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Angular energy distribution and temporal evolution of pulses emitted
from low-Z neonlike J=0-1 x-ray lasers

Peixiang Lu*'" Yuelin Li," and Ernst E. Fill
Max-Planck-Institut fu Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany
(Received 25 March 1996

We report a systematic investigation of the angular energy distribution and temporal evolution of pulses
emitted from lowZ neonlikeJ=0-1 lasers by comparing prepulse-induced lasing in different mat€8atl,
Ca, Ti, Ni, Cu, and Zhand at different driving energies in the main pulse and the prepulse. It is found that with
a main pulse energy of 33085 J and a prepulse energy of58 J, the laser peaks about 4 mrad off axis with
a divergence of 4.5-7.5 mrad for the I&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 fd=30-16 and peak at 237—-413 ps before the peak of thand
emission or the=2-1 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 theband emission.S1050-294{©6)00311-3

PACS numbes): 42.60.By, 32.30.Rj, 52.50.Jm, 32.7h

I. INTRODUCTION strated using the prepulse techniqi8:6,14,16—2% How-
ever, the angular profile and temporal evolution of these low-
Since the demonstration of collisionally pumped neonlikeZ neonlike x-ray lasers have not yet been systematically in-
Se soft x-ray lasing ifi1,2], considerable progress has beenvestigated. To better understand the physics of the Zow-
achieved in understanding the physics and enhancing theeonlike J=0-1 x-ray lasers, as well as the effect of the
performance of neonlike x-ray lasers in laser-produced plagPrepulse on their performance, a systematic investigation of
mas. Lasing in elements ranging from[Sj to Ag [4] have  the angular energy distribution and temporal evolution of the
been demonstrated in laboratories around the world, in whiclSer pulse was carried out. A variety of materi@s Cl, Ca,
the neonlike argon laser has been demonstrated both in & Ni; Cu, and Zn have been investigated using an energy
capillary dischargé5] and a laser-irradiated gas puff plasma ©f 350+ 35 J in the main pulse with a 5065-J prepulse. For
[6]. Saturation has also been demonstrated for a number gpe_ neonlike Ti laser the influence of the mtensmes_of the
neonlike laser§7—11]. main pylse and the prepulse on the peam deflectlpn, th.e
In recent years the use of the prepulse technidize13 beam divergence, and the temporal profile were also investi-
has gained widespread acceptance and opened the door fited.
producing x-ray lasing in lowZ neonlike ions. It also has
solved the mystery of the anomalously wedk 0—1 line
that has plagued our understanding of collisional x-ray la-
sers. One distinctive feature of all these experiments is the Experiments were conducted at the Max-Planck-Institut
observation of strong lasing dominated by th@'S,—  fiir Quantenoptik using the Asterix IV iodine laser facility
3s!P, transition only when the prepulse was used. This tran{26]. The Asterix IV laser generates up to 600 J at 1.315
sition is commonly referred to as tlle=0-1 line. Simula- um in a 450-ps pulse. The spurious prepulse was measured
tions[14,15 suggest that the prepulse is helping to create &y means of a photomultiplier and was found to be below
larger, more uniform plasma with smaller density gradientsi0~® of the main pulse energy. A specially designed cylin-
which enables thd=0-1 laser to propagate better along thedrical lens arrayf27] produced a line focus about 150m
gain region. It is also shown that beam refraction is the mairwide and 30 mm long.
factor for lack of lasing in lowZ elements without the ap- To obtain a well-defined prepulse, a pair of mirrors was
plication of a prepulse. Therefore knowledge of the beaminserted into the beam path before and after the final steering
refraction and temporal evolution of the neonlile=0—1  mirror, as described in Reff16]. The prepulse delay was set
lasers is essential for understanding the physics and optimize 5.23 ns for these experiments. To adjust the prepulse con-
ing the performance. trast we used calibrated neutral density filters to attenuate the
At Max-Planck-Institut fu Quantenoptik(MPQ), lasing  prepulse without affecting the energy in the main beam.
in neonlike ions down to silicon4=14) has been demon- Typically 350 J of energy were used in the main pule
total energy was around 415 which results in 17 TW/
cm? on target. The beam energy varied within a range of
“Permanent address: Shanghai Institute of Optics and Fine Me 10% over the course of these experiments.
chanics, Academia Sinica, P.O. Box 800-211, 201800 The targets consisted of flat slabs, all with the same length

