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Short-wavelength soft-x-ray amplification in a lithiumlike calcium plasma
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In this paper, we present the results of an x-ray-laser gain experiment on Li-like Ca!’" ions, conducted
recently at the LF12 Laser Facility of the Shanghai Institute of Optics and Fine Mechanics with a CaF,
slab target, and the time histories of amplified spontaneous emission in Li-like x-ray lasers at different

distances from the target surface.

PACS number(s): 42.55.Vc, 32.70.—n, 52.50.Jm

I. INTRODUCTION

The lithiumlike ion scheme of the recombination
pumping x-ray laser has manifested its great advantages
in extending x-ray lasers to short-wavelength range,
namely, the water window (43.8-23.3 A). For a given
lasing wavelength, its required driving laser power is not
only much lower than that for the electron collisional
pumping mechanism, but also lower than that for the hy-
drogenlike ion scheme of the recombination pumping
mechanism. The values V; /hv, i.e., the ratios of the ion-
ization potential to the lasing transition energy for the
H-like, the Li-like, and the Na-like schemes of the recom-
bination mechanism are given in Table I, together with
that for the neonlike and the nickellike schemes of the
electron collisional mechanism for comparison. We can
see from the table that for the same lasing wavelength,
besides the Na-like scheme, the Li-like scheme has the
smallest value V;/hv among these main pumping
schemes. As a consequence, the Li-like scheme requires a
lower plasma temperature and hence a lower pumping
power. Furthermore, it can be scaled to short wave-
length with nuclear charge Z more rapidly (A~Z ~%9)
than the H-like scheme (A~Z ~2). Therefore, by using
the Li-like scheme, the x-ray lasers with wavelength near
or in the water window may be expected by using a
medium-scale, or even a small-scale, laser facility as a
driver, i.e., the compact, moderate cost and so-called
“table-top” x-ray lasers may be made available.

TABLE 1. V;/hv for main pumping schemes of x-ray lasers.

Pumping Pumping Lasing V./hv
mechanism scheme transition
Collisional Ne-like 3p-3s ~45
Ni-like 4d-4p ~15
Recombination H-like 3-2 7.2
Li-like 4f-3d 6.4-5.4
Li-like 5f-3d 4.4-3.7
Na-like 6g-4f ~3.9
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The recombination pumping soft x-ray lasers of the
Li-like ions have been initially investigated experimental-
ly by Jaegle et al. [1]. Recently, a number of laboratories
in the world have also carried out the investigation on the
Li-like recombination x-ray lasers [2-7]. At the
Shanghai Institute of Optics and Fine Mechanics
(SIOFM) Xu and co-workers have also successfully car-
ried out the recombination soft-x-ray-laser gain experi-
ments [8—10] of the Li-like aluminum and silicon ions
and obtained experlmental evidence of the amplification
of spontaneous emission (ASE) for A1'°* 57-3d (105.7 A),
4f-3d (154.6 A) and Si''" 5f-3d (88.84 A) 5d-3p (87.28
A), 67-3d (75.83 A), and 6d-3p (74.64 A) transitions at
much lower driving laser intensity. We have observed
the gain reduction for longer and wider plasma columns
and obtained the spatial distribution of the gain along the
normal of the target surface and dependence of the gain
on the driving laser intensity on the target surface. We
also observed the soft-x-ray amphﬁcatlon for the 6g-4f
(72.22 A) of the Na-like Cu'®™ ions for the first time [11].

In this paper we will present the experimental results
on the short-wavelength Li-like x-ray laser research of
Xu and co-workers. In our present experiment, the soft-
x-ray laser was extended to the higher-Z elements by us-
ing CaF, slab targets, and the soft-x-ray amplification of
the Lilike Ca'’*4f-3d transition was successfully
demonstrated, the wavelengths being 57.7 A. . We also ob-
served the amplification of the F®* 3-2 (80.9 A) transition
of the H-like fluorine ions. The spatial and temporal
behaviors of ASE emission in the Li-like lasers were also
obtained by using a soft-x-ray streak camera.

II. EXPERIMENTAL ARRANGEMENT

The short-wavelength Li-like soft-x-ray-laser experi-
ment was carried out at the LF12 Laser Facility of
SIOFM. In the experiment, only the north beam of this
two-beam facility was used to produce line-shaped plas-
mas as lasing medium. The energy of the 1.05 um laser
beam was about 550 J and the duration (FWHM) of the
quasi-Gaussian pulse was about 900 ps.

