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Wavelengths of the Ni-like 4d 1S0– 4p 1P1 x-ray laser line
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We measure the wavelengths of the Ni-like 3d9 4d 1S0– 3d9 4p 1P1 x-ray laser line in several low-Z
Ni-like ions ranging from Y (Z539) to Cd (Z548). These wavelengths are compared with optimized level
calculations using a multiconfiguration Dirac-Fock code. With the help of these results, we identify this line to
very high accuracy in nonlasing plasmas from As (Z533) to Mo (Z542). Accurate values of these wave-
lengths are essential for performing plasma imaging and interferometry experiments with multilayer optics that
use the x-ray laser to backlight other plasmas. These results also provide important atomic data that are
currently missing about the energy of the 4d 1S0 level in the NiI sequence.@S1050-2947~98!50809-8#

PACS number~s!: 42.55.Vc, 42.60.Jf, 52.70.La, 32.30.Rj
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Accurate knowledge of the lasing wavelengths is essen
for applications of laboratory x-ray lasers that rely
multilayer optics designed to work at one wavelength@1–3#.
These applications include complex imaging and interfero
etry experiments that utilize x-ray lasers to backlight oth
plasmas. As an example, recent experiments@3# used an x-
ray interferometer at 155 Å to measure the electron den
of an exploding Se foil. The interferometer consisted
seven multilayer mirrors and beam splitters, each with
bandpass of64 Å. If one wants to increase the diagnos
sensitivity, higher reflectivity components with narrow
bandpasses are needed, which requires better knowled
the x-ray laser wavelength.

Accurate knowledge of the lasing wavelengths is also
portant for improving our understanding of the energy le
structure for the laser ion@4#. This is, in particular, true for
collisionally pumped x-ray lasers where lasing occurs in N
and Ni-like ions that have complex level structures. In N
and Ni-like ions, the upper laser levels are the 2p5 3p 1S0
and 3d9 4d 1S0 states that mix with the ground states, i.
the 2p6 1S0 and 3d10 1S0 states, due to the fact that they ha
the same angular momentum and parity. As a result,
energy of the upper laser level is difficult to calculateab
initio. For Ne-like ions, besides the observation of stro
lasing on the 3p 1S0→3s1P1 transition, this line is also ob
served in many nonlasing plasmas~see references in Re
@5#!. Therefore, in spite of the theoretical difficulty, th
wealth of high-resolution experimental data has greatly
proved the calculations and has resulted in excellent a
racy of the Ne-like lasing wavelengths@5#.

Lasing in Ni-like ions has been more difficult to achie
and the gains have been lower compared with Ne-like la
@6#. However, Ni-like systems are more attractive due to
higher quantum efficiency. The energy of the 3d9 4d level in
Ni-like ions is more difficult to calculateab initio, and tran-
sitions to and from it are also more difficult to observe, e
pecially for low-Z materials where the 3d8 4l 4l 8 states play
an important role~Ni I has a ground-state occupation
PRA 581050-2947/98/58~4!/2668~4!/$15.00
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3d8 4s2 instead of 3d10!. As a result, this line has only bee
identified in nonlasing plasmas at very lowZ for Ga and Ge
@7# and most attempts at constructing the energy levels
Ni-like ions do not include an experimental based value
the 3d9 4d 1S0 level @8–11#. Fortunately, x-ray laser experi
ments have observed the 3d9 4d 1S0→3d9 4p 1P1 line in
many Ni-like ions from Pd (Z546) to Ta (Z573) @6,12–
18#, with saturation observed in Sm@19# and Ag @20#. ~We
omit the term 3d9 from the designation in the rest of thi
paper to simplify the notation!.

In this paper we measure the wavelength of the 4d 1S0

→4p 1P1 laser transition in seven ions between Y (Z539)
and Cd (Z548) in lasing plasmas. We present results of
optimized level calculation using a multiconfiguration Dira
Fock~MCDF! code. Using the unambiguous identification
the 4d 1S0→4p 1P1 line in the lasing plasma we are the
able to identify this line to very high accuracy in nonlasin
plasmas for most lowZ ions from As (Z533) to Mo (Z
542).

