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Observation of strong soft-x-ray amplification at 8.8 nm in the transient
collisional-excitation scheme
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We have observed strong amplification with a gain of 14.5dor the 41— 4p transition of the Ni-like La
ions at a wavelength of 8.8 nm pumped by a chirped pulse amplification Nd:glass laser with an energy of 18 J.
In this experiment, the laser pulses consist of a prepulse and a main pulse with durations of 200 ps and 7 ps,
separated by 250 ps. The keV x-ray spectroscopy and theoretical calculation indicate that the plasma tempera-
ture increased effectively by reducing the prepulse intensity, and that the substantial gain is generated in a small
overcritical region heated by the electron heat transport.
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Development of high brightness compact x-ray sources iplasma parameters for the Ni-like (a=57) laser at 8.8 nm
an important subject for the applications in various researciil4] estimated from the typical parameters of the Ni-like Ag
fields such as material science, biological science, anthser(T,~400 eV n,~4x 10%° cm®) are inferred to bd,
atomic and molecular physics. X-ray lasers, which have~900 eV andn,~8x 10°* cm3, which is higher than the
characteristics such as high spatial coherence and high peagktical density of a pumping laser pulse at a wavelength of
brilliance, have been one of the promising compact x-rayl um.
sources, and continuous efforts have been made to realize In order to provide the pumping energy to high-density
highly efficient intense x-ray output. Recently the transientregion, frequency doubled pumping lases, has been used
collisional excitation(TCE) scheme has been proposdd, [15]. However, the frequency conversion of a few ps laser
and now we can obtain the gain saturation of the Ni-like ionpulse with an energy of15 J needs a large-size nonlinear
lasers in a wavelength region up to 12 nm with a pumpingmedium, and its low conversion efficien¢y 50%) requires
energy of~10 J[2-4], which is only a few 10% of that in a large amount of energy for the fundamental light, which is
the quasi-steady-stat®S9 collisional excitation laserfs]. not practical and contradicts the concept of table-top x-ray
In a shorter wavelength region than 10 nm, however, TCHasers. Rather, it is realistic for our objective to optimize the
scheme is not optimized sufficiently: substantial amplifica-preformed plasma condition to achieve effective heating of
tion of the Ni-like Sm TCE laser at 7.3 nm still requires the high-density region by the fundamental laser light. Al-
more than 50 J pumping ener], although the gain satu- though the fundamental laser light cannot penetrate the over-
ration is achieved with a pumping energy of 75 J in the QSSlense plasma, the laser energy absorbed near the critical den-
schemg7]. Because shorter wavelength x-ray lasers expangity can be delivered to the high-density region by the
the applicable research fields such as time-resolved measurgectron thermal conduction. Since the laser energy per unit
ment of speckles from various materials with higher spatialrea, E;s¢y is mainly deposited within a deptfor scale
resolution[8] and single-shot x-ray imaging of biological length(L)] near the critical densitync), the achieved elec-
cell [9], it is an imminent subject to optimize the condition of tron temperature can be approximately expressedlas
the gain medium and to realize highly efficient intense x-ray~ E,;se/ NcL, Which implies that a plasma with short scale
lasers in the shorter wavelength region. length is advantageous in terms of efficient heating. This can

