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Lasing on the self-photopumped nickel-like 4 P, —4d P, x-ray transition
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We demonstrate lasing on the nickel-like®4f *P;—3d® 4d 1P, x-ray laser line in Zr Z=40), Nb
=41), and Mo Z=42) and present measured wavelengths for these ions as well as predicted values for ions
from Z=36 to 54. Lasing on this line was first predicted two years ago and has now been achieved. Unlike the
usual collisional excitation laser, this line lases because radiation trapping allows a large radiation field to build
up on the 311°1s,—3d° 4f P, resonance line and populate thidpper laser state by the self-photopumping
process. For Ni-like Mo a gain of 13 chhis measured on this transition at 226 A for targets up to 1 cm long.
[S1050-294{@9)51010-X

PACS numbes): 42.55.Vc, 42.60.Lh, 32.30.Rj

Since the introduction of the prepulse or multiple pulsesmall corrections to our theoretical calculations, we predict
technique[1—3] most researchers now use some variant othe wavelength of this transition for ions frod¥ 36 to 54.
these techniques to achieve lasing on the Ne-like'%, To understand the laser mechanism for the Ni-like Mo
—3s!P; and Ni-like 4d!Sy—4p!P; laser lines. These 4f p,—4d P, laser line at 226 A, Fig. 1 shows the
techniques illuminate solid targets with several pulses, witrenergy-level diagram, including typical transition rates in
the first pulse used to create a larger, more uniform prensec for the important levels involved. Thef4P; upper
plasma that is at the right densities for gain and laser propd@ser level is populated by a combination of collisional exci-
gation and allows the subsequent pulses to be absorbed mdfgion and radiative eXCItfltlo(rs;elf-lphotopumpmgof the Ni-
efficiently and heat the plasma to lasing conditions. Most of k€ ground state. The®d"S,—4f *P, resonance line is op-
those experiments were done with large kilojoule-size lasefic@lly thick so that radiative trapping on this transition
facilities designed for fusion research. Recently, tremendougllows.a large ra@atlon field to bund.up. Under typical lasing
progress has been made toward tabletop x-ray lasers by usiﬁgnd't'ons described below, the radiation field becomes large

a nanosecond prepulse followed by a picosecond drive pulse.
Using less than 10 J of energy, lasing was demonstrated at
326 A in Ne-like Ti[4] at the Max Born Institut¢MBI) and

at 146 A in Ni-like Pd[5] at Lawrence Livermore National
Laboratory(LLNL ) using the COMET laser.

The Ne-like P!S;—3s'P; and Nilike 4d'S,
—4p P, lines lase by having monopole collisional excita-
tion from the ground state populate the upper laser level. The
lower laser level is depopulated by fast radiative decay to the
ground state. Unlike the usual collisional excitation laser, the
4f P, —4d P, line lases because radiation trapping allows
a large radiation field to build up on thed3S,—4f 1P,
resonance line and populate thé dpper laser state by the
self-photopumping process. For convenience we leave out
the 3d° electrons that are common to both states.

In this paper we demonstrate lasing on the Ni-like
4f 1P, —4d P, x-ray laser line in Zr, Nb, and Mo using the
COMET laser at LLNL and present measured wavelengths
for these ions as well as predicted values for other nearby 3d 1S
ions. This is a new class of self-photopumped Ni-like x-ray £, 1. Energy-level diagram showing the laser mechanism for
laser, which was first predicted two years 4§b For Ni-like = the Ni-like Mo 4f 1P, —4d 1P, x-ray laser line. The collisiondC)

Mo a gain of 13 cm* is measured on this transition at 226 A anq radiative(R) rates are given per nanosecond for typical plasma
for targets up to 1 cm long. We compare our measured wavesonditions with electron density of 63L0*°cm™3, electron tem-
lengths with calculated wavelengtfig based on experimen- perature of 295 eV, and an ion temperature of 47 eV. Lasing is
tally determined energies for the upper and lower levels fodriven by the strong photopumping from thel 55, ground state
Zr, Nb, and Mo. Using the experimental data to providepopulating the 4P, upper laser level.
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enough that the photopumping rate is an order of magnitude 1!
larger than the collisional excitation rate and becomes the : 99032904 FF ]
primary mechanism that populates the upper laser level. The [ ]
4f 1P, level lases to the d'P, lower laser state. The lower
laser state is depopulated primarily by collisional transfer to
other nearby # and 4 levels.

