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We report results of the study of soft-x-ray amplification in a discharge-created plasma under an externally
applied axial magnetic field. This technique is observed to improve the uniformity and divergence of the beam
of a 46.9-nm discharge-pumped Ne-like Ar soft-x-ray amplifier by decreasing the plasma density gradients at
the time of lasing. At the optimum strength of 0.15 T, the magnetic field also causes an increase in the laser
beam intensity. At higher fields the Zeeman effect is found to contribute to line broadening, decreasing the
laser output.@S1050-2947~96!11609-7#

PACS number~s!: 42.55.Vc

I. INTRODUCTION

There is significant interest in the development of com-
pact and efficient soft-x-ray laser sources@1,2#. A promising
approach consists in the use of fast discharges to excite the
gain medium. The first demonstration of large soft-x-ray am-
plification in a discharge-driven plasma was recently realized
using a fast capillary discharge to generate a hot and dense
plasma column in which collisional electron excitation of
Ne-like Ar ions produced amplification in theJ50–1 line
of Ne-like Ar at 46.9 nm@3–5#. In this excitation scheme, a
fast current pulse rapidly compresses the plasma, creating a
hot and narrow plasma column with length-to-diameter ratios
approaching 1000:1. During the final stage of the compres-
sion, plasma conditions for soft-x-ray amplification by colli-
sional excitation are obtained. In the initial experiments, a
gain-length product ofgl;7.2 at 46.9 nm was reported for a
12-cm-long plasma column. Subsequent experiments con-
ducted at optimized plasma conditions demonstrated expo-
nential amplification for plasma column lengths up to 15 cm,
yielding gain-length products up togl;14, value approach-
ing that necessary to saturate the gain of the amplifier@6#.

In those experiments, the 46.9-nm laser beam pattern was
observed to have divergences that are larger than the value
determined by the geometry of the plasma column at the
time of lasing. In some cases the laser pattern was observed
to present two off-axis side lobes, corresponding to an annu-
lar beam profile@6#. This is indicative of refraction of the
amplified radiation as a result of steep plasma density gradi-
ents at the time of lasing. Refraction decreases the effective
gain coefficient and, in an extreme case, can terminate the
exponential amplification, limiting the maximum gain-length
product that could be obtained@7–10#. Our results show that
these detrimental effects can be reduced by embedding the
plasma column into an axial magnetic field, which decreases
the plasma density gradients while simultaneously maintain-
ing the adequate plasma conditions necessary for large am-
plification.

Axial magnetic fields can also be expected to contribute
to further enhance the axial uniformity of the amplifying
plasma column. Externally applied axial magnetic fields
have been successfully used in the stabilization of the dy-
namics of different axially imploded discharges@11–14#. In
the particular case of capillary discharges, the effects of
strong magnetic fields (;7 T! in the recombination phase of
an ablative capillary discharge have been previously studied
@15#. In x-ray laser research, it has been suggested that axial
magnetic fields could be used to stabilize inhomogeneities
that have precluded the use of somez-pinch discharges as
successful amplifiers@12,13,16#. Magnetic fields have also
been employed in laser-pumped soft-x-ray experiments. In
this case, an intense axial magnetic field has been used to
confine the plasma and maintain a high plasma density dur-
ing the cooling phase of a CVI plasma recombination laser
@17#. The demonstration of lasing at 18.2 nm in such mag-
netically confined laser-created plasma@17# motivated the
study of the effect of external magnetic fields of up to 18 T
on the x-ray emission characteristics of laser-produced plas-
mas@18#.

In this paper we discuss the results of the study of soft-x-
ray amplification in a discharge-created plasma column un-
der the influence of an axial magnetic field. The magnetic
field was observed to improve the uniformity and divergence
of the soft-x-ray laser beam and to moderately increase the
laser intensity. Hydrodynamic calculations suggest that this
enhancement in the laser beam characteristics is due to re-
duction in the density gradients in the gain region of the
amplifier.