To make these materials lase, we utilize the transient
lisional excitation scheme reported recently for Ne-like
@21# and Ni-like Pd @18#. The scheme uses a ns pulse
preform and ionize the plasma followed by a ps pulse to h
the plasma. The experiments were performed at the COM
Laser Facility at Lawrence Livermore National Laborator
The system is a hybrid laser based on a Ti:sapphire oscill
and regenerative amplifier tuned to 1053 nm w
neodymium-doped~Nd!:phosphate glass power amplifier
The long and short pulses are generated by splitting
800-ps pulse into two beams before the final amplifier. O
beam is then sent through a delay line, maintaining
800-ps duration, and the other is sent through a vacuum c
pressor, giving an;1-ps duration. In the experiments, th
delay between the two pulses is 1.6 ns, and the maxim
energy in the long and short pulses are each 5 J. The
beams are then combined and focused to a 70mm312.5 mm
line on to the x-ray laser targets. For the targets we used
R2668 © 1998 The American Physical Society
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Zr, Nb, Mo, Pd, Ag, and Cd slabs with thicknesses grea
than 100mm and lengths of approximately 1 cm.

The main diagnostics is an on-axis flat-field grating sp
trometer coupled to a thinned backside-illuminated char
coupled device~CCD! camera. The CCD camera has 10
31024 pixels. A gold-coated cylindrical mirror collectio
optics imaged the plasma with 1:1 magnification onto
100-mm wide entrance slit. The effective angular view w
28320 mrad in the horizontal and vertical planes, resp
tively. To calibrate the spectrometer and determine the
persion, we used well-known spectral lines in Li-like Al an
O, H-like C @22#, Na-like Ti, V, and Cr@22,23#, Cu-like Y,
Zr, Nb, and Mo@24#. The calibration is cross checked wit
the 3p 1S0→3s1P1 lasing lines in Ne-like Ti, V, and Cr@5#.
Wavelengths of these lines range from 150 to 330 Å. Giv
the dispersion, one CCD pixel corresponds to approxima
0.17–0.20 Å across the range of the spectrometer from
to 330 Å.

Our initial estimates of the wavelengths of expected la
lines were determined from previous published estima
@25#, for Z>46 and our own optimized level~OL! calcula-
tions, using the multiconfiguration Dirac-Fock~MCDF!
atomic physics code of Grantet al. @26#. The OL calculation
of the 4d 1S0 upper laser state included all of then54 even-
parity J50 states. We then did a separate extended ave
level ~EAL! calculation of then54 odd-parityJ51 states
and subtracted the energies to obtain the energy of
4d 1S0→4p 1P1 transition. We then adjusted the calculat
energies by 1.03 eV to bring the calculation of Nd in
agreement with the well-measured value of this line at 79
Å @14#. Our best estimate of the expected wavelengths
this line is seen in Table I. It should be noted that a stand
EAL calculation of all then54 levels, together with the
Ni-like ground state, would give the energy of the 4d 1S0
level that was too high by about 7 eV.

In our x-ray laser experiments we observe lasing on
4d 1S0→4p 1P1 transition in Ni-like Y, Zr, Nb, Mo, Pd, Ag,
and Cd. The high brightness, narrow divergence, and non
ear increase of the intensity with target length were stro
evidence of lasing. An on-axis Nb spectrum of a 6-mm tar
showing the strong 4d 1S0→4p 1P1 lasing line at 203.34 Å
is given in Fig. 1. The identification of the 4d 1S0→4p 1P1
transition is quite unambiguous because it is the only str
lasing line observed, and this same line was observed pr
ously for many elements from Pd (Z546) @18# to Ta (Z
573) @6#. In the modeling of lowZ Ni-like ions @27#, this
line is also predicted to be the dominant laser line. T
wavelengths of the measured lines with their uncertain
are given in Table I. The error bar given is determined by
accuracy of determining the peak of both the reference li
and the measured lines. Weak evidence of lasing on
transition had been previously reported at 204.2 Å in Ni-li
Nb @28#.

