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Short wavelength nickel-like x-ray laser development
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J. H. Scofield, and G. Shimkaveg

Lawrence Livermore National Laboratory, University of California,
L-483, P.O. Box 808, Livermore, California 94550, U.S.A.

ABSTRACT: Ni-like x-ray lasers have been produced at wavelengths near
to, and below the carbon K edge (43.76-A). Recent work has concentrated on
the development of the Ni-like Ta amplifier at 44.83-A. Amplification
occurs in a laser produced plasma created by irradiating a thin foil of Ta with
two beams of the Nova laser. Up to 8 gainlengths have been demonstrated
so far, with a gain coefficient of 3.2 cm'! and a gain duration of 250 psec. The
wavelength of 44.83-A is close to optimal for holographic imaging of live
cells. It remains to optimize the coherent output power of the amplifier to
use it as a source for future x-ray holography experiments.

Nickel-like x-ray lasers1-6 are 4d - 4p transitions in ions isoelectronic to Ni-I.
Laser action occurs as the 4d levels are metastable to radiative decay to the 3d10
Ni-like ground state, while the 4p levels rapidly decay back to the ground state.
Ni-like 3d%4d - 3d%p lasers are direct analogues of the 2p33p - 2p53s laser
transitions in neon-like ions that were first demonstrated in a laser produced
plasma of Ne-like selenium in 1984.7.8 and subsequently extrapolated to shorter
wavelength?, Ni-like x-ray lasers were first demonstrated in 1987 in a laser
produced plasma of Eu3 when four gainlengths of amplification were observed
at 71.0-A. Subsequently the scheme was isoelectronically extrapolated to 43.18-
A in Nij-like W6 and 35.6-A in Ni-like Au. One motivation for the
development of short wavelength Ni-like lasers was the goal of producing a
coherent, high brightness source suitable for holography of biological
specimens within the "water window" between the K edges of carbon and
oxygenl0. A recent study of the power required for x-ray holographic imaging,
by London et alll has shown that for x-ray holography?0,12 the x-ray dosage
received by a cell is minimized for a given image resolution if the illumination
wavelength is slightly to the long wavelength side of the carbon K edge. The
Ni-like Ta amplifier at 44.83-A lies at the edge of the water window, and is a
potential x-ray source that could fulfill some of the requirements for
holography of living cells. |

The Ni-like laser scheme is illustrated for Ni-like Ta in Fig. 1 which shows the



4d - 4p laser transitions predicted to have the highest gain. The 4d levels are
populated through a combination of direct collisional excitation from the
ground state and cascading from upper levels. The 4d - 4p population
inversion is maintained by fast radiative decay from the 4p levels to the
ground state. Several transitions
are capable of being inverted, but
the lariest gam is observed on the
44.83 - 1 transition
&/24613/2)0 __3/24p1/2)1e The
upper = state is pumped
predominantly (over 90%) by
collisional excitation from the 3d10
ground state. Other transitions
predicted to have large gain2.4
include a second J = 0 - 1 transition
(at50.97-A),aJ=2-1,andaJ=1-1 Fast radlative

(3/2,32) J=0

(5/2,502) J=2
(5/2,512) J=1

(3/2,1/2) J=1 Stron
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§ excitation

4d - 4p transition. In experiments, decay

Ni-like lasers show significant gain

only on the J = 0 - 1 transitions

while the ] =2 -1 and 1- 1 lines ad"

have little or no gain. This

observation is the opposite of Figure 1.  Simplified energy level
experience with Ne-like lasers diagram for Ni-like Ta showing the
where high angular momentum four 4d - 4p transitions most likely to
transitions were found to have the be amplified.

highest gain. The second, longer

wavelength J = 0 - 1 transition has

more gain in lower-Z ions® but in higher-Z ions its shorter wavelength partner
becomes dominant13.

Experiments with Ni-like Ta lasers have the aim of producing a laser at the
edge of the water window. The Ni-like Ta amplifier is produced by irradiating
a thin foil of Ta with a high intensity optical laser, heating the foil and
producing a plasma that expands to form a large, uniform gain medium. The
first successful experiments with Ni-like Tab used a foil of 127 ugem=2 Ta on a
24 p.gcm'2 Lexan substrate, irradiated simultaneously with two beams of the
Nova laser. The line focused beams (120 pm by up to 2 cm) were superposed

with a total irradiance of 4.6:1014 Wem-2. The 2w pulse was a 500 psec (full
width at half power) gaussian. The foil was set up i a target chamber vacuum
vessel with a large number of XUV and x-ray spectrometers and imaging
diagnostics. The foil was viewed from one end of its axis (the preferred
direction for stimulated emission) by a gated grazing incidence XUV
spectrometer with a micro-channel plate detector (the MCPIGS) and from the
other end by a flat field grating spectrometer linked to an x-ray streak camera
(the SFFS). Another MCPIGS spectrometer viewed the plasma from an off-axis
direction while various time resolved and time integrated x-ray spectrometers
recorded the 5 - 3 x-ray transitions as an indication of the charge state of the
plasma.