Il. EXPERIMENTAL SETUP

Shanghai, China. of 25 mm. For the sulfur targets, fine powder was glued onto
TFAX: 0049-89-32905-200; Electronic address: pgl@ipp- a 25-mm-long glass substrate with an optical finish. The tar-
garching.mpg.de gets were positioned with a spatial accuracy-d&um by an

1050-2947/96/546)/51938)/$10.00 54 5193 © 1996 The American Physical Society



5194 PEIXIANG LU, YUELIN LI, AND ERNST E. FILL 54

alignment telescope and oriented with an angular accuracy @ngle corresponds to the axis of the target, defined by the
+1 mrad by self-collimation of the target using a He-Ne alignment telescope. The obstruction of the beam at zero
laser. angle can be clearly seen in Fig. 1. The data show a narrow

Time-integrated, angular resolved and time-resolved spedivergence and a certain deflection angle for all the neonlike
tra of the axial emission from the two ends of the plasmal=0-1 lasing lines. From Fig. 1, one can see that S and Ti
column were recorded. For the time-integrated, angularly relasers have a smaller deflection angle of 4 mrad compared
solved spectra a transmission grating spectrometer couplegith the Zn laser(7 mrad. The S laser has a wider beam
to a thinned backside illuminated charge-coupled devicalivergence of 7.5 mrad but a weaker lasing intensity com-
(CCD) was used[28]. The spectrometer used a 5000- pared with the Ti(5.2 mrad and the Zn(5.6 mrad lasers.
line/mm free-standing gold transmission grating with a 50-For Ti and Zn lasers, a gm-thick Al foil was used. Figure
um-wide slit and was aligned along the x-ray laser axis. A 1-2 displays the normalized angular energy profiles of the
pm-thick Al filter was used to attenuate the x-ray lasingJ=0-1 lasers from several materials. The angular profile of
output for Ti, Ni, Cu, Zn, and Ge. To obtain angularly re- the Ge laser is also presented in Fig. 2 for comparison. One
solved data, the 5@-m-wide slit of the grating oriented with can clearly see that the S, Ti, and Ni lasers have a small
its long axis perpendicular to the target surface was locatedeflection angle of-4 mrad while Zn and Ge lasers have a
17.5 cm in front of the CCD, which was 74 cm from the larger deflection angle of 6—7 mrad. For Cl and Ca lasers
center of the target chamber. This provided angular coveragesing NaCl and Caj targets, their deflection angles are
of about 17 mrad from the target surface in the direction ofsimilar to those of S, Ti, and Ni while their divergences are
the main hydrodynamic expansion. The total wavelengttslightly smaller, about 4.5 mrad. For the Cu laser, the deflec-
range covered by the CCD was about 10.4 nm and by mowion angle is similar to that of Zn and its divergence is about
ing it in the dispersion direction different wavelength ranges5.3 mrad.
can be obtained. We can see from Fig. 2 that the beam divergeridel