In the spectrum of Zr, one additional line at 271.
60.30 Å was seen in some of the experiments. Like
4d 1S0→4p 1P1 lasing line, it also has a relatively narro
divergence. We believe it to be the 4f 1P1→4d 1P1 transi-
tion, which lases due to the self-photopumping occurring
the 4f 1P1→3d 1S0 resonance transition. In Mo this line i
calculated to have23 of the gain on the 4d 1S0→4p 1P1 line
@27#. It is the analog of the 3d 1P1→3p 1P1 lasing line that
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has been observed in Ne-like S@29#, Ar @16#, and Ti @30#.
According to the predicted energy of the 4d 1P1 level in @9#
and the measured energy of the 4f 1P1 level @31#, this line
should be at about 270.9 Å in Zr.

Using the modest resolution measurements and the un
biguous identification of the 4d 1S0→4p 1P1 transition in
lasing plasmas, we were able to identify this line in nonla
ing plasmas from As to Mo. The experiments were describ
previously@7–9,11,32# and they used either a vacuum spa
or a laser-produced plasma for the source with correspon
uncertainties in the wavelength measurement of 0.005
0.015 Å. In the analysis, we used the same spectra used
previous work on Ni-like As@10#, Br @8,32#, and Rb to Mo
(Z537– 42)@8,9#. In the previous analysis, the correct ide
tification of the 4d 1S0→4p 1P1 line is problematic due to
the difficulty in calculating the energy of the 4d 1S0 level. As
an example, the most recent analysis@9# would predict the
4d 1S0→4p 1P1 line at 232.35 Å in Y, while it is now ob-
served at 240.11 Å in the x-ray laser plasma and at 240.

TABLE I. Wavelengths~in Å! of the 4d 1S0→4p 1P1 transition
in Ni-like ions with Z531– 60. The uncertainties in the last digi
are given in parentheses.

Z
OL

prediction
Laser

measurement
Nonlaser

measurement

31 840.950~5!a

32 642.974~5!a

33 519.437~5!

34 435.1~4!b

35 374.174~5!

36 328.35~20!b

37 292.490~5!

38 263.71~15!b

39 240.2 240.11~30! 240.135~15!

40 220.0 220.20~30! 220.290~15!

41 202.9 203.34~30! 203.480~15!

42 188.3 188.95~30! 188.930~15!

43 175.5
44 165.2
45 155.3
46 146.5 146.79~15!

47 138.6 138.92~15!

48 131.4 131.66~15!

49 124.9
50 119.0
51 113.6
52 108.7
53 103.9
54 99.65
55 95.64
56 91.90
57 88.40
58 85.10
59 82.00
60 79.06

aFrom Ref.@7#.
bInterpolated values.
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Å in the nonlasing plasma. Furthermore, interpolation w
the aid of Ga and Ge data@7#, we found the previous iden
tification of the 4d 1S0→4p 1P1 line at 393.824 and 341.75
Å in Se and Br@32# was incorrect. The Br line is now iden
tified at 374.174 Å, a change of over 30 Å, and the Se line
predicted at 435.1 Å by interpolation. Even the Ge line w
originally identified at 748 Å@33# before its reidentification
10 years later at 642 Å@7#. These problems just point out th
great difficulty of measuring and identifying this line. F
nally, with the identification of the 4d 1S0→4p 1P1 line, one
can now also identify the 4d 1S0→4p 3D1 line branching
from the same 4d 1S0 level in As, Br, and Y at 525.350
380.520, and 247.402 Å. This further verified the correctn
of the identification of these lines. In Table I, we include t
measurements of the 4d 1S0→4p 1P1 line for Ga to Mo in
the nonlasing plasma. For Se, Kr, and Sr, the wavelen
are interpolated using the measured values of the adja
Z’s and are included in Table I with larger error bars.

