the laser-induced ion channel to the e-beam di-
ameter. After losses and divergence, the laser had a peak
fluence in the chamber of about 10 mJ/cm?. Charge collec-
tion plate measurements have shown that the laser-induced
ion channel density can be controtied up to about 16'%cm 7,
lower ion densities were obtained by either attenuating the
laser beam with thin plastic sheets or lowering the DEA
pressure. It should be noted that in ion channel experiments
utilizing DEA (150 amu), there exists some uncertainty as
to the actual ion masses that exist after UV laser and electron
beam irradiation.

A number of e-beam diagnostics have been employed to
measure the current and centroid position of the electron
beam. The injected e-beam current was measured by a2 Ro-
gowski coil located in the anode flange just after the anode
foll (defined as z = 0). Two sets of X~ ¥ beam centroid posi-
tion sensing probes were employed, one at z= 14 cm {up-
streamn X-Y) and another at z = 95 cm (downstream X-Y).
These beamn centroid position probes consisted of an array of
four identical magnetic loops rigidly mounted to, but electri-
cally isolated from, a 0.3 cm thick brass plate. This plate had
a 20 cm outside diameter and a 7.6 cm diam aperture
through which the beam could pass. The choice of the aper-
ture size was based on the need to have reasonable signal and
linear response from the position probes for beam displace-
ments of several centimeters. The brass plate was positioned
facing the diode to stop electrons that did not pass through
the aperture. The backside of the probe was covered by a
0.12 mm stainless steel foil. A 0.12 mm stzinless steel foil
formed a cylinder defining the 7.6 cm diam aperture through
which the electron beam passed and shielded the coils from
electrons that were lost radially. The shielding also dis-
criminated against the high levels of rf radiation asscciated
with beam-—plasma interactions. The four coils were spaced
equally around the aperture, oriented to detect the B, com-
ponent of the magnetic field produced by the electron beam.
The signals from diametrically opposing coils were electri-
cally integrated and subtracted to give a signal proportional
to the net current and the beam centroid displacement. A
Rogowski coil built into the same brass housing (at z = 95§
c¢m) measured the net current passing through the aperture.

In laser guiding experiments, the transported eleciron
beam current was measured (atz = 112 cm) with a Pearson
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current transformer in which the § cm diam aperture was
covered by thin {25 um) plastic to exclude plasma current,
but allow the excimer laser light and the high energy electron
beam to pass through. An x-ray pinhole camera imaged the
footprint of the transported beam on the (3.5 c¢m diam)
quartz laser input window. Open shutter visible photogra-
phy was performed through the upper port on the down-
stream end of the chamber. The time integrated transverse
position of the propagating electron beam was visible from
fluorescence when the beam passed through a grid of thin
nylon filaments.

. EXPERIMENTAL RESULTS

In these experiments, as much as 10 mJ/cm? of excimer-
laser radiation ionized DEA gas 200 nsec prior to the voltage
rise of the electron beam. For the pressures and laser ener-
gies that gave electron beam propagation in preionized chan-
nels, values of £, at the beginning of electron beam injection
were between 0.3 and 0.9. These values should be compared
to 1/97 = 0.16 for the electron beam and indicate that the
electron beam was initially injected into an ion focused re-
gime channel. Later in the pulse, £, = 1 can beexceeded asa
result of e-beam induced ionization of the DEA.Y

Diagnostic signals for electron beam transport in a la-
ser-induced ion channel are presented in Fig. 2 for an inject-
ed e-beam pulse width of about 1 usec and a DEA pressure of
0.57 mTorr. Examination of the diagnostic data in Fig. 2
shows the following effects.

(1) The transported e-beam current initially siarts at
about 50% of the injected e-beam current ({,;) and increases
during the pulse to about 60% of I,; before rapidly decreas-
ing to zero at 0.6 usec into the pulse.

{2} The net current is nearly equal to the injected e-
beam current {zero plasma current) from 0.1-0.4 usec after
the current rise. The net current gradually decreases until it
passes through zero 0.63 usec after the start of the e-beam
current. {Recall that the conventional notation is:
‘Jbeam + eEplasmm = Jnet )

(3} A spike in the injected e-beam current is accompa-
nied by 2 large net current reversal and a small negative spike
in the transported current monitor.

{(4) Transverse oscillations occur in the downstream
beam centroid position monitors with a magnitude of about

+ I cm and a period of about 0.6 usec during the duration
of beam propagation.

