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Abstract

An experiment is underway to study the atmospheric
propagation of the 27-MeV PHERMEX electron beam in a

reduced~density channel generated by a 002 laser.
Introduction
The concept of using a reduced-density channel

(RDC) to aid the propagation of an intense relativistic
electron beam through the atmosphere has been discussed
in the 1literature for some time.[1-4] To date, how-
ever, experimental[2] and theoretical studies[3~4] of
this process have been rather limited. Experimental
work has been confined to relatively low-energy elec-
trons (a few MeV) and theoretical calculations have
been constrained by the mcdels and approximations that
had to be employed. In the present project an exten-
sive set of diagnostics will be used to investigate the
propagation of a 27-MeV e-beam in a well-characterized
density channel. The results will be compared with the
predictions of a state-of-the-art particle-in-cell
(PIC) simulation code.

The relativistic e-beam will be generated by
PEERMEX, arn rf linear accelerator that produces a 4-ns,
27-MeV, 0.7-kA beam.[5] A high-energy CO_ laser will
be used to create an RDC in atmospheric-pressure
nitrogen that has been 1lightly doped with SF
Figure 1 shows a schematic of the experiment. A 1~ %o
2-m  long channel 1is formed when the SF absorbs the
10.6~um radiation and, subsequently, heats the sur-
rounding nitrogen. A valve separates the channel test
cell, which contains the SF , from the focusing cell.

After the channel has formed (~0.5 ms), the e-beam,
which has a diameter of ~1 mm, enters the channel
through a thin foil. Diagnostics, such as B-dot loops

and a twc-dimensional streak camera, will be
monitor the propagation of the beam.

used to

At the present time, an experimental study of the

chanrel-formation process and a theoretical investi-
gation of the propagation of the PHERMEX beam in a
channel have been carried out, and these results will
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Fig. 1. Schematic of RDC propagation experiment.
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be reported here. The comprehensive propagation exper-
iment awaits scheduling at the PHERKEX facility.

Channe]l Formation

A commercial e—geam~controlled CO2 laser[6] with
an 11 X 11 x 100 cm active volume was used in an
unstable resonator configuration to generate a 300-J

laser pulse. The resonator mirrors were adjusted so
that the beam was slightly convergent and came to a
focus about 35 m from the laser. The laser pulse con-
sisted of a fast gain-switched spike, followed by a
longer main pulse with a duration of 3.6 us. To pro-
duce a wider charnel, a 6.0-cm aperture was inserted in
the beam at the laser and only 37% of the output energy
was used. This yielded a beam in the test cell that
had an approximate Gaussian profile with a character-
istic radius of 5.0 mm and a Rayleigh range of +1.5 m,
which are the desired channel dimensions.

To generate a channel, the N_ must be seeded with

a gas that absorbs the laser radiation. Ammonia, eth-
ylene, SF , and Cl_C_F_ are among the carndidate seed

gases; F_was chosen because it is the strongest ab-
sorber and because the SF -absorption prccess has
modeled by workers at KRL.[2,7] If the expansion of
the N_ is adiabatic, a deposited energy of -~0.5 J/cm
is required to produce a 50% reduction in channel den-

been

sity. The NRL model predicted that an SF concentra-
tion of ~0.2% should be required to achieve this
reduction.

As a first step in studying the channels, the
transmission of the laser pulse as a function of dis-
tance through the SF was nmeasured. For 1.2 torr of
SF_in 600 torr of N (local atmospheric pressure),
trgnsmission data are shown in Fig. 2 along with the

predictions of the NRL model.[7] Although the slope of
the data appears to be about right out to 100 cm, the
predicted energy dependence is not observed. Beyond
100 cm, the slope decreases, which is difficult to
explain unless the beam is self-focusing. Neverthe-
less, it was concluded that the laser photons were
being absorbed in a reasonable manner, and it was
decided to proceed on to the next step of character-
izing the channels that are created by the C02 laser.