For time-resolved spectra, a transmission grating speawidth at half maximum(FWHM) of the angular profilg of
trometer was coupled to an x-ray streak camera operateall neonlikeJ=0-1 lasers are quite simil##.5-5.6 mrag
with a photocathode consisting of a 110-nm-thick Al foil except that $7.5 mrad and Ge(8.2 mrad have larger beam
overcoated with a layer of 110 nm of CE29]. The spec- divergences. For S, its large divergence is possible due to its
trometer used a 1000-line/mm free-standing gold transmistower gain coefficient of 1.5 cm? [3]. For Ge, we conclude
sion grating with a 5Qzm-wide slit and was aligned along that the lasing has a wider gain region compared with those
the x-ray laser axis. The 5@m-wide slit of the grating ori- of neonlike Ni, Cu, and Zd=0-1 lasers because the laser
ented parallel to the target surface was located 24 cm in frorih Ni, Cu, Zn, and Ge has a similar gain coefficient of about
of the streak camera slit, which was 96 cm from the center oft cm™* [22].
the target chamber. By changing the position of the grating The measured deflection angles do not depend strongly on
slit along the direction perpendicular to the target surfacethe material for the large range of nuclear charges from
the streak camera can intercept x-ray beams refracted at diz=16 (sulfur) to Z=32 (germaniunm. Apparently this is
ferent angles from the target surface. The resolution achievechused by two effects which partially compensate each other:
was typically 50 ps temporally and 1 nm spectrally. An op-For a low nuclear charge the longer wavelength leads to a
tical CCD was used to read out the data from the streakarger deviation of the refraction index from unity and thus
camera. to a stronger deflection away from the target. On the other

hand, for higher nuclear charges lasing occurs at a higher

Il RESULTS AND DISCUSSION electron density for which the electron density gradient
' should be larger.

Quite generally in all of the investigated materi&; Cl, The interplay between these two effects can be assessed
Ca, Ti, Ni, Cu, and Zp strong lasing on thdd=0-1 line semiquantitatively by means of simple theory: Let the elec-
(3p'S,—3s!P;) was observed with a prepulse. The tron density distribution at time of lasing in a direction
J=0-1 lasing wavelengths are 60.8, 52.9, 38.3, 32.6, 23.12way from the target be given by a Gaussian function,

22.1, and 21.2 nm for S, ClI, Ca, Ti, Ni, Cu, and Zn, respec- 2

tively [30]. All J=0-1 lines dominate both in the angularly Ne=Ne gexp( —x?/xg), @)
resolved and temporally resolved axial spectra. For Ni, Cu,

and Zn, we also see tie= 21 lasing lines. The necessity of as can be derived from a self-similar solution of the hydro-
a prepulse for thed=0-1 lasing line and the sensitivity of dynamic equation if a spatially isothermal plasma expands
the laser output to the intensities of the main pulse and thadiabatically{31]. The spatial extension of the plasma even-

prepulse can be found in several recent pap@y4,16—-25  tually increases linearly with timeg,~Cst,,, where fort,
the time between the prepulse and main pulse can be set and

S . the ion sound velocitg = (qT./A)Y? whereq is the ionic
A. Angular distribution of neonlike J=0-1 lasers charge T, the electron temperature, aAdthe atomic weight

Figures 1a), 1(b), and 1c) give typical images of the of the material A is approximated by 2m,, wherem, is
axial angularly resolved spectra showing the lasing lines obthe mass of the proton. Heﬂ'@oclﬁﬁpulseunder a steady-state
tained from 25-mm-long Si, Ti, and Zn targets and lineoutsassumption{32]. If the preplasma is dominated by Ne-like
at the spectral center of the=0-1 lasing lines. The inten- ions, thenCs=[(Z—10)T/2Zm,]*2
sity of an individual lasing line was obtained by subtracting Lasing occurs around an optimum electron density which,

the background continuum near the lasing line. The zeraccording to Elton's scaling [33], is given by



1500 F YT ]

Intensity (counts)

Neonlike S%*
3p-3s, J=0-1

1000 - -

ANGULAR ENERGY DISTRIBUTION AND TEMPORA. . .. 5195

~=7.5mra
500 | .

O_.4. s

<R

60.8nm

—_

Intensity (counts

1500 -

1000

L. ——————
A
T T T T T T T T 1
-5 O(axis) 5 10 15
Angle from target surface(mrad)

4mrad
l

T

500

0F

Neonlike Ti'%*
3p-3s, J=0-1
32.6nm
L —

T T T T T T T 1
-5 o(axis) 5 10 15
Angle from target surface(mrad)

Zn

of —{ S

Neonlike Zn?%*

3p-3s, J=0-1
21.2nm

L.

