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Discharge-plasma —x-ray-laser resonant couples for x-ray nonlinear optics
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We demonstrate the feasibility of x-ray resonant nonlinear effects (absorption saturation and nonlinear
refractive index) for the radiation of some of existing x-ray lasers (XRL s) when it propagates in relative-
ly low-temperature discharge plasmas different from those used in the respective XRL. We identified 12
resonant "XRL-plasma" couples suitable for such effects.

PACS numberis): 52.25.Nr, 42.65.—k, 42.50.Qg

We have recently demonstrated [1] the feasibility of
saturation-related third-order x-ray resonant nonlinear
effects (XRNE's) in x-ray-laser (XRL) and laserlike plas-
mas. The choice of the XRL ions as a medium for this
XRL radiation nonlinear interaction has been justified by
the perfect frequency match between the XRL radiation
and the transition of interest. In such a case, however,
we have to deal with very hot plasma (electron tempera-
ture T, ) 1000 eV). Moreover, the nonlinear transition
coincides with the lasing transition, i.e., occurs between
two excited levels, which are essentially empty for rela-
tively low density of XRL-like plasma assumed in Ref.
[1]. In order to make a nonlinear interaction with the
XRL radiation observable, one has to have an additional
x-ray radiation (pumping) resonant to the transition be-
tween the ion ground level and the lower laser level. This
is required to significantly populate the latter by transfer-
ring ions from the ion ground level, which makes the pro-
posed scheme most suitable for observation of the non-
linear optical effects inside the XRL itself.

To study the nonlinear optics interaction of XRL radi-
ation with non-XRL materials, in particular plasmas, it
would be much more desirable to have much cooler (i.e.,
less ionized) plasmas whose ions could also be excited by
direct transition from their ground levels. Thus, the
main purpose of this paper is to identify, as media for

XRNE's the non-XRL ions, for which (i) the degree of
ionization (and therefore, the required temperature) is
significantly lower than that of the XRL plasma, so that
such plasmas could be created much easier (preferably,
by standard discharge devices) and (ii) the XRL radiation
is matched to some direct transition from those ions'
ground level so that no additional x-ray pumping would
be required for the XRNE's observation. In this paper,
we identify 12 such resonant couples "XRL line —plasma
transition from the ground level" and demonstrate the
feasibility of saturation-related XRNE s in five of them.
Required moderate electron temperature and density (up
to 350 eV and up to 10' cm, respectively) of plasma
are readily attainable in the existing discharge devices.

A plasma is a good candidate for XRNE observation if
the resonant detuning between the XRL frequency v and
the frequency of some transition from the ground to ex-
cited levels of the plasma ions vo is less than the Doppler
full width, Av, on half maximum of the respective plas-
ma transition. Several couples found by us are presented
in Table I (in which the asterisk denotes wavelengths tak-
en from Ref. [2] for the corresponding XRL transitions).
Search for such resonances is complicated by the fact
that too few accurately measured or calculated wave-
lengths of ion transitions (especially those of highly ion-
ized atoms) can be found in the literature. Furthermore,

TABLE I. Resonant couples "XRL radiation —plasma-ion transition. " A denotes the corresponding
transition probability, g denotes the plasma ionization potential, A, and A,o denote the wavelengths.

1

2
3
4
5
6
7
8
9

10
11
12

XRL A, (A)

Qe + 236.26
Se + 220. 28
Se~4+ 209.78
Se~4+ 209.78
Qe + 196 06
C + 192.097*
Al' + 105.69
Al' + 105.69
0'+ 102.355*
EU + 71.00
Ta4'+ 44. 83
W + 43. 18

Plasma A,o(A)

Ar XIII 236.27
Sc IV 220. 280
FeX 209.776

Cl XIII 209.81
Fe VII 196.046
NaIV 182. 123

Na IV 105.6867
Cr VIII 105.69
Ni IX 102.340

Mg VIII 71.007
SiX 44. 83

Cl IX 43. 168

A (sc ')

3 x lo'
6x10'

1.3 x10'
1010

4x 10"
1.4x 10"
2.4x lo"
4.3 x10"
1.9X 10"

5X 10"

~ (eV)

686
73

262
656
125
99
99
185
193
266
401
400
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where Av is the homogeneous full width at half max-
imum of the transition, I is the intensity of the incident
XRL radiation, 5v=(bv/2)(/1+I/I', b&o=bN(I=0),
and that the "saturation intensity" I' is as

I'=I()R, Io ——785K, b, v (R ( 1) (2)

(with A, in A, I and I' in W/cm ). Here Io corresponds to
the saturation intensity of the two-level system with the
statistical weights of all the levels not taken into account.

oscillator and transition strengths are often unavailable,
particularly for transitions from inner shells or transi-
tions to highly excited states, which is often the case. Al-
though this makes the list of resonant couples in Table I
still open for new candidates, this table reveals significant
opportunities.

Since, at this point, our main goal is to identify as
many couples as possible (which is essentially fulfilled by
the content of Table I), we will make an estimate of non-
linearity only for couples with special features: (i) cou-
ples 1 and 12 having the longest and shortest wavelength
in the list, respectively, (ii) couple 4 involving the radia-
tion of the most successful XRL so far, and (iii) couple 7
featuring plasma with one of the lowest ionization poten-
tials in the list. The treatment similar to that for the
above-mentioned couples can be applied to the rest of
Table I. (Couple 2 will also be considered by us else-
where in connection to a vuv laser with XRL resonant
pumping. ) Note that couples 10 and 11 have been includ-
ed because of very good resonance, although we have not
found the respective transition probabilities A in the
literature.

