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Spatial coherence of prepulse-induced neonlike x-ray lasers

Peixiang Lu** Ernst Fill! Yuelin Li,>" Joachim Maruhi3,and Georg Pretzlér
IMax-Planck-Institut fu Quantenoptik, D-85740 Garching, Germany
2institut fir Theoretische Physik, Universtt&rankfurt, D-60054 Frankfurt, Germany
(Received 26 January 1998

We report a series of Young's double-slit experiments to measure the transverse spatial coherence of
prepulse-induced loviZ- neonlike x-ray lasers for two prepulse levels. The experiments were performed using
the Asterix IV iodine laser with a prepulse 5 ns before the main pulse. The main pulse energy was 400 J, with
a pulse duration of 450 ps. Two slit separations of 80 and AtOwere used to measure coherence in the
vertical direction. We also present data for the horizontal transverse coherence, obtained with only a single-slit
separation of 11@m. The equivalent incoherent source sizes of the x-ray lasers along the vertical direction, as
derived by the Van Cittert-Zernike theorem, were found to be 100—120for the 1.5% prepulse, and
110-170um for the 15% prepulse level, respectively. Compared to the near-field patterns, the equivalent
source sizes obtained with the lower prepulse 1€4€8% are found to be significantly smaller, indicative of
an enhancement of the spatial coherence by the gain medium. The observation of a higher degree of coherence
for the 1.5% prepulse is corroborated by simulations using a two-dimensional hydrocode and a ray-tracing
postprocessof.S1050-294{©8)00207-9

PACS numbg(s): 42.55.Vc, 42.60.By, 32.30.Rj, 52.50.Jm

I. INTRODUCTION present data for several lasing lines of Ge for a 15%
prepulse, which can be compared to recently published re-
Since the first demonstration of a collisionally pumpedsults[18].
neonlike soft-x-ray laser in seleniufh,2], great progress has We use the method of Young's double-slit interferometry
been achieved in extending the range of neonlike lasers and measure the spatial coherence. The interference patterns
in characterizing their properti¢8,4]. Recently, the applica- are compared to the ones of an incoherently radiating circu-
tion of a prepulse5,6] has made it possible to generate |ar disk. Measured near-field patterns of our lasers are shown
strong emission on thed=0—1 lasing line in low- to  and related to the equivalent incoherent emitters. Simulations
moderateZ elements ranging from S¥(=14) to Se Z=34)  for the two prepulse levels are carried out using a two-
[7-10. Using this technique, saturatder0— 1 neonlike Zn  gimensjonal2D) hydrodynamic code coupled to a ray trac-
and Ge lasers at 21.2 and 19.6 nm have been demonstratﬁt@ code. It is found that most of the experimentally ob-
[11,12. . served features are reproduced by the simulations.
_ One of the most important parameters of soft-x-ray laserpeyiations from experimental findings are attributed to sim-
is their spatial coherence, a knowledge of which is decisivgjified assumptions in the numerical model. The main obser-
for applications such as interferometry and holography\,ation, viz. a higher degree of coherence of the lower

[3,13—13. Spatial coherence properties of x-ray lasers haveyrepulse level, is corroborated by the theory.
been measured for materials including 6], Ge[17,18,

and Se[19,20. Increasing coherence with increasing gain
length has been demonstrated for a neonlike Ar laser pumped
by a capillary discharg21]. In these measurements, inco-
herent slit array$19,20, double slits[18], wires[17], and The experiments were carried out at the Asterix IV iodine
knife edges[16,21] were used as the diffracting elements. laser facility[26]. This laser, with a beam diameter of 30 cm,
Similar techniques have been applied to measure the spatialas focused by a cylindrical lens arr§g7] to generate a
coherence of extreme ultravioleXUV) lasers[22], a laser- 150.um-wide and 3-cm-long line focus, yielding a
plasma x-ray sourcf23], and of high-order harmonics gen- 20-TW/cn? irradiance on the target surface with a 400-J
erated in a gag24] and on a solid surfack25]. 450-ps pulse. To produce a well-defined prepulse, part of the
In this paper, we report on comparative measurements dieam was deflected to propagate along a shorter distance in
the transverse spatial coherence of prepulse-induced neonlikent of the final steering mirror. The delay between the main
J=0-1 lasers in Ti, Cr, Fe, and Zn for the two different pulse and the prepulse was set to 5 ns. The energy ratio of
prepulse-to-main-pulse ratios of 1.5% and 15%. We alsahe prepulse to the main pulse was 1.5% or 15%, which
could be selected by inserting or removing a 10% neutral
density filter into the beam path between the two mirrors
*Present address: NTT Basic Research Laboratories, Kanagawgenerating the prepulse. All targets used in the experiments

