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Approximately analytical model for inner-shell photoionization x-ray lasers in low-Z elements
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A model employing five energy levels and a fit linear rising photopumping rate of x-ray source is proposed
to analyze the gain of inner-shell photoionization~ISPI! x-ray lasers when the lasing medium is irradiated with
a filtered approximate blackbody source. The deduced analytical expressions for the time of the onset of the
peak gain and its peak value reveal the effects of Auger decay, electron-impact ionization, the density of lasing
medium, and the increase rate of pumping rate on the duration and the peak value of the laser gain. Also the
requirements on the intensity of the driving ultrashort pulse laser can be estimated. The model is generally
suitable for analyzing ISPI x-ray lasers in low-Z elements from carbon to neon although carbon is analyzed in
details as a representative to verify the validity of the model.Ka x-ray lasing at 3.2 nm in nitrogen is also
discussed as an attractive candidate for experimentally implementing a ‘‘water window’’ ISPI x-ray laser.
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I. INTRODUCTION

The last decade of the last millennium has witnessed
rapid advances in obtaining high optical intensity throu
chirped pulse amplification~CPA! which has led to the gen
eration of ultrashort pulse~USP! lasers with durations a
short as 20 fs and powers.1 PW @1,2#. The developing
optical parameter CPA scheme has the potential to prod
USP lasers with shorter duration and higher power. The
called ‘‘table-top’’ terawatt (T3) laser systems, which hav
high repetition rates of 10 HZ or higher as well as a mu
lower cost compared to the large systems, can now be
tained in many laboratories in the world. Until now, a gre
amount of exciting work has been done in many fields s
as high-order harmonics generation~HHG!, electron accel-
eration, x-ray lasing at short wavelength near the ‘‘wa
window’’ ~2.3–4.4 nm! through electron collisionally
pumped scheme@3#, nuclear reaction in atom clusters@4#,
etc. Experiments in material science have shown that
coherent or incoherent x-ray source with short pulse dura
(,100 fs) can find many applications in biochemistry, m
crophysics, microelectronics, microlithography, and so on
the past 10 years, the considerable progress in laser dr
x-ray lasers has brought the wavelength of x-ray lasers d
to the ‘‘water window’’ through an electron collisionall
pumped scheme. But it seems difficult to produce x-ray la
at shorter wavelength (,2 nm) with the present scheme
The same problem existed in HHG owing to its difficulty
phase matching and low conversion efficiency at short wa
lengths@5#.

X-ray pumped inner-shell photoionization~ISPI! x-ray la-
ser is now a very attractive approach to short-wavelen
lasing (,5 nm) with short pulse duration (,50 fs). It was
originally proposed by Duguay and Rentzepis@6# that ISPI
can produce population inversion since the inner-shell e
trons in atoms have a much larger photoionization cross
tion than the outer-shell electrons when the energy of p
tons is above theK-shell ionization potential. But the
problems of electron-impact ionization of the ground st
1050-2947/2001/63~3!/033809~7!/$15.00 63 0338
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along with Auger decay of theK-shell holes make this
scheme very difficult to be realized, and the most critic
requirement is to have a highly intense x-ray source wit
short rise time. Nevertheless, the advances in ultrashort p
laser technology will change this situation. More recent wo
using an approximate blackbody source reported by Kapt
et al. @7–11# concentrated on aKa laser in neon~1.5 nm!
where x-ray lasing has not been demonstrated because
intensity of the x-ray source is not sufficient. Tajimaet al.
proposed a new lasing mechanism of ultrafast x-ray proc
with hollow atoms using Larmor radiation@12#, which re-
quires an ultraintense ultrashort pulse laser (.1019 W/cm2).
Using a conventional ISPI scheme, Moon and Eder@13# pre-
sented their simulation results ofKa x-ray lasing at 4.5 nm
in carbon and indicated that the now available ultrash
pulse laser~1 J, 40 fs! is sufficient to yield a net effective
gain length productGL of 10, at saturation whenGL is 18,
an output of 0.1mJ per pulse would be expected. Howeve
their analysis for the ISPI x-ray laser scheme was depen
on the complicated numerical codes and it is not conven
for one to analyze the laser gain and select optimum par
eters. Moreover, the laser gains in carbon are significa
over estimated in the work of Moon and Eder@13#.