In our evaluation of each couple we follow the same
procedure. We first solve the system of rate equations for
the population at the levels of interest in the steady-state
approximation. This is quite adequate for couples 1, 4,
and 12, for which the lifetime of the upper levels is short-
er than the XRL pulse duration =10 ' sec. For couple
7, this approximation is less adequate, but this can hardly
affect the qualitative results. Each plasma temperature is
chosen at half of the ionization potential; such a choice
usually assUres a large enough fraction of the ions of in-
terest in the plasma. For the assumed plasma density
N, =3X 10' cm, collision rates are essentially negligi-
ble compared to radiative rates, except for transitions be-
tween levels of the fine structure. As a result, many levels
can be excluded from the calculations. At the same time,
such a density appears to be high enough to produce
significant XRNE's. Following a standard approach [3],
only homogeneous broadening is taken into account at
this step.

Solving the respective system of rate equations for the
population density difference hN =Ng /g~

—N„ /g„,
where Ng(gg ) and N„(g„) are the population densities
(statistical weights) of the ground level and the upper lev-
el of the transition of interest, respectively, we find that,
for all the couples in consideration, AN can be written in
the same form as for a two-level system:

2

Rew(x+ib) v 7rln2 A, A gu
YO Ql+ & Yo 4 P g+ 1

(3)

bn "=(4') 'Ayo[Imw(x+ib) —Imw(x+ibo)],

bo=b(r=0) .
(4)

Here yo is the small-signal absorption coeKcient at the
central wavelength of the transition, b =&ln2(hv/
b, v )V'1+ r describes the degree of homogeneous
broadening, r =I/I' and x =2Vln2(vo —v)/b, v and the
dimensionless intensity and detuning of the XRL radia-
tion, respectively, and w(x+ib ) denotes the complex er-
ror function (see, e.g., Ref. [4]). The ion density X; can
be obtained [5] from the electron density X, by dividing
the latter by the fractional abundance of the ionization
stage of interest and by the average ion charge. We as-
sume N, =0.03N, for couples 1, 5, and 12, and
N; =0.04N, for couple 7.

In our calculations we assume that the homogeneous
linewidth is determined mainly by the lifetime of the
upper level, hv= 3/2m. . As a result, even for rather
moderate values of T„ the homogeneous linewidth is

significantly smaller than the Doppler linewidth. Howev-
er, this "Doppler predominance' can easily be inhibited
by even very modest XRL intensities so that use of full
formulas, Eqs. (3) and (4), may be required.

For the data of Table I and frequencies therein, Eqs. (3)
and (4) yield results summarized in Table II for the four
couples. (For the estimates of the XRL intensities, we
use data for the existing systems [6,7] in the case of cou-
ples 1 and 4, and some reasonable values for couples 7
and 12). For these intensities (I ))I'), the plasmas are
essentially transparent because of the absorption satura-
tion [Y(v) =0]. The last column in Table II contains the
estimates of the length L =X/An at which the
significant change (=2~ across the beam) could appear as

The constant R in Eq. (2) can be regarded as the effective
(dimensionless) relaxation parameter of the process. If
the intermediate levels delay the relaxation only slightly,
then R =1; it decreases when more ions accumulate at
the intermediate levels. The specific expressions for R in-
clude the oscillator and collision strengths as well as the
statistical weights of all the participating levels and vary
from one couple to another. For example, for couple 4,
only one intermediate level can be taken into account, in
which case R =Xr(g, g3 '+golgi '). Here X is the rate
of collision excitation from the ground level to the inter-
mediate level, r is the lifetime of the upper (resonant) lev-
el, and g&, gz and g3 are the statistical weights of the
ground, intermediate, and upper levels, respectively.

At this point we introduce inhomogeneous broadening
by integrating Eq. (1) over the Doppler distribution [3],
which determines the absorption coefficient Y(v) and
nonlinear correction b n "(r ) =n ( r )

—n ( r =0) to the re-
fractive index n (r ) in the presence of homogeneous
or/and inhomogeneous Doppler broadening:
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TABLE II. Saturation-related XRNE's in plasmas.

Couple

1

4
7
12

Sources
of data

[2] [8] [9]
[2] [lol

[2] [11][12]
[2] [13]

I
(Wrcm')

10'
2X10'

101o

10

ls
(Wycm )

600
5 X10'
2X10'
8 X 10'

gn NL

3X10-'
10

7 X10-'
2X 10

L (cm)

6
18
16
20

a result of the nonlinear refractive index for given intensi-
ty I.

One can readily see from Table II that XRNE's result-
ing from nonlinear refractive index can be observed with
either existing XRL intensities or those to be soon avail-
able. The expected effects based on the nonlinear refrac-
tive index are self-focusing and "running foci" [14] (al-
though, because of the significant probability of multi-
photon processes, we do not expect a pronounced wave
collapse, in contrast with the situation in liquids and.
solids), self-trapping of XRL radiation similar to the one
observed in Na vapor [15], soft-bending [16] (also ob-
served in Na vapor [17]), and four-wave mixing [18].
Any of these effects may also be instrumental in the
direct measurement of the nonlinear refractive index.
Aside from XRNE's related to the nonlinear refractive

index, other coherent effects such as 2~ solitons and self-
induced transparency [19] are also feasible. The experi-
mental observation of XRNE's in resonant couples of
Table I is greatly facilitated by the fact that the required
parameters T„N„and I. of plasmas can be attained by
using standard discharge devices (e.g., modified z pinch
[20], gas-linear pinch [21],and 8 pinch [22]).

In conclusion, we identified 12 resonant couples,
"XRL-discharge plasmas, " suitable for the observation of
nonlinear x-ray-laser propagation effects in relatively
low-ionized discharge plasmas. Our estimates showed
that these nonlinear effects are observable by using
currently available XRL intensities and plasma discharge
devices.
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