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We report a systematic investigation of the angular energy distribution and temporal evolution of pulses
emitted from low-Z neonlikeJ50–1 lasers by comparing prepulse-induced lasing in different materials~S, Cl,
Ca, Ti, Ni, Cu, and Zn! and at different driving energies in the main pulse and the prepulse. It is found that with
a main pulse energy of 350635 J and a prepulse energy of 5065 J, the laser peaks about 4 mrad off axis with
a divergence of 4.5–7.5 mrad for the low-Z materials S, Cl, Ca, Ti, and Ni. Under the same conditions for Cu,
Zn, and Ge the laser peaks about 6–7 mrad off axis with a divergence of 5–8.2 mrad. The lasing pulse
durations range from 146 to 349 ps forZ530–16 and peak at 237–413 ps before the peak of theL-band
emission or theJ52–1 lasing line. The beam deflection and divergence, as well as the pulse duration are quite
insensitive to the energies of the main pulse and the prepulse. However, a lower driving main pulse energy
brings lasing close to the peak of theL-band emission.@S1050-2947~96!00311-3#

PACS number~s!: 42.60.By, 32.30.Rj, 52.50.Jm, 32.70.2n

I. INTRODUCTION

Since the demonstration of collisionally pumped neonlike
Se soft x-ray lasing in@1,2#, considerable progress has been
achieved in understanding the physics and enhancing the
performance of neonlike x-ray lasers in laser-produced plas-
mas. Lasing in elements ranging from Si@3# to Ag @4# have
been demonstrated in laboratories around the world, in which
the neonlike argon laser has been demonstrated both in a
capillary discharge@5# and a laser-irradiated gas puff plasma
@6#. Saturation has also been demonstrated for a number of
neonlike lasers@7–11#.

In recent years the use of the prepulse technique@12,13#
has gained widespread acceptance and opened the door for
producing x-ray lasing in low-Z neonlike ions. It also has
solved the mystery of the anomalously weakJ50–1 line
that has plagued our understanding of collisional x-ray la-
sers. One distinctive feature of all these experiments is the
observation of strong lasing dominated by the 3p1S0–
3s1P1 transition only when the prepulse was used. This tran-
sition is commonly referred to as theJ50–1 line. Simula-
tions @14,15# suggest that the prepulse is helping to create a
larger, more uniform plasma with smaller density gradients
which enables theJ50–1 laser to propagate better along the
gain region. It is also shown that beam refraction is the main
factor for lack of lasing in low-Z elements without the ap-
plication of a prepulse. Therefore knowledge of the beam
refraction and temporal evolution of the neonlikeJ50–1
lasers is essential for understanding the physics and optimiz-
ing the performance.

At Max-Planck-Institut fu¨r Quantenoptik~MPQ!, lasing
in neonlike ions down to silicon (Z514) has been demon-

strated using the prepulse technique@3,6,14,16–25#. How-
ever, the angular profile and temporal evolution of these low-
Z neonlike x-ray lasers have not yet been systematically in-
vestigated. To better understand the physics of the low-Z
neonlike J50–1 x-ray lasers, as well as the effect of the
prepulse on their performance, a systematic investigation of
the angular energy distribution and temporal evolution of the
laser pulse was carried out. A variety of materials~S, Cl, Ca,
Ti, Ni, Cu, and Zn! have been investigated using an energy
of 350635 J in the main pulse with a 5065-J prepulse. For
the neonlike Ti laser the influence of the intensities of the
main pulse and the prepulse on the beam deflection, the
beam divergence, and the temporal profile were also investi-
gated.

II. EXPERIMENTAL SETUP

Experiments were conducted at the Max-Planck-Institut
für Quantenoptik using the Asterix IV iodine laser facility
@26#. The Asterix IV laser generates up to 600 J at 1.315
mm in a 450-ps pulse. The spurious prepulse was measured
by means of a photomultiplier and was found to be below
1026 of the main pulse energy. A specially designed cylin-
drical lens array@27# produced a line focus about 150mm
wide and 30 mm long.