In this paper, we discuss the ISPI x-ray lasing scheme
low Z elements from carbon to neon. A new model emplo
ing five energy levels and a fit linear rising pumping rate
x-ray source is proposed to analyze the gain of ISPI x-
lasers when the lasing medium is irradiated with a filter
approximate blackbody source. The model is generally s
able to ISIP x-ray lasers in lowZ elements from carbon to
neon although carbon is analyzed in detail as a represent
to verify the validity of the model. The calculated results
using the analytical expressions agree well with the num
cal simulations. Moreover,Ka x-ray lasing at 3.2 nm in
nitrogen is also discussed as an attractive candidate for
perimentally implementing a ‘‘water window’’ ISPI x-ray
laser.

This paper is structured in the following way. In Sec.
we describe the model and present the results of nume
©2001 The American Physical Society09-1
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simulations. In Sec. III we describe an analytical model a
present calculated results based on the model. In Sec. IV
discuss the calculated results. In Sec. V we analyze the
x-ray laser in nitrogen and we summarize this work in t
final section.

II. MODEL AND NUMERICAL SIMULATIONS

Shown in Fig. 1 is the five-energy level scheme f
K-shell photoionization x-ray lasing in carbon. An x-ra
source creates aK-shell hole in carbon atom and then a
allowed K→L(1s21→2p1) radiative transition can take
place yielding a photon of 273 eV. For x-rays above t
K-shell ionization energy~284 eV!, the photoionization cross
section of K shell is more than 20 times that ofL shell.
Therefore the population inversion betweenK- and L-shell
holes is possible to obtain. However, the major obstacl
that theK-shell holes undergo a very fast nonradiative dec
which almost simultaneously produces deleterious sec
electrons. The lifetime of Auger decay is 10.3 fs compared
the radiative transition lifetime of 2930 fs@14#, so the fluo-
rescence efficiency is very low. On the other hand, the f
electrons produced by the photo- and electron-impact ion
tion will unavoidably ionize the neutral atoms to populate t
lower laser states and quench the laser gain. The x-ray pu
ing source therefore must have a fast rise time to ach
significant population inversion before electron-impact io
ization destroys the inversion. In order to examine the p
cesses more directly, a new model considering five-ene
level and a fit linear rising pumping rate of x-ray source
proposed to analyze the laser gain when the lasing mediu
irradiated with a filtered approximate blackbody source.

The ground state of neutral carbon atom
1s22s22p2(N0 ,3P), the removal of one 1s electron gives
1s212s22p2 with 2 states~quartet, 4P) N1 and ~doublet,
2P) N2. The lasing transition is the allowed transition of
2p electron into the 1s hole to form the 1s22s22p1(2P,N4)
ionized carbon ground state. So only the2P upper state has
an allowed transition to this lower laser state. Hence, o
one third of the total x-ray pumping rate produces the up
laser state (N2) and supports the lasing transitio
1s22s12p2(2s21) corresponds to another energy level (N3)

FIG. 1. Energy-level diagram for inner-shell photoionizati
x-ray lasing in carbon at 4.5 nm.
03380
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of C1. In the calculation, the fast atomic processes such
photoionization, electron-impact ionization, Auger deca
and radiative transition are considered, while the effects
three-body recombination and autoionization can be ne
gible @9#. Therefore, the rate equations of the various ene
levels, as illustrated in Fig. 1, may be written as follows:

Ṅ052N0~R01
e1P1R03

e1P1R04
e1P!,

Ṅ15R1N0R01
e1P2D1N1 ,

Ṅ25R2N0R01
e1P2D2N2 , ~1!

Ṅ35N0R03
e1P2D3N3 ,

Ṅ45N0R04
e1P2D4N4 ,

where R0n
e1P5R0n

e 1R0n
P , R0n

e 5^nese0nve&5ne^se0nve&,
R0n

P 5*En

` Isn(v)/hvdv. R0n
P , R0n

e are the rate of photo-

ionization and electron-impact ionization. The subscri
0, 1, 2, 3, and 4 correspond to the five energy lev
N0 , N1 , N2 , N3, and N4, respectively. The coefficien
Dn expresses the decay rate of the stateNn , including
photoionization and electron-impact ionization. For t
state (N1) and upper laser state (N2), the Auger decay
Da1 ,Da2 is also included.sn(v), En are the photoioni-
zation cross section and ionization energy of theNn energy
level, respectively. R1 ,R2 are the fractional ratio of
x-ray pumping rate for the statesN1 ,N2 andR11R251. For
carbon R1 is 2/3 and R2 is 1/3. Since the energy-leve
split of the upper states is considered, there would invo
some correction of the Auger decay and radiative rate. T
fluorescence yieldWk5R2A/(R1Da11R2Da2)5A(/2Da1
1Da2) , Da1 ,Da2 ~which affects the linewidth ofKa radia-
tion! may be considered as the same5(10.3 fs)21, therefore
the radiative rateA increases three fold.

