Study of Ne- and Ni-like x-ray lasers using the prepulse technique
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Recent studies of lasing in Ne- and Ni-like ions on the Asterix |V iodine [fdeBaumhackeet al.

Appl. Phys. B61, 325(1995] using the prepulse technique are reviewed. Experimental evidence
shows that beam refraction is the main factor for the lack of lasing indalements, as well as the
J=0-1 vsJ=2-1 anomaly in Ne-like ion lasers when there is no prepulse. It is shown that the
role of the prepulse in enhancing te=0—1 lasing line in Ne-like ion is to produce a larger and
more homogeneous plasma. The measurement of lasing od=tlle-1, 3p—3s transition in
Ne-like Mn, V, Sc, Ca, K, Cl, S, and Si using the prepulse technigue is reviewed. Wavelengths of
these lasers range from 22 to 87 nm with gain lengths between 7 and 12. The drive energy for S was
scaled down to 20 J. The experiment demonstrating the 12 nm lasing ah=t@e-1, 4d—4p
transition in Ni-like Sn is also reviewed. @997 American Institute of Physics.
[S1070-664X97)01301-3

I. INTRODUCTION readily made theJ=0—1 line lase in Ni £=28) to Si
(2= 14) B-2536-40Thjs provides an efficient way towards a

Although the initial prediction of Ne-like ion lasing was small scale system using lo#-materials lasing in the soft
mainly for elements wittZ around and lower than 20 on the x-ray (SXR) and extreme ultravioletXUV) region. Lasing
3p'Sy,—3s'P; transition (commonly referred to as the in this region has long been missfigintil the demonstra-
J=0-1 laser ling,*? the first successful demonstration of a tion of a table top laser at 46.9 nm in Ne-like Ar using a
Ne-like ion laser was in Se on thep3D,—3s®P; and  capillary dischargé? and a 10 Hz optical field ionizing 41.8
3p®P,—3s'P; transitions (commonly referred to as the nm laser in Pd-like X&® This attempt of going to lovi
J=2-1 laser linegat 20.6 and 20.9 i the atomic num-  elements is different from previous work, where while the
ber of which is 34(Because we are mainly interested in low- |asing wavelength becomes shorter and shorter, the drive de-
Z elements, the notation of LS coupling is ugesince then, mand becomes higher and higher.
a dominant effort has been to use higtelements to achieve In this paper, we review in detail recent works of the
lasing at shorter wavelengtfs® In these experiments, x-ray laser group at the Max-Planck-Instittit fQuantenop-
mainly at Lawrence Livermore National Laboratory, explod-tik (MPQ), concentrating on collisional x-ray lasers using the
ing foil targets were used to mitigate the effects of refractionprepulse technique. All these works are accomplished on the
of the x-ray laser beams as they propagate down th@sterix iodine lasef* Under a typical condition, Asterix was
amplifier® Efforts at other institutions on smaller facilities operated at 1.31%m with a pulse duratiorifull width at
have resulted in the demonstration of lasing in Ge, Zn, antalf maximum(FWHM)] of 450 ps. The methods of gener-
Cu using slab targefs}® among which Ge has thereafter ating the line focus, 3 cm long and 150m wide, and the
been studied worldwide under a variety of pumpwell-defined prepulse are described in Ref. 34. With 400 J of
conditions'*~** For a number of elements saturated outputAsterix output, the irradiance on the target is< 203
was obtained>***>**For the analogous transitions in Ni- W cm™2. Unless specified, the prepulse-to-main pulse delay
like ions"~??lasing at a wavelength as short as 3.6 nm inwas 5.23 ns. The setup of the diagnostics can be found in
Au has been achieved Importantly, Ni-like ions lase domi- Refs. 34 and 37. Briefly, two on-axis transmission grating
nantly on theJ=0-1,4d—4p transitions, in contrast to Ne- spectrometers were employed. One of them was coupled to a
like lasers in which thed=0—1 laser line, which was pre- thinned, backside illuminated charge coupled device
dicted to be most amplifieti;*is missing or shows only very (CCD)* with either angular or spatial resolution normal to
low gain in comparison with thé=2—1 laser lines. This is the target surface. The other spectrometer was coupled to an
the so-called)=0—1 anomaly in Ne-like lasers. x-ray streak camer®. Experiments have been performed for

This so-called)=0—1 anomaly is now solved by using both better understanding of the physics of x-ray lasers as
the prepulse techniqué; **curved target$® *®and multiple  well as extending the availability of them.

pulse irradiatiorf’~*> which dramatically enhanced the  Section Il will review experimental results that directly
brightness of theJ=0—1 line fe|ath(293t2C; tglse]=2—l lines jllustrate the role of beam refraction in dictating the
in Ne-like Cu Z=29) to Se Z=34) 7>~ J=0—1 anomaly, and in the difficulty of demonstrating a