To measure the channel density, the channel was
placed in one arm of an interferometer. The displace-
ment of the fringe pattern in the resulting interferc-
gram was a measure of channel depth. An Abel inversion
was performed con the interferogram to produce a density
profile of the channel as a function of distance fronm
the axis as shown in Fig. 3. Channel depth and width
were measured as a function of SF_concentration, laser
energy, and longitudinal position along the channel
axis. Figure 3 shows typical dersity profiles at
locations of 17 and 112 cm along the channel for an SF
partial pressure of 0.8 torr and an incident laser
fluence of 51 J/cm  (a total beam energy of 81 J). It
was found that the on—-axis densities were reduced to
0.11 and 0.36 of ambient and that channel diameters
were 12.4 and 6.2 mm at the two axial 1locations. The
channel extended well beyond the location (z = 112 cm)
at which the second interferogram was taken.
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TABLE I

CHANNEL DEPTH AND DIAMETER (D) AS A FUNCTION OF AXIAL LOCATION (z)
AND SF6 PARTIAL PRESSURE (P) IN 600 TORR of N2

P z =17 cm 112 cm 165 cm
(torr) n{o)/n D n{o)/n D n(o)/n D
o o o
(mm) (mm) (mm)
0.4 0.38%.14 10.67+.8 0.54*.10 8.4*.6 0.3%9x.11 4.4*1.0
0.8 0.11%+.11 12.4%1.6 0.36 6.2%+.4 —— -
2.0 0.00%+.10 17.8%1.4 —— - 0.9 1.0

100

10 L

TRANSMISSION (%)

The planned experiments use a 700-A, 30-KeV, 4-ns,
1-mm nominal radius beam, which propagates in 580-torr
air containing 1-3 torr of SF to absorb the laser
energy. The laser-heated air column expands, producing
a reduced—-density channel with a nearly Gaussian pro-
file and a density that can be varied. Being electro-
negative, the SF_ will remove some of the plasma elec-

trons, decreasing the electrical conductivity. Using
SF reaction-rate data, the BMCHEM code showed that, at
100J/cm2 the expected SF concentrations, the reduction in con-

ductivity was on the order of 1% in the head area of
the beam and increased to a modest fraction in the
body. Because this change in conductivity was not
large, 1t was not incorporated into the chemistry cal-
- culation in IPROP simulations. From the size of the

67+8 Jicm? . effect, a modest increase in the hose growth rate in
SO;:S . the beam body could be attributed to SF6.
34%8 & L3
H ] The propagation simulations were made using the
: IPROP particle—in-cell code,[8] with a Gaussian-shaped

[SF ]:0_2% reduced-density channel aligned with the propagation
| F . I | | axis. Channel widths varied from 0.5 ¢cm to o, and

120 200 2;0 densities on axis varied between 0.1 and 3 times
40 ambient. For studying linear behavior, only the lowest
DISTANCE (cm) 4/16/86 modes m = 0 and +1 were used. (A separate set of simu-

Fig. 2. Transmission of 1.2 torr of SF6 in 600-torr
of N_.

lations intended to provide direct compariscons of cal-
culated with measured diagnostics was done with modes
2 m=0, +1, *2, +3, and *4. These simulations required

the largest available CRAY computer at Los Alamos. )

0.8

n(x)/n

0.4+

The simulations indicated that hose growth in the beam
| head was fastest at high channel densities, decreasing
- as channel density was reduced. Hose growth in the
beam bedy, however, was inversely proportional to
channel density. Code diagnostics substantiated this
conclusion. Figure 4 shows the history of the magni-
tude of the transverse displacement of a beam slice,
from which a hose growth rate can be calculated. This
information is summarized in Fig. 5, which shows hose
growth rates at different locations in the beam.

SF,= 0.8 TORR
g€=81J
A=16cm?

