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Proposal of a longitudinally pumped saturated Ni-like Mo ion x-ray laser at 18.9 nm
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We reexamine the transient gain scheme in this paper and develop this scheme with a new pumping
geometry for designing a compact and highly efficient Ni-like Mo ion soft-x-ray laser. Model calculations
show that a saturated amplification of soft x rays at 18.9 nm can be realized by usingan @ving laser
with only several hundred millijoule energy in a picosecond pulse. We propose a longitudinally pumping
geometry for the high transient gain x-ray laser, in order to improve the pumping efficiency and to overcome
some limitations of the present transient gain laf8L063-651X98)03806-9

PACS numbsds): 52.75.Va, 42.55.Vc

I. INTRODUCTION recent work[4]. However, the gain-length produd¢GL)
value is still too low for a saturated operation. This first, to
A very important objective in the development of x-ray our knowledge, experimental result of the transient gain
lasers is to attain a highly coherent and saturated amplifiedcheme and several theoretical analyses, that followed indi-
output at short wavelength from a small-scaled facility, thecate that considerable effort should be contributed to over-
so-called “table-top” system. Considerable progress in in-coming several disadvantages of this scheme, mainly the sta-
creasing the efficiency of collisionally pumped soft-x-ray la- bility of the gain region, which is limited by the refraction
sers and downsizing the driver has been achieved recentBnd the short-lived gain, for the purpose of obtaining a large
[1-5]. Saturation operation is desired since it means that th&L value.
maximum power possible for a given volume of excited Recently simulations have been performed for the tran-
plasma can be extracted by the stimulated emission, and thg#ent gain x-ray laser in Ne-like §&2], Ge[13,14], Ti [14],
the pumping efficiency can be maximized. Gain saturatiorand Ni-like Mo [15] ions. As known, the Ni-like ion laser
has been demonstrated in the Ne-like[Bih Ge[7], Se[8], scheme has, in principle, a more favorable scaling of laser
Y [9], and Ni-like Ag[2] and Sm[3] ion x-ray lasers in wavelength with the energy of the optical laser driver. We
laser-produced plasmas, with a driver energy ranging fromieexamine the transient gain scheme in this paper and de-
several kJ to 0.1 kJ in pulses lasting fol0.1 to~1 ns. To  velop this scheme with a new pumping geometry for design-
pump the short wavelength x-ray laser, the plasma has to beg a compact and highly efficient Ni-like ion soft-x-ray la-
excited with very high flux density; a very fast pumping is ser, specifically, the Ni-like Mo ion laser at 18.9 nm. The
therefore very necessary in order to reduce the energy renotivation behind the design of a Ni-like Mo ion laser is
guirement. The main idea of the transient gain schpfyi)]  twofold. As known, the ratio of lifetimes of the upper to
for the electron collisional excitation x-ray laser mechanismlower laser level is relatively small for the middie-(Z
is to overheat the electrons in a very sh(@ransient time =40-50 Ni-like ions (i.e., the ratio is 2.5 foZ=42 and is
scale by using a powerful ps pulse. This leads to very highO for Z=60) [5]; it is therefore relatively difficult to get
small-signal gain with short duration, and it is very attractivelarge population inversion under QSS approximation. The
among several candidate approaches for a compact “tabl@pacity issue plays an important role in the operation of this
top” soft-x-ray lasef{11]. This scheme offers the possibility kind of laser. We attempt to use the transient gain scheme to
of realizing aAn>0 transition laser pumped by the electron overcome this limitation. The QSS Ni-like Mo laser scheme
collision excitation[10]. In the transient gain mode, the first was proposed several years 446,17, but it has never been
optical laser pulse is usually a long laser pulse with about Experimentally demonstrated, though the requirement of ex-
ns duration that generates, heats, and ionizes the plasmagrimental conditions seems easy to fulfill. We reexamine
while the second pulse is a short pulse with several ps durahis laser scheme and try to develop it with the new transient
tion that overheats the preplasma and excites the ions to prgain scheme. The second motivation behind this design is to
duce a very large transient population inversion throughcompare the transient gain laser in Ne-like Ge and Ni-like
strong monopole electron collisional excitation from the Mo ions, to see how different the parameter space is for the
ground state of Ne-like or Ni-like ions. This kind of laser, Ne-like and Ni-like ion lasers operating at similar lasing
different from the traditional collisional laser that operates inwavelengths. Model calculation shows that a saturated am-
the gquasi-steady-stat€S9 region[2,3,5—9, operates in a plification of soft-x-rays at 18.9 nm by Ni-like Mo ions can
very high density region near the critical surface, and thébe realized by using a 1.0bm driving laser with only sev-
amplification is therefore very sensitive to the refraction anderal hundred mJ energy in a picosecond pulse. We propose a
the driving conditions. The traveling wave pumping mode islongitudinally pumping geometry for this high transient gain
desirable since the gain duration is usually of the order of 1@aser, in order to improve the efficiency and overcome the
ps or even shorter. A very high gain of 19 thhas been existing limitations. This pumping geometry has several ad-
experimentally demonstrated in the Ne-like Ti ion laser atvantages. First, the gain region can be chosen to locate spa-
32.6 nm, and the GL product was measured to be 9.5 in thiially at a certain distance away from the critical surface so
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as to avoid using the steep critical surface and to relieve theo check its effect on the transient gain produced by the