In particular, application of the prepulse technique hajow-Z Ne-like x-ray laser. Section Il gives results showing

the role of the prepulse in enhancing the 0—1 laser in

dpermanent address: Shanghai Institute of Optics and Fine Mechanics, P.b‘.e'“ke lons. Sectlon§ Iy and V review our efforts of e_Xtend'
Box 800-211, Shanghai 201800, People’s Republic of China. ing the Ne-like and Ni-like laser schemes to I@materials.
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FIG. 1. Traces at the spatial maxima of the time integrated but spatially
resolved on-axis spectra from 2.4 cm targets of Ge, Ga, and Zn slab targets. 200 T j T j T i T i T
For these shots, Asterix irradiated the slab targets with=@®J without L (b) Ge
any prepulse.
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Il. EFFECTS OF REFRACTION ON THE OUTPUT OF _Z
NE-LIKE LASERS & 100
>
It is well known that Ge is a very reliable lasing material ’é
with drive wavelengths ranging from 1.315 to L 50 -
0.53 um2~*However, in spite of the minor difference be- =
tween the atomic numbers of Zn and Ge, in Zn only marginal 0

lasing has been reported for drive wavelengths at 1.315 and 0,4 0,2 0,0 0,2 0.4
1.06 um if no prepulses applied!®3*Below Zn, Cu is the
only lasing elementwithout the use of the prepulse
techniqué’ To understand these observations, we COMparel . , 1. coaial distributot) and time historyb) of the J—0—1 ine
the lasing output of Ge, Ga, and Zn under similar conditions;; 19.6 nm and the pair af=2-1 lines at 23.2 and 23.6 nm in Ge. A
without a prepulsé® The result is illustrated in Fig. 1, where 1.2 cm target was used for the measuremerigirand a 2.5 cm target was
the traces at the spatial maxima of the time integrated butsed for(b), (b) was r'_neasured at 7 mrad off axis, where thg angular m_axi-
spatially resolved on-axis spectra from 2.4 cm targets ar }]Jm of the 19.6 nm line appears. For both cases, aA?O J drive pulse with an
' . . . prepulse was used. @), the accuracy of determining the target surface
given. For these shots, the Asterix laser was used to 'rrad'a'&)sition is=50 um. In (b) the time zero is set at the peak of the continuum
slab targets with 40820 J of energy without any prepulse. emission, which approximately corresponds to the peak of the drive pulse.
One clearly sees th&=0—1 line at 19.6 nm and the pair of The pgir ofJ=2—1 lines are not resolved ifb) due to the low spectral
J=2—1 lines at 23.2 and 23.6 nm in Ge, the pair of "esolution of the spectrometer.
J=2-1 lines at 24.7 and 25.1 nm in Ga. In Zn, even the
pair of J=2—1 lines at 26.2 and 26.7 nm are only barely
seen. cribed this steepened density profile to the unsteady nature of
In connection with the observation that the three materithe early expansion of the plasma. Two reasons may lead to
als lase well with a prepulse, we ascribe the phenomenon isuch a steepened density profi{@) If the plasma is super-
Fig. 1 to the effect of refraction of the x-ray laser beams.sonic at the critical surface, a steep plasma front exs2)
Because Zn needs a lower density to lase in comparison wittWhen a spatially isothermal plasma expands with a rising
Ge and Ga, it lases farthest from the target surféoerel-  temperature the density profile is steepened, and the faster
evant scaling laws for the optimum electron density as @he temperature increases, the steeper the density profile is.
function of Z, see Refs. 5, 47, 48, and belpWwherefore a  This hydrodynamic motion in combination with the beam
density profile that can explain the observation in Fig. 1 byrefraction is clearly the reason that no laser in loweKe-
refraction effects should be such that the farther from thdike ion can be observed without modifying the hydrodynam-
target the larger the density gradient. This is obviously dif-ics or compensating the refraction. More detailed and quan-
ferent from the sonic rarefaction wave in the case of an isotitative modeling, especially the effect of beam refraction,
thermal steady state where the density profile iswould be necessary for better understanding the observation.
exponentiafl’® At the time when the gain peaks, such steep-  To show the origin of thd=0—1 anomaly, we give in
ened plasma front is normally observed in numerical simu+ig. 2 the spatial distributioia) and time history(b) of the
lations, e.g., in Refs. 24 and 47. From the calculation in RefJ=0—1 and the pair ofJ=2—1 lines in Ge. A 1.2 cm
47 (no prepulsg the gain region for thd=0—-1 line in Fe, target was used for the measurement in Figy 2nd a 2.5
Ti, and S is shown to be farther and farther from the targetm target was used for a better signal-to-noise ratio for Fig.
and its spatial width is narrower and narrower as one goe2&(b), respectively. For both cases, a 380 J drive pulse with a
from Fe to S due to this steepened density profile. We as? J prepulse was used. Tlle=0—1 line is seen to occur

(b) Time (ns)
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closer to the target surface and earlier in time, which readily 0,40
explains theJ=0—1 anomaly: the propagation of the [ Fe, 73 4 prepuise
J=0-1 laser is more subjected to refraction effects. It is B Fe 7.3 J prepulse
also experimentally observed that the 0—1 line is more L -O--Ti, 73 J prepulse
affected by refraction than the=2—1 lines using an angu- - @ Ti.73J prepuise
lar resolved measuremewithouta prepulsé® These obser-
vations in Fig. 2 are in good qualitative agreement with hy-
drodynamic and atomic kinetic modeliRg.

