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Effects of pump propagation and absorption on the gain distribution of longitudinally pumped
Ni-like molybdenum x-ray lasers
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We reveal from simulations that in longitudinally pumped Ni-like Mo x-ray lasers, deformation of the
temporal gain profile can occur, causing the x-ray laser pulse to have a steep rising edge. This is shown to be
due to the rapid change in the inverse bremsstrahlung absorption when the main picosecond pulse pumps the
cold preplasma.
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High repetition rate operation of x-ray lasers is an imp
tant factor for the active development of application expe
ments. There has been some energetic progress in this
using discharge-pumped argon scheme@1,2#, and many more
waiting to be brought to light. The authors have been foc
ing on longitudinally pumped transient-collisional-excitatio
~TCE! x-ray lasers as an answer to this challenging goal.
pumping preformed plasma from a longitudinal directi
parallel to the x-ray laser beam, the pump energy tha
required to saturate a Ni-like Mo x-ray laser is reduced
several hundred millijoules, making multihertz operati
possible with present-day high-power laser technology.
and Xu@3# have reported observations of large amplificati
with Ni-like Mo and Ne-like Ti ions using terawatt Ti:Sap
phire laser system. A single 220-ps-duration prepulse
used to generate preplasma within a capillary, after whic
100-fs-duration short pulse was used to generate high g
Ozaki et al. have shown that a Ni-like Mo x-ray laser wit
sub-milliradian divergence can be generated by irradiatin
slab target with a 1060-nm-wavelength, 300-ps prepulse
a 475-fs main pulse@4#. The total energy in the two pulse
was 150 mJ, which will make possible the multihertz ope
tion. Combined with its high spatial coherence, this x-r
laser should attract numerous application experiments
various fields of science. In spite of these promising exp
mental results, the detailed physics of lasing in these exp
ments are not fully understood. However, the understand
of their mechanism is a must to make possible the optim
tion and efficient operation of this x-ray laser.

In this paper, we discuss the effects of pump pulse pro
gation on gain in longitudinally pumped Ni-like Mo x-ra
lasers. We show that when the cold preplasma is irradia
by the high-intensity picosecond longitudinal beam, the
verse bremsstrahlung absorption rate decreases rapidly
to the rapid change in the electron temperature of the
plasma. As a result, the incident picosecond pulse exp
ences a larger absorption at the front end of the pulse
compared with the trailing edge, causing the peak of
pump pulse to shift to later times. It is shown that the te
poral gain profile is modified by this effect, and sufficient
large delay could even turn the gain negative.

The program used in this work consists of three cod
namely~i! a ray-trace code to model the propagation of
longitudinal beam through the preplasma,~ii ! a hydrodynam-
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ics code based on the hot-spot model@5# to calculate the
change in the plasma parameters due to the interaction o
longitudinal pump with the preplasma, and~iii ! an atomic
kinetics code based on the collisional-radiative model@6# to
calculate the population distribution among the vario
atomic levels. We use a differential equation in the parax
form to calculate the propagation of rays in an optically
homogeneous media@7#. In this work, we assume that pre
formed plasma with a quadratic density profile is produc
prior to the irradiation of the main pump. Such a dens
profile works as a waveguide for the infrared longitudin
beam, and the index of refraction is calculated from t
Drude model@8#. The code calculates the 18.9-nm 4d-4p
Ni-like Mo gain coefficient experienced by an x-ray bea
traveling parallel to the waveguide axis. The spatial distrib
tion of this gain is plotted for several x-ray beams that be
to propagate from the waveguide entrance at various tim
tp . Here, an x-ray beam corresponding totp50 starts propa-
gation when the peak of the main pulse arrives at the wa
guide entrance.tp is defined such thattp,0 corresponds to
x-ray beams beginning propagation at the rising edge of
pump pulse, andtp. 0 to those at the trailing edge. Th
relative timings of the x-ray beam, the main pump pulse, a
the waveguide are schematically depicted in Fig. 1, for~a!
tp50, ~b! tp,0, and~c! tp.0.