large refraction caused by the very steep density gradiensecond pulse. For the preplasma, the relation between the
partly solving the problem of gain region stability. Second,electron temperature and the absorbed laser intensity is es-
this pumping geometry can automatically fulfill the require- tablished by the thermal balance in a steady state ablation
ment of traveling wave pumping. Third, this method can[19]. The mass ablation rate is also calculated under the same
directly deposit the excitation laser energy into the desireqrame[zo]_

gain volume in the order to avoid any waste of the energy Tnhe hot-spot model12] we used is a rather simple de-

deposited in the other region, which is considerable if pumpxcrintion of the short pulse laser energy deposited in a small

ing transversely, since the first pulse is usually a long puls@asma volume with uniform initial density and temperature.
that produces a long scale-length preplasma and thus t

local ab " i d pulse d H e absorption mechanism of the laser energy is inverse
noniocal absorption ot the second pulse 1S pronounced. OV\Brems:strahlundel] only, thus it gives the lower limit of the

ever, it is difficult to obtain long effective medium length in S i
the longitudinally pumping mode due to the transmittanceabsorbed laser energy. The dissipating channels of the depos

and the refraction of the pumping laser beam through théted. energy con§ist_ of Fhe heating of glectrons and ions, the
high-density plasma medium. We should therefore maximiz@xc'tat'o.n’ and ionization energy c.)f 'ons and the thermal
the gain coefficient so that a large enough GL value can bgonductlon to the surrounding region with IOW_er_ tempera-
attained by using a medium of only several mm long. turg. Ot.her energy loss ghannelg sugh as radiation and the
This paper is structured in the following way. In Sec. I adlabatl_c expansion are |gnqred in this model. _The thermal
we describe briefly the model used in this work. In Sec. Il1€onduction loss is described in a phenomenological way, and
we present the results of test calculations for the transieri Proportional to the electron ion collision time and in-
gain lasers in Ne-like Ge and Ni-like Mo ions, and compareversely proportional to the electron temperature gradient
them with the results obtained with two sophisticated codescale length12]. This scale length actually defines to a large
[13-19, in order to check the validity of our simplified extent the cooling rate and is an adjustable variable in this
model. In Sec. IV we design a longitudinally pumped highwork for studying its effect on the gain, as will be discussed
gain Ni-like Mo ion x-ray laser at 18.9 nm. We summarizein the following parts. We consider the effect of electron
this work in the final section. quiver energy in a strong laser field by using an expression
of effective temperature that is the sum of the ponderomotive
potential and the thermal temperature.
Il. MODEL We limit our study only for the twd=0-1 lasing lines of

The basic process of the laser plasma interaction involvefie-like or Ni-like ions. The lasant ion stage is modeled with
in the transient gain scheme can be understood intuitivehthe ground state and four excited levels, i.e.,
The preplasma with an appropriate abundance of Ne-like oihe 2p°3s™®P;, 2p°3s''P,, 2p°3p!'S, and 2°3d'P,
Ni-like ions can be effectively prepared by the laser ablationlevels for the Ne-like ion scheme or the
of solid targets, or alternately by a fast pulse discharge. W8d®4p?! (5/2,3/2)1, 21%p* (3/2,1/2)1, 31°4d? (3/2,3/2)0,
consider the former way in this work and the duration of theand 31°4f(3/2,5/2)1 levels for the Ni-like ion scheme,
first ablating laser pulse is of the order of 1 ns. Then a powsince the reabsorption of the strong Ne-liké-3p or Ni-like
erful ps pulse arriving after an appropriate delay heats andf-3d transition in an optically thick plasma also contribute
excites the plasma quickly and produces large transient gaigonsiderably to the population of the upper laser level, al-
Regarding this particular situation, the description of the lathough the main populating channel is the monopole colli-

ser plasma interaction can be divided into two separatedional excitation from the ground state. In this atomic model

parts. The interaction of the first ns pulse with the solid tar,s include also the ground state of the next ionization stage

get can be treated by a steady state ablation and the COIT8F the lasant ior(the F-like stage in the Ne-like ion scheme

sponding hydrodynamic process can be described appProxX, the Co-like stage in the Ni-like ion schen&he above-
mately by a self-similar expansion model. As to the

interaction of the second pulse with the preplasma, the heafentloned six levels are the most important levels related to

ing of the preplasma and the atomic process can be model BeJ=_O-1 '?‘SG“ Some of the related atomic parameters are
by a hot-spot mode[12] in cooperation with a set of cited in the literatur¢5,16,22—28, and others are calculated