In the Ni-like x-ray lasers with the wavelengths of be understood from the increase of thermal conductivity as
~12 nm, the optimum electron density, of the gain region Tg’Z. Once the critical density region becomes hot enough,
is in an underdense region, and the substantial gains are getive overdense region closely behind can be heated to a tem-
erated by double pumping pulses separated by 1-2 nserature required for the substantial production of the Ni-like
[5,10,11: The prepulse forms a preformed plasma with aions and the population inversion.
long scale length, and the following main pulse heats the In this paper, we show experimentally and theoretically
underdense region effectively to generate the gain. Since thtdat substantial gain can be obtained at a wavelength of
collisional rateC and spontaneous radiation probabilkyor 8.8 nm in the TCE scheme by reducing the prepulse inten-
ions with an effective nuclear chargg; scale acC=zj and  sity, where the scale length of the preformed plasma becomes
Aoczéﬁ, respectively, the electron temperature and density foshort enough to obtain the plasma temperature of keV in the
the optimum gain condition approximately scaleT@szﬁff overdense region.
and neoczz_ﬁ, respectively, wherey; is z—28 for the Ni-like Our chirped pulse amplification pumping laser at a wave-
ions[12,13. This indicates that in shorter wavelength x-ray length of 1.053um consisted of a Ti:sapphire oscillator, a
lasers, the optimum condition is expected in the high tempulse stretcher, a regenerative amplifier and amplifier chains
perature and dense region. For an example, the optimumf phosphate glass rods set on the optical bench with a di-
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mension of 1.2 nx 9.0 m, and a pulse compressor. The de- 5000 T ' T (@)

tails of our pumping laser and experimental setup have been i
<€4—8.8 nm line 4

described elsewheid,16]. A 2-um-thick La slab target fab- & 4000 -

ricated on a 1 nm-thick glass substrate was irradiated by a g |=5.3mm
line-focused pumping laser light. The length and the width of O 3000 | -
the line focus were 5.3 mm and 38n, respectively. The o |=2.6 mm
laser pulses consisted of a prepulse and a main pulse with 8 2000 | -
durations of 200 ps and 7 ps, separated by 250 ps. The in- O

tensity on the target was 3x010'2 W/cn? for the prepulse 1000
and 1.4< 10> W/cn? for the main pulse. We employed a
quasitraveling wave pumping by use of a step mirror with a

step of 4 pg4]. The emission from the La plasma was ob- 8.0 10.0 12.0 14.0 16.0
served using a grazing incidence spectrograph, GIS1, and a wavelength (nm)
potassium acid phosphatéKAP) crystal spectrograph

(KAPCYS). GIS1, which had a concave collecting mirror and 7000 /=T Niike | T (b) H
uneven spacing grating200 I/mmn) [17], covered spectral ? 6000 |- / Co-like _
range of 6—40 nm and was set in the propagation direction

of x-ray laser beam. In order to attenuate the emission from 35000 -

the plasma, we used a Zr filter with a transmittance of 10% at © 4000 |

8.8 nm. KAPCS was set at the top port of the chamber and Q

observed the plasma in the downward direction. It covered 8 3000 =

0.8—1.0 nm and the=3-5 transitions of the Ni-, Co,- and 2000 |

Fe-like La ions were observed. The detectors of these spec- | | |
trographs were back-illuminated CC{@harge-coupled de- 1000 0.95 0.90 0.85
vice, Princeton instrument Model SX1024 he wavelength wavelength (nm)

calibration of GIS1 was done by use of the second- and

third-order light of resonance lines of H-like C ions. For FIG. 1. (a) Typical spectra of the Ni-like La lasing line taken by
KAPCS, we used resonance series lines of the He-like N&IS1. The target length was 5.3 mm and 2.6 mm. The lasing line is
ions. By use of this calibration curve together with the the-indicated by an arrowb) Typical spectrum of the La plasma taken
oretical wavelengths calculated by th&LLAC code[18], by KAPCS. A few lines of the Ni-, Co-, and Fe-like ions are indi-
several lines of the Ni-, Co,- and Fe-like La ions taken bycated by arrows.

KAPCS were identified as a spectral evidence of these ions. ) ) o )