To obtain a well-defined prepulse, a pair of mirrors was
inserted into the beam path before and after the final steering
mirror, as described in Ref.@16#. The prepulse delay was set
to 5.23 ns for these experiments. To adjust the prepulse con-
trast we used calibrated neutral density filters to attenuate the
prepulse without affecting the energy in the main beam.
Typically 350 J of energy were used in the main pulse~the
total energy was around 415 J! which results in 17 TW/
cm2 on target. The beam energy varied within a range of
610% over the course of these experiments.

The targets consisted of flat slabs, all with the same length
of 25 mm. For the sulfur targets, fine powder was glued onto
a 25-mm-long glass substrate with an optical finish. The tar-
gets were positioned with a spatial accuracy of65mm by an
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alignment telescope and oriented with an angular accuracy of
61 mrad by self-collimation of the target using a He-Ne
laser.

Time-integrated, angular resolved and time-resolved spec-
tra of the axial emission from the two ends of the plasma
column were recorded. For the time-integrated, angularly re-
solved spectra a transmission grating spectrometer coupled
to a thinned backside illuminated charge-coupled device
~CCD! was used@28#. The spectrometer used a 5000-
line/mm free-standing gold transmission grating with a 50-
mm-wide slit and was aligned along the x-ray laser axis. A 1-
mm-thick Al filter was used to attenuate the x-ray lasing
output for Ti, Ni, Cu, Zn, and Ge. To obtain angularly re-
solved data, the 50-mm-wide slit of the grating oriented with
its long axis perpendicular to the target surface was located
17.5 cm in front of the CCD, which was 74 cm from the
center of the target chamber. This provided angular coverage
of about 17 mrad from the target surface in the direction of
the main hydrodynamic expansion. The total wavelength
range covered by the CCD was about 10.4 nm and by mov-
ing it in the dispersion direction different wavelength ranges
can be obtained.

For time-resolved spectra, a transmission grating spec-
trometer was coupled to an x-ray streak camera operated
with a photocathode consisting of a 110-nm-thick Al foil
overcoated with a layer of 110 nm of CsI@29#. The spec-
trometer used a 1000-line/mm free-standing gold transmis-
sion grating with a 50-mm-wide slit and was aligned along
the x-ray laser axis. The 50-mm-wide slit of the grating ori-
ented parallel to the target surface was located 24 cm in front
of the streak camera slit, which was 96 cm from the center of
the target chamber. By changing the position of the grating
slit along the direction perpendicular to the target surface,
the streak camera can intercept x-ray beams refracted at dif-
ferent angles from the target surface. The resolution achieved
was typically 50 ps temporally and 1 nm spectrally. An op-
tical CCD was used to read out the data from the streak
camera.

III. RESULTS AND DISCUSSION

Quite generally in all of the investigated materials~S, Cl,
Ca, Ti, Ni, Cu, and Zn! strong lasing on theJ50–1 line
(3p1S0–3s

1P1) was observed with a prepulse. The
J50–1 lasing wavelengths are 60.8, 52.9, 38.3, 32.6, 23.1,
22.1, and 21.2 nm for S, Cl, Ca, Ti, Ni, Cu, and Zn, respec-
tively @30#. All J50–1 lines dominate both in the angularly
resolved and temporally resolved axial spectra. For Ni, Cu,
and Zn, we also see theJ52–1 lasing lines. The necessity of
a prepulse for theJ50–1 lasing line and the sensitivity of
the laser output to the intensities of the main pulse and the
prepulse can be found in several recent papers@3,14,16–25#.

A. Angular distribution of neonlike J50–1 lasers

Figures 1~a!, 1~b!, and 1~c! give typical images of the
axial angularly resolved spectra showing the lasing lines ob-
tained from 25-mm-long Si, Ti, and Zn targets and lineouts
at the spectral center of theJ50–1 lasing lines. The inten-
sity of an individual lasing line was obtained by subtracting
the background continuum near the lasing line. The zero