collisional-radiative rate equations, while the hydrodynamic®y empirical formulag27]. The opacity of resonant lines is
expansion can be frozen during this process since the durgreasured by using escape factors that are calculated with the
tion of the heating pulse and the x-ray laser gain is very shofformulas shown in Ref.28]. _
in comparison with the characteristic time of the evolution of ~ The self-similar model produces the density and tempera-
the preplasma produced by the ns laser pulse. ture profiles of the preplasma, and then the hot-spot model
We use self-similar moddlL8] to describe the evolution and the rate equations for simplified level structure produce
of the electron temperature and density of the preplasmadhe gain coefficient profiles, which are postprocessed by a
The peak temperature is set to be one-third of the ionizatiotwo-dimensional(2D) ray tracing model to integrate the laser
potential of the Na-like iortfor the Ne-like ion laser schemme gain along the x-ray laser propagation channel. This last
or that of the Cu-like ior{for the Ni-like ion laser schem®f  model includes the refraction of x rays and the longitudinally
various target elements, in order to prepare a preplasma withumping laser beam and the change of gain coefficients with
one-third of the ions at the Ne-like or Ni-like stages, a rea-positions in this channel. The nonlinear effect of the propa-
sonable assumption under steady state approximation. @ation of an intense short laser pulse in plasmas is also con-
course we can use other values of peak electron temperatuselered in the design.
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Ill. TEST CALCULATIONS FOR X-RAY LASERS peak gain might be attributed to the fact that our atomic
IN Ne-LIKE Ge AND Ni-LIKE Mo IONS model is too simple. However, we find that the gain value

In order to check the validity of the above-described mod->S€Ms reasonable when we compare it with the work re-

els, we first make calculations for the Ne-like Ge and Ni—Iikepotlt_i((ja Ilr\llel?l(ialzgli]i.and Ge x-rav laser simulations were re-
Mo x-ray laser systems and compare the results with the . € x-ray o
published work using sophisticated modgl8—15. In Ref. ported n R'ef.[14]. Thg |n_|t|al preplasma condition for the
[13], the transient gain of the Ne-like Ge laser was calculate alcul_atlon in Ref[14] is different from that assumed_above.
with a detailed modekHYBRID, which includes detailed hy- 1 1rst pulse was a 1.5 ns 1.gam laser pulse with an

) . i . intensity of 1.2 TW cm*<, while the second pulse was a
drodynamics of the plasma and detailed atomic physics

. . . ! riangular-shaped pulse with a 1-ps full width at half maxi-
the lasant ior{with 124 excited levels for the lasant ion stage , \m and peak intensity of 1.2 PW ¢ If being fully ab-
and a simpler description of the other ion stagés Refs. :

, ) ! >+ sorbed, the first pulse can generate a preplasma with a peak
[14] and[15], the gains of the Ne-like Ge, Ti, and Ni-lke temperature of about 350 or 250 eV based on the steady
Mo ion laser systems were calculated by assuming the samgsorption approximation if the flux limit factor is assumed
laser condition with ASNEX and XRASER codes. to be 1/30 or 1/20, respectively. However, it is found that
We assume that a preplasma with one-third of the ions ifhjs may overestimate the peak temperature when we exam-
the Ne-like Ge ground state and with an initial electron tem-ne the prepulse intensity and the preplasma temperature
perature of 350 eV and an electron density of 0r89&,  shown in Ref[13]. Taking into account the difference in the
=10?* cm 3 is the critical electron densitjis prepared be- pulse shape and laser energy of the nanosecond prepulses
fore the arrival of the 1.0xm 1 ps(full width at 1/e maxi-  used in Refs[13] and[14], we assume that the peak tem-
mum intensity Gaussian-shaped heating pulse peaking at perature of the preplasma is 200 eV in the following calcu-
ps. These parameters are chosen in order to keep a preplaskatons for comparing the calculated gains with those shown
condition similar to that shown in Reff13]. The level ener- in Ref.[14]. The assumption of the initial abundance of Ne-
gies and transition probabilities used in the calculation ardike ground state ions as stated in Sec. Il becomes not so
cited from Ref[22]. reasonable at this temperature for both Ne-like Ti and Ge
We first conduct numerical experiments with differentions. A temperature gradient scale length of aboub® is
values of the peak intensity of the main heating pulse andnferred from Fig. 2 of Ref.[14]. A laser intensity of
with different values of the electron temperature gradient.7 PW cm? for a 1-ps(full width at 1/e maximum inten-
scale length, in order to discover a combination of suitablesity) Gaussian-shape pulse peaking at 1 ps is found to be able
laser intensity and scale length that can produce a similaio heat the Ti plasma to a peak electron temperature of 1450
time profile of the electron temperature to that shown in FigeV, a value given in Ref{14]. Alternately, an intensity of
4 of Ref.[13]. We find that a peak intensity of 4.3 PWch 4.1 PW cm 2 is enough to generate the same peak tempera-
and a scale length of 5@.m can produce a very similar time ture if the scale length is 3Qum. But the calculated laser
profile of electron temperature to that shown in Rdf3]. gains are quite similar in the two cases. It suggests that the
The peak temperature is 1773 eV, and it falls to 1110 eV athoice of temperature scale length in this range seems not so
10 ps and to 850 eV at 20 ps in this work, while it peaks withcritical. The scale length of 15.m is used in the following
1750 eV and falls to 1050 eV at 10 ps and 870 eV at 20 pgalculations. Comparing the calculated time profile of elec-
as can be found in Fig. 4 of RdfL3]. However, we notice a tron temperature with the data shown in Fig. 2 of Ré#],
difference in laser intensity for producing this very similar we find that the leading edge of this time profile agrees well
temperature profile in this work and in R¢f.3]. The laser with the data shown in Ref.14], but the temperature de-
pulse profile used in Refl13] is a trapezium-shaped pulse creasing rate is slower in this work, which might be attrib-
with a peak intensity of 1 PW cnf that corresponds to a uted to the simplified consideration of the energy dissipating
Gaussian pulse with a peak intensity of 1.7 PWénton-  channels in the hot-spot model, as stated in Sec. Il. The
taining the same laser energy. So the laser intensity used lemperature peaks at 1.5 ps with a value of 1450 eV in this
this work is 2.5 times larger. However, tl®iYBRID code  work, while the temperature peaked at 1.3 ps with a value of
used in Ref[13] may overestimate the energy absorption in1450 eV in Ref[14]. For lack of accurate rate data for some
collisionaly pumped laser by a factor of[23,29. Consid- transitions involved, we will not go into detail to compare
ering this modification, we find reasonable agreement in prethe calculated gain for the Ne-like Ti system with Rigif4].
dicting the temperature with the simple hot-spot model andVe will, however, make calculations for the Ne-like Ge sys-
with the sophisticated codd 3]. The remaining minor dif- tem again using the newly derived parameters.
ference can be attributed to the fact that R&8] considered The Ne-like Ge ion system is simulated again under the
the resonant absorption in addition to the inverse bremsstralsame conditions as the Ne-like Ti ion system, i.e., the pre-
lung absorption. With the values of the laser intensity and theplasma density and temperature, the temperature gradient
temperature scale length as mentioned, the time profile of thgcale length, and the main pulse laser intensity. Rather good
small signal gain of the Ne-like Ge iah=0-1 laser is then agreement in predicting the peak gain is found when we
calculated. The peak gain of the 19.6-nm laser is found to beompare the calculated results with those given in Ref].
77 cm %, which is only half of that predicted in Ref13].  The 19.6-nm laser gain peaks with 86 Chnat 3 ps, while
Some change in the escape factors for Ne-like Ge ion 3-fhe peak gain was predicted to be 54 Cmin Ref. [14].
resonant lines may cause some variation in the laser gaifinother feature is that there is an obvious delay for the peak
however, it is found that this issue cannot account for thegain with respect to the peak of the driving pulse. We find
large difference observed for the peak gain. The difference ithat this delay might originate from the opacity effect of the
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resonant lines and the transient effect of the short pulse exdicted laser intensity is 3.9 times the value predicted by the
citation process. The overestimation of laser gain in thisASNEX and XRASER codes[14,15], while it is 2.5 times the
work can be attributed mainly to the simplified level struc-value predicted by theHYBRID code[13]. For the Ne-like
ture for the lasant ion. For comparison, calculations of theGe laser system driven under the above-mentioned condi-
collisional-radiative rate equations including the first 30 ex-tions, the predicted gain is only about half of that calculated
cited levels of the Ne-like Ge ion are preformed and theby EHYBRID code, but the predicted laser gain seems more
resulting gain is only 85% of that obtained with the six-level similar to that calculated with theasSNEX andXRASER codes
system. The reason is that the populating and depopulatingnd the remaining small discrepancy can be explained by the
channels connecting a number of neighboring excited levellcompleteness of the simple level structure for describing
and the lasing levels are also important in high density plasthe lasant ions. The Ni-like Mo system has also been
mas. Similar calculations are also performed for the plasm@hecked and the comparison with REE5] shows that the
with an electron density of 810°° cm 2 and a difference calculated gain with the present model is reasonable. Based
of 10% in the laser gain is found when comparing the six-on the above analysis, this model is creditable and it can