Physically, this originates from the fact that the
J=0-1 line is predominately pumped by direct monopole
excitation from the Ne-like ground state while the
J=2-1 lines are more influenced by recombination from 1 2 3 4 5 &
F-like ions and cascading from higher levéi$#In this case
pumping of theJ=0—1 line relies more on a high electron
density and high abundance of the ground state. As theIG. 4. The peak positions of thk=0—1 line in Fe and Ti as a function of
plasma is stripped rapidly through Ne-like stage, lasing onhe prepulse-to-main pulse delay at 7.3 and 73 J prepulse levels with a main
the J=0-1 line can only occur early in time, and is more pulse energy of 417 J. The target length is 1.2 cm.
transient than that on th&=2—1 lines.
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Ill. THE EFEECT OF THE PREPULSE target surfa}ge. Our spatially resolveq measurement§ for the
lasing position were compared with hydrodynamic and
Both in our experiments and in the literature, it is now aatomic kinetic modeling and good qualitative agreements
routine observation that the prepulse is essential in enhangvere observed®*® To further illustrate this point, in Fig. 3,
ing theJ=0—1 line. For instance, in Ga, with a main pulse we present the spatial distributions as a function of the
energy of 380 J, effective gains of 4.3, 3.1, and 2.8 tfor  prepulse-main pulse delay for tde=0—1, 25.5 nm laser in
the J=0—1 and the pair ol=2—-1 lines have been mea- Fe. The delays used are 1, 2.3, and 5.23 ns, and the main
sured for the case with a 70 J prepulse, as compared to thgilse energy is 417 J, with 7.3 or 73 J prepulses. In these
gains of 0, 2, and 2 cit in the case of no prepulsS&.The  measurements, the target lengths were 1.2 cm. In Fig. 4 the
low-Z elements Z<29) do not lase at all without a prepulse. peak positions of thd=0—1 line in Fe and Ti are plotted as
To understand the role of the prepulse in making thisa function of the delay at 7.3 and 73 prepulses. Clearly a
dramatic change, a series of experiments measuring the spanger delay shifts the lasing region farther away from the
tial profile of the laser output has been perform&®*°A  target surface. Another direct illustration of the effect of the
detailed investigation of th& dependence at a 5.23 ns delay prepulse is the reduced refractive angle but increased beam
and two prepulse levels was described in Ref. 55, where theivergence of the output laser beam in comparison with the
results were interpreted assuming a power law for the opticase of no prepulse, as shown in Fig. 5 for the 23.6 nm
mal electron density and an adiabatic similarity expansion of=2—1 line in Ge. The larger beam divergence when using
the preplasma: briefly, a lowér element needs a lower op- a prepulse is due to the broader gain region, and the reduced
timum electron density, and a larger prepulse produces gefraction angle is the effect of the relaxed plasma density
plasma expanding faster, therefore the lower Zhand the  gradient.
larger the prepulse, the further the gain region is from the These observations verified that the key role of the
prepulse is to produce a plasma with a longer scale length,
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FIG. 3. The spatial distribution of thé=0—1, 25.5 nm laser in Fe for a Angle (mrad)

main pulse energy of 417 J with 7.3 and 73 J prepulses, at 2.3 and 5.23 ns
delays. The target lengths were 1.2 cm. The position at 0 is determined to beIG. 5. Angular profiles in the horizontal plane of the 2—1 line at 23.6
accurate withint50 um. nm in Ge with and without a prepulse. The target lengths were 2.5 cm.
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thus allowing a better propagation of the x-ray laser beamTABLE I. Transitions, wavelengths\(, gain coefficients ¢), and gain
Simulation in Ref. 57, additionally, indicates that a longer'éngths 61) for the new Ne-lke lasing observed. An error bar of
+0.8 cm ! applies when error is not given, mainly due to the shot-to-shot
scale Iength(as. the result of a Iarggr prepusle or a Iongerdeviation. The energies of main pul§@epulse under which the gain was
prepulse-to-main pulse delagesults in a better coupling of measured are also given. When not specified, gamcompouny slab

the main pulse energy while reducing the hydrodynamidargets were used. Gain coefficients deduced using the method of Appendix
losses during the irradiation B are also given for V and Sc in brackets, which are used for the gain ratios

. L . shown in Fig. 6[for lasing in Ne-like Si, the gain coefficient has not been
An important point is the dependence of the lasing OUtmeasured due to lack of data at different target len¢tbe Ref. 39.

put on the prepulse level. First, as a higher electron tempera
ture results in a higher gain, a small amount of the plasmagns (targets Terms Anm)  E(J) g(cm') gl References

i.e., a smaller prepulse, is preferred for a higher gain. How 1+ Ea 204 380(70) 43 107 Ref. 35
ever, this high gain may not be effective if the beam refrac- AP 247 31 7.4
tion dominates the propagation when the scale length of the B¢ 251 2.8 6.7