angle corresponds to the axis of the target, defined by the
alignment telescope. The obstruction of the beam at zero
angle can be clearly seen in Fig. 1. The data show a narrow
divergence and a certain deflection angle for all the neonlike
J50–1 lasing lines. From Fig. 1, one can see that S and Ti
lasers have a smaller deflection angle of 4 mrad compared
with the Zn laser~7 mrad!. The S laser has a wider beam
divergence of 7.5 mrad but a weaker lasing intensity com-
pared with the Ti~5.2 mrad! and the Zn~5.6 mrad! lasers.
For Ti and Zn lasers, a 1-mm-thick Al foil was used. Figure
2 displays the normalized angular energy profiles of the
J50–1 lasers from several materials. The angular profile of
the Ge laser is also presented in Fig. 2 for comparison. One
can clearly see that the S, Ti, and Ni lasers have a small
deflection angle of;4 mrad while Zn and Ge lasers have a
larger deflection angle of 6–7 mrad. For Cl and Ca lasers
using NaCl and CaF2 targets, their deflection angles are
similar to those of S, Ti, and Ni while their divergences are
slightly smaller, about 4.5 mrad. For the Cu laser, the deflec-
tion angle is similar to that of Zn and its divergence is about
5.3 mrad.

We can see from Fig. 2 that the beam divergences@full
width at half maximum~FWHM! of the angular profile# of
all neonlikeJ50–1 lasers are quite similar~4.5–5.6 mrad!
except that S~7.5 mrad! and Ge~8.2 mrad! have larger beam
divergences. For S, its large divergence is possible due to its
lower gain coefficient of 1.5 cm21 @3#. For Ge, we conclude
that the lasing has a wider gain region compared with those
of neonlike Ni, Cu, and ZnJ50–1 lasers because the laser
in Ni, Cu, Zn, and Ge has a similar gain coefficient of about
4 cm21 @22#.

The measured deflection angles do not depend strongly on
the material for the large range of nuclear charges from
Z516 ~sulfur! to Z532 ~germanium!. Apparently this is
caused by two effects which partially compensate each other:
For a low nuclear charge the longer wavelength leads to a
larger deviation of the refraction index from unity and thus
to a stronger deflection away from the target. On the other
hand, for higher nuclear charges lasing occurs at a higher
electron density for which the electron density gradient
should be larger.

The interplay between these two effects can be assessed
semiquantitatively by means of simple theory: Let the elec-
tron density distribution at time of lasing in a directionx
away from the target be given by a Gaussian function,

Ne5Ne,0exp~2x2/x0
2!, ~1!

as can be derived from a self-similar solution of the hydro-
dynamic equation if a spatially isothermal plasma expands
adiabatically@31#. The spatial extension of the plasma even-
tually increases linearly with time,x0;Cstp , where for tp
the time between the prepulse and main pulse can be set and
the ion sound velocityCs5(qTe /A)

1/2, whereq is the ionic
charge,Te the electron temperature, andA the atomic weight
of the material.A is approximated by 2Zmp , wheremp is
the mass of the proton. HereTe}I prepulse

2/3 under a steady-state
assumption@32#. If the preplasma is dominated by Ne-like
ions, thenCs5@(Z210)Te/2Zmp#

1/2.
Lasing occurs around an optimum electron density which,

according to Elton’s scaling @33#, is given by
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Ne,opt5431015(Z29)3.75 cm23. If the density distribution
is sufficiently smooth, we can calculate the deflection angle
approximately by using the local density gradient at
Ne5Ne,opt, given by

dNe /dx5~2Ne,opt/x0!@ ln~Ne,0 /Ne,opt!#
1/2. ~2!

In a plasma the deflection angle of a ray which is initially
parallel to the target surface becomes, after propagating a
distanceL through a medium with a constant electron gradi-
ent,

F5~L/4Ncr!~2dNe /dx!, ~3!

whereNcr is the critical electron density for the x ray. Insert-
ing ~2! into ~3! we obtain for the far-field deflection angle the
simple expression

F5~L/2x0!~Ne,opt/Ncr!@ ln~Ne,0 /Ne,opt!#
1/2. ~4!

Equation~4! shows the dependence of the deflection angle
on the electron density of the x-ray laser. The wavelength
dependence enters through the critical density, which is
given byNcr51.131027l22 cm23, with l in nm.

Using Elton’s scaling for the wavelength of neonlike
J50–1 lasers, viz.,l5460/(Z29) nm, and taking bothTe
andNe,0 as independent ofZ, we see that the deflection angle
depends on the nuclear charge as

F51.831021@2Z/Te~Z210!#1/2~Z29!1.75

3$ ln@Ne,0/431015~Z29!3.75#%1/2 mrad. ~5!