The on-axis spectra were dominated by strong line emission at 44.83-A; weaker
‘Ni-like emission was visible at 50.97, 74.42, and 77.47-A and identified as the
transitions shown in Fig. 1. Gain of 2.3 cm-! was measured on the 44.83-A ] = 0
- 1 lineS. In the same experiment, W foils of nominal thicknecs 89 pgem2 on 20
pgem-2 Lexan, up to 3 cm in length, were irradiated with a total of 3.2 1014
Wem-2 of 2o light. Tungsten was studied as it is the element next to Ta in the
periodic table, and its behavior was expected to be similar. Figure 2(a) shows
on-axis MCPIGS spectra from 2.5 and 1.7 cm long W foils with the J = 0 - 1 laser
line at 43.185-A in 1st and 2nd order and weaker ] = 2 - 1 and J =1-1 Ni-like
lines at 72.40 and 75.35-A respectively. In Fig. 2(b) the intensity of the 43.185-A
line is plotted as a function of foil length. The time integrated gain is 2.6 cm™*
with a maximum gainlength of 7 recorded. The gains measured for other lines
in Ni-like W were consistent with those measured for Ta6.
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Figure 2. (a) On axis spectra from 2.5 and 1.7 cm long W foils. The 2.5 cm foil
had a gainlength product of 7 on the 43.18-A J = 0 - 1 laser line. (b) Intensity of
the 43.18-A J = 0 - 1 transition of Ni-like W as a function of foil length. The fit
is to the equation: I=(e/a )(e™ - 1)1:5(ale®!)05 for a distributed source with
emissivity €, small signal gain o and length 114, Reproduced with permission
from Ref 6. Copyright 1990, The American Physical Society.

Subsequent to the W experiment

descriged in Ref. 6, two sh%ts were 0 .-~.,./5°215\7:%mow-
fired with the SFFS configured to 5

time resolve the W laser emission. g

The result is illustrated in Fig. 3 s

which shows a lineout of thé time 2

history of the W 43.185-A laser line. £ ]
The streaked flat field spectrometer £
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continuous time resolution. This Figure 3. Time history of the on-axis
data was recorded from a 2.5 cm 43.18-A laser emission from a 2.5 cm
target that produced a similar long W target. The dashed curve
MCPIGS spectrum to that seen in represents the time history of the 500

the first W experiments. The data psec gaussian Nova pulse.



is a lineout of the 3rd order spectrum and illustrates the short time duration (60
- 70 psec full width at half power) of the laser emission and that it occurs well
before the peak of the Nova pulse as determined using an optical timing
fiduciall6. The Ta experiment of Ref. 6 showed Ta laser durations of order 300
psec and actually time resolved the gain through making fits to the formula of
Ref. 14 at different times on the streaked SFFS data. The gain time duration
was found to be 250 psec for the Ta amplifiers. Therefore there is an
inconsistency which may be explained by the W targets being thinner than we
thought and hence burning through more rapidly. This, and other possible
causes of the short time duration of the W x-ray laser are being investigated.

The first Ta experiments, and
also Yb experiments carried out
at the same time, were notable
as they were the (first
experiments where cobalt-like
laser lines were observed!?. Co-
like is the next ionization state
beyond Ni-like, with a ground
state consisting of a vacancy in “\__ad?,
the 3d shell. Figure 4(a) shows Ni-like Ground State Co-like 3d,Ground State
the Ni-like Yb laser scheme for
the highest gain 4d - 4p laser
transition. The upper state is
pumped predominantly (over
90%) by collisional excitation
from the 3d10 ground state.
Collisional excitation rates18 are
for an electron temperature of
0.8 keV and an electron density of 102! em-3 , representative of Ni-like Yb x-ray
laser plasmas. The Co-like ground state mostly consists of 3ds/2 and 3d3/2 holes
in an otherwise closed n = 3 shell. The Co-like analog to the Ni-like J =0 -1
laser is illustrated in Fig. 4(b). The transition is 3ds5/2(3d3/24d3/2)0 (J=5/2) -
3ds5/2(3d3/24p1/2)1 (J=7/2), the same configurations as for the brightest Ni-like
line but with an extra 3ds/» vacancy.
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Figure 4. Simplified energy level diagram
for: a)Ni-like Yb and b) the analogous levels
in Co-like Yb showing the main levels
communicating with the brightest 4d - 4p
transition in both ions. Upward collisional
rates are shown with spontaneous
emission rates in parentheses.