T T ‘l .' T T T T 1
-5 O(axis) 5 10 15
Angle from target surface(mrad)

dmrad 7mrad

Intensity (arb.u.)

0.0 f

1 L * L PO IS T R S U
10 15
Angle from axis(mrad)

-5 oaxis) 5

FIG. 2. Normalized angular energy profiles of the neonlike S,
Ti, Ni, Zn, and GeJ=0-1 lasers obtained from a 25-mm-long
target illuminated at an intensity of 17 TW/énwith a 2.5-TW/
cm? prepulse.

Ne,op=4X 10"(Z—9)*"> cm~2. If the density distribution

is sufficiently smooth, we can calculate the deflection angle
approximately by using the local density gradient at
Ne=Ng opt, given by

dNe/dX:(2Ne,opt/X0)[In(Ne,O/Ne,opt)]l/Z- v

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,

@ = (L/AN)(—dNg/dx), 3

whereN¢, 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

@ = (L/2X0)( Ne,opt/Ncr)[ln( Ne,O/Ne,opt)]llz- 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 byNg,=1.1x 10\ "2 cm™3, with \ in nm.

Using Elton’s scaling for the wavelength of neonlike
J=0-1 lasers, viz\A=460/(Z—9) nm, and taking botf
andN,  as independent &, we see that the deflection angle
depends on the nuclear charge as

®=1.8x10"2Z/T«(Z-10)]¥(Z2—9)* "
X{IN[Ng /4% 10'%Z—9)3"5}¥2 mrad.  (5)

Equation(5) shows thatb is only weakly dependent on both
Te andN, . Figure 3 gives the calculated deflection angles
of neonlike J=0-1 x-ray lasers with different nuclear
charge forT,=100 eV andNgo=N.=6.45<10?° cm~3,

FIG. 1. On-axis time-integrated but angularly resolved imagesvhere theN, is the critical density of the iodine laser. Also

of the neonlike(a) S, (b) Ti, and (c) Zn spectra showing=0-1

presented in the figure are the measured angles at peak and

lasers obtained from a 25-mm-long target iluminated at an intensitjalf me_aximum of the lasing angular pr_ofiles. Ong can see
of 17 TW/cn? with a 2.5-TW/cnf prepulse, and lineouts at the from Fig. 3 that the calculated deflection angle is weakly

spectral center of the laser lines. A JuBn-thick aluminum filter

was used to attenuate the Ti and Zn spectra.

dependent on nuclear charge, which is consistent with our
experimental result that the measured deflection angles do
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FIG. 3. Calculated deflection angles of neonlike 0—1 x-ray T T
lasers vs nuclear charge for a target length of 25 mm, Fel00 0 20 40 60 80
eV, andNgo=N.=6.45< 10?° cm~3, where theN, is the critical Wavelength(nm)
density of iodine laser. Also presented are the measured angles at

S _ ) Neonlike Ti'?*
peak(solid circle and half maximum(cross of the lasing angular eontike !

profiles. 3p:,332$_éi;10'1
Oth-1-Lband Tt 2nd
not vary strongly for the range of materials investigated. The T T T
larger measured deflection angles for Cu, Zn, and Ge lasers 8.01 ®) |
compared to those calculated can be attributed to the fact that @, 5_' ]
these lasers lase close to the critical density of the iodine T ]
laser (6.45% 10°° cm~3) where the electron density profile £ 50- i
may be steeper than the one obtained from the self-similar N | ]
solution (a Gaussian function L. L band il
We also investigate the angular profile dependence on the o] . ]
intensities of the main pulse and the prepulse using the 1.0 .
32.6-nm laser in Ti. The x-ray lasing beam deflection angle ]
and divergencéFWHM) are found to be not sensitive to the 0 20 40 60 80
variation of the main pulse and the prepulse. Wavelength(nm)