plasma is too short. Simple analysis sho@@se Appendix

A), that the optimized prepulse is a function of the targel’vInl5+ GEd gg'? 370(66) 423; 12'; Ref. 40
length as well as of the lasing materials, which is consistent ' ' '
with simulations of Ref. 57. Experimental results about theys+ E 304 37066 4.4+0.7(3.7 11.0 Ref. 37
optimization of the prepulse can be found in Refs. 35, 39, 55, G 261 5.0-1.14.0 125
58, and 59.
St E 35.2 370(66) 3.84.7) 9.8 Ref. 38
G 312 (2.7
IV. LOW-Z Ne-LIKE LASERS USING THE PREPULSE C&% (Cak) E 38.3 370(66) 3.8 11.4 Ref. 38
TECHNIQUE
_ K+ (Kcl) E 421 370(66) 3.4 10.2  Ref. 38
Analysis based on a four-level model reveals that for
elements witlZ between 32 and 14, the electron temperatureC!’* (Kel) E 529 370(66) 2.5 7.5  Ref. 38
(Te), the optimum electron densityng,), and the gain co- .
efficient (G) of theJ=0—1 laser in Ne-like ions follow the S F',Ee gg'f 42070 1157 Aéi Ref. 39
scaling® ' ' '
b+
Te~(Z— 6.8, N~ (Z—8.8°LG~ (2 7.0?". S E_ 814 %80 Ref. 39

Predictions of these scaling laws are quite favorable for IowggpigO‘%st;l transition.
Z materials. First, the decreased temperature required regggpz:3sslplttrr:r?;'ttif:'
. . . . 2 1 .
duces the drive demand. Second, the gain coefficient dropgpis —3s2p, transition.
only moderately a¥ decreases. The main factor affecting ®3d'D,—3p'P, transition.
lasing in these lowZz materials is the low electron density
required. In Refs. 42 and 43 this requirement was met by
using gases as lasing media. is resonantly photopumed, although gain on this line has
The prepulse technique makes it possible to create a loween predicted owing to the strongp23p monopole
density plasma. Using this technique we have demonstrategkcitation®?
lasing on theJ=0—1 transition in Ne-like GaZ=31)3® For the purglnoncompoungtarget cases, thE lines at
Mn(Z=25)V (z=23)¥ Sc, Ca, K, Cl g=21,20,19, and  26.9, 28.5, 30.4, 32.6, and 35.3 nm in Mn, Cr, V, Ti, and Sc
17),® S and Si g=16 and 14.>° These lasers were demon- (Z=25, 24, 23, 22, and 2lwere observed to be weaker in
strated with main pulse energies ranging from 420 to 20 Jodd-Z elements than in eveA-elements. Under conditions
preceded by prepulses with energies from 70 to 0.4 J. Wésted in Table | with target lengths of about 2.5 cm, they are
mention that lasing on the same transition in Ne-like Arof relative intensities of 56, 665, 86, 8, and 42 thousand CCD
(Z=18) has also been demonstrated in a laser irradiated g&sunts for Mn, Cr, V, Ti, and Sc, respectivéf}.This is
puff target without the use of a prepuffe. The consistent with the hyperfine splitting effect due to the non-
wavelength® and the gain coefficients obtained in our ex- zero nuclear spin in odd-elements, which reduces the gain
periments are listed in Table I. For targets, Gad KCI,  on theE line by effectively increasing the linewidf#:%®
LiCl crystals were used for Ca, K, CI; for S, fine powders In these elements, we also observed a secbr—1
were glued on a glass substrate. The other targets were slale, which are at 22.1, 23.9, 26.1, 28.4, and 31.2 nm in Mn,
thicker than 10Qum. Cr, V, Ti, and Sc. They are identified as thep 3
15,—3s%P; transition (termedG transition in Ref. 61 In
the similar shots mentioned above, the intensity ofGhkne
In spectra of these lasers, the norndat0—1 lasing is less than 2 thousand CCD counts except for the 26.1 nm
line, i.e., the $1S,—3s!P; transition(the analogue of the line in V, which has an intensity of 15 thousand CCD
19.6 nm line in Ge and 18.2 nm line in Se, terntédine in  counts?® The weakerG line in Mn, Cr, Ti, and Sc is in
Ref. 61 dominates the spectra. We note that it is the failureconsistency with previous observations in Fe, Co, and
in observing lasing in V and Sc has initially led the authorsNi,¢%® which is due to the fact that th& line shares a
of Ref. 23 to the speculation that tikeline at 32.6 nm in Ti  common upper level with thE line but has a smaller oscil-

A. General observations
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tion. This indicates that there must be other reasons that con-
tribute to the anomalous observation in V besides the hyper-
fine splitting effect. As the two lines share a common upper
level, a full understanding of this V anomaly would require
accurate measurements of the-3, and 3-2 transition ar-
rays in Ne-like or higher ionization stages to find possible
resonance to the lasing lines or the-2p transitions(re-
sponsible for evacuating the lower lasing level in the Ne-like
ion). A resonance to the former will enhance the laser while
a resonance to the latter will deplete the gain.