The experimental arrangement was essentially the
same as the one used previously [10]. Figure 1 shows the
schematic of the experimental setup. Briefly, the line
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FIG. 1. Experimental arrangement. TM: toroidal mirror;
CM: cylindrical mirror; SM: spherical mirror; S: slit; G: grat-
ing; F: film.

focus system, an f /1.7 aspherical lens combined with a
cylindrical lens array formed a line focus of 12.5 mm in
length and 120 um in width on the slab targets. The laser
intensity on the target surface was about 4.0X 10"
W/cm?. The targets used in the experiment were all 5-
mm-thick CaF, slabs with polished surfaces. The lengths
of the targets were 2, 4, 6, 8, and 10 mm. The primary
diagnostic equipment used in the experiment was a stig-
matic grazing-incidence flat-field grating spectrograph
[12,13], which was composed of a grazing-incidence flat-
field grating spectrograph and a grazing-incidence col-
lecting optics consisting of a cylindrical mirror and a
spherical mirror. The key component of the spectro-
graph was a variable line-spacing concave grating:
r=5649 mm, gold coated, 3.2° blaze angle and 1/1200
mm nominal groove spacing, supplied by Hitachi Com-
pany. When the incidence angle is 87° and the slit is set
237 mm from the grating apex, the spectrum can be
formed sharply on the focal plane at 235 mm from the
apex of the grating and cover the wavelength from 44 to
300 ;& over a focal plane about 40 mm in length, with a
0.1 A spectral resolution. The grazing-incidence collect-
ing optics can not only provide high efficiency but also
compensate the astigmatism and thus form a stigmatic
spectrum. Because the imaging distance varies only
slightly with the wavelength, a one-dimensional spatially
resolved spectrum can be obtained with good quality in
the whole wavelength range from 44 to 300 A. The radii
of the cylindrical and the spherical mirrors were 20 and
3000 mm, respectively, and the mirrors were gold coated.
In the experiment, the optical axis of the spectrograph
was aligned with the axis of the line-shaped plasma, the
slit of the spectrograph was parallel to the normal of the
target (i.e., the axis of the driving laser beam) and thus
the obtained spectrum has one-dimensional spatial reso-
lution along the normal of the target surface. The spatial
amplification of the system was about 2. At constant
laser irradiance on the targets, the axial intensities for
different plasma columns were measured and thus was
obtained the gain coefficient for the lasing lines. In the
gain experiment, we used soft-x-ray film (5 FW) provided

by Shanghai Film Factory as the detector for attaining
time integrated and spatially resolved spectra. The film
has been calibrated recently.

In a time-resolution experiment, we used the photo-
cathode of the soft-x-ray streak camera [14] provided by
Xian Institute of Optics and Fine Mechanics as the detec-
tor. In the experiment, the soft-x-ray streak camera was
so adjusted that the scanning slit (18 mm in length and
200 pm in width) in front of the photocathode was set
parallel with the dispersion axis of the spectrum and to
cover the desired part of the spectrum. The 18-mm-lon
scanning slit of the streak camera can cover ~50 A
wavelength range. Because the spatial amplification of
the system was 2, the 200 um width of the scanning slit
corresponded to 100 um region in the source. By chang-
ing the position of the target surface and keeping the rel-
ative position of the streak camera to the flat-field grating
spectrograph unchanged, the time-resolved spectrum at
different distances from the target surface can be ob-
tained. The photocathode of the soft-x-ray streak camera
was low density CsI which can respond to the XUV radi-
ation of interest.

At the other end of the plasma column, namely, the
opposite side of the grazing-incidence flat-field grating
spectrograph, was positioned a Rowland-circle grazing-
incidence grating spectrograph for obtaining the axial
spectra or the in situ calibration of the film. A pinhole-
transmission-grating spectrograph was positioned 35°
with the normal of the target (in the same horizontal
plane as the axis of the driving laser), the diameter and
line spacing of the pinhole-transmission grating being 25
pm and 1/2000 mm, respectively, for monitoring the uni-
formity of the plasma along its axis (using the film
recording) and the time history of the emission from the
plasma (using the soft-x-ray streak camera recording),
and sometimes for film calibration. Two flat-crystal x-ray
spectrographs, one with a pinhole, were also used to
monitor the x-ray emission of the plasma column. In ad-
dition, an optical imaging diagnostic system was used to
obtain the micrographs of the wg,2wy,3wy/2 emission
profiles of the plasma, simultaneously, so as to examine
the uniformity of the plasma column.