II. EXPERIMENTAL SETUP

The experiments were conducted in a capillary discharge
excited, collisionally pumped 46.9-nm Ne-like Ar amplifier.
To conduct the study, we modified a fast capillary discharge
setup previously described in Ref.@4# to include an axial
magnetic field. The discharge consists of a 3-nF capacitor
which is pulse-charged by a Marx generator and is dis-
charged through a pressurized SF6 switch into a capillary
channel containing a selected pressure of preionized argon
gas. In the experiments described herein, the generator was
used to excite plasmas in polyacetal capillaries 4 mm in di-
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ameter and 10 cm in length with current pulses having a first
half cycle duration of approximately 64 ns. The axial mag-
netic field was generated by a 9-cm diameter, 15-cm long
coil positioned concentrically with the capillary channel. The
coil, which was excited by a current pulse with a period of
200ms obtained by discharging a 420-mF capacitor through
a spark gap, was used to produce magnetic fields up to 0.3 T.
The intensity of the magnetic field was selected by varying
either the capacitor charging voltage or the delay time be-
tween the triggering of the latter spark gap and the firing of
the fast capillary discharge. The discharge electrodes were
made of stainless steel and were slotted to improve the uni-
formity of the magnetic field along the capillary axis, which
was measured, using an axial Hall effect probe,@19# to be
better than 20% over the 10-cm-long region where the cap-
illary is located. The dc calibration of Hall probe given by
the manufacturer, 0.1146 V/T, was checked in the pulsed
mode by placing it on the axis and in the center of the coil
described above and comparing the measured value with the
one calculated from the expression for a finite solenoid.

The soft-x-ray radiation exited the capillary through the
hollowed ground electrode. The laser radiation was collected
by a cylindrical copper mirror of 13 cm in radius and focused
onto the slit of a 2.2-m vacuum spectrometer provided with a
1200 l/mm diffraction grating placed at 4.2° with respect to
the incoming radiation. The detection system consisted of an
intensified charge-coupled device~CCD! array detector that
was gated by pulsing the gain on the multichannel plate in-
tensifier with a high voltage pulse with a duration of about
25 ns.

III. RESULTS AND DISCUSSION

The effects of the axial magnetic field on the intensity
profile of the laser beam is illustrated in Fig. 1. Figures 1~a!
and 1~c! show beam patterns recorded along the direction of
the spectrometer slit for the condition of no external mag-
netic field applied. The beam profile presents either a single
or double peaks, depending on the particular characteristics
of the discharge shot which can result in different degrees of
plasma compression and gain distribution profiles. In both
cases, however, the beam divergence is larger the<3 mrad
which can be expected from the geometry of the amplifying
plasma column at the time of lasing (<300mm diameter, 10
cm length!. Such broadening of the beam profile can be at-
tributed to refraction of the amplified soft-x-ray radiation due
to plasma density gradients in the gain region. The conse-
quences of refraction have been previously analyzed, and are
well known @7–9#. Refraction bends the rays off the gain
region, causing a decrease in the effective gain coefficient
that depends on the density gradient@7#. In a plasma with
cylindrical geometry, such as our capillary discharge, and for
sufficiently long plasma columns, refraction reduces the gain
coefficient by a factor (1-2/Gr), whereGr depends on the
gaing(rm) and on the curvature of the index of refraction at
the position of maximum density, rm , as
Gr5g(rm)/A]2n/]r 2 @8#. The angular separation of the side
lobes can be shown to be related to the electron density at the
time of lasing@7,8#. Therefore, it provides with a measure-
ment of the electron density in the gain region at the time of
lasing. The separation measured in Fig. 1~a!, approximately

5.7 mrad, corresponds to an electron density of about
431018 cm23, value which is in good agreement with that
resulting from our hydrodynamic simulation of the argon
capillary discharge plasma. Figures 1~b! and 1~d! correspond
to shots conducted after shots 1~a! and 1~c!, respectively,
with an externally applied magnetic field of 0.15 T. In both
cases the magnetic field is observed to decrease the beam
divergence, in the first case also significantly improving the
beam uniformity. These results are consistent with reduced
refraction effects, associated with smoother electron density
profiles.