Since the temporal gain duration of the x-ray laser in t
work is of the order of several picoseconds, the difference
the propagation velocity between the longitudinal pump a
the x-ray laser beam cannot be neglected. In the pre
work, we also take into account the difference in the pro
gation velocity of the infrared pump beam and the x-ray la
beam within the waveguide. One cause for such delay is
difference in the index of refraction and path length expe
enced by the two beams. However, both the x-ray laser b
and the infrared pump pulse are assumed to propagate p
lel to the waveguide axis in this work. Therefore, the effe
of difference in path length can be neglected. We denote
time delay due to the less-than-unity index of refraction
the pump beam asDt re f . HereDt re f<0, that is, this effect
causes the pump beam to propagate faster than the x
beam. We also include in this calculation the temporal de
mation of the longitudinal pulse due to the rapid change
inverse bremsstrahlung absorption when the short longit
©2002 The American Physical Society02-1
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nal pulse pumps the preplasma. The temperature of the
plasma rapidly increases from about 60 eV to greater t
1000 eV when a sufficiently intense longitudinal pump irr
diates the preplasma. As a result, rapid decrease in inv
bremsstrahlung absorption occurs, and the incident pico
ond pulse experiences a larger absorption at the front en
the pulse as compared with the trailing edge. This eff
causes the peak of the pump pulse to shift to later tim
resulting in an ‘‘apparent’’ delay. In this work, we simplif
the calculation in order to conserve the CPU time consum
by the computer, by approximating this temporal deform
tion by a combination of ‘‘apparent’’ delay and intensity d
crease of the pump peak.

The characteristics of this ‘‘apparent’’ delay due to a
sorption Dtabs is investigated for a 1-ps-duration
1-mm-wavelength laser pulse propagating through p
plasma. We assume an initial electron temperature of 65
for the preplasma, and the electron density is varied betw
231020 cm23 and 531020 cm23, which corresponds to
typical initial conditions of the preplasma for Ni-like M
x-ray laser. At pump intensities greater than 10 PW/cm2, the
rise in the electron temperature is rapid enough so that
change in inverse bremsstrahlung absorption during irra
tion is relatively small, resulting in smallDtabs values. A
maximum in Dtabs is observed between 531023 and 5
31022 PW/cm2 for the electron densities investigated. F
pump intensities below 1023 PW/cm2, the change in the
electron temperature is not enough to cause the apparen
lay. The total delay of the longitudinal pump beam can
calculated fromDt5Dt re f1Dtabs. For the case of Fig. 1~a!
as an example, the x-ray beam will shift to the rising edge
the pump pulse after propagation forDt.0, and to the trail-
ing edge forDt,0.

The atomic kinetics code includes Cu-like to Co-like io
levels, and thermal equilibrium is assumed for initial con
tions. Opacity is included using escape factor formalism

FIG. 1. Schematic diagram showing the relative timings of
pump pulse, x-ray beam, and the waveguide, for~a! tp50, ~b! tp

.0, and~c! tp,0. The pump pulse enters the waveguide from
left.
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the present work an optically thick condition is assume
with a velocity gradient of 105 cm/secmm. The 18.9-nm Ni-
like Mo gain has been calculated using these codes and c
pared with the work of Nilsen@9#, who used a much comple
model. The results show that our compact code adequa
reproduced results from the complex code, with the form
typically resulting in conservative gain coefficients.

To keep the problem simple so that we can easily extr
physics from the results, we assume in this work that
longitudinal pump beam propagates through a plasma wa
guide maintaining a constant spot diameterwo . Durfeeet al.
have shown@10# that such a condition can be realized
DNe51/pr owo , whereDNe is the difference between th
electron density at the waveguide center (r 50) and atr
5wo , andr o is the classical electron radius. In such cas
the change in the pump intensity due to the focusing effec
the plasma waveguide can be neglected.