The rate equation~1! may be calculated through numer
cal simulations. X-ray pumping source is modeled as an
proximate blackbody emitter of time-varying temperatu
with a thin x-ray high pass filter@9#. The blackbody emitter
corresponds to the laser heated region, which probably
thin layer of solid or structured material deposited onto
beryllium. The beryllium acts to absorb low-energy x ra
that only produce outer-shell ionization of lasing mediu
The temperatureT(t) of the blackbody that is used in th
simulations is

T~ t !5CF E
2`

t

sech2S 1.76
t8

t Ddt8G4/9

, ~2!

wheret is the full width at half maximum of the USP lase
that is assumed to have a sech2 pulse shape. The x-ray sourc
is then calculated by using the usual blackbody formula
suming an average emissivity of 0.1, which is expected
decrease as temperature increases. The unavoidable 25
tenuation of x rays above theK edge by the thin filter that is
used to filter out the low-energy x rays is also considered
the photopumping rate of theK-shell is given as
9-2
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R01
P 50.753emissivity3E

«

`sK~v !

hv
B~v !dv, ~3!

wheresK , « are the photoionization cross section and io
ization potential ofK shell, respectively. Employing the ana
lytical model of the laser heating of solids@17#, a driving
laser with an energy of 1 J, 40 fs is able to obtain a h
dense plasma of 500 eV temperature when it is focused
line 5 mm31 cm if the absorption of 30% is used. Th
model of Moon and Eder, in which a structured target
employed, may have a high absorption of 60%. But here
our simulations, the maximum temperature of 500 eV
used.

The gain of x rays from the lasing process by the tran
tion between an upper state and a lower state is given
G5sg(N22gN4). g5g2 /g4 (51 for carbon! is the ratio of
the statistical weights andsg is the stimulated emission cros
section. The neutral atom density is set as 1.331019 cm23

and the net peak gain is>0.56 cm21 accounting for the
absorption of 0.56 cm21. Figure 2 shows the laser gain as
function of time along with the USP laser, the filtered inte
sity of x-ray source and the pumping rate ofK shell in car-
bon. If a current available USP laser of 100 TW, 20 fs@19# is
employed, the neutral atom density may be set as
31019 cm23 and a net peak gain of 2.4 cm21 is able to be
obtained. In Fig. 3, we show the laser gain as a function
time along with the USP laser, the filtered intensity of x-r
source, and the pumping rate ofK shell in carbon.

III. ANALYTICAL MODEL AND CALCULATION

It can be seen from Fig. 2 and Fig. 3 that after the la
gain develops to its maximum, the pumping of x-ray sou
almost gives no contribution to the gain. Figure 4 shows t
the photopumping rate ofK shell is very close to a linea
increase function of time during the rise time~which makes
the major contribution to the laser gain!. Considering the

FIG. 2. The time-varying gain along with the filtered intensity
the x-ray source, the ultrashort pulse laser, and the pumping ra
K shell in carbon~an USP laser of 1 J, 40 fs!.
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filtered x-ray pumping source, the majority of low-energy
rays has been absorbed so that the photoionization rateL
shell is very small compared to that ofK shell, and the
electron-impact ionization of neutral atoms makes the ma
contribution to the population of the lower laser states. W
consider only the photoionization ofK shell, Auger decay of
K-shell hole, and the outer-shell electron-impact ionizat
of the ground state~although the numerical simulation
shown in Sec. II do not make this assumption, the results
almost the same!. Moreover, the photopumping rate ofK
shell as shown in Fig. 4 may be reasonably fitted asR01

P

5Rpt, Rp is the increase rate of pumping rate~IRPR!. Based
on the above considerations, the rate equation~1! may be
simplified as follows:

of
FIG. 3. The time-varying gain along with the filtered intensity

the x-ray source, the ultrashort pulse laser, and the pumping ra
K shell in carbon~an USP laser of 100 TW, 20 fs!.

FIG. 4. The pumping rate of the x-ray source as a function
time compared to the fit pumping rate for the theoretical calcu
tion.
9-3
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Ṅ052N0~Rpt1R03
e 1R04

e !,

Ṅ15R1N0Rpt2Da1N1 ,

Ṅ25R2N0Rpt2Da2N2 , ~4!