Equation~5! shows thatF is only weakly dependent on both
Te andNe,0 . Figure 3 gives the calculated deflection angles
of neonlike J50–1 x-ray lasers with different nuclear
charge forTe5100 eV andNe,05Nc56.4531020 cm23,
where theNc is the critical density of the iodine laser. Also
presented in the figure are the measured angles at peak and
half maximum of the lasing angular profiles. One can see
from Fig. 3 that the calculated deflection angle is weakly
dependent on nuclear charge, which is consistent with our
experimental result that the measured deflection angles do

FIG. 1. On-axis time-integrated but angularly resolved images
of the neonlike~a! S, ~b! Ti, and ~c! Zn spectra showingJ50–1
lasers obtained from a 25-mm-long target illuminated at an intensity
of 17 TW/cm2 with a 2.5-TW/cm2 prepulse, and lineouts at the
spectral center of the laser lines. A 1.0-mm-thick aluminum filter
was used to attenuate the Ti and Zn spectra.

FIG. 2. Normalized angular energy profiles of the neonlike S,
Ti, Ni, Zn, and GeJ50–1 lasers obtained from a 25-mm-long
target illuminated at an intensity of 17 TW/cm2 with a 2.5-TW/
cm2 prepulse.
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not vary strongly for the range of materials investigated. The
larger measured deflection angles for Cu, Zn, and Ge lasers
compared to those calculated can be attributed to the fact that
these lasers lase close to the critical density of the iodine
laser (6.4531020 cm23) where the electron density profile
may be steeper than the one obtained from the self-similar
solution ~a Gaussian function!.

We also investigate the angular profile dependence on the
intensities of the main pulse and the prepulse using the
32.6-nm laser in Ti. The x-ray lasing beam deflection angle
and divergence~FWHM! are found to be not sensitive to the
variation of the main pulse and the prepulse.

B. Temporal evolution of neonlikeJ50–1 lasers

In these experiments, the slit of the grating of the streaked
spectrometer was located at the angular maximum observed
by the angularly resolved spectrometer to intercept the maxi-
mum of the lasing angular profile. The temporal evolutions
of the J50–1 lasing lines in S, Cl, Ca, Ti, Ni, Cu, and Zn
were investigated. All data show that the neonlikeJ50–1
x-ray lasing pulse is shorter than the pump laser pulse and
occurs during the rising part of the pump laser pulse.

As examples, Figs. 4~a! and 4~b! give the streaked images
of the neonlike S and TiJ50–1 lasers recorded by the CCD
readout with a~345 and 362 J! main pulse and a~48.7 and
51.1 J! prepulse, respectively. From Fig. 4, one can clearly
see that lasing signals, as well as the zeroth-order and the
L-band emission at a wavelength of about 2 nm. Because the
photocathode of the streak camera has a 110-nm-thick Al
substrate at the source side which behaves like a filter, all
streak images have a low background and besides the lasing
signals one can only see the zeroth order and the emission
from theL band at a wavelength around 2 nm. Note that the
high relative intensity of theL-band emission is due to the
much higher sensitivity of the steak camera at short wave-
lengths. For Cu and Zn, the zeroth-order and theL-band
emission are outside the range of the CCD camera and can-
not be observed because the grating was moved far away
from the target axis due to the large beam deflection. From
Fig. 4~b!, we can also see the second order of the Ti laser.

The wavelength scale is slightly nonlinear due to the distor-
tion of the imaging intensifier of the streak camera. The first
order of the Ti laser is seriously broadened along the tempo-
ral axis as well as the spectral axis due to saturation of the
spectrometer. Similar phenomena are also observed for Ni,
Cu, and Zn lasers and in this case we used the second order
of the spectrum instead of the first order for analysis.