Hydrodynamic computations of the evolution of the
plasma column with and without an externally applied mag-
netic field were performed utilizing a hydrodynamic-atomic
code specifically developed to model the fast capillary dis-
charge@20#. The numerical code, which models all major
aspects of x-ray laser physics, it is based on that previously
described in Ref.@20#. It is based on classical 1D hydrody-
namic equations but modified to include the results of turbu-
lent and anomalous plasma kinetic theory. The code is
self-consistently coupled to a non-local-thermodynamic-
equilibrium atomic physics model that calculates the kinetics
of the ionization and excitation of ions and radiation trans-
port. To model the capillary discharge plasma, the influence
of ablated wall material in the plasma dynamics was also
taken into account. Electrodynamical and hydrodynamical
processes, including magnetic diffusion and dissipative pro-
cesses connected with the externally applied magnetic field,
were self-consistently treated.

The simulations show that an externally applied axial
magnetic field of 0.15 T, due to its relatively small value,

FIG. 1. Soft-x-ray laser beam profiles (l546.9 nm! correspond-
ing to discharges of approximately 39 kA through 10-cm-long,
4-mm-diam capillary channels filled with 600 mTorr of argon.~a!
and~c! With no external magnetic field applied.~b! and~d! With an
axial magnetic field of 0.15 T.
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does not significantly affect the evolution of the plasma col-
umn until the final stage of the implosion, when the magnetic
field is strongly compressed reaching values of the order of
10 T. For example, the model predicts that the time of maxi-
mum compression and that for lasing are not significantly
changed by the magnetic field. This is in agreement with the
experimental observation that the time of lasing in dis-
charges with and without a 0.15-T axial magnetic field is the
same within the error of the measurement,62 ns. Neverthe-
less, the simulations also show that at the time at which the
amplification occurs the radial density profile is smoother in
presence of the axial magnetic field. This behavior may be
understood based on the simple consideration that, for the

discharge parameters used in our experiment, the compressed
axial magnetic field,}Bz /r

2, reaches the same magnitude as
the self-generated azimuthal magnetic field,}I /r , only near
the end of the plasma compression. As a reference point, one
can obtain a crude estimate of the minimum value of the
externally applied magnetic field necessary to appreciably
modify the electron density gradient at the time of lasing,
close to the stagnation point, by equating the pressure of the
compressed axial magnetic field,Bz

2/2m0, to the plasma ki-
netic pressure, (NeTe1NiTi). Such a simple estimation
gives a compressed magnetic field value of about 10 T
which, assuming a radial compression ratio of 15 and ne-
glecting diffusion of the magnetic field, corresponds to ex-
ternally applied fields of the order of 0.05 T.

Figure 2 shows typical computed electron density profiles
at the time of maximum laser power generation for three
different values of the magnetic field: 0, 0.2, and 0.4 T. The
computed electron density gradient is observed to decrease
as a function of the increasing magnetic field, which is in
concordance with the observation of reduced refraction.

The variation of the measured integrated intensity of the
Ar IX 46.9-nm laser line as a function of the magnetic field
strength is shown in Fig. 3. The laser intensity increases with
the magnetic field and reaches a maximum at approximately
0.15 T decreasing monotonically for higher field strengths.
The same figure also shows the calculated variation of the
intensity corresponding to two calculations which differ from

FIG. 2. Computed electron density profiles on the axial mag-
netic region of the plasma column at the time of lasing, for exter-
nally applied magnetic fields with strengths of 0, 0.2, and 0.4 T.
The results are for a capillary diameter of 4 mm excited by a 39-kA
current pulse and filled with 600 mTorr of argon.