III. EXPERIMENTAL RESULTS AND DISCUSSION

One-dimensional spatially resolved spectra for CaF,
slab targets were obtained with the stigmatic grazing-
incidence flat-field grating spectrograph with a slit of 10
um on 5 FW film. Figure 2 is the microdensitometer
trace for a 10-mm plasma column. Spectral identification
showed that the axial spectra of the line-focused laser
plasma of the CaF, target was dominated by the spectral
lines originating from the transitions of the Li-like Ca'’*
ions and the H-like F®" ions. There are also spectral
lines originating from other ions, but these spectral lines
are much weaker. The experimentally measured wave-
lengths for Ca!’" ions were in good agreement with the
calculated wavelengths [10].

The relative line intensities were determined from the
photographic densities with the relative calibration curve
of 5 FW film by the normal procedure of the spectral in-
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FIG. 2. Microdensitometer trace of ?an axial spectrum (10
mm). The transition wavelengths (in A) are given for several
peaks.

tensity measurement. The relative intensities for Ca!’*

4f-3d (57.7 A) at four different distances from the target
surface as a function of the plasma length L are shown in
Fig. 3. These figures show that the intensities for the
Cal!”" 4£-3d transition increase nonlinearly with plasma
length. A least-square fit to the Linford equation:
I=Iy(e%L—1)"2/(GLe%t)!? yielded gain coefficients G
of 4.3, 3.8, 2.6, and 0.9 cm ™! at distances of 150, 170,
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210, and 350 pm from the target surface, respectively. In
the same way, we obtained the maximum gain coefficient
of 1.4 cm™! at 220 um from the target for the F¢* 3.2
transition.

Our previous experiment [10] indicated that there ex-
ists a gain distribution along the normal of the target:
starting from the target surface, a negative gain (i.e., ab-
sorption) appears first; at some distance, the absorption
turns to the amplification and gain emerges, then the gain
reaches its peak value and then gradually decreases with
the increasing distance from the target. The distance at
which the gain reaches its maximum value is 150 um for
Ca!’* 4f.3d. In comparison with previous results for
Si'!*, the region having maximum gain is moved towards
the target, indicating that the place having the maximum
gain depends on the nuclear charge Z of the lasing ions.

Using the isoelectronic scaling of the recombination
Ha lasers for reference, where the driving laser intensity
is scaled as I ~Z* [15], there is a similar isoelectronic
scaling for the recombination Li-like ion lasers as
I~(Z—2)* In the soft-x-ray-laser experiment of the Li-
like Si'!* ions, we have investigated the dependence of
gain on the laser intensity in detail and found the optimal
laser intensity on the target for Si'!* 5£-3d (88.84 A) was
2.5X10"? W/cm?. Based on the isoelectronic scaling for
the Li-like scheme, the optical laser intensity for Ca!’"
should be 1.3X10'* W/cm?. In the preliminary experi-
ment, considering the laser energy losses in focusing op-
tics, the intensity ~4X 10'> W/cm? was chosen for the
CaF, target. Obviously, a systematic experiment should
be carried out for determining the optimal laser intensity.
It should be noticed that the pulse duration of the driving
laser and the width of the line focus used in the experi-
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ment are apparently far from being desirable. The pulse
duration of the driving laser and the width of the line
focus should be much narrower as the atomic number in-
creases and the lasing wavelength decreases. These are
the important issues to be solved in the future work on
the Li-like recombination lasers. We have done some-
thing to reduce the width of line focus and pulse duration
of the driving laser.

Although we have observed the spectral line of Ca
5f-3d (~39 A) transition, the line was broad and weak,
due to serious defocusing for the lines below 44 A in our
spectrograph. In a future experiment we will use 2400
grooves per variably spaced grating to obtain a good
spectrum below 44 A. We expect that it is possible to use
the Ca'’" 5f-3d transition to achieve the recombination
soft-x-ray laser in the water window.

