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Saturation behavior of two x-ray lasing transitions in Ni-like Dy
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Saturated operation of a laser at a wavelength shorter than 6 nm is demonstrated. The output of the Ni-like
Dy laser at 5.86 and 6.37 nm, pumped by the VULCAN 1.05-mm Nd-glass laser in a 75-ps double-pulse
configuration at 231013 W cm22 peak irradiance, is measured experimentally and studied theoretically using a
rate equation and one-dimensional amplified spontaneous-emission model. The experimental results and mod-
eling show that, upon saturation, the output intensities from the lower gain lasing transition at 6.37 nm
decreasewith increasing gain medium length. This is a different signature of gain saturation for Ni-like lasers
and is desirable for applications, as it shows that one lasing transition will dominate with Ni-like lasers in
saturation.@S1050-2947~99!50901-3#

PACS number~s!: 42.55.Vc, 42.55.Ah
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One of the important goals for laser research is to achi
saturated operation of x-ray lasers in the ‘‘water window
wavelength range of 2.2–4.3 nm@1#. Saturation of a gain
medium occurs when stimulated emission becomes a sig
cant depopulating process on the upper quantum-state p
lation. Saturated operation of an x-ray laser is desirable
cause it means that the maximum power possible for a g
volume of excited plasma is extracted by stimulated em
sion, and an output sufficiently intense for applications
produced with little shot-to-shot variation. Saturation
x-ray lasers is usually diagnosed by measuring the laser
put as a function of lasing medium length@2# and by mea-
suring the absolute output irradiance for comparison to
culated saturation irradiances@3#. Confirmation of saturation
can be seen by making the difficult measurement of the
ing line spectral width to monitor gain narrowing@4#.

The Ni-like lasers exhibit gain on twoJ50 – 1 transitions
emanating from the same upper quantum state. In this pa
we report an observation of saturated operation for the
like Dy x-ray laser at 5.86 and 6.37 nm, and describe h
the saturation behavior of the two lasing transitions can
as a signature for saturation in Ni-like x-ray lasers. Ni-li
Sm at 7.36 nm was the shortest saturated laser wavele
previously reported@2#. An equation for saturated gain i
found from a rate equation model and by integrating alo
the gain medium length; an expression is found for the va
tion of the output lasing intensity for the two transitions. W
show that experimentally measured laser output for the
like Dy transitions at 5.86- and 6.37-nm wavelengths is w
reproduced by the simple modeling if we allow the sm
signal gain coefficients as fitting parameters. Atomic phys
modeling@5# shows that the gains for the twoJ50 – 1 lasing
transitions for Ni-like ions are close to equal for Gd wi
atomic numberZ'64, but become increasingly unequal f
both lower and higherZ with increasing distance ofZ away
from 64. As Ni-like lasers of highZ are developed with
lasing at shorter wavelengths, it should be relatively straig
forward to monitor the output intensity, as a function of ga
medium length, of the lower gain transition as a check
saturation.
PRA 591050-2947/99/59~1!/47~4!/$15.00
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Six beams from the VULCAN 1.06-mm Nd-glass laser
with pulse widths of 75 ps were employed in a standa
off-axis line focus geometry@6# to irradiate Dy stripe targets
The targets were pumped using a double-pulse configura
in which a prepulse, with 10–20 % of the total energy, w
incident on target 2.2 ns before the main pulse. The prep
generates a preplasma that reduces the density gradien
the direction away from the target surface. This allows
more efficient energy coupling from the main pumping pu
and also serves to reduce refraction effects, which can de
x-ray photons prematurely out of the gain region. Thr
beams were focused byf /2.5 off-axis spherical lenses ont
each target plane in a 20-mm-length line focus with a wid
of 100 mm. After taking into account energy losses, th
arrangement delivered intensities of;231013W cm22 on
target. The stripe targets were of length 18 mm and were
180° opposed to each other with 150–175-mm separation
between the target surfaces. X-ray laser coupling efficien
of 50–80 % between the two targets are obtained@2,7#.

The time-integrated output of the x-ray laser was m
sured using an axial flat-field spectrometer. Gold reflect
filters and an aluminum foil filter were used to spectra
isolate the Ni-like lasing lines at 5.86 and 6.37 nm. T
spectrometer aberration-corrected concave grating~average
line spacing of 1200 lines/mm! at 3° grazing angle incidenc
imaged the x-ray laser onto the detection plane. An x-
charge-coupled-device camera was placed at the focal p
of the grating to record the intensity of the x-ray laser tra
sitions. The x-ray laser output was recorded for a numbe
gain medium lengths by varying the lengths of the tar
materials irradiated. For lengths below 18 mm, only sin
targets were used. Once saturation has been achieved, N
x-ray laser outputs are consistent to within a factor of 2 fro
shot to shot@2,7# for the same target length and typical ran
of pumping laser energies~610%!.