Figures 5~a! and 5~b! display the time histories of the
J50–1 lasing in neonlike S and Ni ions, and that of the
L-band emission at wavelengths of about 2–3 nm, respec-
tively. The temporal profiles of two neonlikeJ52–1 Ni las-
ing lines at a wavelength of;30 nm ~29.8 and 30.4 nm,
respectively!, which are not resolved, are also seen in Fig.
5~b!. From the figures, we can see that the peak of the
J50–1 lasing always appears several hundred ps~413 ps for
S and 340 ps for Ni, respectively! in advance of the peak of
the L-band emission, which is regarded as an approximate
reference of the peak of the main driving pulse. It is also
shown in Fig. 5~b! that the peak ofJ52–1 lines appears 50
ps before the peak of theL band and 290 ps after the peak of
the J50–1 line. In comparison with theJ50–1 line of
which the pulse duration is 256 ps, the pulse duration
~FWHM! of the J52–1 lines is considerably longer, about
346 ps. The temporal histories of theJ50–1 and 2–1 laser

FIG. 3. Calculated deflection angles of neonlikeJ50–1 x-ray
lasers vs nuclear chargeZ for a target length of 25 mm, Te5100
eV, andNe,05Nc56.4531020 cm23, where theNc is the critical
density of iodine laser. Also presented are the measured angles at
peak~solid circle! and half maximum~cross! of the lasing angular
profiles.

FIG. 4. On-axis streaked images obtained from the 25-mm-long
~a! S and~b! Ti targets illuminated at an intensity of 17 TW/cm2

with a 2.5-TW/cm2 prepulse.

5196 54PEIXIANG LU, YUELIN LI, AND ERNST E. FILL



lines in neonlike Cu and Zn ions were observed to be similar.
Their pulse durations are 40–55 % of the driving pulse du-
ration for theJ50–1 and 70–95 % for theJ52–1 lines,
respectively.

The different time histories of theJ50–1 and 2–1 lasing
lines illustrate that the lasers occur in different plasma re-
gions and that they are pumped by different pumping pro-
cesses. TheJ50–1 laser is predominantly pumped by direct
monopole excitation from the neonlike ground state while
other pumping processes, such as dielectronic recombination
from F-like ions and cascading from higher levels, play a
significant role on theJ52–1 lasers besides the direct
monopole excitation from the neonlike ground state. In this
case, pumping of theJ50–1 laser relies more on a high
density and a high abundance of the ground state than that of
J52–1 lasers. As the plasma is stripped rapidly through the
neonlike stage in this high density region, the conditions for
gain production on theJ50–1 are quickly lost during the
main pulse, and lasing can only occur early in time and is
transient. TheJ52–1 lasers have a longer pulse duration
and peak later in time because they occur in a lower electron
density region in which the neonlike ion abundance is main-
tained for a longer time due to the lower ionization rate.

The pulse duration~FWHM! of the neonlikeJ50–1 laser
as a function of nuclear chargeZ is presented in Fig. 6. The
circles represent data obtained from the peak intensity of the
lasing angular profiles whereas the two solid up triangles for
Ni represent the durations derived from the second and the
third order of the neonlike NiJ50–1 laser obtained at an
angle of 6.5 mrad, i.e., 2.5 mrad larger than the peak inten-

sity angle. The two data points of the Zn lasers are also
derived from the second- and the third-order spectrum, re-
spectively. We use open circles to indicate the data obtained
using compound targets, i.e., NaCl for Cl and CaF2 for Ca,
respectively. The error bars given in the figure are derived
from a consideration of the measurement accuracy of
64–5 CCD pixels and the error from the time scaling of the
streak camera. All shots were with a 350635-J main pulse
and a 5065-J prepulse. The similar pulse durations~180 and
188 ps for Ni, 169 and 165 ps for Zn! derived from the
second and third order of the spectra confirmed that the data
derived from the second order instead of first order~when the
laser was saturated! are correct. The temporal evolution of
the Ni lasing obtained from 2.5 mrad off the angular peak is
quite similar to that obtained from the peak, and only the
pulse duration is 70 ps shorter. It was shown in Fig. 6 that
the pulse duration of the neonlikeJ50–1 lines increases
with the decreasing nuclear chargeZ except for Cl and Ca
lasers for which compound targets were used.