To model the x-ray laser experiments we useRENEX
code[8] to calculate the heating and hydrodynamics of the
x-ray laser target by the optical drive laser. The tempera-
tures, densities, and velocities calculated BgNEX are then
used as input to th&rRASER code[9], which calculates the
detailed kinetics and gain, including the effects of radiation
transport on the strongd3—4p and 4 resonance lines. For Y T
this .modellng we used a 1-J, 600-psec. full _W|dth at half 160 180 200 220 240 260
maximum(FWHM) Gaussian prepulse to illuminate the tar- Wavelength (A)
get followed 700 psec later by a 5-J, 1-psec FWHM Gauss-
ian pulse. The delay between the pulses is peak to peak. The FIG. 2. On-axis spectrum of a 0.9-cm-long Mo target showing
energy was deposited in a 1.2-cm-long by J2@-wide line.  two lasing lines: the 4 1S,—4p *P, lasing line at 189 A and the
The LASNEX calculations were done in one dimensidD)  4f 'P,—4d 'P, laser line at 226 A. The 189-A line is saturated on
but did include an expansion angle of 15° in the dimensiorthe CCD.
perpendicular to the primary expansion so as to simulate 2D
effects.

In the calculations, the gain of the 226-A laser line peaksvide traveling-wave illumination of the target at the speed of
about 1 psec after the peak of the short pulse gui7from  light. The main diagnostics is an on-axis flat-field grating
the target surface with a peak gain of 160 ¢mThe very spectrometer coupled to a thinned-backside-illuminated
high gain falls by half within 2 psec, but gain greater than 20charge-coupled devicg€CD) camera. Each CCD pixel cor-
cm ! does persist for 8 psec after the short pulse. In Fig. esponds to approximately 0.17 to 0.20 A across the range of
we show rates typical for the plasma at 5 psec after the peakie spectrometer from 140 to 330 A.
of the short pulse at 5um from the target surface. The Figure 2 shows an on-axis Mo spectrum with the strong
optical depth of the 8Sy—4f 1P, resonance line is 100 4d!S,—4p'P, line lasing at 189 A and the weaker
and the line strength is 0.0163 photons per mode. The gain if 1P, —4d P, line lasing at 226 A. The 189-A line is satu-

37 cm ! with an electron temperature of 295 eV, an ionrated on the detector so the ratio between the lines is larger
temperature of 47 eV, an ion density of 44208 cm™3,  than depicted. However, the 226-A line is lasing very well
and an electron density of 6.300cm 3. The gain profile and both lines completely dominate the background emis-
has a spatial FWHM width of 6@um. The gradient in the sion. Lasing on the dS,—4p 1P, line in Ni-like Mo and
electron density is-1.69x10P2cm . For a 226-A x ray, other nearby ions has been discussed in two recent papers
this gradient would refract the x ray by only 18m over a  [15,16 and will not be discussed further here.

1-cm propagation length. The collision rates shown for the To understand how well the 226-A line was lasing we did
lower laser state are net rates out of the level. In the absen@egain length study by using 0.1-cm-thick polished Mo tar-
of photopumping the gain disappears and goes slightly negayets that varied in length from 0.2 to 0.9 cm. In Fig. 3 we
tive.

In Ne-like ions lasing has been observed on an analogous y - T - T
self-photopumped @*P,—3p 1P, laser line in S[10], Ar 10°}
[11], and Ti[12]. Several referencd43,14 discuss this las- ;
ing mechanism in detail. It is interesting to note that the
intensity of the self-photopumped Ne-like Tid3P;
—3plP, laser line can dominate the output of the usual
Ne-like Ti 3p 1S,—3s P, in sufficiently long plasmagl2].

This suggests that the Ni-likef4P,—4d P, laser line
could become the dominant line under suitable plasma con-
ditions.

The laser experiments were performed on the COMET
Laser Facility at Lawrence Livermore National Laboratory. [
To make these materials lase, we use a 1-J, 600-psec FWHM °
pulse to preform and ionize the plasma followed by a 5-J, 0 o4 o5 oo o7 o8 o8 1o
1-psec pulse to heat the plasma. The delay between the two o T Le;‘gth ('cm) A
pulses is 700 psec. The beams are focused to a
70-umx1.25-cm line onto the slab targets that vary in length  FI|G. 3. Intensity versus length for the Ni-like Mof&P,
up to 1 cm. The long pulse is defocused a factor of 2 t0—.4d P, x-ray laser line. The experimental data are shown by
ensure better overlap between the beams from the long argitcles, while the fit to the Linford formula is given by the solid
short pulse. A five-segmented stepped mirror is used to prdine. The fitted gain is 13 ch-
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TABLE |. Wavelengths (in angstroms of the 3d°4f'P; The 4f 1P, —4d P, line has not been observed directly
—3d%4d lpl transition in Ni-like ions as measured in x-ray laser jn non|asing p|asmas, but its Wave|ength can be calculated
experiments, as calculated from the difference of experimentall)by using the measured values of the 1$0_>4f 1P1 reso-
determined energi€§], and as predicted by the MCDF code after 5,6 |ind 19] together with the experimentally determined
small experimentally based corrections. The uncertainty in the Ias\t/alues for the energy of thedd'P. lower laser staté20]

igit is gi i h . . . . . 1 . |
digitis given in parentheses This approach is described in RET] and the experimentally
based wavelengths f@= 37 to 42 are given in Table | along