Il. EXPERIMENTAL SETUP

243-0198 Japan. were planar 2.5-cm long slabs.
"Present address: Lawrence Livermore National Laboratory, Liv- The criteria for using a Young's-type interference experi-
ermore, CA 94550. ment for coherence measurements were formulated by
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FIG. 1. Oblique drawing of the diagnostic setup to measure the
vertical transverse spatial coherence of soft-x-ray lasers. The x-ray FIG. 2. Angularly resolved interference fringe image of the
laser beam is horizontally emitted and is spectrally dispersed in thB€onlikeJ=0—1 Fe x-ray laser at 25.5 nnfa) Horizontal orien-
vertical direction by a 1000 I/mm transmission grating. A horizon- tation of the grating bars and double-slit pair; 86t slit separation.
tally oriented slit pair is overlaid on the grating. The fringe pattern(b) Horizontal orientation of the grating bars and double-slit pair;
is recorded in first order by an x-ray CCD. The distances from thel10-um slit separation(c) Vertical orientation of the grating bars
target to the double slit and from the double slit to the CCD are 65nd double slit pair; 11@sm slit separation. The structure appearing
and 75 cm, respectively. To measure the horizontal spatial coheft @ direction perpendicular to the interference fringes is due to
ence, the unit grating and double slit pair are rotated by 90°, and th&upporting bars of the transmission grating.
x-ray CCD is moved into the first order again.
vertical structure in this pattern is due to supporting bars of
Nugent and Trebe§28]. We used a pair of 2@m-wide the transmission grating.
slits! placed 65 cm away from the targetee Fig. 1L Two Spectra for Ti, Cr, Fe, and Zn at the peak of the angularly
different slit pairs with distances of 80 and 146 between resolved emission are shown in Figgadand 4b). The fig-
the slits were employed. In order to separate the x-ray lasarre compares 1.5% and 15% prepulses for the 80- and
emission from the plasma background radiation, the axial10-um horizontally oriented slit pairs. The corresponding
plasma emission was spectrally dispersed by means of patterns with 11Q+m slit separation with vertical slits are
transmission grating1000 lines/mny, with the grating bars shown in Fig. 5.
oriented parallel to the double slits. Fringe patterns at the We further show interference patterns for Ge in the hori-
peak of the angularly resolved emission of the x-ray lasergontal and vertical direction, for a single slit separation of
are recorded by an x-ray charge-coupled-dey@€D) cam- 110 um and a prepulse level of 15%-ig. 6). The figure
era 75 cm away from the double-slit pair. displays vertical and horizontal interference patterns for the
The main part of the data was taken with the slits orientedl=0—1 line at 19.6 nm, the twd=2—1 lines at 23.2 and
horizontally, thus measuring the coherence in the verticap3.6 nm, and for another=2—1 line at 28.6 nm. The 23.2-
direction(i.e., parallel to the target surfaceé\ less complete
set of data with vertically oriented slits, with only one slit
separation(110 um), will also be presented.