FIG. 4. On-axis streaked images obtained from the 25-mm-long
(@ S and(b) Ti targets illuminated at an intensity of 17 TW/ém

In these experiments, the slit of the grating of the streakedbith a 2.5-TWi/cnf prepulse.
spectrometer was located at the angular maximum observed
by the angularly resolved spectrometer to intercept the maxithe wavelength scale is slightly nonlinear due to the distor-
mum of the lasing angular profile. The temporal evolutionstion of the imaging intensifier of the streak camera. The first
of the J=0-1 lasing lines in S, Cl, Ca, Ti, Ni, Cu, and Zn order of the Ti laser is seriously broadened along the tempo-
were investigated. All data show that the neonlike0—1  ral axis as well as the spectral axis due to saturation of the
x-ray lasing pulse is shorter than the pump laser pulse angpectrometer. Similar phenomena are also observed for Ni,
occurs during the rising part of the pump laser pulse. Cu, and Zn lasers and in this case we used the second order

As examples, Figs.(d) and 4b) give the streaked images of the spectrum instead of the first order for analysis.
of the neonlike S and TI=0-1 lasers recorded by the CCD  Figures %a) and 3b) display the time histories of the
readout with a(345 and 362 YJmain pulse and #48.7 and J=0-1 lasing in neonlike S and Ni ions, and that of the
51.1 J prepulse, respectively. From Fig. 4, one can clearlyL-band emission at wavelengths of about 2—3 nm, respec-
see that lasing signals, as well as the zeroth-order and tHively. The temporal profiles of two neonlikk=2-1 Ni las-
L-band emission at a wavelength of about 2 nm. Because tHgg lines at a wavelength of-30 nm (29.8 and 30.4 nm,
photocathode of the streak camera has a 110-nm-thick Alespectively, which are not resolved, are also seen in Fig.
substrate at the source side which behaves like a filter, afi(b). From the figures, we can see that the peak of the
streak images have a low background and besides the lasidg=0—1 lasing always appears several hundrep8 ps for
signals one can only see the zeroth order and the emissidhand 340 ps for Ni, respectivglin advance of the peak of
from theL band at a wavelength around 2 nm. Note that thehe L-band emission, which is regarded as an approximate
high relative intensity of thé.-band emission is due to the reference of the peak of the main driving pulse. It is also
much higher sensitivity of the steak camera at short waveshown in Fig. %b) that the peak o§=2-1 lines appears 50
lengths. For Cu and Zn, the zeroth-order and theand ps before the peak of tHeband and 290 ps after the peak of
emission are outside the range of the CCD camera and cathe J=0-1 line. In comparison with thd=0-1 line of
not be observed because the grating was moved far awayhich the pulse duration is 256 ps, the pulse duration
from the target axis due to the large beam deflection. FrontFWHM) of the J=2-1 lines is considerably longer, about
Fig. 4b), we can also see the second order of the Ti laser346 ps. The temporal histories of tie=0-1 and 2—1 laser

B. Temporal evolution of neonlikeJ=0-1 lasers
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4 FIG. 6. The pulse duratio6FWHM) of the neonlikeJ=0-1
8 laser vs the nuclear charg@eof the lasing gain material. The lasing
£ targets were 25 mm long and were illuminated at an intensity of 17
§; TW/cm? with a 2.5-TW/cnf prepulse. The circle represents the
gg data obtained from the peak intensity of the lasing angular profiles
‘G whereas the solid up triangle for Ni represents the data obtained
%’f 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

g_mo T T e compound targets. The data points_of the(tMio up triangley and

= 00 05 10 1.5 20 25 3.0 35 Zn (two solid circle$ lasers are derived form the second- and the

Relative time(ns) third-order spectrum, respectively.

