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ABSTRACT

X-ray laser gains and the level populations for collisionally pumped neon (Ne)-like

Krypton KrXXVII ions have been studied considering the 27 - levels of the

2s'2 P6 2s'2p'3s 2S2 2p'3p and 2S2 2p'3d configurations. It was found that
S 3p S 3plarge gains on the 3p 'So 3 , 3p 'D2 - 3 1 , and 3p 'SI 3s 'PI

transitions are formed for the electron density between 1020 and 1022 CM at the
electron temperatures 09,1 and 3 keV. The effect of te opacity of the

P6 P6 P ISO S3p -2 P6 'So and 3s'P - 2 ISO3d'P - 2 'So, 3dD - 2 'So, 3d3P 2 3 1

transitions are performed using the escape probability factor approximation, for both the

static and dynamic plasmas, which include the effect of the large velocity gradient. In

addition, we found some theoretical line-intensity ratios that are sensitive on the

electron density, the electron temperature, and also opacity in the interest regime of

Ne-like Krypton x-ray laser.

I. Introduction

X-ray lasers using laser plasmas as the active medium have been extensively

reported following both the electron collisional and recombination schemes". Since

Zherikhin et al.') suggested the idea of electron collisional pumping of Ne-like ions for

transitions between the 2p'3s and 2p'3p energy levels, x-ray laser schemes using

transitions between 2 Pk 3p and 2 Pk 3s configurations (O<k<6) in ionic systems

have been studied both theoreticall y 36) ad experimentally ` . Vinogradov ") 

Vinogradov and Shlyaptsev"', Palurribo and Elton 13) , Feldman et al. 4-16), Goldstein et

al. ") extended the works of Zherikhin et al. ) and carried out calculations for

population inversion and gain in laser-produced plasmas for several ions. Feldman and
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co-workers 14) extended the calculation to KrXXVII, and showed that a large number of

KrXXVII ions can produce a significant gain in tnsitions between 2p'3p and

2p'3s configurations. Gupta and Sinha"-'9) theoretically estimated the temperature-

dependent average ionic charge state and the fraction of KrXXVII ion. Kim et al . 20)

have reported x-ray gain coefficients in KrXXVII ion with the effect of opacity using
21)Zemansky escape probability in static plasma. On the other hand, Hosokai et a].

experimentally showed that, in capillary discharges, such a high energy density plasma

is produced through dynamic processes. These works have motivated us to study the

gain characteristics of transitions between 2p'3s and 2p'3p configurations of

KrXXVII ion, especially the effect of opacity of the fast moving plasma.

In this article, in order to investigate the characteristics of gaim in KrXXVII ions,

we have calculated the level populations and the gains on various transitions, using the

similar model that Feldman et al. "I have used, for electron density between 1 0'8 and

1023 cm ' at electron temperatures of 0.9, 1 and 3 keV. These temperature ranges have

been considered because the abundance of the Ne-like ionization stage is expected to be

highest for an electron temperature near a half the ionization potential. ") In addition to

their results, we have taken into account the effect of velocity gradient using Sobolev

escape probability in cylindrically contracting plasma 22), to investigate such an effect

on the gain coefficients for some lasing transitions. The Sobolev optical depth estimated

for plasma with locally linear velocity profile using two well-known Snowp low 23) and

Slug 4) model 2). Furthermore, some line ratios that are sensitive to the electron

density, the electron temperature and also opacity are presented.

A brief description of the theory involved in our calculations is presented in Sec. II:

i.e., the quasi-steady-state (QSS) collisional-radiative model for analyzing atomic

population kinetics in non-local thermodynamic-equilibrium (non-LTE) plasmas, and

the treatment of the opacity. The calculation results presented and discussed, and present

a conclusion with our main results in See. III.