level system with the much more complicated system involvpredict successfully the overall features of a transient gain
ing the first 30 excited levels of the lasant ion. This suggestgser system.

that the simple six-level system is more reasonable for a
relatively low density plasma region.

The Ni-like Mo ion scheme is calculated under the same
conditions as mentioned above, except that the electron den-
sity is assumed to be 8&10°° cm 3, a value given in Ref.
[15]. The related level energies and transition probabilities A. Calculations of the small-signal gain coefficient
were calculated with th&ELAC code[30]. The calculated
plasma temperature peaks with 1450 eV at 1.5 ps, while i%
peaks with 1500 eV at 1.4 ps as shown in R&8]. As in the 0 ) . 1
case of the Ne-like Ti laser, we find again that the leading>"ONJest J=0-1 lasing lines are ‘324d1(3/2'3/2)0
edge of the time profile of the temperature agrees well with~ 3d94p1(5/2’3/2)1 (18.9 nm and 3°4d*(3/2,3/2)0
the data shown in the Fig. 2 of RéL5], but the decreasing —3d74p7(3/2,3/2)1(19.7 nm) for the Ni-like Mo ion, and
rate of temperature is slower in the present work. The pealhe two lines are therefore calculated with the model. As
gain of the 18.9 nm laser is 210 crhand it is only about ~Mentioned, the level energies and the related transition prob-
54% of that predicted in Ref15]. We find that the pre- abilities are calculated with the parametric potential code
plasma temperature of 200 eV is so high that a considerabRELAC [30], only the energy of the upper laser level is shifted
gain emerges even without the main heating pulse. The urin the way mentioned in Ref15].