Figures 1a) and 1b) show the spectra taken by GIS1 for prepulse .|ntens.|ty. This indicates that by reducing thg
the target lengths of 5.3 mm and 2.6 mm, and the spectruf/€PUIse intensity, the volume of the preformed plasma is
taken by KAPCS, respectively. The lasing line and the resof®duced, and the main pulse energy is absorbed in a localized
nance lines of the Ni-, Co-, and Fe-like ions are marked by2r€a: The quallzed heat'lng is reproduced by'one—qhmensmnal
arrows. Substantial amplification of the 8.8-nm line of thenydrodynamics calculation usingvADES [20] in which the
Ni-like La ions is obvious. In this target shot, the energies of1€at conduction is treated by the classical flux corrected
the prepulse and main pulse were 1 J and 17 J, respectivelyPitzer-Harm method. In the present calculation typical
Figure 2 shows the output of the 8.8-nm line versus varioud@lue of the flux limiter is 0.4. Figure 4 shows the temporal
target lengths. The gain coefficiegaind gain-length product evolution of the spatial profile of, under the laser irradia-
gl were derived to be 14.5+1.5 chmand gl=7.7+0.8, re-
spectively, by use of the Linford fitting formuld.9].

We observed the dependence of the output of the
8.8-nm line on the prepulse intensity. The main-pulse energy
was fixed to be 17 J, and the prepulse intensity was changed
from 5x 10 through 1.2< 10" W/cn?. Figure 3 shows the
result. The abscissa is the intensifgr energy of the
prepulse, and the closed circles represent the output of the
8.8-nm line, which is referred to the left-hand-side ordinate.
The 8.8-nm output has a peak at around prepulse intensity of
3 10% W/cn?. The open triangles and open diamonds rep-
resent the line intensity ratios, andr,, of the 3-5f lines of
the Ni-like (0.95 nm), Co-like (0.91 nm, and Fe-like ions | | |
(0.86 nm), i.e., r;=I(Co-like)/I(Ni-like) and ry=I(Fe- 02 03 04 05
like)/I(Ni-like), respectively. The increase of these intensity target length (cm)
ratios corresponds to the increase of the electron tempera-
ture. FIG. 2. The output of the 8.8-nm line for various target lengths.

In the prepulse intensity region of X10-~1.2  Gain coefficient was estimated to bel4.5+1.5 cm?, and the
X 103 W/cen?, ther, andr, increase with decrease of the achievedgl was 7.7+0.8.
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FIG. 5. The spatial profile of the electron densitiotted ling

_ FIG. 3. The prepulse dependence of the output of the 8.8-nm4 the gain of the 8.8-nm lingsolid ling) at 300 ps under the
line. The main pulse energy was fixed to be 17 J. The closed circle . jition of Fig. 4a).

is the 8.8-nm line outputthe left-hand-side ordinateThe open
circle and triangle are the intensity ratio of Co-like/Ni-liker,)
and Fe-like/Ni-like(=r,), respectively(right-hand side ordinaje

culated by HuLLAC code; typically they were 1.60

x 1037t (upper leve) and 1.32< 103 s (lower leve) un-

der the condition oh,=3X 10?* cm3, T,~1 KeV, andT;

tion condition similar to the experiment. The time is mea-~ 400 eV. This lead to the full width at half maximum of the
sured from the peak of the prepulse. The prepulse intensity iSaussian profile of 11.7 mA and that of the Lorentzian of
(@ 1x 10" and(b) 4 x 102 W/cn¥, and the main pulse in- 12.1 mA. Figure 5 shows the spatial profile of the gain of the
tensity is fixed to be % 10 W/cn?. After the main pulse 8.8 nm and the electron density at 300 ps under the condition
irradiation (see the trace for 300 psthe size of the high- of Fig. 4a). The peak gain is obtained in the overdense re-
temperature region in Fig.(d is smaller than that in Fig. gion (~3x10?tcm™). The value of the calculated gain is
4(b), and the peak value &f, becomes higher with decreas- larger by a factor of 2 than the experimental gain, which may
ing the prepulse intensity. The effect of the nonlocal heabe due to the fact that the experimental gain is spatially av-
transport is discussed below. eraged one.

