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Demonstration of a narrow-divergence x-ray laser in neonlike titanium
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We report an observation of soft-x-ray lasing in Ti, at 326.5 A, based on recent experiments
conducted on the Glass Development Laser (1.054 pm) at the Laboratory for Laser Energetics
and the Nova laser (0.53 ttm) at Lawrence Livermore National Laboratory. This Ti laser, which

has been identified as a 3p 3s transition in Ne-like Ti, is unusual in several ways; the
J 0 1, 3p 3s transition is observed to be the dominant laser line in a Ne-like spectrum, the
laser output has a very narrow divergence, and lasing is observed only in experiments where the
main optical pulse is preceded by a low-intensity prepulse. We describe the experimental results
and present evidence that suggests the gain is enhanced by resonant photopumping of the Ne-like
Ti 2p 4d transitions by 3s 2p C-like and 3d 2p N-like Ti lines, which results in lasing on

the 3p 3s transitions in Ne-like Ti.

Since the first demonstration' of soft-x-ray lasing us-
ing the collisional excitation mechanism in Ne-like Se,
several other Ne-like ions ranging from Cu (Z 29)
to Mo (Z 42) have been made to lase. This Rapid Com-
munication presents the demonstration of lasing in a Ne-
like ion with much narrower divergence compared with
other Ne-like lasers and is the first Ne-like laser where the
J 0~ 1, 3p 3s transition is the dominant lasing tran-
sition. Based on the experimental results described in this
Communication, we speculate that the gain is enhanced
by resonant photopumping. While resonant photopump-
ing was one of the early methods proposed for x-ray
lasers, ~ s to date it has not been observed and the shortest
wavelength at which significant gain has been measured
using resonant photopumping is at 2163 A in Be-like C.

Experiments were conducted initially at the Laboratory
for Laser Energetics (LLE) at the University of Roches-
ter on the Glass Development Laser (GDL) using

1.054 atm, and then at Lawrence Livermore National
Laboratory (LLNL) on the Nova laser using A, 0.53 pm.
We describe the instruments and experimental geometries
used at both laboratories. We then present the experi-
ments on GDL, which first demonstrated lasing on the
Ne-like Ti transition at 326.5 A, and the Nova results,
which further confirmed lasing. Finally we discuss the
resonant photopumping mechanism which may enhance
the gain of this laser.

In the GDL experiments, 125-pm-thick Ti slabs were
irradiated on one side by the GDL laser (1.054 atm). The
basic geometry is described in Ref. 10. The optical laser
had a 650-ps full width at half maximum (FWHM)
Gaussian pulse with 200 J of energy which was focused to
a 80-pm-wide (FWHM) by 2.2-cm-long focal line, result-
ing in a peak intensity of 1.7 x 10' W/cm2. In addition, a
prepulse (also 650-ps FWHM) with 0.5% of the main
pulse energy preceded the main pulse by 7 ns. In the
Nova experiments, two beams of the Nova II laser il-

luminated simultaneously each side of a 125-pm-thick
3.8-cm-long Ti slab. The experimental configuration is
similar to that described in Ref. 11. The thickness of the
Ti slab allows each side of the target to behave indepen-
dently, in effect creating two separate plasmas simultane-
ously. Each beam of the Nova laser had a 600-ps FWHM
Gaussian pulse with 550 J of energy which was focused to
a 120-pm-wide (FWHM) by 5.4-cm-long focal line. The
resulting peak intensity was similar to that of the GDL ex-
periments. The Nova experiments differed from the GDL
experiments in the wavelength of the optical laser, 0.53 vs
1.054 pm, the use of time-resolved diagnostics, a longer Ti
target, and the fact that the optical prepulse similar to
that present on GDL could be turned on or off for
different shots.

At GDL, the principal instrument. was a 1-m grazing-
incidence grating spectrograph (GIGS) which was used to
view the plasma end-on and to detect the output of the x-
ray laser. The GIGS spectrograph has an acceptance an-
gle of 20 mrad in the direction along the entrance slit and
1 mrad perpendicular to the slit with the entrance slit
oriented perpendicular to the target surface. It records
time-integrated x-ray spectra between 15 and 350 A. on
Kodak 101 film. At Nova, the principal instruments were
a time-gated, microchannel-plate intensified grazing-
incidence grating spectrograph (MCPIGS) and a streaked
flat-field spectrograph (SFFS); both of these instruments
observed the axial output of the x ray laser. The
MCPIGS provided angular coverage over + 4.7 mrad
about the x-ray laser axis, while the SFFS looked at only
one surface of the foil with an angular acceptance of 0-10
mrad with respect to that surface. The angular resolution
of both instruments was perpendicular to the target sur-
face.