In S spectra at high pump energy, beside Hiéne at
0.0 T T T T e 60.8 nm, we also observed a second laser line at 60.3°nm,
which is identified as the &P,—3p!P; transition in Ne-
like S, the analog of the 45.1 nm line observed in Ne-like
FIG. 6. Calculated and measured gain ratio of @éne to theE line as a Ar. 5054 LaSing on this transition is tentatively attributed to
function of atomic number. Solid line: gain ratios assuming similar popula-trapping of the strong CBlpl— 2p1$0 resonant radiation,
tion inversions for thd&e andG lines without hyperfine splitting. The atomic  while the lower Iasing level is evacuated by collisions be-
param_etgrs in Ref. §l are used for the calcul_ation. When_ hyperfine Sp”m”Qween adjacent |evep§_ For S, the gain coefficient on this
_effect is |nc|ydeo(sol|d squaresthe gain reductions on tHe line calculated _line was measured to be slightly higher than that onEhe
in Ref. 63, i.e., 0.76, 0.69, 0.81, and 0.69 for Sc, V, Mn, and Co at ion
temperatures of 43, 65, 95, and 132 eV, respectively, are used. line at 60.8 nnt® A more detailed analysis of this novel
lasing system can be found in Ref. 65.

In our experiment, the strong laser lines were normally
observed to be accompanied by regular wifgg., see fig-
ures in Refs. 38—4Qwhich are due to diffraction by the slit
on top of the transmission grating. Such patterns provide a
rough estimate of the spatial coherence of the laser beam.
Analysis of the pattern formed by theline at 28.5 nm in Cr
reveals that the coherence of the laser beam is not better than
that of a quasimonochromatic spatially incoherent disk
source whose diameter is of the order of the size of the laser

utput end. This is a result similar to previous measurements
or the 20.6 and 20.9 nm lines in $&and the 23.2 and 23.6
nm lines in G&7% |t should be possible to greatly increase

1,5 g T y T T T T T

O measured
B with splitting
no splitting

-
o
T

E

Gain G/Gain
o
[$]

lator strengtt?* The hyperfine splitting has little effect on the
G line 82 However, in V, thisG line (15 thousand countss
even stronger than thE line (8 thousand countsat 30.4
nm3"4% We also observed that th® line has a temporal
behavior similar to that of th& line in Cr and Ti, while the
E line has a much shorter durati6hThis makes V to be
very different from the other elements.

This anomalous behavior of V is clearly illustrated in
Fig. 6, where the calculated and measured gain ratio of th
G line to theE line is plotted as a function of the atomic
number. For th& line, we were not able to measure the gain . - o
in most of the elements because it was too weak in théhe coherence by using the |njector-ampllf|§r geom&try.
shorter target shots. Therefore the gain coefficients are de- The features with respect to pulse duration, angular char-

duced using a method described in Appendix B. In this Caseqcter_is_tics of thel=0—_1 laser, are also examinétUnder a
for consistency of comparison, gains on tadine used are Condition of 340 J main pulse preceded by a 60 J prepulse,

also deduced this way. For Cr, Ti, V, and Sc, the gains inthe pulse duration varies gradually from 250 to 350 ps in

Mn“ are used as a reference. The choice of Mn is due to thd°'"9 from Ni to S. Lasing occurs 200-300 ps before the

fact that the measured value fits closely to the calculate?eak of the.drlve _pulse. The angular beam maximum was
tendency(see Fig. 6 For Ni and Co, the Fe result is used as ound to be insensitive to the prepulse level and the working

referencé® because it is the only element with a measure aterial and was at 3-5 mrad, with a beam divergence be-

gain on theG line under the conditions these data were!Ween 5 and 10 mrad.
taken, i.e., with a 420 J main pulsedaa 7 Jprepulse. The
calculated gain ratios are obtained assuming similar popul
tion inversion for both transitions using the atomic param-  One of our efforts is to scale down the drive energy to
eters in Ref. 61. When hyperfine splitting effect is consid-demonstrate the possibility of using the prepulse technique
ered, the gain reduction factors on thdine in Ref. 63 are for a practically available small scale system. Previously, the
applied, i.e., 0.76, 0.69, 0.81, and 0.69 for Sc, V, Mn, and Cal=0—1, 38.3nm line in Ca lased at 100 J energy drive
at ion temperatures of 43, 65, 95, and 132 eV, respectivelyenergy*® the analog in Ti at 32.6 nm has been demonstrated
We note that these ion temperatures in Ref. 63 are obtaineat 50 and 40 J drive energig&®® More recently, pump en-
from simulations for slab targets irradiated by a single 600 p#rgy for theJ=0—1, 60.8 nm line in S was scaled down to
drive pulse with a strength to produce the Ne-like stage. Iran energy as low as 20 J, corresponding to a drive power of
our case with the prepulse technique, the ion temperaturenly 102 W cm™2.2° The prepulse energy was only 0.36 J in
might be somewhat lower due to the cooling before the mairthis case. A typical spectrum taken under this condition is
pulse arrives. Nevertheless, the measured data agree with thzen in Fig. 7, where the 60.8 nm laser line dominates.
calculation approximately for most of the elements exceptFigure 8 depicts the peak intensity of the 60.8 nm line in S as
for V, which is the only one that exhibits a gain ratio a function of the main pulse energy at different prepulse
(G/E) exceeding 1, and deviates quite far from the calculalevels for 3-cm-long targets. One notices that at a large

aE_B. Experiments with reduced drive energy
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FIG. 7. A trace at the spatial maximum of the time integrated, spatially
resolved spectrum fra a 3 cm Sarget using a 20 J main pulse with a 0.36
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FIG. 9. Spatial distribution of the 60.8 nm laser line in S for a large range of
prepulse(main puls¢ energy for 3-cm-long targets: A: 70 330 J, B:
12.8 J(69.7 J, C: 1.0 J(59.5 J, D: 0.36 J(40.9 J, E: 0.17 J and21 J, and