Ṅ35N0R03
e 5N0ne^se03ve&,

Ṅ45N0R04
e 5N0ne^se04ve&.

The population ofN0 in Eq. ~4! may be expressed as

N05N00expS 2
1

2
Rpt22E ~R03

e 1R04
e !dtD>N00, ~5!

whereN00 is the initial density of neutral C atoms. The ca
bon atom is less than 1% ionized during the time of the la
gain, which means that the depopulation of the ground s
through photoionization and electron-impact ionization c
be ignored compared to the population of the ground st
Therefore the population of the ground stateN0 can be
treated as a constant>N00. The population ofN1 ,N2 in Eq.
~4! may be analytically solved straightforward as follows:

N15
R1N00Rp

Da1
2 ~Da1t1e2Da1t21!,

~6!

N25
R2N00Rp

Da2
2 ~Da2t1e2Da2t21!.

The electron density produced through the photoioni
tion of K shell and Auger decay can be expressed as

ne15E
0

t

~N0Rpt81Da1Na11Da2Na2!dt8 ~7!

and the total density of electron is given as

ne5ne11N31N4 . ~8!

Therefore, the population of the lower laser state may also
analytically solved. And then the laser gain is derived as

G5sg~N22gN4!

5sgN00R2RpFg
b

a
t21S a

Da2b
2

g

Da2
1

2g

a Db

a
t

2g
b

a S 2

a2
2

1

aDa2
D ~eat21!2

12e2Da2t

Da2
2 G

1sgN00R1RpFg
b

a
t21S 2

g

Da1
1

2g

a Db

a
t

2g
b

a S 2

a2
2

1

aDa1
D ~eat21!G , ~9!
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where a5N00̂ (se031se04)ve&, b5N00̂ se04ve&, g5g2 /
g4, and the stimulated emission cross sectionsg
5l2/8p(4 ln 2/p)1/2A/Dv. se03,4 is the electron-impact ion-
ization cross section ofL shell andse03 is several times
smaller thanse04, ve is the thermal electron velocity, andg
is the ratio of the statistical weights. If the above equation
differentiated with timet, the timetpeak for the onset of the
peak gain can be obtained:

tpeak>A R2

gDa2b
5A R2

gDa2N00̂ se04ve&
, ~10!

and the peak gain may also be expressed as

Gpeak>
N00sgR2Rp

D1
S 2

3
tpeak2

1

Da2
D2a l , ~11!

wherea l is absorption coefficient, which is proportional t
the neutral atom density. Equation~10! indicates that the
time needed for the onset of the peak gain is dependent
on the characteristics of lasing medium such as the a
density, electron-impact ionization cross section, Auger
cay rate, and the ratio of the statistical weights. As shown
Sec. II, once the laser gain gets its peak value, the pump
of x-ray source almost makes no contribution to the g
because the rate of electron-impact ionization increases m
rapidly. Therefore, the timetpeak together with the peak gain
may be used as a good criterion to select the neutral a
density, laser pulse duration, and the intensity of the driv
USP laser. Figure 5 shows the time-varying laser gain ca
lated via Eq.~9! compared to that of our numerical simula
tions. It can be seen that the results agree well with e
other.

Using Eqs.~10! and ~11!, we can make a simple estima
tion on the timetpeak, the peak gain, and the requiremen
on the intensity of the driving USP laser. For a driving US
laser with an energy of 1 J, 40 fs, the IRPR is fit as 2.