In Table I, the listed OL calculation is compared with th
of Ref. @25#, which is optimized for the then existing data
lasing plasma for Eu, Yb, and Ta~Z563,70,73! @25#. The
present OL calculation is found to have better agreem
with the measurement for Pd, Ag, and Cd, which are cal
lated at 146.5, 138.6, and 131.4 Å while measured at 146
138.92, and 131.66 Å. The values in Ref.@25# are corre-
spondingly 148.10, 139.92, and 132.56 Å. For Sn (Z550),
when lasing was demonstrated, the wavelength was m
sured to be 119.660.5 Å @15#. But other measurements gav
values of 119.1@34#, 119.260.2 @35#, and 119.360.1 Å
@36#, which are closer to our calculated value of 119.0 Å th
to the one of 119.87 Å from Ref.@25#. For higherZ.54,
agreement between the two sets of calculations becomes
ter with differences less than 0.5 Å.

It is useful to compare our measurement with those p
vious measurements in lasing plasmas. For Mo, our meas
ment of 188.95 Å verifies the identification of the 189.1
line in a previous experiment@37#. For Nb, we measured
203.34 Å, while it was reported at 204.2 Å in an x-ray las

FIG. 1. An on-axis spectrum of a 6-mm Nb target showing
strong 4d 1S0→4p 1P1 lasing line at 203.34 Å. The inset shows th
Cu-like Nb 5p-4d and 5g-4 f lines at 210.843 and 214.284 Å.
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experiment@28# in which the line was rather weak. For Ag
there are a number of measurements and calculations tha
compare in Table II. When lasing was first demonstrated
Ag, the 4d 1S0→4p 1P1 line was measured at 143 Å@13#.
Another group then measured it at 139.95 Å@35#, and later
revised it to 138.9 Å@36#, which is in good agreement with
our value of 138.92 Å. While the experimental data spans
;4 Å range, the theoretical values span an;2 Å range. For
Te, La, and Ce (Z552,57,58), the wavelengths were me
sured@13# at 111, 89, and 86 Å, which have a 1–2 Å diffe
ence from our OL calculation as seen in Table I. Given
large difference of;4 Å for Ag from the same paper, thes
wavelengths may have considerable uncertainties. For
the wavelength was first measured at 79.7 Å@12#, 0.64 Å
away from the higher-resolution measurement of 79.06
@14#, which is the benchmark of our OL calculation. For X
(Z554), the lasing line was measured at 100 Å@16#, in
agreement with our OL calculation within 0.4 Å.

In conclusion, we have measured the wavelength of
4d 1S0→4p 1P1 x-ray laser line in many low-Z Ni-like ions
from Y to Cd. Using the MCDF code we have estimated t
wavelength of this laser line for all elements from 39 to 6
Using the unambiguous identification of this line in the x-r
laser plasma we were then able to identify this line in ma
low-Z Ni-like ions from As to Mo with very high resolution
Since lasing in Ni-like x-ray lasers forZ,65 is completely
dominated by this transition, these measurements provide
valuable data in identifying this laser line under weak las
conditions for future experiments. It also provides prec
knowledge of the wavelength for constructing complex int
ferometers and other complex experiments that req
multilayer optics and use x-ray lasers as a source to st
other plasmas.
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TABLE II. Comparison of calculated and measured wav
lengths of the 4d 1S0→4p 1P1 transition for Ni-like Ag; wave-
lengths in angular brackets are predicted. The uncertainties in
last digits are given in parentheses.

Wavelength~Å! Reference

138.92~15! This work
143 @13#

139.95~15! @35#

138.9~1! @36#

^138.6& This work
^139.92& @25#

^137.76& @10#
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