The GDL experiments showed Ti lasing at 326.5 A, re-
sulting in a very directional output (4-mrad FWHM) in
the direction perpendicular to the target surface. The x-
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FIG. 1. Photograph of the on-axis spectrograph film in the region of 300-340 A obtained in the GDL experiments with the GIGS
spectrograph from a 2.2-cm-long Ti target. A spectral analysis indicates that the lasing line at 326.5 A is far brighter than any other
line in the spectrum. The plot of the intensity of the 326.54 line vs angle shows the narrow angular extent of the x-ray laser output.
By comparison, the nonlasing lines uniformly fill the spectrograph.

ray laser beam is deflected by 5 mrad toward the pump
laser, away from the target surface. Figure 1 is a photo-
graph of the on-axis spectrograph film in the region of
300-340 k A spectral analysis indicates that the line at
326.5 A is far brighter than any other line in the spec-
trum. ' The angular distribution shows the narrow diver-
gence of the x-ray laser output as compared with the non-
lasing lines which uniformly fill the spectrograph. By
comparison, previous measurements'i' of the angular
distribution of Ge and Se lasers show 8-20-mrad FWHM
divergence in the direction perpendicular to the target sur-
face. This spectral brightness and the narrow divergence
of the beam are clear indications of lasing.

Because the angular output distribution of the x-ray
laser is narrower than the acceptance angle of the spectro-
graph (along the slit) the laser beam irradiates only a nar-
row portion of the spectrograph film. This allows the
spectrograph to observe the x-ray laser signal as well as
the off-axis emission (=10 mrad off the peak); from
these measurements we estimate the time-integrated gain
of the Ti laser (326.5 A) to be 2-3 cm '. This value
most likely serves as a lower bound to the actual gain
since we cannot be sure what contribution refraction
makes to the off-axis intensity at such small angles ( & 20
mrad).

Wavelength calibrations were performed at both LLE
and LLNL and indicated that the measured laser wave-
length was 326.5~0.3 A. Identification of the 326.5-A
line as being the 2pitz3pItz(J=O) 2 Itz3sItz(J=I)
line is based on beam-foil experiments' which give a
value of 326.3+ 0.4 k The bar over the 2p state indi-
cates a vacancy in the closed L shell [Is 2s 2p ]. Our es-
timate of the line position, 326.2 0.1 A, uses an empiri-
cal correction factor determined by comparing the exist-
ing experimental data for nearby elements with the
theoretical values calculated from the atomic physics code
of Grant etal. ' Extensive searches failed to identify any
other candidate laser lines in Ti which could be at 326.5

Unlike the GIGS spectrograph used on the GDL exper-

iments the spectral range of the MCPIGS and SFFS al-
lowed us to observe the wavelengths where the other Ne-
like Ti laser (J 2, 1,0 1) lines exist (414-509 A). I5'7

A spectrum from the MCPIGS, Fig. 2, shows quite clear-
ly the strong 326.5-A laser line and the weaker J 1 1

and J 0 1 transitions at 473.2+'0.5 A and 50S.S
+ 0.5 A which may also be lasing. The analog to the
strong J 2 1 Ne-like Se laser lines at 206 and 209 A
which would be at 459.4 and 472. 1 A in Ne-like Ti were
not observed to lase. Thus Ti clearly differs from other
Ne-like lasers which have the J 2 1 lines significantly
brighter than the other lasing lines.

In Fig. 3 we plot the time history of the x-ray laser in-
tensity from the SFFS for the 326.5-A line with time zero
corresponding to the peak of the optical laser pulse. The
Ti lasing peaks at the peak of the Nova drive pulse to
within the fiducial uncertainty of 30 ps and has a FWHM
of 200 ps.

The optical laser intensity in these experiments was
sufficiently high to ionize Ti well past the Ne-like stage.
Indeed, emission lines of ions in the series from Ne- to
He-like have been identified in the x-ray spectra' from
these targets indicating that, as compared to the typical
prescription for a Ne-like x-ray laser, ' 6 the Ti was
greatly overionized. Subsequent experiments at lower ir-
radiance, i.e., one that is considered optimal for lasing in
Ne-like ions, failed to produce any lasing. The GDL ex-
periments included at least ten shots each using similar
slab targets made of adjacent elements, V (Z 23) and
Sc (Z 21). No lasing was observed in the V or Sc, while
Ti was observed to lase under similar conditions during
this series of shots. This suggests that specific spectro-
scopic properties of Ti play a key role in this system.