In order to calculate the spatial gain profile, we performed The calculated results imply that the overdense region can
our collisional-radiative model codavHiam [21]) for given  be heated effectively by the electron thermal conduction as
spatial profile of electron density and temperature. Theshown in Figs. 4 and 5. On the other hand, one may expect
atomic data employed in th&HIAM code were calculated by that the heat conduction inside the plasma with a steep gra-
HULLAC code. In the present condition of experiment, thedient leads to the nonlocal heat transport. The effect of the
Doppler width and Stark width are comparable which domi-nonlocal electron heat transport has also been experimentally
nate the total spectral profile. Thus, the width was treated agivestigated by Cotét al. [22], and they have shown that it
a \Voigt profile. The ion temperature was calculatedHyy ~ becomes substantial if the scale length is comparable to the
ADES, and the collisional-radiative destruction rate was cal-wavelength of the pumping laser. However, under the present
situation, the scale length of the preformed plasma is much
longer than the wavelength of the pump laser, and the gain is
generated in lower density region than that of the heat front.
Thus, the effect of the nonlocal heat transport is small in the
present case. Indeed, calculations with various flux limiter
values from 0.07 to 0.6 are also carried out to find that the
gain is insensitive to the change of the flux limiter: The
change of time of the gain peak was less than 10 ps and that
of the gain coefficient was around 10%.

At the prepulse intensity of X 102 W/cn?, Fig. 3 shows
that the x-ray output becomes small compared with the peak
value although the; andr, values increase. This may be due
to the refraction of the amplified x ray in the gain medium.

FIG. 4. Temporal evolution of the spatial profilesf under a Qualitative estimation of the propagation lengfhof the

condition similar to the present experiment. The time is measure_‘8_nm lne in  the gain region indicatesl,

112 __
from the peak of the prepulse, and the main pulse reaches the prélzncd/gradne)] 1 mm, the same order as the target

formed plasma at 250 ps. The abscissa is the position from th _ngth, Where.nc=1..4>< 10°% cm™® for the 8.8 nm’ and .the
target surface. The prepulse intensity ® 1x102 and  SiZe of the gain regiofd=10 um) and the density gradient
(b) 4% 1022 W/c?, and the main pulse intensity is fixed to be [gradng~2x10* cm™] are estimated from Fig. 5. This
5% 10" W/cn?. By reducing prepulse intensity, the main pulse means that the x-ray beam propagation is sensitive to the
energy is absorbed in a localized area, the size of the heated argaepulse intensity in the present case, and in order to achieve
becomes smaller, and the peak temperature becomes higher.  more efficient lasing at this wavelength we have to compen-

0.0
-50 0 50
Distance (pm)

100 150 -50 O 50 100 150
Distance (pm)

033805-3



KAWACHI et al. PHYSICAL REVIEW A 69, 033805(2004)

sate the refraction by use of additional means such as curvetiiring the ionization from the lower ionization stages to the

targets[23]. On the other hand, at the prepulse intensityNi-like ions. This is consistent with the calculated ionization

smaller than X 102 W/cn¥, ry andr, decrease, showing time from L&®* to La?®* of ~10 ps by use ofvHiIAM code

the decrease in the absorption efficiency of the main pulsegether withHYADES.

due to the insufficient generation of the preformed plasma. |n summary, we have demonstrated substantial amplifica-
In order to increase the peak intensity of the main pulsetion of 8.8-nm line in the transient collisional-excitation

we changed the duration of the main pulse into 1 ps undegcheme with a pumping energy of 18 J. The present result

the prepulse intensity of 8 10" W/cn?. However, the out- g ggests that the overcritical density region can be heated

put of the 8.8-nm line became smaller by a factor of 4 com-nough to generate substantial population inversion by con-

pared with the 7-ps-duration case. This is due to the followyy| of the scale length of the preformed plasma and is valu-

ing. Under the present prepulse intensity of the order ofpe in terms of development of highly efficient x-ray lasers

10*2 W/cnr?, the observation of the preformed plasma by usep, 5 shorter wavelength region

of the KAPCS shows that the La ions are populated in the '

lower ionization stage than the Ni-like ions. Under such a The authors are grateful to Professor T. Tajima of JAERI

condition, the main pulse has to sustain high temperaturéor his useful suggestions.
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