By operating at a slightly higher pressure of 1.7 mTorr
(Fig. 3) with laser-induced preionization it was possible to
transport between 50% and 80% of the injected current dur-
ing the first 0.25 gsec. In this case, the downstream trans-
verse beam oscillations (of about + 1.3 cm) grow more
rapidly (0.4 usec period) and beam transport through the
downstream (z = 95 cm) position coils and Rogowski per-
sists for 0.4 usec. Transport to the end of the chamber de-
creased to zero after about 0.28 usec.

In Fig. 4 we plot the X vs Y beam centroid displacement
as a function of time for the data of Figs. 2(d) and 2(e). It
can be seen that the beam undergoes an oscillation near the
axis before undergoing a large, rapid excursion away from
the axis near the end of the transported pulse.
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FIG. 2. Experimental data for electron beam injection into laser preionized
channelsin DEA at 0.57 mTorr: (8) voltage (155 kV/div); (b) upstream X
position of e-beam centroid (z = 14 cm, 0.1 XA cm/div}; (¢) upstream ¥
position of e-beam centroid (z = 14 cm, 0.1 kA cm/div); (d) downstream
X position of e-beam centroid (z =95 cm, 0.1 XA cm/div); (e) down-
stream Y position of e-beam centroid {z = 95 cm, 0.1 kA em/div); (f) in-
jected current (long dashed line), net current (short dashed line) at 95 cm,
and transported current {solid line) at 112 cm, 100 A/div (velvet cathode).

The temporal dependence of laser gnided electron beam
current transport at three different DEA pressures is depict-
ed in Fig. S for an injected current of about 220 A overa 0.5
psec pulse length. For the laser intensities employed in these
experiments, a narrow pressure window existed for efficient
electron beam transport. When the pressure was too low
(6.3 mTorr), the transport was inefficient until e-beam in-
duced ionization was sufficient to give icn focused condi-
tions after about 0.4 usec. At the high pressure edge (1.7
mTorr) of the propagation window, beam transport was ini-
tially efficient (80%), but propagation was cut off after e-
beam instability ejected the beam from the channel after
about 0.26 usec. The optimal DEA pressure for laser guided
transport in these experiments was about 8.4-0.7 mTorr, for
which 30%-60% e-beam transport was observed for pulse
lengths up to about 0.6 usec.

Laser guided e-beam propagation data is summarized
and compared with neutral gas transport in Fig. 6. Several
features are notable in this figure. First, the optimal pressure
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FIG. 3. Experimental data for electron beam injection into laser preionized
channels in DEA at 1.7 mTorr: (a) voltage (310 kV/div); (b) injected
current {112 A/div); {c) transported current 112 cm from ancde (100
A/divy; (d) net current 95 cm from anode ( — 75 A/div); (e) upstream X
position of e-beam centroid position (z = 14 cm, 0.2 kA em/div); (f) up-
stream Y position of e-beam centroid (z = 14 cm, 0.2 kA cm/div); (g)
downstream X position of e-beam centroid (z =95 cm, 0.2 kA cm/div);
(h) downstream Y position of e-beam centroid (z = 95 cm, 0.2 kA cm/div)
(velvet cathode).

window for efficient laser guided propagation is apparent.
Second, laser guided propagation showed higher peak trans-
ported charge using the velvet cathode over the brush cath-
ode, but this is mainly due to lower injected current and
shorter pulse lengths with the brush cathode. The superior
performance of the velvet cathode was caused by a much
lower rate of cathode plasma diode closure, which permitted
longer pulses. Third, laser guided propagation in DEA
transported a factor of 2.5 times more energy (and charge)
than the highest efficiency propagation data obtained in
these experiments in neutral air.

An open shutter photograph of the light emitted by a
laser guided electron beam propagating through DEA and a
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FIG. 4. Trajectory of e-beam centroid for data of Figs. 2(d) and 2(e) as a
function of time at z = 95 cm. The data points are spaced by 6 nsec {0.05
kA cm/div).
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FIG. 5. Temporal evolution of laser guided electron beam current over sev-
eral DEA pressures within the propagation window. Sclid line: 0.46 mTorr,
short dashed kine: 1.7 mTorr, long dashed line: .31 mTorr (velvet cath-
ode).

nylon grid is presented in Fig. 7. (It should be noted that the
iaser alone gave no visible emission except for weak fluores-
cence of the nylon grid.) The relatively large illuminated
arez on the nylon grid indicates significant transverse mo-
tion of the ¢ beam. This pulse gave the most apparent photo-
graphic evidence of hose structure. The wavelength of this
hose structure is about 25 cm.

A 1.8-2.1 cm diam x-ray image was measured where the
¢ beam struck the laser input window at the end of the
chamber. An x-ray image was only obtained when the other
diagnostics showed effective e-beam transport from laser
guiding.