IV. DESIGN OF THE LONGITUDINALLY PUMPED
Ni-LIKE Mo 18.9-nm X-RAY LASER

The Ni-like J=0-1 lasing line pair mentioned in Sec. Il is
r a Ni-like model ion of general purpose; however, the two

derestimation of the laser gain as compared with [RE5] The calculation with yoba [31] for the monopole
might be attributed to the fact that the preplasma condition isollisional ~ excitation rate shows that the d%
not the same as that in the work reported in R&6]. The  —3d%4d*(3/2,3/2)0 monopole collisional excitation transi-

ion temperature is 70 eV in the peak gain region as mention of Ni-ike Mo ion has a maximum rate of
tioned in Ref.[16]; however, the ion temperature is about 4x 10 ° cm®/s when the electron temperature is in the
200 eV in the present calculation since the ion temperatureange of 500—800 eVY5]. We therefore choose a peak tem-
and electron temperature are assumed to be of the same valperature in this region in the design since a higher tempera-
in the preplasma. Taking into account the ion temperaturéure is not necessary. For the transient gain scheme, a higher
dependence of the laser gain, we find that the modified laselectron density produces a larger small-signal gain coeffi-
gain cient; however, we have to make a compromise between the
(~355 cm'l) is quite similar to that (387 cm') predicted  high electron densityhigh gain and long effective medium
in Ref.[15]. However, the inaccuracy of the assumed abuniength since we are going to pump the preplasma longitudi-
dance of Ni-like Mo ground state ions under the preplasmanally, and we also try to avoid using the very steep critical
condition should be considered. If the preplasma temperatur@ensity surface. On the other hand, the principal advantage
is assumed to be 100 eV, a value that makes the assumptiofi the transient gain scheme will be lost if the density is too
of the abundance of Ni-like Mo ground state ions more realow. We therefore prefer the gain region of a moderate elec-
sonable as stated in Sec. Il, the calculated gain of th#&on density. Figure 1 shows the 18.9-nm laser gain profiles
18.9-nm laser peaks with 550 cthat 0.95 ps. Again the calculated with several electron density values, i.e< 107,
gain is overestimated and the extent of the overestimation i$.5x 10?%, and 2<x10?%° cm 3. As shown the laser gain is
quite similar to that mentioned in the preceding paragraplvery sensitive to the plasma density. Fortunately the gain at a
for the Ne-like Ge ion laser. A similar argument can there-density of 1.5<10?° cm™2 is large enough, and it is rela-
fore be used to explain the overestimation of the laser gaintively easy in this density region to get a large scale length in
The above-described test calculations and the compara nanosecond pulse produced plasma so that the refraction
sons with the results obtained by the two sophisticated modssue might not be so serious as that at the critical density
els clearly show that the model presented in this work camegion. We will investigate only this density region in the
predict very well the time history of the electron temperaturefollowing calculations.
and the timing of the laser gain as well, by choosing a rea- The peak temperature of the preplasma is set to be 100
sonable temperature gradient scale length. This model magV, which approximately equals 1/3 of the ionization poten-
overestimate the necessary pumping laser intensity. The préal of the Cu-like Mo ground state i0(803.9 eV[31]). For
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FIG. 1. The gain profiles of the 18.9-nm laser calculated with 0 1 2 3 4 5 6

several density values(a) 2x10%% (b) 1.5x10°° and (c) Time (ps)
1x10%° cm™3.

FIG. 3. The related timing of the pumping laser pu(sg the
a ns laser pulse at 1.Qom, an intensity of~0.2 TW/cnfis  electron temperature profilp), and the gain profiles of the
enough to produce such a preplasma. The evolution of th&8.9-nm(c) and 19.7-nm(d) x-ray lasing lines.

density and temperature of the preplasma is then calculated

using the self-similar model. As discussed in the preceding The gain of the 18.9- and 19.7-nm laser peaks with 170
section, the temperature gradient scale length determines the,§ 126 cmit at 1.6 and 3.1 ps, respectively. By using the
cooling rate, and it is a free variable in our calculation. Wetqm a5 given in Ref[28], the escape factors are calculated
cqn5|der this issue at first since the cooling rate w_|II deteriy pe 0.0032 {1), 0.0163 €2), and 0.00043 f3) for the
mine the duration of the gain. Figure 2 shows the time proyyree 4-3 resonant lines originating from the lower laser lev-
files of the electron temperature and the gain of the Ni-likeg|g of the 18.9- and 19.7-nm lasers, and thidevel, respec-

Mo ion 18.9 nm laser calculated with three possible values o ively. The results shown in Figs. 1—3 were computed with
the temperature gradient scale length, i.e., 10, 30, and 10feqe values. However, these escape factor values were de-
pm. The peak laser intensity is 3 PW/enthe correspond- rived for a static plasma case and the opacity of resonant
ing peak temperature ranges from 520 to 660 eV. The gaiflnes can be reduced in the expanding plasma with a large
seems not so sensitive to the temperature gradient scalgqcity gradient. In order not to introduce further error in
length in the range of 10 to 100m. The 10xm scale length  44in calculations due to the uncertainty in the plasma veloc-
produces a slightly low gain and a slightly short duration Ofjyy gradient, the escape factors are varied phenomenologi-
gain. A much smaller scale length seems |mpract|calo|n theally over several orders of magnitude and the resulting
aCtL_‘?' plasma since we are going to pump thex L& change in laser gains are then investigated. It is found that, if
cm—* density region longitudinally with a large F number e escape factor of the resonant transition originating from
focused laser beam with a waist size of about 0. We e 45 |evel is kept asf3 and the escape factors of the
therefore use the scale length of 3 in the following  resonant lines originating from the lower laser levels are in-
calculations. The related timing of the pumping laser pulsecreased by two orders of magnitude from the nominal values,
the electron .temperature profile, and the gain profile _of thq'e” f1 andf2, the peak gain of the 18.9-nm laser is only
two x-ray lasing lineg18.9 and 19.7 nmare shown in Fig.  jncreased by 10%, while no change is observed for the laser
gain if the escape factors are reduced by two orders of mag-
nitude. This suggests that the resytis shown in Figs. 1-3
obtained with the nominal value$1 andf2) are the lower
limit of the laser gain determined by the opacity of the emp-
300 tying transitions of the lower laser levels. On the other hand,
if the escape factors of the resonant transitions originating
from the lower laser levels are kept as the nominal values
200 (f1 andf2) and the escape factor of the resonant line origi-
nating from the 4 level is increased by two orders of mag-
nitude from the nominal valué3, the peak gain of the