0.5

lll. EXPERIMENTAL RESULTS

©
o

As an example for the raw data obtained, the CCD read-
out for the case of Fe x-ray lasers with a 1.5% prepulse is
shown in Fig. 2. The figure represents data taken with the 80-
and 110um pairs in the horizontal direction, and with the
110-um slit pair in the vertical direction. It illustrates the
high visibility of the fringes for this laser, and the slight
variation of the visibility along the angularly resolved direc-
tion. The substructure perpendicular to the interference pat-
tern[i.e., the vertical structure in Figs(& and Zb) and the
horizontal structure in Fig.(2)] results from supporting bars | : °prep :
of the transmission grating. Figure 3 shows the CCD readout 0 2 4 6 8
obtained for Ti and Cr with a 15% prepulse. One sees that Angle from target surface (mrad)
the fringe visibility is high at the peak of the emission, but

: : : : FIG. 3. Angularly resolved interference fringe image of the
deteriorates as one goes away from that direction. Again thﬁeonlike J=0-1 Ti and Cr x-ray lasers. Prepulse level 15%.

Double slit horizontally oriented with 8@ slit spacing. The im-
age demonstrates the deterioration of the fringe contrast at angles
'Fabricated by Fenzl Spezialleuchten, D-33813 Oerlinghausen. away from the peak emission angle.
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12000 to the fringe visibility, defined as
0 0
6000 |M| = (I'max= Imin)/ (I maxt Tmin) 1)
. 10000
4000 wherel . and| i, are the maximum and minimum intensi-
5000 ties of the fringe pattern. Thus one can directly derive infor-
2000 ] _ ge patte y
: mation about the spatial coherence of the x-ray laser by mea-
0 ; ) L y y
0 suring the fringe visibility.
20000 From the fringe visibility as a function of slit spacing, the

20000 equivalent incoherent source size of the x-ray lasers can be
10000 calculated. For the simple assumption of an incoherently ra-

1 diating circular disk, the Van Cittert-Zernike theorem results

in the modulus of the complex coherence factor as given by

10000

Relative intensity (CCD counts)

2000 4000
- Ax)| = Ji(mdsAx/NZ) 9
1000 | 2000 | (AX)|= T adAXINZ (3]
0 0
whereAx is the slit spacingds is the diameter of the source,
10 1 z is the distance from the source to the double slit, ands
(B) Position on CCD (mm) the Bessel function of the first kind, order 1.

_ o The evaluation of our data, using the above expression, is
FIG. 4. Spectra of the fringe pattern at the peak of the emissiohown in Figs. 7a)—7(d) for Ti, Cr, Fe, and Zn, and in Fig.
for Ti, Cr, Fe, and Zn for 1.5% and 15% prepulse levels. Theg 4 Ge, In all of these diagrams the solid circles and
gﬁt’zf Sat;stiirnelhf(;;?ma”y oriente(h) Slit separation 8:m. (B) g4, ares represent data for the vertical spatial coherence of
P ' x-ray lasers obtained with 1.5% and 15% prepulse levels,
and the open circles and squares correspond to the horizontal
and 23.6-nm lines are not resolved. However, since the relaspatial coherence with the same prepulse levels. The dashed
tive wavelength separation is only 1.7%, an appreciable losand dotted curves give the fringe visibility, calculated from
in fringe contrast is not expected. the emission of an incoherent disk, the diameter of which is
To evaluate the data, we note that the coherence of a lighthatched to the data. For the data with two slit separations
source is characterized by its mutual intensity, which can béhis model gives reasonable agreement with the observed
normalized to yield the complex coherence fadi®®]. For  visibility as a function of slit spacing.
ideal double-slit interference, in which both slits are uni- The incoherent source diameters derived this way are
formly illuminated (closely approximated by our experi- listed in Table I. The values for the horizontal directigrer-
men), the modulus of the complex coherence factor is equapendicularly to the target surfagend the values for germa-
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FIG. 6. Interference fringe patterns for Ge. The figures show the . .
J=0-1 line at 19.6 nm, thd=2—1 lines at 23.2 and 23.6 nm (b) Slit spacing (um)
(not resolvefl and aJ=2—1 line at 28.6 nm(a) Slits horizontally 1.0 e : i : . :
oriented.(b) Slits vertically oriented. The prepulse level is 15% in ‘*’:1.?)'\ d.=110um
both cases. The horizontal axis displays the wavelength instead of 0.8 N .\‘f“ Fe 1
the position on the CCMas in Figs. 4 and )5to indicate the differ- - \\‘g‘.\I 25.5nm
ent emission lines of the germanium x-ray laser. % 0.6 \\‘ ‘ 1
nium are written in parentheses since they are derived froma 3 ¢4 I\ ‘I\
single-slit spacing only. All effective incoherent source sizes 2 « % N \%?125”"‘
are less than the width of the line focus, except for the ver- T g2 d.=150um E ‘ .
tical size of the Ti laser obtained for a prepulse level of 15%. ° NP S
Quite generally, in the vertical direction the equivalent inco- 0.0 e
herent source sizes are smaller for the lower prepulse level. 50 100 150 200
In the horizontal direction there is much less difference be- (© Slit spacing (um)
tween the two prepulse levels. It is also interesting to note
that the effective source sizes are quite similar for all four 1.0 = T T T
lasers in the case of a 1.5% prepulse, whereas they increase d,=100pm Zn
toward lowerZ with the 15% prepulsésee Sec. IV below 08 RN 21.9nm |
The results indicate that a high prepulse level increases the Eo N i ' ]
intensity of an x-ray lasefcompare the different counts in 2
Fig. 4), but adversely affects the spatial coherence. i 04l I % ]
Turning now to germanium we note that for tfi23.2, 2
23.6-nm line doublet the horizontal and vertical coherences s 02k 'ﬁ i
are quite comparable, whereas the 19.6-nm line is more co- I d.=130um e
herent in the horizontal direction. The horizontal coherence 0.0 1 . N Tt
for the 19.6-nm line is significantly higher than the one of 0 50 100 150 200
the (23.2, 23.6-nm lines, which confirms recently published (d) Slit spacing (um)