In these experiments a variety of laser irradiation pa-
rameters were investigated. Lasing was never observed
when single pulse irradiation was used; this included 600-
ps Gaussian (1.054 and 0.53 pm), and 1- and 2-ns square
(0.53 pm) pulses. Instead the 326.5-A line is only seen to
lase when the main heating pulse is preceded by a
prepulse. Experiments which used a prepulse of 0.5% of
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FIG. 2. Intensity vs wavelength obtained in the Nova experiments with the MCPIGS spectrograph from a 3.8-cm Ti target. The
laser line at 326.5 A dominates the spectrum. Two weaker hnes are seen at 473.2 and 508.8 A. Note the absence of the J 2 1

lines which would be expected at 459.4 and 472. 1 A..

the main pulse intensity 7 ns before the main pulse pro-
duced lasing with a reproducibility of 60%. Experiments
with a prepulse 10 ns before the main pulse with intensi-
ties from 0.2%-20% of the main pulse failed to produce
lasing.

Both the anomalous behavior of Ti compared with
known Ne-like lasers and the absence of lasing in neigh-
boring Z's suggest that the lasing is enhanced by resonant
photopumping of the Ne-like Ti by strong emission lines
from C and N-like Ti. This mechanism would also ex-
plain the requirement for overionizing the Ti. Figure 4
shows the proposed photopumping mechanism which de-
picts C-like 3s 2P and N-like 3d 2p lines resonantly
photopumpinm electrons in the ground state of the Ne-like
Ti ion to the 2pyq4dyq(J 1) and 2pigq4dyq(J 1) lev-
els. The 2pyz4dgq(J 1) and 2pigq4dyq(J 1) levels de-
cay strongly to the 2pigp3p&g(J 0) level, which is the
upper laser state. This upper laser level lases at 326.5 A
to the 2piyq3s&yq(J 1) level which then decays rapidly to
the Ne-like ground state. Qther levels are also fed by the
decay of the 4d levels and can result in additional laser
lines' "as shown in Fig. 4.
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lines have been measured' to be at 19.210 ~ 0.005 A and
19.370+'0.005 A, respectively. The ground state to the
2pyq4dyq(J 1) transition in Ne-like Ti has been mea-
sured to be at 19.366 ~0.005 A while the ground state to
the 2piyq4dyq(J 1) transition has been measured to be
at 19.204+'0.005 A. The resonances between the lines
vary from 3-6 mA. The Doppler width for the 19-A Ti
lines in a plasma with an ion temperature of 100 eV is 2. 1

mk The actual linewidth for optically thick pump lines
will be greater due to opacity broadening and bulk
Doppler shifts. Line-transfer calculations done at LLNL
using XRASER (Ref. 21) predict linewidths greater than
10 mA, consistent with linewidths measured at shorter
wavelength. For the NaX He-a line at 11 A, an opacity
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FIG. 3. The x-ray laser intensity for the 326.5-A line vs time
with time zero corresponding to the peak of the Nova optical
laser pulse.

FIG. 4. The energy-level diagram shows the proposed reso-

nant photopumping mechanism. The C-like 3s 2p line and

the N-like 3d 2p lines pump the two Ne-like Ti 2p 4d
transitions which results in gain on the 3p 3s laser lines. A
detailed specification of the configurations for the C and N-like

lines is given in the text. References 15 and 17 specify the de-

tailed configurations for the laser lines.
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broadened linewidth, with an upper bound of 35 mA, has
been measured while a 14-mA linewidth has been ob-
served for the AlX111 Ly-p line at 6 k Therefore it is
reasonable to believe that adequate overlaps occur for res-
onant photopumping.

LASNEX one-dimensional (1D) computer simulations
suggest that the prepulse may affect lasing in two ways:
via refraction and plasma kinetics. Slab targets have been
found to produce density gradients which are steeper than
exploding foil targets and are therefore limited in their
effective lasing length by refraction. z5 Our computer
simulation results for slab targets, with and without a
prepulse, indicate that a prepulse helps create a less steep
density gradient than without the prepulse. This allows
the lasing x-rays to traverse more of the gain medium be-
fore being refracted out of the plasma and therefore is
compatible with the narrow divergence observed. In re-
gard to laser kinetics, these simulations indicate that, at
the time of peak x-ray lasing, the prepulse produces a
steep gradient in the electron temperature where the hot
plasma (main pulse) encounters the cooler plasma
(prepulse). This results in a lower electron temperature in
the lasing region, thereby producing a higher Ne-like
fraction than the case without a prepulse. It also enables
a colder region of Ne-like ions to be spatially near a hot

region of C- and N-like ions thereby enhancing the x-ray
coupling for photopumping. These preliminary findings
point to the manner in which the prepulse affects the per-
formance of this laser but require further study.