Te(eV) G(cm-1)
700 350

600
500
400
300

250

150

200 100 18.9-nm laser is only reduced by 12%, while no change is
100 50 observed for the laser gain if the escape factor is reduced by
two orders of magnitude. This suggests that the nominal

0 1 2 3 4 5 6 ° valuef3 (used in the calculations for Figs. 1)-&ccounts for

the upper limit of the possible opacity effect of thé-ad
transition on the laser gain. Actually the escape factors for
FIG. 2. The time profiles of the electron temperatia¢ p1c1)  the three resonant lines change simultaneously in the ex-
and the gain §2b2c2) of the Ni-like Mo ion 18.9-nm laser cal- Panding plasma with a large velocity gradient. Shown in Fig.
culated with three possible values of the temperature gradient scafe is @ comparison of the gain profiles of the 18.9-nm laser

length, i.e.,(a) 100, (b) 30, and(c) 10 um. The peak laser intensity calculated with four sets of values for the escape factors.
is 3 PW/cni. Curvesa andb, which are almost overlapping are obtained

Time (ps)
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FIG. 4. The change of the 18.9-nm laser gain profile if the

escape factors of the resonant lines are changed. Careesi b, FIG. 6. The schematic of the proposed pumping geometry.
which are almost overlapping are obtained with the norminal escape
factors 1, f2, andf3) and 10<f1, 10xf2, and 10< f3, respec-  such as the ionization-induced refraction, relativistic effects,
tively. Curvec is obtained with 1081, f2=1, and 10&f3, and  ponderomotive effects, plasma wave effects, and instabili-
curved is obtained withf1=f2=1,f3=0.1, respectively. ties. We first analyze these nonlinear effects. In the above-

. ] described calculations, the electron density is assumed to be
with the nominal escape factor$(, f2, andf3) and 10  ynchanged during the interaction of the main pulse with the
x11,10x<f2, and 10<f3, respectively. Curve is obtained  preplasma. This assumption is now examined by investigat-
with 100x<f1, f2=1 and 10 f3, and curved is obtained jng the possibility of collisional and field-induced ioniza-
with f1=12=13=0.1, respectively. It is found that there tions. The collisional ionization is already included in our
is only a little change in the peak gain in all four cases. Themodel and the calculated results show that the ionization is
above investigation of the opacity effect of the Ni-like Mo negligible during the picosecond-long interaction time be-
resonant lines on the laser gain shows that the peak gaween the laser and the plasma. The ionization potential of
seems not so sensitive to the opacity as the duration of thgj-like Mo ground state ions is 544 ef80], and the maxi-
laser gain does. mum electron quiver energy induced by the employed laser

The peak gain as a function of the intensity of the mainfield is about 300 eV, then the Keldysh parameter 1.
heating pulse is shown in Fig. 5. One can find that the gain ighe optical-field-ionization process is therefore an interplay
quite stable if the pumping intensity is higher than petween multiphoton processes and tunneling. For simplic-
~2 PWicnt. The operating laser intensity is therefore cho-ity, the well-known Ammosov-Delone-KrainofADK) for-

sen in this range in the design. mula [32] for tunneling ionization is used to calculate the
optical-field-ionization rate of the Ni-like Mo ion subjected
B. Propagation of the pumping beam in the Mo plasmas to the laser field. The calculated photoionization rate is so

Ssmall that the ionization during the laser pulse can also be
shown in Fig. 6. The calculations in the preceding sectiodgnorEd' Of course, the photoionization of the very weakly

show that the pumping beam has to propagate in the plasmé&mmd Mo ions will have a considerable rate if their ioniza-
over a distance of several millimeters to make the x-ray lase}ion pptgntlal IS lower thgn 10(.) eV. However, as assumed,
amplification saturated. the Ni-like Mo ions dommatg in j[he preplas_ma, the abun-
The propagation of an intense laser pulse in plasmas igance of the very we.akl'y |oln|ze'd ions is relat|\{ely very onv.
affected by linear effects such as the Rayleigh diffraction andt SU99ests that the ionization-induced refraction is not im-
the plasma density gradient induced refraction and by th@ortant in the parameter space where the designed x-ray laser

nonlinear response of the plasma to the intense laser puIs@P?rates' The propagation of the pumping I.aser heam in the
Ni-like Mo plasmas can therefore be approximately regarded