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
Aysing compound targets, i.e., NaCl for Cl and Gd6r Ca,
respectively. The error bars given in the figure are derived
from a consideration of the measurement accuracy of
lines in neonlike Cu and Zn ions were observed to be similar+4-5 CCD pixels and the error from the time scaling of the
Their pulse durations are 40-55 % of the driving pulse du-streak camera. All shots were with a 3585-J main pulse
ration for theJ=0-1 and 70-95 % for thd=2-1 lines, and a 5@ 5-J prepulse. The similar pulse duratiqd80 and
respectively. 188 ps for Ni, 169 and 165 ps for Zrderived from the
The different time histories of th&=0-1 and 2—1 lasing second and third order of the spectra confirmed that the data
lines illustrate that the lasers occur in different plasma rederived from the second order instead of first or@enen the
gions and that they are pumped by different pumping proiaser was saturatg@re correct. The temporal evolution of
cesses. Thd=0-1 laser is predominantly pumped by direct the Ni lasing obtained from 2.5 mrad off the angular peak is
monopole excitation from the neonlike ground state whilequite similar to that obtained from the peak, and only the
other pumping processes, such as dielectronic recombinatigrulse duration is 70 ps shorter. It was shown in Fig. 6 that
from F-like ions and cascading from higher levels, play athe pulse duration of the neonlike=0-1 lines increases
significant role on thel=2-1 lasers besides the direct with the decreasing nuclear chargeexcept for Cl and Ca
monopole excitation from the neonlike ground state. In thidasers for which compound targets were used.
case, pumping of thd=0-1 laser relies more on a high  Figure 7 shows the time of the neonlike=0-1 lasing
density and a high abundance of the ground state than that pkeak relative to the peak df-band emissior{open circles
J=2-1 lasers. As the plasma is stripped rapidly through thend up trianglesor of theJ=2-1 lasing linegsolid circleg
neonlike stage in this high density region, the conditions fowvs the nuclear chargé. The data in Fig. 7 using circles were
gain production on thgd=0-1 are quickly lost during the obtained with a main driving pulse energy of 3585 J with
main pulse, and lasing can only occur early in time and isa prepulse of 5&5 J. The data show that the time between
transient. TheJ=2-1 lasers have a longer pulse durationthe neonlikeJ=0-1 lasing peak and the peak bfband
and peak later in time because they occur in a lower electroemission or thel=2-1 lasing line increases slightly with
density region in which the neonlike ion abundance is maindecreasing nuclear charge Data points for Ti for a smaller
tained for a longer time due to the lower ionization rate.  driving main pulse of a 100-J energy with 5- or 0.5-J
The pulse duratiogFWHM) of the neonlike]=0-1 laser  prepulse are also shown in the figiopen up triangles It is
as a function of nuclear chargeis presented in Fig. 6. The seen that for the small energy the time between the neonlike
circles represent data obtained from the peak intensity of th&i J=0-1 lasing peak and the peak lofband emission is
lasing angular profiles whereas the two solid up triangles fomuch smaller compared to the one with standard energy of
Ni represent the durations derived from the second and th850+ 35 J. However, the delays at the 100-J main pulse are
third order of the neonlike NJ=0-1 laser obtained at an insensitive to the level of the prepulsd84 ps for 5-J
angle of 6.5 mrad, i.e., 2.5 mrad larger than the peak intenprepulse and 186 ps for 0.5-J prepuldégures 8a) and §b)

FIG. 5. Temporal lineout of the neonlikk=0-1 lasing lines
obtained from the 25-mm-lon@) S and(b) Ni targets illuminated
at an intensity of 17 TW/crhwith a 2.5-TW/cnt prepulse, corre-
sponding to the spectral center of the laser lines. The tempor
lineout of theL-band emission is also shown for reference.
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FIG. 9. The pulse duratiofFWHM) of the neonlike Ti
J=0-1 laser vs the energy of the main driving pulse with different
prepulses. The target length is 25 mm.