11. Model for Calculation

The gain coefficient for a Doppler-broadened spectral line on a radiative transition

between an upper level u and a lower level I is expressed as 14-16)

1/2
1 M N. _ N,

G = A.A19.
8;r 2nkT,,,,, 9. 91

where A,, isthewavelengthofthetransition, A., therateof spontaneousemission,

N, the ion population density in the level j having statistical weight gj, k the
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Boltzmann constant, M the atomic mass of the ion and T ion temperature. Ion

temperature (T.) was chosen to be equal to the electron temperature (T,) as assumed

by Feldman et a.14,11'. his assuniption generally gives only the lower bound of the
gain coefficient. To make a comparison of the present results with the literatUrel4.11,201,
we have used this assuniption in the present article.

The rate equation for the population N of an excited level I in the ith

ionization stage is given by 16)

dN R N - n, PN + n, Q'+1 N'-" (2)
di U l U

with
R' nC > U

lu U1
Cd +A

ne U U/ < U

RI', = 1:(n, Cd +A,.)-EneC1e.1 U
M<1 M>1

where ne is the electron density, Ce(d) the electron excitation (de-excitation) rateU1
coefficient, and Aul the spontaneous emission rate from an upper state u to a lower

state 1. The terms I,' and Q,"' represent the electron collisional ionization rate

coefficient from a level I and the total recombination rate coefficient to the level,
respectively. Since equilibrium between the excited levels is readily established due to
their short relaxation timeS26), the quasi-steady-state approximation has been adopted
in our calculation. In this study, the 27 levels of the 2s'2 P6 2s'2p53s,2S2 2p'3p

and 2s'2p'3d configurations in Ne-like Krypton have been considered. We have
been taken into account the radiative and collisional processes between all
fine-structure transitions including forbidden as well as the radiative transitions We
have used the atomic data presented by Bliatia et al. 27).

The electron excitation rate coefficients are given by

V CM3 1 8.63 x 0-6 ' n exp(-E I T)dE (3)C sec- g (T f T
AEj

where AEY is the transition energy of the i -+ j transition, and K2, the collisional

strengths, which were approximated by the data.
The de-excitation rate coefficient is obtained using the detailed-balanced relation 17)

Cd 91 C,�. exp(AE,. Iff, (4)
9.

The populations N can be normalized to unity by requiring 14,16)
i

M = N / NI; Em = , (5)

where m, is the relative level population in the level j, and N, the number density of

Ne-like ions for all of the levels. Therefore, Eq. (1) can be rewritten as follows
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I M. 'I -4Gu' 1.46 x 10 (6)
N T g. 9. 91 , (CMI I

where A., is given in Angstrom, Ad in sec-', and Te in eV. The right-hand side of

Eq. 6) consists of terms only related to KrXXVII ion. It may be important to note that
Eq.(7) of Ref. 20) about gain and corresponding results are incorrect.

Expressing the ion population density NJ in terms of n, and NT = ne /Z) of a

plasma that consists of ions of only one element with atomic number Z as

Nj N NT
Ni ne = (7)

N] T ne N I z
where N N is the relative leve I populations calculated from Eq. 2), 8 N, / N

I T)

the fraction of Ne-like ions, NT the total ion density, and the average ionic charge
state. Combining Eqs. 6) and 7), the gain is calculated as a function of the relative
level population, the electron density and the atomic data, as follows

I M" ml 15
G., = 146 x I -" A., le., /2 9 - = ne I (CM (8)

Tel 9U 91 )

where n, is given in units of (cm ). In this study, the value of gain coefficients

evaluated by assuming = 026 and Z = 27.3 This assumption is only optimistic

for electron temperature of 3 keV, see Ref. (I 8) for the detail).

We have investigated the opacity (i.e., re-absorption) effect on gains. The effect of

re-absorption of the resonance line radiation increases the populations of the 3s levels,

which tends to reduce the gains on the 3 - s transitions. Also, in order to the large

de-excitation rate from the 3d to the 3p levels, the 3p level population is

influenced by the re-absorption of the 2 - d transition, which populates the d

level effectively. This effect tends to enhance gains.
The static optical depth (.r.) at line center (A.,j on a adiative transition between

the levels m and n is defined 3)

z-. = k. (A.. )L (9)

where L are the effective length of plasma medium and k., (A.) the absorption

coefficient, which is given by

e2 ;rM U2
k. (A.) = NmAmn (I 0)

MeC 2kTj,.