Figure 5 shows time resolved spectra, at the peak of the Ni-like x-ray laser
emission, from the streaked spectrometer looking along the axis of Ta x-ray
laser foils. The lower spectrum is from a 1.7 cm long, 127 pgem-2 thick Ta foil
irradiated at 4.6 101 Wem-2, The Ni-like x-ray laser line is evident at 44.83-A,
together with a Co-like sateliite at 46.07-A. The upper spectrum is from a 2.5
cm long, 95 pgem-2 Ta foil irradiated at a lower irradiance of 2.4 1014 Wem-2;
although the Ni-like J = 0 - 1 is brighter the Co-like satellite has disappeared.
The Co-like satellite line was also seen (at 51.76-A) from Yb foils both on the
SFFS and the on-axis MCPIGS. None of the Ni-like or satellite lines were
visible in the off-axis MCPIGS spectra. Gain was observed on the Co-like line
in both Yb and Tal?, this is to be expected as Fig. 4(b) shows a transition that can
be easily inverted. The upper level of the Co-like line receives over 90% of its
population from the 3ds/2 ground state through direct collisional excitation.



- lasers.

For equal quantities of Ni- and Co-
like ions and an optically thin
plasma, we would expect gains in the
ratio 2:1. The time resolved Co- and
Ni-like line intensities from the first
Ta experiment, for several plasma
lengths, were fit to the Linford
scaling formulal4. The 127 pgem-2
thick Ta data which gave a peak gain
of 2.3 £ 0.2 cm-! at 44.83-A showed a
gain of 2.2 £ 0.4 cm"! on the Co-like
Ta line. Since the upper laser levels
are populated almost exclusively by
collisional excitation from the
ground state with similar rates this
gain ratio may be an indication that
the plasma is overionized. The
upper spectrum in Fig. 5 is from a
lower irradiance, thinner target,

which shows significant gain on the

Ni-like] =0-1(3.2£ 0.5 cm-1) but no
Co-like line. This latter experiment
may have an ionization balance
more optimized for ground state Ni-
like. It was also noticed that the long
wavelength J = 0 - 1 line was stronger
in the higher irradiance Ta data,
almost disappearing at lower
irradiance. The low gain on the long
wavelength J = 0 - 1 line is a problem
in the understanding of Ni-like
It may be due to a higher
population in the 3ds/24p3/2)1 level
than in the 3d3/24p1/2)1 level (see Fig.
1). The observation of the long
wavelength J = 0 ~ 1 signal decreasing
as the ionization balance becomes
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Figure 5. Time resolved on-axis
spectra from Ta foils at two different
irradiances illustrating that the Co-
like line is stronger in the higher
irradiance data.
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Figure 6. Measured intensity of the
46.07-A line of Co-like Ta plotted as a
function of foil length. The data are
fit to the scaling formulal4 for
amplified spontaneous emissior, for
a gain of 2.2+ 0.4 cm-1.

more Ni-like (as inferred from the Ni- to Co-like laser ratio), is consistent
with two explanations for the low long wavelength J = 0 - 1 gain. These are;
increased 3d - 4p radiation trapping elevating the 3ds/24p3/2)1 population, or
absorption of the long wavelength J = 0 - 1 line by blends of 4p - 4d transitions
in lower ionization states (e.g. Zn-, Ga- , Ge- , As-like etc.) Both of these

possibilities are being investigated.

The calculated!® and observed wavelengths of the Co-like lines are

summarized in Table I. The quantity AE is the disagreement between the
calculated and observed transition energy. It can be seen that for each element,

AE is similar for the Ni-like and Co-like lines. This observation is consistent
with the identification of the Co-like lines as the configuration interaction



contributions to their upper level energies should be similar to those affecting
the calculation of the Ni-like transition energy.

e ————
Observed (A) Calculated (A) AE (eV)
Yb42+ Ni-like J = 0 - 1 50.23*0.02 50.16 -0.34£0.1
Yb43+  Co-like J = 572 - 712 61.in -0.02 S1.71 023201
Ta45+ Nidike d = 0 - 1 44.83 £0.02 44.76 -0.43 £ 0.1
Ta46+ Co-like J = 5/2 - 712 4072002 4597 059201