results[18].

The equivalent incoherent source sizes can be compared F|G. 7. The fringe visibility of neonlike@ Ti, (b) Cr, (c) Fe,
to the measured near-field emission patterns of the x-ray laand (d) zn J=0—-1 x-ray lasers with different prepulse levels
sers. To record near-field patterns, the x-ray laser emissiof1.5% and 15%as a function of slit spacing. Treelid circles and
was imaged in the vertical direction by focusing with a cy-squares represent data for the vertical spatial coherence of x-ray
lindrical mirror onto the CCD camera. For horizontal imag- lasers obtained with 1.5% and 15% prepulse levels. Bpen
ing a 50um vertical slit was used. Available data for 15% circles and squares represent data for the horizontal spatial coher-
and 1.5% prepulse levels include Ti, Fe, Cu, and Ge, asnce of x-ray lasers obtained with 1.5% and 15% prepulse levels.
shown in Fig. 9. Note the different horizontal and vertical The dashed, dash-dotted, and dotted lines are curves according to
scales resulting from the different magnifications in theseEd. (2), with the source diametefs matched to fit the data.
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directions. All near-field patterns show considerable struc- Relative horizontal distance (mm)

ture, in accord with previous findings at our and other labo-
ratories[30,31]. In some cases a vertical splitting of the pat-  FIG. 9. Experimental near-field patterns for Ti, Fe, Cu, and Ge.
tern into two spots 150—20@m apart is observed. The Horlzon_tal _and vertical directions refer to the coordinate system
structure is attributed to inhomogeneities in the intensity disShown in Fig. 1.
trlbutlgn transverse!y to the direction of the line foc[l:_w]. IV. SIMULATIONS AND DISCUSSION

Quite generally, it can be noted that the effective incoher-
ent source sizes from Table | are somewhat smaller than the To understand the above findings, in particular the obser-
extension of the near-field patterns for the vertical as well agation that a lower prepulse level results in a higher degree
horizontal directions. We mention again that the coherencef coherence, we performed simulations of a prepulse-
data in the horizontal direction are less reliable than the datmduced x-ray laser for the two prepulse levels. Simulations
for the vertical direction, since only a single-slit spacing wasof prepulse induced lasing for various prepulse levels have
used. been previously carried out for germaniysg)].