where f. is the absorption oscillator strength between the corresponding levels, Me

the electron mass, and e the electron charge. The effect of re-absorption of an emitted

photon on the ion level populations in plasma is calculated by reducing the spontaneous

emission rate (A) of thick levels by a factor equal to the escape probability Pz-) that
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becomes P(,r)A. In the static case, the following Zernansky escape probability" for a

given optical depth ( r is used

for r 45

P(r = 0999003-0.697745 r 0.266529 r 2 1)

-0.061906 r 3 +0.008106 r4 -0.000453,r'

and for r > 45
1

P(r = � � (12)
Ir,,I)r In r

In plasmas with large velocity gradients, escape probability can be accurately

calculated using the Sobolev approximation. The large velocity gradient brings about

the Doppler shift of wavelength, resulting in the significant reduction of the optical

depth of the transition line. In our calculation to estimate this effect, we have used the

Sobolev optical depth ( r., ), which is given by 22,29,30)

.r = XIA. (13)
V.VP (r)

where V.V, (r) is the divergence of plasma velocity at radius r, and X, the

frequency integrated line opacity as given by
2

Y1. fl. N - g N. (14)
MeC 9.

Note that static optical depth (Eq. 9 is a globally calculated quantity, while the

Sobolev optical depth is a locally defined quantity. The escape factor is calculated by

using an approximate expression presented by Shestakov and Eder 21) for cylindrically

contracting plasma with locally linear velocity profile. In the present work, the velocity

is closely approximated by

0 *- r(t > R,

V, (r = #(R,, - r(t)) +-- j. < r(t) R;,8 = const < (15)

0 +-- r(t) r.,.

where R, is the cylinder radius, r(t) the plasma radius, and minimum of the

plasma radius. The time evolution of plasma velocity and radius are estimated using two

well-known Snowp lo 2 and Slug 24) models.

Solving the quasi-steady-state rate equations, we also found some line ratios. The

intensity ratio of two spectral lines is calculated using 31-33)

Ili P(r.) mj A AEjj (16)

I.,, P(r,,,) m A. AEMn

where I is the intensity, mk the relative level population, AEpq the energy

59 -



difference between the levels q and p, and P(r) the escape factor of a spectral line
(P(r)=l for an optically thin transition). In contrast to Ref. 32) we have taken into
account the opacity effect on the line ratios.
1H. Numerical Results and Discussion

Figure I shows the schematic energy level diagram for the 27 levels of KrXXVII,

which are taken into account in our study. Lasing is expected in several lines of the

3p-3s transitions. Therelativesublevelpopulationsperstatisticalweight mlgj)

for mostofthe upperlaserlevelsofthe 3p configuration 17) and two of the lower

2 22 p3d

IPI (2p,23d 12 2 2 P 3 p 3 312) =

(15) 1 S Di 2 p, 2 3d,,,)J = 
2 S2 2 '3s (14)J 0 o (2p,,23p,/,) = 1 3 P I (2P3123d,,,)J = I

P 3D2(2p,123A,,)J=2

DI(2p,,,3PI12)j=l
P I (2p,,,3AI2)j

0 3p (2p,
1� 3 23A12)j =0

0 2 (2p,123P3/2) 2

I 2p3,3p .. J = 
PI (2p�,,3s,12) = 

3p CD
0(2pj/23S1/2) = W

Pi bo(2p,123s,,,)J = I C0
-t3
Cn

b.

ISO (2S2 2p'2 P4)j 0

Noon-like K Ground state

FIG 1 A schematic diagram for some of the energy levels in KrXXV11 (not to scale). The 3p laser

upper levels are populated by electron monopole collisional excitation EO. The strong dipole
transitions El have taken into account for opacity effect.

