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3 0 . Charge Exchange Recombination X-ray Laser
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A recombining plasma x-ray laser using charge exchange recombination (CXR) is proposed.
Fully stripped carbon ions collide with neutral He atoms and become excited hydogenlike carbon ions,
in which the excited levels with n = 3 or 4 are mainly populated. We calculate the gain coefficients
of the Balmer a and the Lyman (3 line of the hydogenlike carbon ions by the use of a collisional-
radiative model in which the CXR process is included. The calculated result shows that substantial
gain can be generated for the Lyman P and Balmer a lines and that the gain of the Balmer a line can
be strongly enhanced by the effect of CXR. We also report a preliminary experiment of this scheme.
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1. INTRODUCTION

The charge exchange recombination (CXR) process has been one of the candidates of high
intensity x-ray laser schemes because of its unique characteristics, e.g., the recombining level is
selective and the cross section is large (~1015 cm2). Several proposals of CXR have been made:
Chichikov et al. theoretically estimated the gain coefficient for the case of the optical field ionization
of a mixture of carbon clusters and neutral gas [1], and Kunze et al. conducted an experiment by the
use of ion-ion collision in colliding plasmas [2, 3]. Since the CXR process is independent of the
electronic collisional-radiative recombination processes of the ions, i.e., 3-body, radiative and
dielectronic recombinations followed by collisional-radiative deexcitation processes, it is possible to
combine the ordinary recombining plasma x-ray laser [4] with the pumping using CXR. However as
far as the authors know, such a kind of experiment has not been conducted yet.

We take a carbon target and neutral helium gas as an example, in which the following CXR
process is expected,

C6+ + He -> C5+ (n = 3 or 4) + He\

where n is the principal quantum number of the recombining level. In this report, we will show a
calculated result of the gain coefficient for this scheme and a result of a preliminary experiment by the
use of a CPA glass laser system.
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2. COLLISIONAL-RADIATIVE MODEL FOR H-LIKE C
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We treat excited levels of hydrogenlike ions upto n = 40 with the /-levels unresolved. The
spontaneous transition probabilities have been compiled by Wiese et al. [5]. Electron impact
excitation and deexcitation cross sections have been calculated by Sampson and Zhang [6], and
electron impact ionization cross sections have been calculated by Vrien and Smeets[7]. We assume
that the electron velocity distribution is Maxwellian and calculate the rate coefficients. For radiative
recombination, we used the data by Burgess [8], and the 3-body recombination is calculated using
ionization rate coefficient. The cross section of CXR between C6+ and He has been calculated by
Kimura and Olson. [9], we assumed the velocity of the neutral He and C6+ ions and estimated the rate
coefficient of the CXR process. Temporal development of the excited level populations can be
described by coupled differential rate equations. We solve these equations and derive the excited
level populations under an appropriate plasma condition. In a low temperature dense recombining
plasma, excited ions may deexcite through doubly excited levels, and resultingly the excited level
population may decrease [10]. In the present case, however, we assume that the electron temperature
is sufficiently high (~ 40 eV). Under such a condition, this effect is negligibly small.

Figure 1 shows the calculated
result for the populations of excited
levels of hydrogenlike carbon ions.
The abscissa is the time measured from
the start of the recombination, and the
ordinate is the populations of the
ground state or the excited levels
divided by their statistical weights. The
electron temperature, Te, electron
density, nt, and the neutral helium
density are assumed to be 40 eV,
5.0X1019 cm3, and l.OxlO19 cm3,
respectively. We assume that the
plasma is a pure recombining plasma.
The velocity of the neutral helium
atoms and hydrogenlike carbon are
assumed to be 105 cm/s and 107 cm/s,
respectively.

In the early time region (~ lps),
the population of the n = 3 level is
large compared with other excited
levels, which is due to the effect of the
CXR process. Population inversion is
generated between the n = 3 and the n
= 2 level and between the n = 3 and
the ground state, which correspond to
the Ha (18.2 nm) and Ly^ (2.84 nm)
lines, respectively.

The duration of the gain for the Lyp line is about 1 ps, this means that a driving laser with a
duration of less than 1 ps is needed to realize the lasing. In the case of the Ha line, the population
inversion density, which is established in the quasi-steady state (QSS) region, is strongly enhanced due
to the CXR process. In order to assure the effect of the CXR process on the gain coefficient of the Ha
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Figure 1. Calculated result of the ground state density
and the excited level populations.
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line, we conduct a preliminary experiment. In the following, we describe the details of the
experiment.

3. PRELIMINARY EXPERIMENT

A carbon slab target was irradiated by line-focused glass laser light with a duration of 1.5 ps and
energy of 10 J. The width and the length of the line focus was 20 um and 6 mm, respectively, and the
irradiance was estimated to be 5xl015 W/cm2. Helium gas was supplied using a gas nozzle (General
Valve Inc. Series 9) which was set at the upward of the target. The distance from the gas nozzle to
the focusing position was about 1 cm. The gas valve was opened 100 ms before the laser pulse and
closed at the time of the laser pulse. An emission from the laser-produced plasma was observed by
the use of a grazing incidence spectrometer: The emission was collected by a spherical mirror with a
radius of 3120 mm, went through the 100 um-wide entrance slit, was dispersed by an uneven spacing
grating (1200 lines/mm), and was detected using a back illuminated CCD (Princeton instrument SX-
TE1024). The pixel size was 24 umx 24 um.
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Figure 2. Time-integrated spectra taken by a grazing incidence spectrometer. The solid and

the dotted line represent the case without and with neutral helium gas, respectively.

Figure 2 shows typical spectra taken by the spectrometer. The abscissa is the channel number
of the CCD which is a function of the wavelength, and the ordinate is photo-electron counts. The
solid and dotted line is the case without helium gas and with helium gas, respectively. The Balmer
series lines (Ha, Hp and H )̂ and the third order of Lya and Lyp lines of the hydrogenlike carbon ions are
indicated by arrows. In Fig. 2, Ha and Hp is enhanced due to the neutral helium gas, whereas for the
other Balmer series lines with the upper level n > 6, no significant difference can be seen.

In order to clarify the effect of the CXR process, we compare the intensity of the Lyp line and
the Ha line for various pressures of the neutral helium gas. In Fig. 3, the intensity of the Ha line
increases under a helium pressure of 1.2 atm and decreases for the case of 4.2 atm of helium gas,
whereas the intensity of the Lyp line is almost constant. In the present case, because the duration of
the laser pulse is longer than the calculated gain duration (See. Fig. 1.) and because we do not employ
a traveling wave pumping geometry, substantial gain is not expected for the Lyp line, i.e., the Lyp line
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can be regarded as spontaneous emission. Since the Ha and the Lŷ  have the same upper level, the
intensity ratio of the spontaneous emission of the Ha to that of the Lyp should be equal for various
neutral He gas densities. Thus, the different behavior of the Ha intensity to that of Lyp indicates that
the Ha is lasing, and the lasing is enhanced by the neutral helium gas. In the case of 4.2 atm of
helium gas, the intensity of the Ha decreases, which may be an opacity effect of the helium gas on the
18.2 nm line. In order to get further information, further experimental research is needed and it is our
objective in near future.

20x10

n=2

Lyp

n=1

Lyoc

vt

ou
c
o

I
V)

c

1 2 3 4 5

He gas pressure (atm)

Figure 3. A simplified energy level diagram of the hydrogenlike carbon ions; (a),
and the comparison of the intensity of the Lyp, Ha and other lines; (b).
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