As mentioned above, by coupling the stigmatic
grazing-incidence flat-field grating spectrograph with the
soft-x-ray streak camera, we can obtain the time-resolved
spectra emitted in an ~ 100-um region at different dis-
tances from the target. We assumed that the onset of the
zeroth order of the transmission grating streak spectrum
coincides with the beginning of the driving laser pulse.
Changing the delay but keeping the other operating con-
ditions of the streak camera the same, we measured the
time-resolved spectra from both the transmission grating
and the flat-field grating spectrographs. Comparing the
two time-resolved spectra, we could determine the timing
of x-ray lasing relative to the driving laser pulse. The
time-resolved spectra displayed on the screen of the im-
age amplifier of the streak camera were recorded on
Lucky film (ASA400-27DIN), which was supplied by No.
1 Film Factory of the Ministry of Chemistry Industry in
Baoding, China, and which has been calibrated separate-
ly. The spectral resolution in the time-resolved spectrum
was reduced to ~0.5 A at 80 A due to the limited spatial
resolution of the image amplifier. A typical streaked
spectrogram is shown in Fig. 4. By converting the film
density into relative intensity and subtracting the contin-
uum background nearby, we can obtain the time history
for each spectral line. The time histories for the Li- like
Si''" 5f-3d (88.84 A), 5d-3p (87.28 A), 6f-3d (75.83 A),
and 6d-3p (74.64 A) lasing at distances 200 and 400 um
from the target are given in Fig. 5. From the figure we
can see that the x-ray lasing of the Li-like ions always ap-
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FIG. 4. Axial streaked spectrogram at distance 250 um from
target surface for 10-mm CaF, slab target.

pears after the driving laser pulse and has long duration.
These manifest the time and space characteristics of the
recombination pumping x-ray lasing: after heating and
producing highly ionized plasma by the interaction of the
driving laser beam with the target, the plasma is cooling
rapidly by adiabatic expanding and radiation. This
enhances the three-body recombination and leads to pop-
ulation inversion and lasing. The lasing duration and de-
lay relative to the driving laser pulse were of the order of
nanoseconds in our case. The experimental results also
showed that the delay and duration for the distance 400
upm from the target were longer than that for the distance
200 pm from the target. In the experiment, we also in-
vestigated preliminarily the time and space characteris-
tics of the lasing lines of the Li-like Ca'’" ions and the
H-like F®* ions. The time histories for two lasing lines,
Ca'7" 4£-3d (57.7 A) and F** 3-2 (80.9 A) of the CaF,
target are shown in Fig. 6. The results show that the de-
lay of the Ca'’" 4£-3d lasing relative to the driving laser
pulse was apparently shorter, while the delay of the F**
3-2 lasing was about the same as the one for the Li-like
Si''* lasing. The time delay and long duration of the Li-
like lasing, different apparently from the time behaviors
of x-ray lasing pumped by the electron collisional mecha-
nism, demonstrated that the emission of the recombina-
tion laser always appears after the driving laser pulse and
has long durations which are favorable for achieving mul-
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FIG. 5. Time histories of Si''* x-ray lasing lines for spatial
region (a) 150-250 pum, (b) 350-450 um from target surface at
2.5X 10'2 W/cm? intensity.
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FIG. 6. Time histories for Ca!’* 4f-3d and F** 3-2 lasing
lines for spatial region 200-300 pum from target surface at
2X 10" W/cm? intensity.

tipass amplification and improving the laser performance
by using an x-ray mirror.

IV. SUMMARY

In the experiment on the recombination soft-x-ray laser
with CaF, slab targets, soft-x-ray amplification of the

Ca'”t 4f-3d (57.7 A) and the F?* 3-2 (80.9 A) transitions
has been observed, the measured maximum gain
coefficients being 4.3 and 1.4 cm ™!, respectively. Prelimi-
nary observations of the spatial and temporal behaviors
of the Li-like lasing were made by using the stigmatic
grazing-incidence flat-field grating spectrograph coupled
with the soft-x-ray streak camera. The results of the ex-
periments showed that the Li-like ion scheme has great
potential in achieving the recombination soft-x-ray lasers
in the water window.
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FIG. 4. Axial streaked spectrogram at distance 250 um from
target surface for 10-mm CaF, slab target.