FIG. 5. The time-varying gain calculated via Eq.~9! compared
to that of our simulations along with their pumping rate ofK shell
in carbon.
9-4
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31026 fs22. The neutral carbon atom density is set as
31019 cm23, the average electron thermal velocity is s
lected as 100 eV@13#, and the electron-impact ionizatio
cross section of 2p may be found in Ref.@15#, thus the
deduced timetpeak is about 41.6 fs, the net peak gain is abo
0.5 cm21, which agrees well with the result of our numeric
simulations shown in Sec. II but is much lower than that
Moon and Eder@13#. The cause may be that they have n
considered the energy-level split of the upper st
1s212s22p2 (2P,4P) and thus a higher neutral atom dens
of 1.031020 cm23 is used. Moon and Eder therefore overe
timated the laser gain. For a driving USP laser with an
ergy of 100 TW, 20 fs, the IRPR is fit as 6.931026 fs22.
The neutral carbon atom density is set as 3.031019 cm23,
thus the deduced timetpeak is about 28 fs, and the net pea
gain is about 2.1 cm21, which agrees well with the result o
our numerical simulations shown in Sec. II. The laser gain
proportional to the IRPR as shown in Eq.~11!, which means
that a rapid increase rate of pumping rate would yield
higher laser gain; the advantage of employing an ultras
pulse laser is therefore obvious. If the rise time of the pum
ing rate of the blackbody source corresponds to the p
duration~generally the rise time is a little bit longer!, we can
select the optimum atom density to make the timetpeak close
to the rise time of pumping rate or the pulse duration. If t
atom density is too high,tpeak is shorter than the rise time o
pumping rate. The expected increase of the laser gain ca
be achieved owing to the increased absorption of neutra
oms and some energy of the x-ray source is wasted.

IV. DISCUSSIONS

The analytical calculations and numerical simulatio
above show that the analytical expressions for the timetpeak
and peak gain deduced in Sec. III may be used as a g
criterion to analyze the laser gain when the lasing medium
irradiated by a fast rise-time broadband x-ray source. T
time tpeak is only determined by the intrinsic characteristi
of the lasing medium, those are neutral atom dens
electron-impact ionization, Auger decay, and the ratio of
statistical weights. An allowable increase of atom density
mainly limited by its electron-impact ionization cross secti
because it is inversely proportional to the latter whentpeak
keeps the same. Therefore, it seems that the only acce
obtain a higher laser gain is to increase the IRPR of x-
source by employing an USP laser of high power w
shorter pulse duration, where the density of atoms can
be increased a little more. That means a shorter pulse l
possesses an obvious advantage over a longer pulse las

The model proposed above is also suitable for lowZ ele-
ments from nitrogen to neon, and may be scaled to highZ
elements from 11 to 20. It is convenient for us to estimate
requirements on the intensity of the USP laser. For ne
which has an Auger decay rate of (2.7 fs)21, the K-shell
ionization energy is 867 eV. Because of the closed-s
electrons, it has a small electron-impact ionization cross s
tion. Moreover the removal of one 1s electron of neon inner
shell gives 1s212s22p6 with only one upper laser state2S,
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therefore the total x-ray pumping rate supports the allow
lasing transition and the five energy levels in the analyti
model mentioned above reduce to four energy levels. Ne
theless, the above analytical expressions can still be use
analyze the laser gain of neon atom. The fractional ra
(R1 ,R2) of x-ray pumping rate for neon may be set asR1
50, R251. On the other hand, the lower laser state
1S12s22p5 (2P), so the ratio of the statistical weightsg is
1/3. If the neutral neon atom density is set as 1
31020 cm23, the deducedtpeak is about 41 fs. So a net ef
fective gain coefficient of 10 cm21 requires the IRPR
.1.8631025 fs22, with times tpeak corresponding to the
maximum pumping rate of 7.631024 fs21. Using one-half
of the peakK-shell cross section~assuming an average pho
ton energy of 1100 eV!, a maximum photon flux.3.8
31030 photons cm22s21 is required, which corresponds t
6.731014 W/cm2 for photons above theK-shell ionization
energy. The requirements of x-ray source is close to the
timation of Kapteyn@9#. However, if a driving USP lase
with an energy of 100 TW, 20 fs is employed, the requi
ments will be reduced. For a driving USP laser with an e
ergy of 100 TW, 20 fs, the IRPR is fit as 1.0831025 fs22,
which is larger than that of carbon~because theK-shell ion-
ization energy of neon is 867 eV. For a dense plasma of
eV temperature, the peak emission of the blackbody sp
trum is at about 1000 eV, which is much better matched
the neon inner-shell absorption!. The neutral neon atom den
sity is set as 2.031020 cm23, thus the deduced timetpeak is
about 29 fs, the net peak gain is about 5.3 cm21. Using
expression~9!, the net laser gain as a function of time alon
with the USP laser, the filtered intensity of x-ray source a
the pumping rate ofK-shell in neon is calculated. It is show
in Fig. 6 and the net peak gain is 5.2 cm21.