F: 0.17 J(21 J, a target with 1 m radius of curvature.

prepulse of about 70 J, a reduction of the main pulse energy

leads to successive reduction of the intensity of the laser IinqOW 1 J, the laser line peaks almost on the target surftee
which is a logical result due to the reduced electron tempera.,; side slope of the profile is due to the limited spatial

ture (note the log scale of the intensityHowever, in the

resolution of the spectromejeand exhibits a very narrow

more interesting regime of a smaller main pulse energy af)rofile with FWHM of about 10Q.m. This is an important

lower prepulse levels, a very different behavior is observed

indication that the laser beam is not seriously affected by the

For instance, for the 0.36 J prepulse, a 40 J main pulse OPlafraction effect at very low prepulse levels. This is further

mizes the intensity of the laser line. Also, for a main pulse
energy between 60 and 100 J, a prepulse energy X J

optimized the lasing intensity. This indicates that at low
drive energies the intensity of the laser line becomes mor

sensitive to the prepulse level.

To understand the behavior of the 60.8 nm laser lingy,q oy tracing calculatiof? It is plausible that this
under very small prepulses, we give the spatial profile of th
laser line obtained using the spatially resolved spectromet

verified by use of a target with a radius of curvature of 1 m,
in which the spatial profile was further narrowed to about 40
m while the output signal remains the same to a similar
hot on a flat target. The narrowed near field profile when
using a curved target is in consistence with the prediction of
“refrac-

fion free” profile originates from the hydrodynamics of the

T : . , lasma when the main pulse arrives. The tenuous preplasma
in Fig. 9. It is obvious that as the prepulse energy is reduce%roduced by the tiny prepulse allows the main pulse to heat
the laser line peaks closer to the target surface, an observf}]-e solid target and produce new plasmas that interact with
tipn similar to our previous ones. For Iarge_ main pulse €N€Tthe preplasma. This interaction may lead to ripples in the
gies, thgre are some Iarge_scale modulathns of the prOf'l‘%iensity profile, which in turn establish low density channels
which d|_sappear as the main pulse energy 1S reduced. Thege o plasma that guide the x-ray laser beam along the target
r_nodul_atlon may result from_the spatial profile of the NEON-grface. Such ripples have been observed in the simulation at
llke “ ion abundance, which has been observed Mo hrenise levels and disappear at larger prep(isEsr-
simulations.* Finally, as the prepulse energy is reduced be'ther theoretical and numerical investigation is needed to
quantitatively understand the laser plasma interactions in this
regime and the relevant beam refraction in such lasant plas-

104 T T T ] mas.
L Prepulse energy: ]
%  -o-704 s .
€ | ® 128J e 1 V. SCALING TO SHORTER WAVELENGTHS: Ni-LIKE
3 v 1.0/ o 1 Sn LASER AT 12 nm
= 103 —O—036J v E , , .
= F —=—017J g 3 The Ne-like lasers described above emit at rather long
& / wavelengths. To scale to short wavelengths, an obvious way
S is to use the Ni-like schem&"~??for which a small scale
2 1 system in lowZ elements has been propo&kdnd initially
g 102k * S . studied experimentall{?’® More recently, using a multiple
: u o N pulse irradiation technique lasing in a number of middle-
10 100 elements has been demonstrated at considerably lower drive

Energy in the main pulse (J)

energy*"®than those in these previous experimefitg?
To go to short wavelengths using ladvNi-like ions, we

did a series of experiments and succeeded in demonstrating
lasing at 12 nm in Ni-like Sn with a gain length of about

FIG. 8. The peak intensity of the 60.8 niline in S as a function of the
main pulse energy at different prepulse levels for 3-cm-long targets.
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FIG. 10. A trace at the spatial maximum of the time integrated, spatiallyFIG. 11. Traces at the spatial maximum of the time integrated, spatially
resolved spectrum from a 3-cm-long curved target of Sn, the radius of curresolved spectra from 2.5-cm-long NaBr targets at a 460 J main pulse with
vature of which was 1 m, obtained with a 442 J main pulse preceded by a 30, 8, and 80 J prepulse.

J prepulse. A strong laser on the Ni-lide=0—1, 3d3,— 3ds.A4p3, transi-

tion, at 11.98 nm is seen. A @m Be filter was used.