laser levels of the 'P, and 'P, in 3s configuration are presented in Fig. 2 as

functions of electron densities at given two electron temperatures I and 3 keV. We focus

our attention on the following transitions between 2s'2p'3p and 2S2 2p'3s levels

that indicate the large gains
S2 S2 5 S 3p(A) (I 7) 2 2p'3p 'So 2 2 3 1

(B) (I 5 3) 2S2 2 P5 3p 'So 2S2 2p'3s'P,

(C) (I 4 7) 2s'2p'3 P 3D2 2S2 2p'3s 'P,

S2 P 3p -i� 2s'2p'3s 'P,(D) (II 3) 2 2p'3 0

(E) 9 -0) 2S2 2p'3 P 3SI -). 2s'2p'3s 'P,

As shown in Fig. 2 the relative sublevel populations grow as fimctions, of the
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electron density and the electron temperature due to the increase in the collisional

excitation rates. In the region of low electron density and a given temperature, the

populations of 3s'P and VP levels are smaller than other levels due to their strong
S3pspontaneous emission rate. The population of 3 , is slightly smaller than VP

level. At intermediate electron density, collisional de-excitation to either 2p'3s or

Clai- (a) kT= I keV V4- (b) kT=l keV
0

0
OL

jUA IUA
Jell

If

SI I 3 s 3 P I

p1 D 2 3 p 3 D 3

p3 S 1 3p 1 P 1

> 3p 3 P 2 3P 3 I

3p 3 P 0 3 p 3D-2

3 p I 3 I 

0 (c)kT=3 keV (d)kT=3 keV

ee
T

0 deCL Je
-5 UA VA If

>
0

T SI 1 3 s 3 P I

3p I D 2 3p 3 3

Ole- 3p 3 3 p I P 1

3 p3 P 2 3 p 3 D I

3 p3 P 0 3 p 3 D 2

3 p1 S 0 3 1 S 0

le e le le
Electron Density ayf') Electron Density (aTi)

FIG 2. Relative sublevel populations as a function of electron density for given

temperatures: (a) and (b) for keV, (c) and (d) for 3 keV.
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2p'3d levels are become comparable to spontaneous emission rate for levels

belonging to 2p'3p configurations, and because of collisional de-excitation, the

2p'3p level populations are increased less rapidly than the. electron density. At high

electron density; where the collisional de-excitation rates exceed the spontaneous

emission rates, the relative sublevel populations are independent of electron density and

becomes distributed according to Boltzmann distribution fimction. The 3p'SO level is

most largely populated due to the close collisional coupling to the ground state;
however its population inversion against VP level destroyed around electron density

of 0'2 cm at electron temperature I keV. The populations of 3 3 D3 and 1 D2

levels are close due to the balance of spontaneous emission rate and collisions]
processes. An inspection of Fig 2(a) and (b) reveals that the population inversions of

3p IS1 p 3 D23p 0, I and levels respect to VP level are destroyed above the

electron density of 1021 cm-'. This may be explained by the fact that the collisional
coupling of these levels to the ground state is not as strong as that of 3p'SO level but

those decay radiatively faster than other excited levels. Also, the behavior of the
populations with variations of temperature between I and 3 keV is maintained.

Figure 3 shows the gain coefficients per total Ne-like Kr ion density (Eq.(6)) of the

five ransitions mentioned above against electron density at two electron temperatures

of I and 3 keV. The transitions (A), (C) and (E) have potential of high gains. In the

electron density less than 1020 cm-', the gains grow approximately with electron

density due to the increase of the collisional excitation rates. The gain on the transition

(A) is sustained at higher electron density than other tansitions. The gains per total

Ne-like Kr ion density reach their maximum in the electron density region of between

�a k' T
7 la

107

\%

lo-Z
(A

C (B

-2010 (D .........
(E

10 -201- ItIIs' . ...... 22. is 20 . ..... 22-

10 10 10 10 10

Electron D ensity CM- 3 E le tro n D e n s ity CM-3

FIG 3 Gain coefficients per total Ne-like Kr ion density as function of electron density for

temperature (a) I keV and (b 3 keV. The designation for transitions are given in the text.
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I 0'O and 10" CM-'. Using Eq.(7) for total Ne-like Kr ion density, Fig. 3 indicates

that the gains reach their maximum on the electron density region a few times of 1020

and 1022 CM -1 where the collisional de-excitation rates of the 3p level becomes

comparable to its spontaneous emission rate. For higher electron density, the gains

drastically decrease because the collisional de-excitation rates exceed the spontaneous

emission rates and the population of levels approach Boltzmann distribution.
We have also studied the opacity effect. In our study, the effect of opacity of the

following fast transitions were taken into account, 3dP - 2 6 'So, 3dD - 2 ISO,

P ISO S3p 2P ISO - 2 ISO, since they have strong oscillator3d3P - 2 3 and 3s'P,
strengths.