A reduction of the lower gain coefficient line intensity fo
Ni-like Dy with increasing gain medium length has be
observed~Fig. 1!. When the high-gain 5.86-nm line reach
saturation, the lower-gain 6.37-nm line also stops increas
R47 ©1999 The American Physical Society
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in intensity with increasing length of the gain medium. In t
saturation regime, the intensity of the high gain transit
still increases linearly as a function of plasma length and
depopulates the common upper quantum state for the
lines through stimulated emission, causing a reduction
output for the 6.37-nm line with increasing gain mediu
length.

Using the labeling of Fig. 2, the steady-state rate eq
tions for the three levels involved in Ni-like x-ray lasing ca
be written as

R15N1
S g3

g1
s31Ī 31

hv31
1A10

D 2N3S s31Ī 31

hv31
1A31D , ~1!

R25N2
S g3

g2
s32Ī 32

hv32
1A20

D 2N3S s32Ī 32

hv32
1A32D , ~2!

FIG. 2. Simplified energy-level diagram for a Ni-like ion. Th
ground state is labeled 0, the upper 4p lasing level is labeled 3, and
the lower 3d lasing levels are labeled 1 and 2.

FIG. 1. Plot of the output intensity of the 4d-4p J50 – 1 lasing
lines for the Ni-like Dy x-ray laser as a function of plasma leng
The experimental points are shown by the triangle and circle d
points for the 5.86- and 6.37-nm lasing lines, respectively. The li
represent the fit from the double line saturation model with
plasma conditions represented in Fig. 3 and gains of 9 and
cm21.
n
is
o

in

-

R35N3S s31Ī 31

hv31
1

s32Ī 32

hv32
1A3D 2N1

S g3

g1
s31Ī 31

hv31

D
2N2

S g3

g2
s32Ī 32

hv32

D , ~3!

whereR1 , R2 , andR3 are the pumping rates into the excite
quantum states;N1 , N2 , andN3 represent the populations o
the respective energy levels;sul is the stimulated emission
cross section between levelu and l; g1 , g2 , andg3 are the
statistical weights for the levels;Aul is the spontaneous de
cay rate from levelu to l; andhvul is the transition energy
between levelsu and l. We writeA35A301A311A32.

The intensityĪ ul for a given lasing line integrated over th
emission profilef (v) is given by

Ī ul5
1

f ~0!
E I ~v ! f ~v !dv, ~4!

whereI (v) is the intensity at frequencyv; f (v) and f (0) are
the line-shape factors at frequencyv and line center, respec
tively.

The local gains for the two x-ray lasing transitions a
given by

G315s31g3S N3

g3
2

N1

g1
D , ~5!

G325s32g3S N3

g3
2

N2

g2
D , ~6!

which upon simultaneously solving Eqs.~1!–~3! and neglect-
ing nonsignificant terms, can be written as

G315
g31

11S Ī 31

I S1

1
Ī 32

I S2
D , ~7!

G325
g32

11S Ī 31

I S1

1
Ī 32

I S2
D , ~8!

where the saturation intensities obtained for the two las
transitions are

I S15
~A301A311A32!A10hv1

S A101
g3

g1
~A301A32! Ds31

, ~9!

I S25
~A301A311A32!A20hv2

S A201
g3

g2
~A301A31! Ds32

, ~10!

andg31, g32 are the respective small signal gain coefficien
Experimentally measured values ofG31 and G32 are spatial
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averages of the gain~see further discussion below!, so while
we will use Eqs.~7!–~10! to explain experimental observa
tions, the values of small signal gain~g31 and g32! will be
determined by fits to the experimental data and not from E
~5! and ~6!.

Following Pert @10#, the expression for intensity inte
grated over the line profile necessary to calculate the red
tion in the output gain due to saturation is given as

Ī 5I Ob~Gl !, ~11!

where

b~Gl !5E
2`

`

$exp@Glf~v !#21% f ~v !dv5
da~Gl !

d~Gl !
21,

~12!

wheref(v)5 f (v)/ f (f) andI O is the ratio of the spontane
ous emissivity to the small signal gain. The subscriptsG31
and G32 are dropped as the equations apply to both tra
tions. The parametera(Gl) takes into account wavelengt
integration over an assumed Gaussian profile and is give
the Linford approximation@11# as

a~Gl !5
~eGl21!3/2

~GleGl!1/2
. ~13!

Expanding on the analysis of Pert@10# for amplified sponta-
neous emission~ASE! lasing, for two lasing transitions with
a common upper quantum state, the gain length producGl
for each transition obeys the differential equation,

d~Gl !

d~gl !
5

G

g
5

1

11
Ī 31

I S1

1
Ī 32

I S2

. ~14!

By assuming thatI S1 , I S2 , I O1 , I O2, andg are constant
along the plasma length, we may combine Eqs.~11!, ~12!,
and ~14! to establish a relationship between gain and
length of the gain region for both transitions as follows:

g31l 5S 122
I O1

I S1
DG31l 22

I O2

I S2
G32 l 12

I O1

I S1
a~G31l !