refraction effect seems to be crucial. This is supported by

4.875 A spectrum from a 3-cm-long curved target of Sn, thecomparing the results of using exploding foil targets with the
radius of curvaturétermedR, hereafter of which was 1 m, results of using curved targets, e.g., for the Eu results in Ref.
is shown in Fig. 10. It was obtained with a 442 J main pulse20 and the Sm, Gd results in Ref. 74; for Sn results of ours
preceded by a 39 J prepulse. A strong laser on the Ni-likand that in Ref. 79. In both cases, the prepulseiltiple
J=0-1, 3d34d3,»— 3ds5.4ps), transition is seen, while its  pulse technique in conjunction with the use of curved tar-
partner, the 85.,4d;,—3dsApq, transition predicted at gets has resulted in higher gains. Finally, a longer wave-
11.5 nm’” is absent, in consistency with the previously ob-length drive is also found to be more advantageous if one
servedZ dependence of their relative intensittes*’8Al-  compares the results for Ni-like Nd in Ref. 74 with that in
though a previous experiméfthas shown indication of gain Ref. 78. In Ref. 74 a gain coefficient of 3 cthis observed
in Ni-like Sn, this is the first unambiguous demonstration offor theJ=0—1 line at 7.9 nm using a 1.0ém drive with a
this first proposed Ni-like ion laséf. total energy of 200J, as compared to the gain of about

In the experiment, it is found that both the prepulse andlcm ! in Ref. 78 for the same line using a 0.5&n drive
curved target are playing important roles. No lasing line carwith a total energy of nearly 2 kJ. This is due to the fact that
be identified with a 380 J main pulse alone for a 2.5 cm flatvhen the optimum electron density is low, the drive energy
target. With the addition of a 70 J prepulse, the lasing line isat a longer wavelength couples better to the plasma region
weakly seen, and has a very localized emission region, whictvith correct densities. We note that, to the best of our knowl-
is an indication of lasing. Under the condition for the shotedge, no ray tracing calculation of a Ni-like system from a
shown in Fig. 10, the output of the laser line increases aslab target has been published.
R; decreases down to 1 m. We conclude that for Ni-like ion ~ Obviously, to realize high gain Ni-like lasers in -
lasers, the refraction compensation is equally important aslements envisaged in Ref. 71, a prepulse or multiple pulse
the prepulse. This is somewhat different from the case for @&radiation scheme at wavelengths longer thaomi with a
Ne-like laser. In a recent experiment, the effect of theshort pulse duration in conjunction with curved targets
prepulse on the 19.6 nm line in Ge was found to dominatevould be crucial. We suggest to use a pulsed, C&3er at
the effect of the target curvature. A curved target was found 0.6 wm for this purpose. Previous calculatférand our
to be important only for cases with tiny prepul$és. calculation using ASNEx®! show that to create a similar en-

One important difference between Ne-like and Ni-like vironment in the plasma, a GQaser needs only 10% of the
ion lasers is that as one goes to I@materials, the former energy of a laser atdm, and the plasma produced is intrin-
lases under steady-state calculation even in an element likgcally with low electron density, well suited for lo&-Ne or
Si2 while the latter, e.g., in Ni-like Mo, shows no substan- Ni-like ion lasers. In addition, the hot electrons produced by
tial gain in a steady-state calculation. The reason is that thlong wavelength drive lasers also contribute to directly pump
plasma tends to be over ionized when the temperature is highe upper laser levef€:® In an experiment with Cu foil
enough for a significant®-4d excitation’* Therefore, it is  targets irradiated by a GQlaser, indication of lasing was
plausible that in these experiments with prepulse or multipleeported for several Ne-like transitions, although the electron
pulse irradiation, the first pulse, beside creating a plasmaensity for Cu needed for lasing is too high for a Q@ser®
with a relaxed density profile, also provides an environment  For the feasibility of extending the prepulse or multiple
allowing a more transient heating of the plasma, hence gerpulse technique to high-elements as an alternative to pro-
erating a higher gain. In this case, a fast rising edge of théucing lasing at short wavelengths, results and discussions
optical pumping pulse is favored. Even in this case, the gaican be found in Refs. 30, 31, 85, and 86. In this context, we
region is still quite narrow, and therefore compensating theshow in Fig. 11 a set of spectra from 2.5-cm-long NaBr
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targets at a 460 J main pulse with 0, 8, and 80 J prepulsethe Commission of the European Communities in the frame-
Lasing in Ne-like Br g=235) has previously been reported work of the Association Euratom/Max-Planck-Institutr fu
using an exploding foil target at a drive energy of 22kdn Plasmaphysik.

Fig. 11, the shorter wavelength=2—1 line (the analogue
to the 23.2 nm line in Gedominates due possibly to the
hyperfine splitting effect, which reduces the gain on th
longer wavelength linéRefs. 62, 63, and §7To explain the
weakJ=0-1 line at 17.4 nm, besides the hyperfine effect,

the electron density that can be produced by the 1,316 To derive a scaling law for an optimum prepulse inten-
Asterix may be too low for it to be well pumped. Clearly a sity, we assume a cylindrical preplasma with a linear density
larger prepulse makes the laser stronger. For a ZnSe targgfrofile No(r)=No(L,—r)/L,, wherer is the distance from

we also observed that tie=0—1 line at 18.2 nm in Se has the line focus andN, is the density at the symmetrical center.
the same intensity as thle=2—1 lines at 20.6 and 20.9 nm For simplicity we seNo~ 1/\3, being the critical density of
with a 425 J main pulse preceded by a 75 J prepulse, the pump laser, with , the wavelength of the drive laser. If
similar observation to that in Ref. 31 at a 0.a3n drive  inverse bremsstrahlung is the mechanism for absorption of
wavelength. Without a prepulse or with only a small the pump laser and the plasma is spatially isothermal, one
prepulse, no lasing could be observed for ZnSe and NaBfias the electron temperaturéts

targets.
9 [1-exp(—al,)]
x NOLFZ) main»