It is clear that a full account of the effects of plasma

TABLE I. Equivalent incoherent source diameteksfor verti- expa_nsion in a direction paraI_IeI to t_he target surface is onlly

cal and horizontal coherences and 1.5% and 15% prepulse level@0Ssible by means of a 2D simulation. Usually, the two di-

Values in parentheses are obtained with a single slit spacing. ~ Mensionality of the problem is approximated by assuming
cylindrical geometry with a prescribed expansion angle or by

dg (um) treating the transverse expansion of the plasma with a self-
: : similar analytic solution(1.5D mode). The importance of
Vertical Horizontal multidimensional modeling has been discussed in the litera-
15%  15%  15% 159  ture[33.
True 2D simulations of the x-ray laser plasma were per-
Ti (32.6 nm 110 170 (110 (140 formed bymuLTI2D, a code recently developed at our insti-
Cr (28.5 nm 120 150 (140 (160 tute to simulate laser-irradiated caviti€34,35. It solves
Fe (25.5 nm 125 150 (125 (130 fluid motion by means of a fixed Eulerian grid formed by
Zn (21.2 nm 100 130 (110 (125 triangular elements and includes two-dimensional radiation
Ge (19.6 nm (110 (90) transport. The simulations were carried out for copper due to
Ge (23.2/23.6 nm) (115 (130 the availability of the opacity tables required for the treat-
Ge (28.6 nm (125 (160 ment of radiation transport.

The two-dimensional electron density and temperature
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FIG. 10. Simulation results for copper. Contour plots of electron density, gain coefficient, and full-angle and narrow-angle near-field
patterns for 1.5% and 15% prepulses. The fractional change from contour to contour is 10% of the peak value. The highest value of electron
density is 4.5 107° cm 3. The normalization is the same for the 1.5% and 15% prepulse cases.

distributions were calculated for a focus width of 1afn  toroidal mirror. The other one is the spatial distribution of
with a linear ramp of 1Qum at the edges. In accord with the rays which eventually hit the region between and including
experiments, a main pulse intensity of 20 TWfcamd 1.5%  the double slit with 11Q«m separation.
and 15% prepulses were used. Prepulses and main pulsesComparing first the large-angle—near-field patterns for the
were assumed to be of a Siemporal shapéa full width at  two prepulses, we see that the main experimental observa-
half maximum of 500 pswith the pulse maxima 5 ns apart. tions are qualitatively well reproduced, specifically the
The x-ray laser gain was calculated using a simple gaiyreater distance of the emitting region from target and the
model based on Elton’s scaling lak86] modified to take  higher output intensity with a higher prepulse level. In keep-
the spatial temperature variation into account, viz. ing with experiment, the shape of the near-field pattern is
9=0o(1~0.5N¢/Nq op) €Xp( — AE/KT,). 3) _elo_nga_ted along the dire<_:ti0n parallel to _the_target _surface,
indicating that only a relatively narrow region is contributing
The prefactoig, was adjusted to yield the experimental gain to the emission. Another feature in agreement with experi-
coefficient. In Eq(1), N¢ optis the optimum electron density, mental results is the fact that the emission occurs farther
given by N gp=4X10" (Z-9)*"cm™3 (3x10P°cm 3  from the target than the gain regi¢87].
for coppej, AE is the excitation energy of the upper laser We note, however, that the predicted distance of the las-
level, andk T, is the electron temperature. ing region from target is lower than the experimental one
A ray tracing code was used as a postprocessor, with gaif88]. Except forgy, no adjustable parameters are used in the
and refractive index distributions obtained from the hydro-simulations, and a better quantitative agreement could be ob-
code. The refractive index distribution was assumed to béained by using a lower value fdd, o,;. Another deviation
determined entirely by the contribution of the free-electronfrom experimental observation is that the doubly peaked
gas, i.e., the refractive index was calculated s 1 structure of the near-field patterns is not reproduced by the
—N/2N,, whereN, andN., are the electron density and the simulations. We attribute this to the simplification implicit in
critical electron density, respectively. Initial conditions of the the assumption of a flat intensity distribution across the line
Monte Carlo type were assumed, i.e., a statistical distributiofiocus.
of ray origins, weighted with ion density, and statistical ini- Nevertheless, the simulations help to understand the dif-
tial directions. ferent degrees of coherence for the 1.5% and 15% prepulses.
Results of the simulations at the time of the x-ray laserComparing the electron-density distributions for the two
pulse maximum(4.9 ns after the prepulse maximurare  prepulse levels, the distribution for the 1.5% prepulse case
shown in Fig. 10. The figure displays contour plots of theappears to be smooth, whereas that for the 15% prepulse
electron density and the gain coefficient, as well as two kindshows the onset of a lateral shock wave resulting in a high
of near-field patterns. The first near-field distribution is thevertical electron-density gradient. This behavior is indicative
one which would be recorded by collecting the emission byof the onset of turbulence at the higher prepulse level, an
means of an optical system with a large aperture, e.g., aterpretation confirmed by our futile attempts to perform the
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corresponding 2D simulations for iron. For this material, the V. CONCLUSION
1.5% prepulse level still yielded a smooth electron-density Measurements of the transverse spatial coherence for
distribution, whereas a 15% prepulse invariably resulted in P