In Fig. 2~a!, we plot the gain coefficient of the 18.9 nm
Ni-like Mo x-ray laser as a function of the longitudinal dis
tance along the plasma waveguide. The gain in this figur
that experienced by an 18.9-nm x-ray laser beam that s
to propagate parallel through the waveguide from 0mm ~at
the left of the figure! at times tp520.35, 10.15, and
10.65 ps from the peak of the longitudinal pump puls
Here, tp,0 and tp.0 corresponds to the rising edge an
trailing edge of the pump pulse, respectively, at the entra
of the waveguide. Conditions typical for saturated operat

e

FIG. 2. ~a! Distribution of the 18.9-nm gain and~b! intensity
and delayDt of the longitudinal pump along the plasma waveguid
The density and temperature of the preplasma at the waveg
center are 331020 cm23 and 65 eV, respectively. The origin of tim
tp is at the peak of the 1-ps-duration longitudinal pulse.
2-2
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of longitudinally pumped Ni-like Mo x-ray lasers are chos
in this work @6,11#. The electron density and temperature
the waveguide center is 331020 cm23 and 65 eV, respec
tively, and the longitudinal pump is 1053-nm-waveleng
1-ps-duration pulse with peak intensity of 100 PW/cm2. Un-
der these conditions, a maximum gain coefficient
141 cm21 is obtained at the waveguide entrance attp5
10.15 ps. The results show that the reduction in the g
coefficient after propagation through the 2-mm-long plas
is not critical, changing from 141 cm21 at 0 mm to 87 cm21

at 2000mm. As a result, gain-length product of 25
achieved at this time, which is enough to saturate the x-
laser. This relatively large gain at the waveguide exit is d
to the fact that the initial 100 PW/cm2 intensity of the lon-
gitudinal pump is much higher than that actually required
large gain.

The change in the peak intensity of the longitudinal pu
and the delay timeDt of the infrared longitudinal beam rela
tive to the x-ray laser beam is plotted in Fig. 2~b!. The
plasma absorbs more than 95% of the incident beam en
after propagating a distance of 2000mm through the plasma
Yet the peak intensity of the longitudinal beam is s
4.7 PW/cm2, which from conventional TCE x-ray laser ga
measurements have been shown to be enough to gen
large gain for the 18.9-nm Mo x-ray laser@12#. The energy
that is required in the longitudinal pump to achieve a pe
intensity of 100 PW/cm2 is 79 mJ for a 10-mm spot diameter
beam, which can be generated at multihertz repetition r
using present-day laser technology. This ability to achie
high intensities with relatively low pump energy is an adva
tage and one of the key points for the successful operatio
the longitudinal pumping scheme.

An interesting phenomenon is seen to occur in Fig. 2~a!.
The gain coefficient attp510.65 ps overtakes that attp5
10.15 ps for distances greater than 1400mm from the en-
trance of the plasma waveguide. One also notices that un
the relatively gradual change in the gain coefficients w
distance for tp510.15 and 10.65 ps, the gain attp5
20.35 ps shows a much rapid decrease, turning negativ
the exit end of the waveguide. Upon inspection of the sim
lation outputs, we find that these phenomena are the re
of the delayDt between the x-ray laser beam and the lon
tudinal pump. Since the rays in this work are assumed
propagate parallel to the waveguide axis, the cause
change inDt is the less-than-unity index of refraction an
the apparent delay due to pump absorption. Since the re
tive index of the plasma for the infrared longitudinal pum
wavelength is smaller than that for the x-ray laser wa
length, the nonunity index-of-refraction forces the longitu
nal beam to propagate faster and tends to reduceDt. On the
other hand, the apparent delay due to the change in inv
bremstrahlung absorption increasesDt. Since Fig. 2~b!
shows a monotonic increase inDt with propagation through
the waveguide, we see that the ‘‘apparent’’ delay effect is
dominant process in determiningDt.