The schematic of the proposed pumping geometry i

200 as the propagation in a fully ionized plasma environment.
-  e————® The general expression for the refractive index for a large
€ /./' amplitude electromagnetic wave in a fully ionized plasma is
= %7 //‘ given by
(]
£ | 2 12
é 100 J n(r):(l_w_gnnei) , 1)

o
a / whereng(r) is the local electron density, is the ambient
1" plasma electron density(r) is the relativistic factor asso-
1 T ] T AR ciated with the plasma electrons, aag and w| are electron

plasma frequency and laser frequency, respectively. The

Laser intensity (PWom®) relativistic factor reads a83]

FIG. 5. The peak gain as a function of the intensity of the main
heating pulse. y=(1+a%2)'?, (2
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wherea is the laser strength parametafxl, andl is the X (cm)
laser intensity. For the laser intensityl0'® W/cn? used in 0.05
this designa®<1, so it is in the mildly relativistic limi{33]. 0.04

The relativistic self-focusing is possible only if the laser
power is higher than the critical power and the pulse length 0.03
is longer than the plasma wavelength. The critical power for

guiding, including the effects of relativistic self-focusing and 0.02 \/
pondermotive self-channeling, [i83,34] 0.01 v
— 2 2
Pe=16.2wilwp) (GW). @ RS B R v A

For the Ni-like Mo plasmas, the electron density iS FIG. 7. The trace of the pumping beam in the preplasma with a
1.5x10?° cm3, thenP.=108 GW, and the plasma wave- mean density of 1.810%° cm 3 and a scale length of 1.25 mm.
length A, is 2.7 um. The peak laser intensity is
3% 10" Wi/cn? and the focus size is 10@m, so the maxi-

mum laser poweP is about 235 GWE P,), and the pulse sequently, the nonlinear response of the plasma to the propa-

length L=cx ) is 300 um (=\,), the relativistic self- gation c_:f the main heating pulse in the Ni-like Mo plasma
o A san be ignored in the parameter space where the x-ray laser
focusing is therefore possible in the present case. The spg rat Therefore the most important problem that th
size as a function of the propagation distance is approxi9pe ates. eretore the mos portant proble at the
mately given by[33] pulse will encounter during the propagation is the refraction
induced by the density gradient in the expanding plasma.
r§/r§=1+(1—P/Pc)22/z§, (4) Because of the density gradient indu_ced refraction, th_e
traces of the optical laser and the x rays in plasmas are quite
different since the corresponding critical densities differ con-
siderably. For the preplasma produced by a laser intensity of
0.2 TWicnt with a duration of 1 ns, the density gradient
scale length for the 1810?%-cm™2 region is calculated to

spot size is decreased by only 0.3% after propagating for ioe a_bout S0um at 1 ns and 1.25 mm at 3 ns. The density
mm. Actually, the laser power will be reduced dramaticallygradlent at 1 ns is too large for optical rays to propagate over

during the propagation due to the strong inverse bremsstraﬁé%asonable d|s(§afnceﬂ:n tr% plasm?. VYh”e ? scale Iengt;th of
lung absorption in the plasma. In this case, the change of mm Is good for the 1.0am optical ray to propagate

spot size is even more negligible. This long Rayleigh Iengthover several mm before refracting out from the region of

also assumes that the vacuum diffraction is not considerabl'@_tereSt' However, ghe electron temperature of the preplasma
over the short propagation distance of several mm. will fall to about 30% of the peak temperatuf@out 30 eV

A long laser pulse I(>\,) that is guided by relativistic in this specific cage and the abundance of Ni-like ions will
self-focusing is subject to severe self-modulation due to thé1ISO decrease consequently. Fortunately the well-developed

plasma wave excited by the ponderomotive force associat epulse techtr\1l\|/que clzan t.';e useccji here to sollve th'sb pfrobletrrw]"l.
with the finite rise of the laser pulse; the modulation can € can use two puises 1o produce a preplasma belore the

strongly affect the focusing properties of the pulse body, and" ri\'/lal of ﬂ:je Imain h(;:ating pUtEe- tpﬁt pcrieST)Tt theI simpledself-d
self-modulation instability will grow as well in this situation. simriar _mo €l cannot account for the double-puise produce
The interplay of self-focusing and self-modulation can bepla_sma, h(_)wever, the assumption that_ the density profile is
well described by the wave equati¢il6) shown in Ref. mainly defined by the first pulse is valid if the delay of the

[33]. The square of the ratio of laser pulse rise timg, to second pulse is.not too short, i.e., ;everal ns.in the present
plasma wavelength, is an important factor for che(::king case. We can still use the above-derived density scale length

whether a density wake can be excited and affects the focu%J the calt%ulatlon Olf thte prcr)]patgalt_lor?il b%/h assl,umlngt thfgowev
ing of the pulse bodj33]. In the present case, the laser pulse ave another ns puise to reheat stightly the plasma to €
is a gradually turned-on Gaussian shape pulse, so

whererq is the minimum spot size in vacuum, arg is the
vacuum Rayleigh length. As mentioned, the spot sizas-
sumed in this design is 10@&m and it corresponds to a
Rayleigh length of about 3 cm for the 1.Q6n laser. The