Table I: Calculated and observed wavelengths for the Ni-like ] = 0 - 1 and the
analogous Co-like line. , o

Figure 7 shows MCPIGS spectra from 95 pgem-2 Ta foils irradiated at the more
optimum irradiance of 2.4 1014 Wem-2. This experiment produced a gain of 3.2
+0.5 cm-1 on the 44.83-A line and allowed the irradiation of 3 cm targets, to give
a maximum gainlength product of 8. The SFFS time resolved spectrometer
data, using the timing fiducial allowed us to compare the on-axis laser signal
for different thickness Ta foils in an attempt to increase the gain. Figure 8
shows the time history of the on-axis 44.83-A emission for a 2.5 cm long 95
pgem-2 Ta foil and for a 63 ugem-? foil of the same length. The dashed curve
represents the Nova heating pulse. The thicker target shows a brighter output
pulse and alsc a longer duration. The data are consistent with the thin target
burning through too early and hence producing a truncated x-ray laser pulse.
Further experiments investigating the effects of target thickness and Nova
pulse shape and duration are planned. This data should be compared with the
W time history shown in Fig. 3, which is more consistent with that of the the
63 pgem-2 Ta foil.
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Figure 7. On-axis MCPIGS spectra Figure 8. Time history of the on-
from 95pugem-2 Ta targets irradiated axis 44.83-A laser emission from 2.5
at 2.4 1014 Wem-2, showing ~ 8 cm long Ta targets of diffex_'ent
gainlengths amplification. thickness. The Nova laser pulse is

represented by a dashed curve.
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Figure 9. Time history of the gain Figure 10. Horizontal divergence
from the 95ugem-2 Ta amplifiers. measured from 95ugem-2 Ta foils.

Figure 9 shows the results of fits to the Linford formula for the streaked data
(SFFS) from the 95ugem-? Ta amplifiers. The data from three different target
lengths (1.26, 1.68 and 2.52 cm) were fit at the same times relative to the Nova
pulse. The fits show a peak gain of 3.2 cm-1, with an error estimated at 0.5 cm-],
based on the small number of data points. The gain time history after the peak
of the pulse is sensitive to the accuracy of the timing fiducial (estimated at * 30
psec) since signals are changing so rapidly at that time. Hence the error in the
gain may be higher at later time. Fits to the time integrated MCPIGS data (e.g.
Fig. 7), and also integrating the SFFS data in time, gave a gain of 3 cm-1. More
data will be collected in the future in order to more accurately characterize the
- gain in this amplifier. Figure 10 shows a lineout across the MCPIGS spectrum
in the direction perpendicular to the dispersion direction. The MCPIGS was
modified with a pair of cylindrical grazing incidence mirrors acting as a
collimator in the sagittal direction. The MCPIGS was then able to see + 30 mrad
either side of the x-ray laser axis. The data shows the amplifier to have a
narrow divergence (12 mrad FWHM) in the horizontal plane, und to be almost
centred on the axis with a slight offset towards the metal side of the target

(negative ¢). (The target is not quite symetric since it has a 20 pgem-2 substrate
of CH on one side.) This data is encouraging since it shows that the amplifier is
not splitting the x-ray beam due to increased refraction at the cold ends of the
target, as was seen in early experiments with Ne-like Se amplifiers. P
overfilling the target, with the Nova line focii, we have therefore produced a
more uniform plasma amplifier than we had in the Se experiments. The
divergence in the vertical direction parallel to the initial foil surface, has not
yet been measured.

The estimated energy output from a Ta amplifier of 8 gain lengths is of order 30
HJ. The gain duration of order 250 psec is long enough to allow the use of
normal incidence multilayer x-ray mirrors to double pass the gain medium
Using a 10% reflectivity mirror a net amplification equivalent to 14 gainlengths
should be possible by double passing a 3 cm foil. This amplifier would have an
energy output of order 1 mJ. Increasing the gain in the target through varying
target and/or irradiation parameters might increase this output further. The
saturation intensity of the Ta laser is estimated to be of order 1011 Wem-2 which



would occur at 12 to 16 gaml engths (dependmg on the amplifier's divergence)
and an energy of 4 mJ. If the dlvergence is restricted due to the geometry of the
target or through use of apertures in combination with the mirror, the
amplifier should saturate at a higher gainlength product with narrower
divergence and hence be more coherent. Future experiments with Ta
amplifiers will attempt to increase the energy output to the m] ievel and
measure the energy with a fast x-ray diode. Once the goal of a near saturated
laser is achieved the coherence of the laser will be characterized before
preliminary holography experiments are attempted.