FIG. 7. The peak time of the neonlike=0-1 laser relative to
the peak ofL-band emission od=2-1 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 aflightly shorter(252 vs 286 ps at 380).JA considerable
the L-band emission and to the=2-1 lasing lines, respectively, difference is seen for the peak time relative to thdand
obtained with a main pulge energy of 3565 J and_ a prepulse emissions(371 ps for 380 J and 184 ps for 100 J, respec-
energy of 5-5 J, respectively. The two open up triangles repre- o) implying that the starting time of the lasing is deter-
sent the time relative to the peak of theband emission obtained mined by the time at which the main pulse sufficiently heats
with a same main pulse energy .of 106 J and different prepulse the plasma.
energies of 5 and 0.5 J, respectively. We also varied the energy of the prepulse to investigate
the pulse duration dependence on prepulse energy using the

present the time histories of the Ti lasers obtained with they,, o\ " 1ocorin Ti. Figure 9 shows the pulse duration of the

same prepulsef® J and two different main pulse energies of Ti laser as a function of the energy of the main driving pulse

380 and 100 J, respectivelthe data in Fig. &) were ob- with different prepulses. As mentioned above, the pulse du-

ned o Whe Iraorier specu because he et 1 Ouon deceases sighty wit decteasing man puse energy,
nging from 252 to 368 ps. However, the duration of the

for @ 100-J main pulge For 100 J the pulse duration is lasing pulse was found to be insensitive to the prepulse level.
As mentioned above, thd=0-1 laser is dominantly

5150 . S B e e s pumped by direct monopole excitation from the neonlike
§ (a) Ti 1 ground state. The monopole excitation can be effective only
g_noo L (380J with 5J prepulse) at a high enough electron temperature, which is proportional
38 - to the excitation energy of the upper laser level relative to the
i"& 50 ground state. This excitation energ¥E,,;, scales as
- ~(Z—6.4)'% for low-Z materials[25]. We define a tem-
gl 0 perature of~AE,, 3,/2 as the threshold electron tempera-
-8 ture for the neonlikel=0-1 lasing. Because of the lower-
% Z lasers have a lower threshold temperature due to their
o 015' 110 ' 1i5 ' 2ioI215 ' 3'0 ' 3'5' smaller excitation energy of the upper lasing level, during
' Relative fime(ns) o the period of the same main pulse, the electron temperature
reaches the threshold earlier for low&rmaterials such as
300 ————— ——————1———1——1———1—— Sand Ti than for Ni, Cu, and Zn, and therefore lasing occurs
250 L ) Ti ] ear!ier. Howeyer, the electron tem_peratyre incrqasgs further
g 200k {100, with 5 prepulse] during the main pulse, thg plasma is rapidly overionized, anq
3 [ N —— 9=0-1 | therefore the laser terminates before the peak of the main
S 1501 pulse. The longer pulse duration for low&r-neonlike
£ 100 J=0-1 lasers such as S and Ti is understood by the fact that
& 5ol lasers in these materials appear in a region with a lower
= r electron density. For the neonlikle=0-1 laser, the optimal
of electron density has a scaling with as Nyy—(Z—9)%"
O 1 1 1 1 1 1 ]

[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
FIG. 8. Temporal lineout of the neonlike Ti=0—-1 lasing line ~ Pulse arrives and heats the preplasma, the neonlike ions for
(32.6 nnj from a 25-mm-long target with a prepulse energy of 5 J,the lowerZ materials such as S and Ti are ionized relatively
corresponding to the spectral center. The main pulse energies asdowly to F-like ions because of the lower electron density,
(a) 380 and(b) 100 J, respectively. The temporal lineout of the maintaining an abundance of neonlike ions for a longer time.
L-band emission is also shown for reference. As a consequence the laser has a longer pulse duration. We