FIG. 3. Variation of the integrated intensity of the 46.9-nm
Ar IX laser line as a function of the strength of the externally applied
axial magnetic field. The solid markers correspond to data from
discharges through 10-cm-long, 4-mm-diam capillaries filled with
approximately 600 mTorr of argon. The half cycle width of the
current pulse is 64 ns. The solid and dashed curves are the result of
computations with and without including Zeeman splitting, respec-
tively.

FIG. 4. Integrated intensity of the 46.9-nm ArIX laser line as a
function of peak current~a! and filling pressure~b!, for discharges
with an external magnetic field of 0.15 T. The data in~a! corre-
spond to the optimum pressure measured on~b! ~approximately 600
mTorr!, while the discharge current on~b! was approximately 39
kA.
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each other in the inclusion of Zeeman splitting of the laser
line. In our case, the Zeeman splitting is mostly caused by
the compressed axial magnetic field. The azimuthal magnetic
field is comparatively small in the gain region, situated near
the axis, due to the distribution of the current and the bound-
ary conditionBu50 at r50. In both computations the laser
intensity first increases to subsequently decrease at higher
values of the magnetic field. The intensity increase is due to
decreased refraction losses and to a larger electron tempera-
ture caused by a decrease in heat losses. Only the computa-
tion that considers broadening of the laser line due to the
Zeeman effect shows good agreement with the experiment.
In the condition of our experiments the line profile is largely
determined by Doppler broadening, and collisional and natu-
ral broadening contributions are small. Moderate magnetic
fields, of the order of 10 T, contribute to broaden the
2p53s 1S022p53p 1P1 transition of Ne-like argon by
Dn/n;531025. This value is comparable to the Doppler
linewidth of the order ofDn/n;131024, therefore causing
a very significant decrease in the measuredgl product. These
results suggest that the Zeeman effect is likely to be a major
cause for the observed decrease of the laser output intensity
at higher magnetic fields. The laser intensity decrease ob-
served at large magnetic fields in the computation that ex-
cludes the Zeeman effect is the result of a smaller gain
caused by a decrease in the density, reduced transient effects
associated with ionization and excitation, and an increase in
the optical depth. The larger optical depth at higher magnetic
fields is due to a reduction of the very important radial mo-
tional Doppler effect, which is in turn caused by the previ-
ously discussed reduction of the density gradients.

At the optimum value, the axial magnetic field is observed
to increase the 46.9-nm laser line intensity produced by a
10-cm-long plasma column by a factor of 3–4 respect to that
obtained without an external magnetic field. This intensity
enhancement corresponds to an increase in the gain-length
product of about unity, meaning that for plasma column
length used in these experiments the increase in the effective
gain amounts to about 0.1 cm21. Since in experiments con-

ducted in 4-mm-diam capillaries at similar discharge condi-
tions we have measured gain coefficients of approximately 1
cm21 @6#, the observed intensity increase corresponds to an
increment of about 10% in the gain coefficient of the
46.9-nm Ar IX line.

Figures 4~a! and 4~b! show the dependence of the inte-
grated laser intensity on the peak discharge current and on
the filling pressure, at the optimum value of the external
magnetic field strength shown in Fig. 3. The variation of the
intensity as a function of these two parameters is similar to
the one observed for discharges with no external field ap-
plied @6#. The intensity shows a maximum for currents close
to 42 kA, current that is slightly higher than the optimum
value for the case of zero field@5#, and decreases monotoni-
cally for both lower and higher currents. Figure 4~b! shows
that optimum conditions for lasing in the presence of the
externally applied magnetic field are achieved when the pres-
sure is close to 600 mTorr.

IV. SUMMARY

In summary, we have demonstrated a technique to govern
the characteristics of discharge-pumped soft-x-ray lasers. An
externally applied axial magnetic field of approximately 0.15
T is shown to affect the hydrodynamics and kinetics of the
compressional plasma at the time of lasing, improving the
beam profile characteristics and increasing the output inten-
sity of a Ne-like argon soft-x-ray laser. The results also sug-
gest that the Zeeman effect contributes to decreasing the la-
ser output at higher magnetic fields.
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