€APPENDIX A: SCALING OF THE OPTIMUM
PREPULSE INTENSITY

Te

VI. SUMMARY . . .
where« is related to the electron—ion collisional frequency

~ We review our recent studies of lasing in Ne- and Ni-at the critical densityl mqinis the intensity of the main pulse.
like ions on the Asterix IV iodine laser using the prepulsewhenL is large enough, the exponential term vanishes and

technique. We give experimental evidence that beam refracf, becomes a monotonously decreasing functior pf In
tion is the main factor for the lack of demonstration of lasingthis case, for gain production one needs

in low-Z elements, as well as th=0—-1 vs J=2-1 12

i ke i ; Mol mai
anomaly in Ne-like ion lasers when there is no prepulse. We <B 0" main
show that the role of the prepulse in enhancing the PrzZ-6.4

J=0-1 lasing line in Ne-like ion is to produce a larger and where the scaling of > Ty~ (Z—6.4)% (Ref. 48 is used

more .homogeneous plasma. We rev!gweq the measuremefla} lasing thresholdp is a constant related to the transverse
of lasing on theJ=0—1, 3p— 3s transition in Ne-like Mn, expansion of the preplasma

V, S¢, Ca, K_’,CI’,S' qu Si, and Iasing on the-0-1, On the other hand, the refractive index of the photons is
4d—4p transition in Ni-like Sn. The drive energy for the n(r)=[1—Ng(r)/N,]¥2~1-0.5N,/N,, where N, is the
e X . e X X

60.8 nm Ne-lik_e S Ias_er was scaled (_10wn to 20J. Thesgritical density of the x ray. From the paraxial ray equation
experiments might be important evolutionary steps toward%:n a medium of near-unity refractive index

small scale SXR and XUV laser systems using laser plasma
as lasing medium. First, due to the small excitation energies ﬁ_ _ 1 dNg(r)

in these lowZ Ne- and Ni-like ions, reduction of the pump dy?~ 2N, dr
demand seems possible, as we have demonstrated for Ne—IiFr

(A1)

S. Second, we showed the role of the prepulse and its effe erey is the coord_mate a_long the plasma columnj For a
on the laser output. Based on these results, small pump Iasepgear_electron density prqﬂle, the transverse d_eflecnon of a
at longer wavelengths>1 zm) with output energy of no paraxial beam after traveling a target lengthYgfis

more than 50 J seem to be enough for driving these lasers 1( Ay ZY(Z)
; i i Ar=—— —| —,
using the prepulse or multiple pulse techniques. 4\ %o/ L,
where A, is the wavelength of the x-ray laser. If only the
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In the preplasma one has,~17, wherel; is the inten-  With the known atomic parametetsthe ratio ofl for dif-
sity of the prepulse and is a parameter related to the laser- ferent elements can be readily calculated. If intensity ratio
plasma interaction process. Therefore from E@sl) and |,/1, Of the two lines, and the target lengthg andL . are

(A2) we have known, from
| <a<)‘0|%§in>1lk 11 _ To 1(Gyby) (B5)
P Z—6.4 ’ Iref IOreff(Greerref)
Y, Uk (A3)  one can easily deduce; from G,. It is found that for
= adjacent elements, the procedure is insensitivd $p be-
‘o b((Z—8.8)3(Z—10)°'9)\§) ' ‘ procedure 1S INsensitive do

cause it almost cancels during the procedure.

wherea andb are constants. It is obvious that the upper limit ~ The accuracy of this method is found to be well within

of I, is set by the atomic number of the lasing material andhe accuracy of the experiments if the intensities of the lines

the main pulse energy, whereas the lower limit is additionconcerned are close to each other. The result is quite sensi-

ally related to the target lengthyg). Though qualitatively, tive if the difference between the line intensities is large. For

Eq. (A3) gives a general scaling of the optimized prepulseexample, using the gain of 4.1 ¢rhon theE line at 25.5 nm

levels: for highZ targets, small prepulses are favorable, andn Fe as in Ref. 56, the gain on tfeline in Ni at 23.1 nm,

for long targets large prepulses are better. Note that th@hich was measured to be slightly stronger than its analogue

analysis is valid only for large enough prepulses so that thén Fe, was deduced to be 4.3 ¢h being similar to the

main pulse energy is absorbed completely by the preplasm&easured value from two target lengths. However, for the Fe

G line at 20.5 nm, where the intensity is 100 times lower

than that of theE line, the deduced gain is only 0.9 ¢rh

well below the measured gain of 2.3 cM°® A 20% change

in the reference gain leads to a 200% change in the deduced
To deduce the gain®;) on line 1 from the known gain 9&in in this case. _

(Gref) ON a reference line in an adjacent element, let us first The method is very useful when data are not available

recall the Linford formul® for lasing output intensity for directly applying the Linford formula for gain measure-
ment. For example, for th& line in Ni, Co, Ti, and Sc,
lo [exp(GL)—1]%?

which does not appear in the short target shots.
_E[GLGXQGL)]lzzlof(G'L)’ (Bl) pp g
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