(B) transitio (a) (A) transition (b)

19 lo- 7

lo-

=1 keV
19

N, lo-20 -r=O lo-

T=0.5

0
2

r=4 =1 keVf
21 -20

lo- 10 18 10 20 10 22 10 10 Is '�02� 10 22

(B tra n s itio n (C) (A tre n s itio n (d)
lo-13-

lo-19 7

E
0 I .

T=3 keV lo-
Z -20

10 T=0

S 0. 5
T

0-c=2 10-2
-21

10 T=4 =3 kV
la 20 22 ig 2210 10 10 10 10

-3 -3
Electron Density (CM Electron Density (CM

FIG 4 The opacity effect of rive thick levels on gains. The values of are for 3s'P - 2 Is0

transition. (a) the opacity effect of the (B) transition on gain for temperature of keV; (b) the
opacity effect of (A) transition on gain for temperature keV. (c) and (d) same as (a) and (b) but for
temperature of 3 keV.

Using Eqs.(9) and (10), for a given static optical depth ,,) of a transition a, the
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optical depth of aother transition can be related by'-")

_ -,6 ffl
2,6 a af (17)

6 Isowhere fk is the abso ption oscillator strength between two levels. The 3s'P - P

transition was used as a reference, because it has lowest oscillator strength. The optical

depths of the other transitions were calculated using Eq.(l 7 and escape probability was

estimated by Zemansky method. Figure 4 gives the opacity effect on the two (A) and

(B) transitions at electron temperatures I and 3 keV. The values of -r given in the

figure are for the reference transition. As can be seen in Fig. 4 the opacity effect on gain

is very small for up to 4 at electron density regime less than 1019 CM 3. The

opacity increases gain on (B) transition for up to 2 and tnsition (A) up to 4 for

electron density regime about 10'9 and a few tes of 10" cm-' at temperature

equal to I keV. In high electron density, the gain decreases drastically for high value of

the optical depth. No gain on transition (A) is observed for > 45 21) . Furthermore, the

opacity effect on the gain is larger at the lower temperature.

In the plasma that goes through dynamical changes as in capillary discharges, there

may exist a strong velocity gradient that it appears in the behaviors of gain coefficient.

A reduction in the optical depth owing to the Doppler-shift-induced decoupling of

radiation in the moving plasma leads to an increase in escape probability. To estimate

velocity profile, we have performed calculation using two imploding models:

Snowplow and Slug models for a set of discharge parameters; maximum plasma current

I' =I 00 kA, current rise time tst = 40 ns, initial pressure Po = 132 Pa, andP

capillary radius R = 1 cm. ") The minimum radii are 26 x I -' 2 x 10 -2 (cm)

and corresponding velocity gradient about, 1012, 109 sec-', according to snowplow and

slug models, respectively. Figure shows the change of the positions of the plasma

boundary and the shock front with respect to time, according to (a) snowplow and (b)

slug models.

Using Eq.(8), the gain coefficients are calculated as shown in Fig. 6 (a) for the

static plasma, (b) with opacity effect using Zemansky escape probability at plasma

radius equal to 002 cm, (c) and (d) for contracting plasma made in Sobolev's

approximation at corresponding minimum radius of Snowplow and Slug models for

electron temperature 09 keV, respectively. The plasma radius in Fig 6(b) is chosen

equal to minimum radius according to Slug model. As can be seen in Fig 6a) and (b),

the gains on the transitions (A), (B), and (C) are decreased, but on (D) and (E)

transitions increased with the opacity effect due to the values of their static optical

depths. With the increase of opacity the gain drops drastically, and it comes in the lower
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electron density and the smaller opacity.