Figure 7 shows the time of the neonlikeJ50–1 lasing
peak relative to the peak ofL-band emission~open circles
and up triangles! or of theJ52–1 lasing lines~solid circles!
vs the nuclear chargeZ. The data in Fig. 7 using circles were
obtained with a main driving pulse energy of 350635 J with
a prepulse of 5065 J. The data show that the time between
the neonlikeJ50–1 lasing peak and the peak ofL-band
emission or theJ52–1 lasing line increases slightly with
decreasing nuclear chargeZ. Data points for Ti for a smaller
driving main pulse of a 100-J energy with 5- or 0.5-J
prepulse are also shown in the figure~open up triangles!. It is
seen that for the small energy the time between the neonlike
Ti J50–1 lasing peak and the peak ofL-band emission is
much smaller compared to the one with standard energy of
350635 J. However, the delays at the 100-J main pulse are
insensitive to the level of the prepulse~184 ps for 5-J
prepulse and 186 ps for 0.5-J prepulse!. Figures 8~a! and 8~b!

FIG. 5. Temporal lineout of the neonlikeJ50–1 lasing lines
obtained from the 25-mm-long~a! S and~b! Ni targets illuminated
at an intensity of 17 TW/cm2 with a 2.5-TW/cm2 prepulse, corre-
sponding to the spectral center of the laser lines. The temporal
lineout of theL-band emission is also shown for reference.

FIG. 6. The pulse duration~FWHM! of the neonlikeJ50–1
laser vs the nuclear chargeZ of the lasing gain material. The lasing
targets were 25 mm long and were illuminated at an intensity of 17
TW/cm2 with a 2.5-TW/cm2 prepulse. The circle represents the
data obtained from the peak intensity of the lasing angular profiles
whereas the solid up triangle for Ni represents the data obtained
from at an angle of 6.5 mrad, i.e., 2.5 mrad larger than the peak
intensity angle. The open circles present the data obtained using
compound targets. The data points of the Ni~two up triangles! and
Zn ~two solid circles! lasers are derived form the second- and the
third-order spectrum, respectively.
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present the time histories of the Ti lasers obtained with the
same prepulse of 5 J and two different main pulse energies of
380 and 100 J, respectively@the data in Fig. 8~b! were ob-
tained from the first-order spectrum because the laser is too
weak in the second order and the first order is not saturated
for a 100-J main pulse#. For 100 J the pulse duration is

slightly shorter~252 vs 286 ps at 380 J!. A considerable
difference is seen for the peak time relative to theL-band
emissions~371 ps for 380 J and 184 ps for 100 J, respec-
tively!, implying that the starting time of the lasing is deter-
mined by the time at which the main pulse sufficiently heats
the plasma.

We also varied the energy of the prepulse to investigate
the pulse duration dependence on prepulse energy using the
32.6-nm laser in Ti. Figure 9 shows the pulse duration of the
Ti laser as a function of the energy of the main driving pulse
with different prepulses. As mentioned above, the pulse du-
ration decreases slightly with decreasing main pulse energy,
ranging from 252 to 368 ps. However, the duration of the
lasing pulse was found to be insensitive to the prepulse level.

As mentioned above, theJ50–1 laser is dominantly
pumped by direct monopole excitation from the neonlike
ground state. The monopole excitation can be effective only
at a high enough electron temperature, which is proportional
to the excitation energy of the upper laser level relative to the
ground state. This excitation energyDE2p-3p scales as
;(Z26.4)1.97 for low-Z materials@25#. We define a tem-
perature of;DE2p-3p/2 as the threshold electron tempera-
ture for the neonlikeJ50–1 lasing. Because of the lower-
Z lasers have a lower threshold temperature due to their
smaller excitation energy of the upper lasing level, during
the period of the same main pulse, the electron temperature
reaches the threshold earlier for lower-Z materials such as
S and Ti than for Ni, Cu, and Zn, and therefore lasing occurs
earlier. However, the electron temperature increases further
during the main pulse, the plasma is rapidly overionized, and
therefore the laser terminates before the peak of the main
pulse. The longer pulse duration for lower-Z neonlike
J50–1 lasers such as S and Ti is understood by the fact that
lasers in these materials appear in a region with a lower
electron density. For the neonlikeJ50–1 laser, the optimal
electron density has a scaling withZ as Nopt;(Z29)3.75