Figure 3 is a schematic diagram showing the spatial
tribution of the longitudinal pump laser intensity, x-ray las
gain, and the x-ray beam corresponding totp50 at a given
time and for~a! Dt50 and~b! Dt.0. The pump and x-ray
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laser beams propagate from left to right, and so the right s
of the pump beam corresponds to the rising edge. The
scissa corresponds to the spatial position within the wa
guide, while the ordinate is the magnitude of either gain
longitudinal pump intensity in arbitrary units, and the zer
level is marked ‘‘0.’’ The unpumped 65-eV plasma has lar
negative gain at 18.9 nm, which turns positive before
peak of the pump laser. The gain rapidly increases at
rising edge of the pump, and reaches its maximum in abo
ps, after which it monotonically decreases to zero in seve
picoseconds. The time at which the gain ceases is determ
mostly by the opacity of the resonance lines and the pu
intensity. Let us now focus at the gain observed by the x-
laser beam attp50. The gain is near maximum forDt50,
as can be seen from Fig. 3~a!. WhenDt.0, the longitudinal
beam propagates slower than the x-ray laser beam, resu
in a delay of the pump. If the delay is too large, the x-r
laser beam will see a large reduction in gain occurring at
leading edge of the pump pulse. In the case of Fig. 3~b!,
Dt511 ps, which results in a negative gain for an x-r
laser beam attp50. This effect is more pronounced a
smallertp , and is the major cause for thetp520.35 ps gain
to turn negative in Fig. 2~a!. Conversely,this same effect wi
help to maintain or even increase the gain coefficient
served by an x-ray laser, iftp is initially after the peak of the
gain. This is because in this case a delay will cause the x
laser beam to experience a larger gain, if the pump inten
is the same.

Calculations show thatDt increases with an increase i
the electron density of the plasma waveguide. Therefore
though a higher electron density results in a larger gain
efficient at the entrance of the waveguide, the apparent d
of the pump will limit the gain-length product attainable. T

FIG. 3. Schematic diagram of the timing between the longitu
nal pump, gain, and the x-ray laser beam attp50, for ~a! Dt50,
and ~b! Dt.0.
2-3
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show this tendency, calculations are performed for a wa
guide with a relatively large central density of
31020 cm23. Other parameters are kept equal to that use
Figs. 2~a! and 2~b!. As is expected, a large gain coefficient
267 cm21 is observed at the waveguide entrance fortp5
20.25 ps from the peak of the pump, the time at wh
maximum gain is observed. The higher density of the wa
guide causes a more rapid decrease in the pump intensity
a larger increase inDt as the longitudinal beam propagat
through the waveguide. As a result, the gain coefficien
tp520.25 ps turns negative at a distance of 1190mm. The
longitudinal pump intensity at this point is 3 PW/cm2, which
is enough to generate a gain coefficient of 200 cm21 for
Dt50 at this density. However,Dt at this same position is

FIG. 4. Gain-length product of the 18.9-nm x-ray laser, for th
times betweentp520.25 ps and10.75 ps. The electron densit
and temperature at the center of the waveguide are 531020 cm23

and 65 eV, respectively.
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0.51 ps, corresponding to one-half of the full width at h
maximum duration of the longitudinal pulse.

The above unique temporal dependence of gain result
an interesting characteristic of this x-ray laser. In Fig. 4,
show the gain-length product as a function of distance fr
the waveguide entrance, fortp520.25, 10.25, and
10.75 ps, and for a waveguide with central electron den
of 531020 cm23. The maximum gain-length product attp
510.25 ps is 23~at 1190mm from the waveguide en
trance!, slightly smaller than that predicted for a
31020 cm23 density. The gain-length products at the sam
position are 0.76 and 23.1, fortp520.25 ps and 0.75 ps
respectively. That is, the 18.9-nm x-ray laser output intens
jumps from nearly zero gain to well over the saturation le
within a time of 0.5 ps. These results show that when
longitudinal pump maintains a constant spot size through
waveguide, the temporal profile of the x-ray laser output w
have a very steep sub-picosecond rise time, and a lon
decay time at the trailing edge.

To summarize, we have shown that in a longitudina
pumped Ni-like Mo x-ray laser, an apparent delay of t
longitudinal beam occurs, which is due to the rapid chang
the inverse bremsstrahlung absorption when the main p
second pulse pumps a cold preplasma. This phenomeno
found to greatly modify the gain observed by the x-ray la
beam. Simulations show that this delay in the longitudin
beam can accumulate with propagation through the gain
dium, to a level large enough to change the gain coeffici
to a negative value. As a result, this phenomenon is show
be an important factor that must be taken into account w
performing optimization calculation of longitudinall
pumped transient-collisional-excitation x-ray lasers.
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