Snow-Plow Model Solution Slug Model Solution
...................0.15

Normalized Radius X(t) M
2 Normalized Velocity V

> 0. 1 U)
0 .:3

(a) Shock Radius
WO.05X -2

Characteristic Time Plasma Radius
tc=22 n - - - - - - -S . . . . . . . . .

-4� � ....... I...... I `1 ...... ..
0 1 2 _0 10

Normalized Time W Time (second)

FIG The change of the positions of the plasma boundary and the shock front with respect to time.

Dependencies of normalized radius XQ = r(t) / R,, and velocity V(t = tc x v(t)) / R, on

normalized time = t / tc) according to (a) snowplow model. (b) Solutions from the slug model

for the piston and shock radii as a function of time.

An inspection of Fig. 6(a) and (c) shows that the calculated gains at minimum radius

according to Snowplow model is equal to gains without re-absorption effect. As seen

from the Fig. 6(b), (c), and (d), the large velocity gradient leads to more transparent

laser medium for the resonance transition that allows one to produce inversion over a

wider gain region in dense plasmas.

In Fig.7, the effect of velocity gradient on the gains at two electron densities 1021

and 1022 cm , electron temperatures 09, and 3 keV is shown. In the limit of the

infinite velocity gradient (approximately more than 109 and 10'0 sec-' for set of

parameters in Fig. 7 (a) and (b), respectively.), the resonance lines are optically thin,

corresponding to no trapping. An inspection of Fig.6 (a) and Fig.7 (a) reveals that for a

typical velocity gradient of 7 X 107 sec -', n, = 1021 cm and T =0.9 keV, the gains

on most of transitions are about 1.2-2.5) times of the value at lower velocity gradient

and about 09 times of the unstrapped value at static plasma. It appears that the velocity

gradient has a significant effect in de-trapping of the thick levels and thereby increasing

gains in the 3 - s lines.

We have also studied different line ratios that are sensitive to the electron density,

the electron temperature and also opacity, which have reasonably high intensities. The

advantage of seeking such ratios of lines from a single ionization stage is that they are

independent of the stage ionization balance. Using the atomic data, Eqs.(16) and 17),

we investigate the density dependence of the line ratio at first.
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In Fig.8, we present the electron density-dependent line-intensity ratio of R,

(A (a) 7.5;,I.... �.dius
=0.02 (cm)

(B
E - -----

20 .......... 5-

(E- ------------
4J

kT=90 eV
10 - 2.5

O OL 0
10 20 10 22 10 20 10 22

U sin Snow-Plo -(dj 6si'n-g Slug
M o d e I M o d e I

20-

E
0 20 -

4J

EFE lo- lo-
ID

C
co
CD

01 010 20 10 22 10 20 1022

Electron Density CM -3 Electron Density(CM -3

FIG 6. Gain coefficients of five transitions in Ne-like Kr (a) for static plasma without opacity effect,
(b) for static plasma with opacity effect of five thick levels at plasma radius 002 cm, (c) and (d)
according to Snowplow and Slug models at corresponding pinching radius made in Sobolev'
approximation for given electron temperature 0.9 keV.

I(3d'F-)- 3p 'D 2 / (3p 'PI 3s 'P2) with opacity effect at electron temperature 09

keV applicable to Ne-like Kr. The wavelength is given in Angstrom. his ratio depends

on the electron density over the range of between 10" and 1022 cm-' and

approaches the LTE limits at electron density higher than 1013 CM-3 . There is no

density dependence at electron density less than lo" cm The temperature
3pdependence of this ratio is very weak and aso the 3 3p -3s 2 transition can not be

amplified for electron temperature up to I keV.

We next consider the determination of electron temperature-dependent line ratio.

Figure 9 shows the temperature-sensitive line-intensity ratio of R2 = I 3d 34 -+ 3p
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3 3p P 3p1) P 3p S 3pD3+3d 2 -- 3 (3 1 3 2 as a fimction of electron temperature at
CM 3givenelectrondensity 10"

8-(a -100
Log(N e)=2 1 Log(N e 2 2,
kT=900 eV kT=3 keV

6-
(A
(B

4- 50
(D

FE ------------ ------- (E
W ------
0

0 2-

0 101 6 108 10 10 10 108 10

V a lo c ity G ra die nt (se c I ) V e lo c ity G ra d ie n t (s e c

FIG 7 Gains for the rive 3p - 3s transitions of Ne-like Kr versus velocity gradient; (a) for

n, = 1021 CM-3 , kT--400 e, and ) for n, = 1022CM-1 , kT=3 keV.