In conclusion, we have observed a Ne-like Ti laser at
326.5 A which has unusually narrow divergence and re-
quires a prepulse in order to lase. These experiments sug-

gest that Ti is unique and that gain may be enhanced by
resonant photopumping of the Ne-like transitions by C-
and N-like lines. If this explanation can be verified in fu-
ture experiments it would represent the first demonstra-
tion of a resonantly photopumped soft x-ray laser.

The authors would like to thank M. D. Rosen for gui-
dance with the computer simulations, J. B. Mitchell, A. R.
Fry, J. A. Koch, J. R. Cox, and R. R. Wing for providing
support for the experiments at LLNL, and C. Frantz and
D. McCoy for technical support at LLE. The support of
M. J. Eckart is greatly appreciated. Work was performed
under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under Con-
tract No. W-7405-ENG-4S. The work at the University
of Rochester was supported by the sponsors of the Laser
Fusion Feasibility Project at LLE.

'Present address: Department of Physics, University of Califor-
nia, Berkeley, CA 94720.

'D. L. Matthews et al. , Phys. Rev. Lett. 54, 110 (1985).
2M. D. Rosen et al. , Phys. Rev. Lett. 54, 106 (1985).
T. N. Lee, E. A. McLean, and R. C. Elton, Phys. Rev. Lett. 59,

1185 (1987).
4B.J. MacGowan et al., J. Appl. Phys. 61, 5243 (1987).
5C. J. Keane et al. , Appl. Phys. B 50, 257 (1990).
6R. C. Elton, X-ray Lasers (Academic, San Diego, 1990), pp.

99-126.
A. V. Vinogradov, I. I. Sobelman, and E. A. Yukov, Kvan-

toraya Elektron. (Moscow) 2, 105 (1975) [Sov. J. Quantum
Electron. 5, 59 (1975)l.

sB. A. Norton and N. J. Peacock, J. Phys. B 8, 989 (1975).
9N. Qi and M. Krishnan, Phys. Rev. Lett. 59, 2051 (1987).
'oT. Boehly et al. , Appl. Phys. B 50, 165 (1990).
"B.J. MacGowan et al. , Phys. Rev. Lett. 65, 420 (1990).
' T. Boehly etal. , in Laser Interaction and Related Plasma

Phenomena, edited by H. Hora and G. H. Miley (Plenum
New York, in press), Vol. 9.

'3D. L. Matthews et al. , J.Opt. Soc. Am. B 4, 575 (1987).

'4D. M. O' Neill, Opt. Commun. 75, 406 (1990).
'5E. Trabert, Z. Phys. D 1, 283 (1986); E. Trabert, Z. Phys. A

319, 25 (1984).
'sl. P. Grant et al , Comput. . Phys. Commun. 21, 207 (1980).
'7J. Nilsen, Opt. Lett. 15, 798 (1990).
' S. Goldsmith, U. Feldman, A. Crooker, and L. Cohen, J. Opt.

Soc. Am. 62, 260 (1972).
' B. C. Fawcett and R. W. Hayes, Mon. Not. R. Astron, Soc.

170, 185 (1975).
2oU. Feldman and L. Cohen, Astrophys. J. 149, 265 (1967).
2'J. Nilsen, in Proceedings of the Conference on Atomic Pro

cesses in Plasmas Santa Fe, 1Ve~ Mexico, 1987, AIP Conf.
Proc. No. 168, edited by A. Hauer and A. L. Merts (AIP,
New York, 1988).

22J. P. Apruzese et al. , Phys. Rev. A 35, 4896 (1987).
P. Monier, C. Chenais-Popovics, J. P. Geindre, and J. C. Gau-
thier, Phys. Rev. A 3$, 2508 (1988).
G. B. Zimmerman and W. L. Kruer, Comments Plasma Phys.
Controlled Fusion 11, 51 (1975).

z5T. Boehly et al. , Opt. Commun. 79, 57 (1990).