Ion 3d3/24d3/2)¢- 3d3/24d3/2)0- 3d5/24d5/2)- 3ds /24d5/2)1-
3d3/24p1/201 3ds/24p3 /21 3ds/24p3/2n 3ds/24p3/21

Theory Observed| Theory Observed] Theory Observed| Theory Observed

sm34+ | 6832 7331 103.56 10791

EudSt | 6572  658303)] 7080  71.00003)| 10032  10039(03)| 10456  104.56(05)

Dy3+ | 5845 63.88 91.26 9512

Er40+ 5413 59.76 8591 89.53

Ybi2+ | 5016  5023(02)] 5598 56.11(02)| 8100  81.07¢.02)| 8440  84.41(.02)

Ta®S+ | w76 a483002)| 5084 5097¢02)| 7431 7442(.02)| 77.40 77.47(.02)

wib+ | 4308  43.185(01)| 49.24 . 7225  7240(015)| 7523  75.35(.015)

ReA7+ | 4147 . - 47.71 - . 70.24 - 73.15 -

AWt | 3561 - 3560(02) | 4208 . 62.93 . 65.48 -

Ppo4+ | 3173 38.33 58.04 60.35

BiSo+ | 3053 - 37.16 . 56.51 . 58.74 -

Ub4+ 21.45 28.15 44.62 46.26

Table II : Calculated and observed wavelengths (A) of the four brightest Ni-like
4d - 4p fransitions. Uncertainties in the measurements are in parentheses.

Although the agreement between experimentally measured and simulated
gains is quite good for the short wavelength J = 0 - 1 line (a factor of 2 typically),
questions remain regarding the operation of Ni-like lasers. Table II
summarizes the observed Ni-like laser wavelengths for all experiments to date
together with calculated wavelengths!? for a selection of elements. The
experimental observations of Ni-like lasers span a large range of Z, from Sm
(Z=62) to Au (Z=79). (The Sm results of D. Neely et al., This Proceedings, are



not included as the wavelength accuracies were not known.) The largest
discrepancy between our theoretical understanding of Ni-like lasers and
experiment, is the fading out of the longer wavelength J = 0 - 1 transition as the
Z of the Ni-like ion is increased. This is indicated in Table II by the fact that the
long wavelength J = 0 - 1 line has not been seen for W and Au, although gain
has been measured on the other ] = 0 - 1 line. Although the longer wavelength
line was expected to have lower gain for high Z ions13, it is still expected to
have 70% of the gain of its short wavelength partner in W (Z=74) and have
comparable gain in Yb (Z=70). The XRASER simulations of the Yb, Ta and W
experiments predict ] = 0 - 1 lines in the expected ratios however for W, Au and
in the latest Ta experiments, the long wavelength line is not seen while in
recent Yb experiments the long wavelength gain is much lower than that of the
short wavelength line. Since these two laser lines share the same upper level it
is perplexing that the ratio of their gains is so poorly understood for high-Z
ions. The explanation for this discrepancy may be a miscalculation of the
effects of trapping on the 4p populations or some other mechanism that favors
the 3d5/24p3,2)1 level or, as already mentioned, absorption by blends of lines
from lower ionization states. More experiments need to be done to characterize
the conditions within the Ni-like amplifier in order to understand this
observation.

In conclusxon we are developing a working x-ray laser operating at an
optimum wavelength for producing holographic images of living cellular
material. It remains to enhance output power and characterize and improve
coherence in order to have an x-ray laser source, at 44.83-A, suitable for
holography. We have identified 4d - 4p laser lines in Co-like ions that are
analogous to Ni-like x-ray lasers. These lines appear with gains in qualitative
agreement with that expected for a significant Co-like population. The ability
to observe gain changes between the Ni-like and Co-like laser lines as the
plasma is varied may be a useful tool to help us understand, and optimize, Ni-
like x-ray laser plasmas.

We acknowledge the support of the Nova Experimentc Group in the
performance of these experiments and would like to thank Jim Cox, Kathy
Manthey, and Ron Wing for their contributions and Luxel Inc., of Seattle,
Washington who fabricated the target foils. The authors are indebted to M.
Campbell, M. Eckart, and M. Rosen for their support, and P. Hagelstein and R.
London for helpful discussions. This work was performed under the auspices
of the U.S. Department of Energy by the Lawrence Livermore National
Laboratory under contract No. W-7405-ENG-48.
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