There is no density dependence for this line ratio at density region between I WI

and 1022 CM . Comparison of Figs. and 9 reveal tat sensitivity against electron

density for RI is higher than R2 on the electron temperature. Also, we see that the

effect of opacity on line ratios for the optical depth of reference transition up to 4 is

small. Therefore, these line ratios would not be affected by the plasma opacity and

might be used for density and temperature diagnostics.

Solving quasi-steady-state rate equations, we might be able to study about optical

depth of certain thick levels 11-13) using opacity-sensitive line ratio, if we know electron

density and electron temperature. Figure IO shows the following line ratios between

optically thick ( 3s 'P, -) 26 ISO 3d 'P, -+ 26 ISO per thin
P6 ISO) S 3p(3p'D2 - 2 and (3p'P, -- 3 ) transitions for optical depth of reference

transition up to 4 as functions of electron density at given electron temperature of I
keV.

R = I (A 747/ A 724) = I 3s 'P, - 2 6 'SO)1(3p'D2 -+2P61SO)

R4=l(A6.93/A243)=I(3d'P -+2 P6 'SO) (3p 'Pi -+ 3s 'PO)

As can be seen from Figs. IO (a) and (b) the sensitivity against opacity effect for 3
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occurs in higher electron density region than R4. Furthermore, the ( 3p 'Pi --+ 3s 'Po)

transition cannot be amplified even for electron temperature of up to 3 keV.

(3d I F3-3D I D2) (3p aPI-3s 3P2) (Od 3F4-3p 3D3)+(3d 3P2-3P PIWOP 3PI-3s 3P2)
10 I

kT=900 eV 2 n , 10 2 (CM -3

C14

04

O
0 UI) r=Oqe T=0.5
0.5

UI) 4 r I

r=2
r=2 -----------

-r=4
,r=4 6

0 ,(le I0 20 10 22 5 0 0 1 00 0

Electron Density aTi) Electron Temperature (eV)

FIG 8. I)ensity-sensitive spectraWine FIG 9 Temperature-sensitive line ratio of

intensity ratio of Ne-like Kr. Ne-like Kr.

(a) kT=I kV 150 - b) k--l keV
-r = 0.0400:-

----------------- r=0.5
ell

300 - - - - - - - - 2 1000

en(3 s'P, 2200-
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IV. Conclusions

We have studied the characteristics of the level populations of 2s'2p'3s and

2s'2p'3p configurations in Ne-like Krypton as functions of the electron density and

the electron temperature. The gains between the fast transitions are presented with and

without opacity effect for both the static and dynamic plasmas. The analysis shows that
S 3pI ), P 3 S 3pthe (2p'3p 'So -+ 2p'3 (2p'3 D2 -+ 2p'3 ), and(2p53p3S,_*

2p'3s P ) ransitions can produce high gains. he maximum gains for transitions occur

on the electron density region of between 7 x I '0 and 1022 CM-3 for the electron

temperatures 09, 1 and 3 keV. We found that in both the static and dynamic plasmas the

effect of opacity on the gains is significantly large in dense region. In the static case, the

opacity effect on gains is estimated to be small for optical depth of 3 1

reference transition up to 4 at electron density regime less than 0'9 cm . The opacity

increases gains for optical depth of reference transitions up to 2 on the electron density

regime between a few times 0'9 and 1012 CM-3. With the increase of opacity the

gain drops, and it comes on the lower electron density at the smaller opacity. On the

other hand, the large velocity gradient leads to more transparent laser medium for the

resonance transitions due to the reduction in the optical depth that allows one to produce

a wider gain region in dense plasmas. Also, we presented some line ratios that might be

applied to diagnose the electron density, the electron temperature, and opacity effect in

the interest regime of Ne-like krypton x-ray laser.
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