The mechanisms controlling hose growth in a den-

0.0

[ S

0 sity channel were also examined by extending an ana-
ivtic, linear, rigid-displacement hose-stability
X (cm) model[9] to account for radially varying air density.

-1.0 0.0 1.0

Table

SF  partial pressures. Incident laser energy was decay time T

80 = 8§ J;

The model ignores avalanche ionization. From the
dispersion relation, the maximum linear temporal hose
growth rate is the sum of a growing term, which wvaries
I 1lists measured channel data for several inversely as the transversely-averaged field-dipole
, and of a damping term, which is propor-

Fig. 3. Channel density profile.

fluence was 50 J/cm . It is seen that we can tional to the transversely-averaged density and which

generate either short, deep channels or long, shallow represents the k, temporal detuning caused by Nordsieck

ones. Half-density channels at least 1.6 m in length

expansion. Bechuse the decay time 7_ is proportional

have been obtained. As expected, near the start of the

test cell

SF  concentration is increased. Uncertainty in the

densities,

to conductivity o and because ¢ is small in the bean
head, the maximum growth rate there is large and
Nordsieck detuning is negligible. In the ©beam body,
where collisional ionization is balanced by recombi-

(z = 17 em) the channels get deeper as the

computed via the Abel inversion, is 0.1 of

ambient. The Chagnels get narrower as distance in- nation, the conductivity is large, so the growing term

creases, reflegtlng the fact that the laser beam gets is small and varies as the square root of the mean

narrower as it is absorbed by the SF . These channels density. The Nordsieck damping term can decrease this

should be adegquate to explore e-beam propagation. substantially and, being proportional to the density,

Simulation Studies causes the growth rate in the body to increase with

decreasing density, a result illustrated in the simu-

Described here are simulation and analytic calcu- lations shown in Fig. 5. The model shows that for the

lations of the hose behavior of the propagating PHERMEX case of PHERMEX, the overall effect of the reduced den-

beam in straight density channels. sity channel is to decrease the mean density sampled by
1041
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Fig. 4. Beam slice displacement history from IPROP.
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Fig. 5. Linear hose growth rates along the bearx.
the beam. No radial gradient effects are seen.

The IPROP gsimulations demonstrate that as channel
density is lowered the decrease of the hose growth rate
in the beam head is caused by the increase of conduc-
tivity that occurs there from avalanche ionization.
For the high-density case the conductivity ¢ in the

head region 1s very small, so the hose growth rate is
large. As the channel density is decreased, ¢ in the
head increases significantly, lowering the hose growth
rate there. When avalanche ionization is turned off, o
in the head remains unchanged for the high-density
case; however, in the low-density case (deep channel)
it decreases dramatically. Thus, in the head the hose

growth rate varies inversely with avalanche ioni-
zation.

These results are summarized qualitatively in
Fig. €. Hose growth rate in the beam body increases

with cdecreasing charnel density because of decreasing
Nordsieck damping. In the head, as channel density is
reduced, the hose growth rate declines because ava—
lanche 1ionization increases the conductivity in the
head region. With no chanrel, at 580 torr, hose growth
in the head dominates and becomes nonlinear after about

60 cm. At lcw channel densities hose growth in the
bedy dominates. The hose growth rates are about equal

when channel density on axis is about one—half of the
amblent 580 torr. Nonlinear ©behavior 1in that case
starts after about 80 cm of proragation.
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Fig. 6 Qualitative plots of the variation of head and

body hose growth rates as functions of

density.
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Conclusiors

Prelimirary work cn two phases of an experiment to
test the propagation of an intense relativistic elec-
tron beam has been carried out. It has been demon-—
strated that appropriate channels (1~ to 2-m long with
half-ambient density) can be generated with a 75-J CO
laser. Simulation studies of the beam propagation
indicate that the head of the beam will stabilize and
that the body will exhibit greater hcse instability in
the presence of an RDC.
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