Laser Calculated from Predicted
7 measurement experimental energieswavelengths ~ With their uncertainties. FoZ =40 to 42 these values agree
with the values measured in the x-ray laser experiments

36 (Kr) 443.4 within the experimental uncertainties. The maximum dis-
37 (Rb) 383.92) 383.6 agreement is 0.7 A.
38 (Sn 337.12) 337.3 We calculated the wavelengths of the laser lines using the
39.(Y) 300.42) 300.6 multiconfiguration Dirac-FockMCDF) atomic physics code
40 (2Zr) 271.02) 270.83) 270.9 of Grantetal. [21] in the extended average levéeEAL)
41(Nb)  246.43) 247.05) 246.5 mode. EAL calculations were done separately for del
42(Mo)  226.03) 226.15) 226.1 even and odd parity states. The energies of théR} and
43 (Tc) 208.9 4d 1P, level were subtracted to calculate the energy of the
44 (Ru) 194.1 laser transition. The upper laser level is always dominated by
45 (Rh) 181.3 the 4f 1P, configuration and is easy to identify by its con-
46 (Pd) 1701 figuration. However, the lower laser level has substantial
47 (Ag) 160.4 mixing between the_S configurations. For example, in Ni-
48 (Cd) 151.8 like Mo, the lower laser state is a mixture of
49 (In) 1aa.7 0.661 4d"P,;—0.622 41 3P, —0.328 41 S, . This level can be
50 (Sn 1355 more easily identified by ordering the energies of all the
51(Sb 129.6 =1 even parity states. It is level number 4 starting from the
52 (Te) 124.0 lowest energy.
53(1) 118.8 We then fit the difference between the energies calculated
54 (Xe) 114.0

by the MCDF code and the experimentally determined ener-
gies forZ=37 to 42 to a straight line. FaG£=40 to 42 we
weigh the two experimentally based values by their uncer-
tainties. We then adjust the MCDF calculation by subtracting
show the intensity versus target length for thé 'B;  this fitted curve, which has a value 6f4.011+0.11385Z
—4d *Py lasing line at 226 A. Using the Linford formula in ev. Forz=42 this amounts to a 0.77-eV correction. The
[17], we estimate a gain of 13 cm There is no sign of wavelengths predicted by this method are given in Table |

saturation in this figure. In our modeling we estimate thefy, 7—36 to 54. We believe these values are accurate to
saturation intensity of the 226-A line at 9 GWchunder  petter than 1 A.

the plasma conditions at the time of peak gain. This is almost |, this work, we demonstrate lasing on the Ni-like
three times the saturation intensity estimated for the 189-As 1p, . 4d P, x-ray laser line in Zr, Nb, and Mo as was

line and indicates that while the 226-A line is weaker and hagjrst predicted two years ago. The measured wavelengths for
lower gain it does have the potential to be the stronger linnese jons are presented. In contrast to the usual collisional
_ We have also observed lasing on the'®,—4d *P, line excitation laser, this line lases because radiation trapping al-
in Ni-like Zr and Nb. We have not done a detailed gain|gws a large radiation field to build up on thed3S,
length study of these ions with the traveling-wave setup, but , 4¢ 1p, resonance line and populate thé dpper laser
have done some earlier experiments without the traveling;,te by the self-photopumping process. For Ni-ike Mo a
wave in which we measured weak gain. For Ne-like ions theyain of 13 cmi? is measured on this transition at 226 A for
hyperfine effect was observed to cause e eions to lase  targets up to 1 cm long. We predict the wavelength of this
much better than odd ions[18]. For these Ni-like ions we ansition for ions fromz =36 to 54 using the experimental

estimate that the hyperfine effect reduces the gain by lesgata to provide small corrections to our theoretical calcula-
than 1% for the odd ions such as Nb, and therefore we {j5ns  These experiments show how this new self-
expect that Zr and Nb will produce output similar to Mo nqt6pumping mechanism can produce strong lasing on the
when optimized with the traveling-wave setup. The use Of\j_jike 4f 1p,.4d P, x-ray laser line and suggests that

thel travelingl;—wave setup does increase the output of gis jine could dominate the laser output under the right
4f *P;—4d “P4 laser line in Mo by two orders of magnitude plasma conditions.

and is essential for observing strong lasing on this line. The

wavelengths of the measured laser lines with their uncertain- This work was performed under the auspices of the U.S.
ties are given in Table |. The error bar given is determinedDepartment of Energy by the Lawrence Livermore National
by the accuracy of determining the peak of both the referenceaboratory under Contract No. W-7405-ENG-48. The au-
lines and the measured lines and is between 0.2 and 0.3 Ahors would like to thank A. N. Ryabtsev and S. S. Churilov
Referencg16] has more detail about the calibration of the for their valuable advice and Jim Hunter, Hedley Louis, and
spectrometer. Tony Demiris for technical support for the experiments.
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