V. Ka X-RAY LASING AT 3.2 NM IN NITROGEN

The nitrogen atom is another attractive candidate to
perimentally realize an ISPI x-ray laser. For nitrogen,
x-ray photon creates aK-shell hole inN creatingN1 where
an allowableK to L radiative transition can take place yield
ing a 3.2 nm photon, which is just within the ‘‘water win
dow.’’ The removal of one 1s electron of nitrogen gives
1s212s22p3 with two states3S, 5S, therefore only 3/8 of
the total x-ray pumping rate supports the allowed lasing tr
sition. The upper laser state (1s21) 3S level has a degen
eracy of 3 while the lower laser state (2p2) 3P level has a
degeneracy of 9~the fine structure of these transitions
smaller than the linewidth of the x-ray transition and can
ignored!, thus the ratio of the statistical weights is 1/3. O
the other hand, the removal of one 2p electron of nitrogen,
which is caused by electron-impact ionization, giv
1s22s22p2 with three states3P, 1D, 1S, therefore only 3/5
of N4 supply the lower laser state and the effective ratio
the statistical weights may be set as 1/5. The Auger de
rate ofK-shell hole in nitrogen is (7 fs)21 @15#, the K-shell
ionization energy is 400 eV and the photo- and electr
impact ionization cross section can be found in Refs.@14,16#.
Thus the timetpeak is about 45 fs if the density of N atoms i
9-5
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set as 6.331019 cm23. Assuming a net peak gain o
10 cm21, the IRPR should be.7.831026 fs22, which
times tpeak corresponds to the maximum pumping rate
3.5131024 fs21. Using one-half of the peakK-shell cross
section~assuming an average photon energy of 550 eV!, the
maximum intensity of x-ray source should be.1.05
31014 W/cm2 which corresponds to an USP laser of 2
31017 W/cm2 if a conversion efficiency of 0.05% of x ray
at energies with appreciableK-shell cross section is em
ployed.

However, the estimation made above is for the USP la
with a duration of 40 fs. For the current available USP la
of 100 TW, 20 fs @19#, using the approximate blackbod
model mentioned above, when the laser is focused onto
area of 10mm31 cm, we can calculate the pumping rate
K-shell photoionization in N atom, which is shown in Fig.
along with the fit pumping rate. The rise time of the pumpi
rate of the x-ray source is about 30 fs and the fit IRPR
;8.931026 fs22. The density of N atoms therefore can b
set as 1.331020 cm23, the deducedtpeak is ;32 fs, and the
net peak gain can be calculated as;13.2 cm21 via Eq. ~11!
accounting for the absorption of 4.94 cm21. The laser gain
as a function of time calculated via Eq.~9! is also shown in
Fig. 7. A gain length product of 13.2 can thus be achieve
the USP laser of 100 TW, 20 fs is employed. On the ot
hand, theN2 molecule can be used as a good alternat
because the medium density is easy to control. Howe
owning to the chemical effect of molecular valence, the ra
of the statistical weights increases to 1/2 and the split
vibrational levels in the lower laser state would bring neg
tive effect of linewidth broadening@18#. Thus the intensity of
the driving USP laser should be increased a little more. N
ertheless, the negative effect of theN2 molecule can be com
pensated by employing a microstructured target@13#, which
has a high absorption efficiency.

FIG. 6. The net gain ofKa x-ray lasing in neon as a function o
time calculated via Eq.~9! along with the pumping rate of x-ray
source produced by an USP laser of 100 TW, 20 fs.
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VI. CONCLUSIONS

The model presented in this paper can help us to de
the experiments on the ISPI x-ray laser scheme and is c
venient for us to analyze the laser gain and estimate
requirements on the intensity of the driving USP laser
differentZ elements. The success of this scheme is to a la
extent dependent on the ability to create an x-ray flash wi
rapid rise time. Because the time scale for photopumping
gain lifetime is very short, the travelling-wave laser pr
duced plasma excitation technique would be used to ext
the amplification length where the driving ultrashort pul
laser was delayed along the direction of amplification to
ridiate the solid target in order to get a travelling-wave x-r
pumping source. It is suggested thatKa x-ray lasing at 3.2
nm in nitrogen is an attractive candidate to realize an IS
x-ray laser. For carbon atom, theL shell is an unfilled shell,
which makes the level degeneracies less favorable for
taining an inversion. Moon and Eder overestimated the la
gain @13#. However, for neon atom as mentioned above,
L shell is a fully filled shell, which makes the level dege
eracies more favorable for sustaining an inversion.
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FIG. 7. The gain ofKa x-ray lasing in nitrogen as a function o
time calculated via Eq.~9! along with the pumping rate of the x-ra
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