@33#. The ionizing rate from neonlike to F-like ions depends
linearly on the electron density and is relatively insensitive to
the electron temperature. Therefore, when the main driving
pulse arrives and heats the preplasma, the neonlike ions for
the lower-Z materials such as S and Ti are ionized relatively
slowly to F-like ions because of the lower electron density,
maintaining an abundance of neonlike ions for a longer time.
As a consequence the laser has a longer pulse duration. We

FIG. 7. The peak time of the neonlikeJ50–1 laser relative to
the peak ofL-band emission orJ52–1 line vs the nuclear charge
Z of the lasing gain material. The lasing target was 25 mm long.
The open and solid circles represent the time relative to the peak of
the L-band emission and to theJ52–1 lasing lines, respectively,
obtained with a main pulse energy of 350635 J and a prepulse
energy of 5065 J, respectively. The two open up triangles repre-
sent the time relative to the peak of theL-band emission obtained
with a same main pulse energy of 10065 J and different prepulse
energies of 5 and 0.5 J, respectively.

FIG. 8. Temporal lineout of the neonlike TiJ50–1 lasing line
~32.6 nm! from a 25-mm-long target with a prepulse energy of 5 J,
corresponding to the spectral center. The main pulse energies are
~a! 380 and~b! 100 J, respectively. The temporal lineout of the
L-band emission is also shown for reference.

FIG. 9. The pulse duration~FWHM! of the neonlike Ti
J50–1 laser vs the energy of the main driving pulse with different
prepulses. The target length is 25 mm.
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should also point out that we are measuring the intensity,
which has a different temporal profile than the gain. Due to
the nonlinear relationship between the intensity and the gain,
a higher peak gain will lead to a narrow duration in intensity
even if the gain duration is similar. Thus the shorter pulse
duration of higher-Z lasers may be a consequence of their
higher gain. Finally, for a lower pumping energy, because
the electron temperature reaches its threshold value at a
much later time, the laser appears much closer to the peak of
main pulse.

The reason for the abnormally short pulse durations ob-
served for Cl~146 ps! and Ca~199 ps! as shown in Figs.
10~a! and 10~b! is not clear at the moment. We note that the
targets for these two materials were compounds~NaCl in the
case of Cl and CaF2 in the case of Ca! whereas the targets of
all other materials were made of pure element. It may be
argued that the conditions in a compound target are less fa-
vorable for lasing since at the optimum electron density the
number density of lasing ions is reduced. Indeed, in previous
work @20,34# it was found that the gain coefficient for Cl, for

which a KCl target was used, was significantly lower~2.5
cm21) than for the other materials. However, in Ca, using a
CaF2 target, the gain~3.8 cm

21) was similar to the gains of
pure materials adjacent in nuclear charge. Thus the argument
that a compound target is less favorable for lasing may only
partially explain our experimental observation.

Another possible explanation rests on the fact that both
target materials are transparent for the iodine laser driver
radiation at 1.3mm and thus the prepulse ablates less of the
material, resulting in a smaller preplasma. However, the
prepulse intensity used in our experiment was about
331012 W/cm2, which is more than two orders of magni-
tude above the threshold intensity for optical damage. There-
fore it is hard to conceive that there should be any difference
in the generation of the preplasma.

IV. CONCLUSIONS

We have presented a systematic experimental investiga-
tion of angular energy distribution and temporal evolution of
the low-Z neonlikeJ50–1 x-ray lasers. The angular energy
profiles show that all the neonlikeJ50–1 lasing lines have a
narrow beam divergence~the FWHMs are 4.5–8.2 mrad!.
The beam deflection angle is about 4 mrad for S, Cl, Ca, Ti,
and Ni and 6–7 mrad for Cu, Zn, and Ge. The beam deflec-
tion and divergence are insensitive to the level of the main
pulse and the prepulse. The time histories show that all neon-
like J50–1 lasers peak at the rising part of the driving main
pulse and 237–413 ps before the peak ofL-band emission or
J52–1 laser lines. With decreasing nuclear chargeZ, the
neonlikeJ50–1 lasing peaks earlier and its pulse duration
increases. The beam deflection and divergence, as well as the
pulse duration do not change significantly when the main
pulse and the prepulse energies were changed. However,
when a low driving main pulse energy of 100 J was used the
Ti lasing peaks much closer to the peak of theL-band emis-
sion.
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