S - . Ise-induced low- neonlike J=0—1 x-ray lasers for
numerical instability of the code. Apparently, the impact of prepu . ;
the main pulse onythe larger prep?lgsma I)éd to turpbulenc%'S% and 15% prepulses show that higher spatial coherence
which could not be handled by the numerics IS obtained with a lower prepulse level. Furthermore, com-

A comprehensive assessment of coherence is, of cours aring the emission with that of an incoherent radiating disk,

not possible by ray tracing. However, ray tracing can givet e effective incoherent source size turns out to be smaller

information on certain aspects of coherence, especially OH?riZl;Q%tngf ;?eaex$:rlm§g_ﬁildEg:gﬁglg f)g[teerrr}brNijrr]gertlvt\:gl
the improvement of transverse coherence by a gain mediur prep

[39]. Enhanced coherence is associated with a narrow emig_repul_se Ievelg rgpro_duce many experimentz_al features Sth
' s a higher emission intensity and a greater distance of lasing

sion area at a particular angle, a quantity amenable by rar]?om the target with a higher prepulse level. The erratic
tracing. If the directional pattern of the emission is peaked o 9 . 9 prep s .
structure of the experimental near-field patterns is not seen in

axis, a higher degree of coherence is expected. . . ) . - .
To apply this idea to our problem, the near-field patternsthe S|r_nulat|ons, and_ls attributed to varla_tlons in the pump
as seen from the double slit have been calculated and al gtehnsny z;cross thfe line focus. The|~ exper;mentagy otzjssrvehd
. . . X I igher coherence for a 1.5% prepulse is also predicted by the
displayed in the right part of Fig. 10. If they indicate the ‘j}mulations. The effect is interpreted as being due to refrac-

degree of coherence, there should be a difference in the si S
of the pattern for a 1.5% and 15% prepulse. In comparing th 1on of rays out of the plasma, thus resulting in an apparently
' y l%{naller source size.

corresponding patterns, it is seen that indeed the near-fie
pattern for the 1.5% prepulse case is narrower than the one
for a 15% prepulse. Thus the ray-tracing calculations are
consistent with our experimental observations. They tell us The authors would like to thank the Asterix facility crew
that, in the low-prepulse case, coherence is enhanced by résr providing support for the experiments. Special thanks go
fraction: As the rays diverge, the apparent coherence on axi® W. Fdsner for preparing the double slits. P. L. was sup-
is increased40]. On the other hand, a certain loss of coher-ported by the Alexander-von-Humboldt Foundation; he
ence in the vertical direction at a high prepulse level may behanks Dr. K.-L. Kompa and his colleagues at MPQ for their
due to lateral density variations, which cause a “mixing” of hospitality. Y. L. was supported within the framework of the
x-ray directions, resulting in a larger apparent area of theagreement between the Max-Planck-Society and Academia
axial emission. Note, however, that the effect of “hosetype” Sinica. G. P. was supported by the European Union-
density fluctuations, caused by a nonuniform intensity distriProgramme “HCM.” This work was supported in part by
bution along the line focu$41], cannot be treated by our the Commission of the European Communities in the frame-
simulations, since it would require a three-dimensionalwork of the Association Euratom—Max-Planck-Institut fu
analysis. Plasmaphysik.
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