(Lrise/)\p)2>1, the initial density wake vanishes and the fo- I (PH sen2)
cusing is determined solely by the relativistic self-focusing. 3
Calculations show that the modulation is growing as a func- 5 (a)

tion of both the propagation distance and the distance behind
the pulse fronf33]. If there is any modulation in the present
case, the actual effect can be ignored because the propaga- 1.5 (v)
tion distance is considerably shorter than one Rayleigh
length in this design. The above analysis has shown that
there is some very weak self-focusing under the experimental 0.5 (e)

conditions we designed. However, recently reported experi- % : T 5 Time (ps)
ment[35] on the propagation of a 600-fs pulse in plasmas ) '

suggests that the energy threshold for the relativistic self- FIG. 8. The change of the time profile of the driving laser pulse
focusing is considerably higher than that predicted by theat three positions along the plasma colunta. z=0, (b) z=1
linear theory, which we used in the preceding analysis. Conmm, and(c) z=2 mm.
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before the main heating pulse arrives, so that the abundantsdrodynamic physics model for describing the preplasma is
of the Ni-like ion is roughly the same as that we used tonot of critical importance as long as the large scale length
calculate the gain, as mentioned above. plasma with a mean density of X30?° cm™ 2 can be pro-

The trace of the pumping beam in the preplasma with aluced, which is not a big issue for the ns laser plasma inter-
mean density of 1.810°° cm 2 and a scale length of action. The preparation of Ni-like ions in the ground state is
1.25 mm is shown in Fig. 7; only the refraction effect is also straightforward by a steady state laser ablation process.
considered in the calculation. In Fig. 7, the 1.5 optical The energy deposition of the short pulse and the plasma
rays enter the plasma from the left, and thaxis measures heating were considered by the simple hot-spot model in this
along the propagation direction, while theeaxis measures work, and the validity of this solution was verified in Sec.
the distance away from the target surface. In order to gefil. Therefore the most important source of possible error in
long propagation distance, the beam enters the plasma at anr calculation might be the incomplete and simplified
incidence angle of 0.14 rad measured from the target surfacatomic modelthe six-level modgland the inaccuracy of the
Since we are going to use a large F number focused beaatomic parameters we used. The validity of the six-level
with a waist size of 100um in the experiment, where the model was verified for the Ne-like Ge ion scheme and the
Rayleigh range is larger than the effective propagation dispossible error is also estimated by comparing the results with
tance defined by the refraction effect, a collimated beam i¢hose calculated with a complicated level system. The atomic
used in the present calculations. The change of the pulsghysics for the Ni-like ion is much more complicated since
intensity and duration due to the inverse bremmsstrahlungiore levels are involved. However, we notice that a similar
absorption at three positions along the plasma column isimplified level structure was used to predict successfully the
shown in Fig. 8. One finds that most of the laser energy idasing in the Ni-like Eu ion[36]. Therefore we believe the
deposited in the 2-mm plasma column. Assuming that theimplified atomic model can produce reasonable predictions.
intensity distribution in the driving laser beam profile is The level energies we used were calculated withRBeAC
Gaussian like and the waist size is 1@0m (full width at  code[30] and were checked with some other calculations
half-maximun), the 2D distribution of the gain coefficient of [5,16,37. The dipole transition probabilities were calculated
the 18.9-nm laser in the plasma column is then calculatetvith the RELAC code also. The most important parameter
and the calculated laser gain at 1.8 ps is shown in Fig. 9. Wivolved in this work is the monopole collisional excitation
integrate the gain along the propagation direction and obtain
the spatial distribution of the GL value for different plasma
lengths. The time-resolved GL product of the 18.9-nm laser : —o—1.0ps
for a 2-mm-long plasma is shown in Fig. 10. In the calcula- i o 1aps

tions, we simply compute the integrated GL value without ] ? >~6§. :::;'zzz
considering the effect caused by the saturation of amplifica-; 1] / / e 2:6ps
tion. One can see that the gain saturation can be attained in§ 14
~60-um-wide region and the duration is about 1 ps. Only a 12 / \
about 235 mJ laser energy at 1 ps duration is enough tcg 11
produce the necessary intensity of 3 PWdfrthe beam is
focused down to a 10@m spot. According to the calculated
results, a saturated Ni-like Mo laser at 18.9 nm can be imple-
mented by using a 1.044m driving laser with only several
hundred mJ energy, including the energy of the 1-ns-duration T T T o
pulse for producing the preplasma and the energy of the 1-
ps-duration main heating pulse.

The results look very promising. However, the gain coef- FIG. 10. The time-resolved spatial distribution of the GL values

ficient was calculated with a set of simplified models in thisof the 18.9-nm laser for a 2-mm-long plasma at several moments
work. In regard to the models we used in this work, the(1.0, 1.4, 1.8, 2.2, and 2.6 ps

e

e
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rates, which were cited from Rdf5], and they were calcu- ing density should be much higher; a pumping laser of
lated by the relativistic distorted wave cod®baA [31], shorter wavelength is then desired for producing higher criti-

which has been widely usd8]. cal density, which can also improve the propagation of the
longitudinally pumping laser beam. However, at higher laser
V. CONCLUSIONS intensity and higher plasma density, the propagation of the

. ] . . pumping beam in the plasma becomes more complicated.
We have reexamined the transient gain scheme in thighe nonlinear response of the plasma to the laser pulse has to
paper and have developed this scheme for designing a cormyg taken into account to determine the optical laser traces in

pact and highly efficient Ni-like Mo ion soft-x-ray laser. the plasma and the effective medium length responsible for
Model calculations showed that a saturated amplification ofne accumulation of soft-x-ray amplifications.

soft-x-rays at 18.9 nm can be realized by using only several
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