V. DISCUSSION AND ANALYSIS

Eon focused regime propagation of long-pulse electron
beams in laser-induced ion channels has been demonstrated
in these experiments over a narrow range of DEA pressure.
The observations of the low pressure limit on IFR propaga-
tion when £,>0.3~2/7" suggests that the beam transverse
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FIG. 6. Summary of transporied charge and energy for laser guided e-beam
transport and neutral gas e-beam transport. Here, &: DEA for laser preion-
ized channels with velvet cathode; + DEA for laser preionized channels
with brush cathode; A: neutral DEA pas with velvet cathode; O: neutral
helium with velvet cathode; A: neutral air with velvet cathode.
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FIG. 7. Open shutier photograph of laser guided electron beam transport
through a grid of thir nylon filaments that has been viewed from the upper
port at the end of the tank with DEA pressure of 0.7 mTorr.

pressure forces are comparable to electrostatic repulsion
forces.®

For the DEA pressures employed in these experiments,
electron beam-induced ronization (A#n,;) can be significant
since

An,/n, = onut, (2)

where o is the cross section for DEA of about § 10~ ¥ em?,
n, is DEA gas density, v is the e-beam velocity, and ¢ is the
time after the start of the injected current. Thus in the lower
pressure range (0.3 mTorr) for laser guiding

An/n, =1

after 0.7 usec. Since f, (¢ = 0)=0.3 for laser guiding at 0.3
mTorr, then £, =1 is exceeded at about 0.5 usec. At the
optimal pressures { ~0.7 mTorr) studied with laser guiding,

An,/n, =1
after about (0.3 usec. At the upper pressure propagation limit
in these experiments, e-beam induced DEA ionization can
causef, > 1 very early in the beam pulse, after about 0.1 usec.
Since laser-induced ionization sets the initial f, =~0.9 in the
high pressure case, f, > 1 should cccur early (about 0.01
Lsec) in the pulse, during the current rise. Excess ionization
from f, > 1 could lead to electron—electron streaming insta-
bilities that could disrupt propagation. '’

The experimental data of Figs. 2 and 3 show transverse
oscillations of the electron beam. In Figs. 2(d) and 2(e}, at
0.57 mTorr, the experimentally observed frequency is about
1.7 MHz for the maximum excursion of transverse oscilla-
tion on the downsiream beam centroid position monitor. A
theory of the ion hose instability® predicts the oscillation
frequency of

o, 1 {r.e N\
Fom = ( ) , (3

23 2myI e
which is estimated tc be about 1.3 MHz. This s in good
agreement within the experimental uncertainty, suggesting
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that the transverse oscillations arise from the ion hose insta-
bility. The hose oscillation frequency of Fig. 3(g) is about
2.5 MHz. This is consistent with a factor of 3 increase in the
e-beam density, expected to resnlt from contraction of the
beam when injected into a channel with £, = 0.9 when the
low pressure limit for IFR propagation is f, = 0.3. The x-ray
pinhole photography data showed a propagating e-beam di-
ameter of 1.8-2.1 cm, compared with channel and injected e-
beam diameters of 2.4 and 2.54 cmm, respectively. This corre-
sponds to an increase in the e-beam density in the range 1.5-
2. The observation of hose oscillation frequencies that are
slightly higher than the theoretical value is possible if the
average ion mass was lower than the molecular weight of
DEA. This could occur if the laser and e-beam irradiation
caused splitting of the DEA molecules.

The observation of significant transverse oscillation
after about I m of propagation suggests the growth of the
instability in a propagation length on the order of one beta-
tron wavelength (40 cm at the center of the beam or a beam
average betatron wavelength of 80 cm). This observed
growth length is consistent with theoretical predictions for
the ion hose instability.®'® The existence of hose oscillations
is further suggested by open shutter photography data in
Fig. 7. Other researchers'’ have noted that light emission
from e-beam channel interactions is expected to occur main-
ly after £, > 1. This light could originate from a return cur-
rent that flows along the e-beam ionized path after f, = 1 is
exceeded.

V. SUMMARY

Ion focused regime propagation of a long-pulse electron
beam in a laser-induced ion channel has been observed. The
pressure limits (0.3-1.7 mTorr) for propagation suggest
that efficient propagation occurred when £, > 2/77, consis-
tent with expectations for a warm e beam; loss of transport
occurred at the higher pressures for which f, » 1. Observa-
tions of transverse beam oscillations with time scales on the
order of the ion plasma period of the channel as well as a
visible hose structure are strong evidence of the ion hose
instability.
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