-5 L s L . N N . L
00 05 1.0 15 2.0 25 3.0 35
Relative time(ns)
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150 ———r———————————— which a KCI target was used, was significantly low@r5
T cm™ 1) than for the other materials. However, in Ca, using a
758100 CaF, target, the gairi3.8 cm™ 1) was similar to the gains of
< g' pure materials adjacent in nuclear charge. Thus the argument
85 50 that a compound target is less favorable for lasing may only
2% partially explain our experimental observation.
gg Another possible explanation rests on the fact that both
€4 0 target materials are transparent for the iodine laser driver
k< radiation at 1.3um and thus the prepulse ablates less of the
R ———— material, resulting in a smaller preplasma. However, the
0.0 05 1.0 1'? 2‘9 25 30 385 prepulse intensity used in our experiment was about
Relative time(ns) 3% 10" W/cm?, which is more than two orders of magni-
150 tude above the threshold intensity for optical damage. There-
—_ T T T T T T T .. . .
b fore it is hard to conceive that there should be any difference
_3 in the generation of the preplasma.
»_,100
55
§S 50 IV. CONCLUSIONS
>%
E"'.-' We have presented a systematic experimental investiga-
29 tion of angular energy distribution and temporal evolution of
0
c .
T | the lowZ neonlikeJ=0-1 x-ray lasers. The angular energy
E_ o profiles show that all the neonlikk=0-1 lasing lines have a
~ 700 05 1.0 1.5 20 25 3.0 35 narrow beam divergencéhe FWHMs are 4.5-8.2 mrad
Relative time(ns) The beam deflection angle is about 4 mrad for S, Cl, Ca, Ti,

) ) o and Ni and 6—7 mrad for Cu, Zn, and Ge. The beam deflec-
FIG. 10. Temporal lineout of the neonlike lasing lines from the ;5 and divergence are insensitive to the level of the main

25-mm-long(a) NaCl and(b) CaF, targets illuminated at an inten- 150 and the prepulse. The time histories show that all neon-
sity of 17 Tw/cn? with a 2.5-Tw/cnt prepulse, corresponding to e 3—0_1 |asers peak at the rising part of the driving main

f_h_i ;ﬁ;gﬁ;gﬁ:ﬁ; Zflstges:]ii:/?]gfgp?;e::;c;emporal lineout of thepuI:se and 237-413 ps before the peak dfand emission or

J=2-1 laser lines. With decreasing nuclear chargehe
should also point out that we are measuring the intensit ?eonllkeJ=0—1 lasing peaks earlier and its pulse duration

which has a different temporal profile than the gain. Due tgncreases. The beam deflection and divergence, as well as the

the nonlinear relationship between the intensity and the gairﬁﬂ:ig gﬁzjat,'[ﬁg g?eggrsghszg?gise’lgn\/lxtle(z:rint%%geeg trll-?ovr\?:\llgr
a higher peak gain W|II_ lead to a narrow duration in |nten5|tyWhen a low driving main pulse energy of 100 J was used the

duration of higheiZ lasers may be a consequence of thei?T.I lasing peaks much closer to the peak of theéand emis-

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 authors would like to thank the Asterix facilities crew

The reason for the abnormally short pulse durations obfor providing support for the experiments. P.L. was sup-
served for CI(146 p3 and Ca(199 p3 as shown in Figs. ported by the Alexander von Humboldt Foundation; he
10(a) and 1@b) is not clear at the moment. We note that thethanks Professor Dr. Karl-Ludwig Kompa and his colleagues
targets for these two materials were compoufsCl in the  at MPQ for their hospitality. Y.L. received support from the
case of Cl and Cafin the case of Cawhereas the targets of Alexander von Humboldt Foundation and partial support
all other materials were made of pure element. It may beavithin the framework of the Agreement between Max-
argued that the conditions in a compound target are less falanck Society—Academia Sinica. This work was supported
vorable for lasing since at the optimum electron density then part by the Commission of the European Communities in
number density of lasing ions is reduced. Indeed, in previoushe framework of the Association Euratom/Max-Planck-
work [20,34] it was found that the gain coefficient for Cl, for Institut fur Plasmaphysik.
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