12
I O2

I S2
a~G32l !, ~15!

g32l 5S 122
I O2

I S2
DG32l 22

I O1

I S1
G31 l 12

I O1

I S1
a~G31l !

12
I O2

I S2
a~G32l !. ~16!

The ratioI O for each transition is given by

I O15
A31

s31

V

4p
hv, ~17!

I O25
A32

s32

V

4p
hv, ~18!
s.
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by

e

whereV is the solid angle into which the spontaneous em
sion is amplified. The output x-ray laser irradianceI l is given
by

I l15I O1a~G31 l !, ~19!

I l25I O2a~G32 l !. ~20!

Through a combination of Eqs.~15!–~20!, it is possible to
plot the intensity of the two lasing lines as a function
plasma length~Fig. 1!.

Numerical simulation of the Ni-like gadolinium x-ray la
ser using the 1.5-D hydrodynamic and atomic physics c
EHYBRID @8# gives output profiles of the electron and io
temperatures, electron density, and the gain profiles of
two 4d-4p J50 – 1 lasing transitions, as a function of di
tance away from the target surface~Fig. 3!. The input param-
eters for this simulation are set to model the present exp
mental conditions. Taking the predicted values for t
plasma conditions at the position of peak gain and by us
the atomic data from Daidoet al. @5#, we may calculate the
values for the saturation intensitiesI S using Eqs.~9! and~10!
and I O values using Eqs.~17! and ~18! for the two lasing
lines of Ni-like Dy by assuming that the plasma conditio
for lasing with Gd (Z564) and Dy (Z566) are similar. We
assume that the solid angleV into which spontaneous emis
sion is amplified is given by the laser output area divided
the square of a target length of 1.8 cm. The output area
been measured at approximately 150mm3300mm for simi-
lar lasers by imaging the laser output with a multilayer m
ror @9#. We obtain I O /I S5831027 for the higher gain
5.86-nm transition andI O /I S5731027 for the lower gain
6.37-nm transition, assuming Doppler broadening for
evaluation ofs31 ands32 with an ion temperature of 250 eV
The EHYBRID calculated gains are effectively spatially ave
aged by the propagating x-ray laser beams. Spatial avera
of the gain occurs as refraction causes the propagating x
laser rays to move away from the target surface. A typi
ray will traverse the gain profile shown in Fig. 3 from sho
to long distances from the target surface as it travels al
the target length. Consequently, we have adjusted the s

FIG. 3. Temperature and density profiles from theEHYBRID hy-
drodynamic and atomic physics code at the time of the peak of
main pumping pulse for the Ni-like Gd x-ray laser. Gain coef
cients as a function of distance from the target are also shown
the two 4d-4p J50 – 1 lasing transitions.
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signal gain coefficient assumed for the model@Eqs. ~15!–
~20!# to fit the experimental data~Fig. 1!. The best-fit values
are 9 and 7.5 cm21 for the 5.86- and 6.37-nm lines, respe
tively. Such gains are consistent with the gain profiles pe
ing at 15 and 13 cm21 for Gd ~Fig. 3! after allowance for
spatial averaging.

The ASE model developed in this paper predicts a drop
intensity for the lower gain transition with the onset of sa
ration for the higher gain line, in approximate agreem
with the experimental results. The experimental intensity
the lower gain line in the saturation regime is up to appro
mately two orders of magnitude less than the higher gain
intensity, while below saturation the two line intensities a
comparable. Such a relative intensity decrease is m
greater than the maximum shot-to-shot variation of satura
x-ray laser intensities~;a factor of 2! seen in experiments
with Ni-like lines @2,7#. The experimental results and mod
illustrate that a reduction in the gain coefficient with increa
ing gain medium length for the low gain 4d-4p J50 – 1
lasing transition is symptomatic of the high gain transiti
operating within the saturation regime.

To summarize and conclude, saturated lasing has b
observed at wavelengths below 6 nm with the Ni-like D
x-ray laser. The output dependence of a two-transition a
plified spontaneous emission x-ray laser with gain medi
length was characterized by a simple rate equation and
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dimensional ASE model. Using these general expression
relationship between the gain and the length of the gain
dium was found, and through integration along the plas
length the output intensities of the two transitions were c
culated. Coupling these results with simulated plasma co
tions and using the small signal gain coefficient as a fitt
parameter, the predicted x-ray laser output as a function
plasma length was found for the two 4d-4p J50 – 1 lasing
lines, in agreement with experimental data. It was obser
both experimentally and from the model that, as a con
quence of the higher gain transition saturating, the low
gain line experiences a reduction in gain coefficient. This
due to the increased depopulation rate of the common up
lasing level by stimulated transitions caused by the satura
high gain line. We have shown that the experimental obs
vation of gain reduction for the low gain transition in th
Ni-like x-ray laser is a signature that the higher gain line
operating within the saturation regime. The production o
single gain line is needed for many applications@12#, and
this reduction of the lower gain line output is a desirab
feature for such applications.
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