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Spatial position of prepulse induced 1=0—+1, 3p-3s lasing in low-Z neonlike ions
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(Received 13 February 1995)

We report a spatially resolved investigation of lasing on the 3p So—3s P& transition in neonlike ions
ranging from titanium (Z= 22) to germanium (Z= 32). Slab targets were irradiated by the Asterix IV iodine
laser at an intensity of about 2.0X10' W/cm with a prepulse 5.23 ns before the main pulse. The lasing
position was measured as a function of the prepulse energy and the atomic number. It was found that with
higher Z, the lasing occurs closer to the target surface and a larger prepulse brings the lasing farther away from
the target. A 15% prepulse was found to be favorable for low-Z elements (such as titanium), while a 1.5%
prepulse was found to be favorable for elements with Z higher than 26. A simple model taking into account the
self-similar expansion of the plasma produced by the prepulse was found to agree qualitatively with the
experimental results.

PACS number(s): 42.60.By, 32.30.Rj, 32.70.—n, 52.50.Jm

Since the demonstration of high-gain soft-x-ray lasers in
neonlike ions [1,2], the predicted high-gain transition, i.e.,
the J=0~1, 3p-3s transition, has shown no or only very
low gain until the recent application of the prepulse tech-
nique [3—8] and the use of curved targets [9]. The
J=0—+1 laser dominates the spectra for elements from tita-
nium to germanium when a prepulse is applied [3—8]. It is
suggested by simulations [4] that the prepulse plays a key
role in modifying the hydrodynamic expansion of the lasing
plasma, hence creating a larger, more uniform plasma that
reduces losses due to the refraction of the laser beam. Ex-
perimentally, it has been verified that refraction and beam
divergence of the laser are considerably reduced when a
prepulse is used [3—6]. However, direct measurements of the
influence of the prepulse on the spatial profile of the lasing
region, which could clarify the role of the prepulse, have not
yet been performed.

We report in this paper a systematic measurement of the
spatial position of the J=0—+1 laser in low-Z elements from
titanium to germanium, in the presence of a prepulse. The
spatial resolution of our diagnostics enabled us to measure
the distance of the lasing region from the target surface,
which was determined for several materials and two levels of
prepulse energy. A simple model, based on a self-similar de-
scription of the hydrodynamic motion of the plasma pro-
duced by the prepulse (henceforth called preplasma), is used
to explain the observation, and a good qualitative agreement
is obtained. We also measured the dependence of the lasing
intensity upon the prepulse energy for varying elements.

The experiment was conducted at the Max-Planck-Institut
fiir Quantenoptik with the Asterix IV iodine laser [10].As-
terix IV delivers up to 800 J of energy at 1.315 p, m, with a
pulse duration of v=450 ps [full width at half maximum
(FWHM)]. The spurious prepulse of the system was mea-

*Permanent address: Shanghai Institute of Optics and Fine Me-
chanics, Academia Sinica, P.O. Box 800-211, Shanghai 201800,
China.

~FAX: 0049-89-32905-200, Electronic address:
yul@ipp-garching. mpg. de

sured below 10 of the main pulse energy. A line focus was
produced by a cylindrical lens array [11].Each section of the
array generates a 30-p,m-wide 3.0-cm-long line focus, the
overlap of which results in a line focus 150 p, m wide and 3.0
cm long. To produce a defined prepulse, a setup similar to
those of previous experiments was used [7,8], in which a pair
of 17.5X 9 cm mirrors with 100% reAectivity at a 60 angle
of incidence was inserted into the beam path before and after
the final steering mirror. The steering mirror deAects the
beam by 60 . The delay between the main pulse and the
prepulse was set to td=5.23 ns. The maximum energy ratio
of the prepulse to the main pulse is 15.1%%uo, which is variable
by using calibrated filters without changing the energy in the
main pulse. Since the prepulse beam intersects only two sec-
tions of the lens array, its focus could be narrower than 150
p,m, resulting in a higher intensity than that deduced from
the energy ratio. The laser illuminated slab targets with
lengths of up to 2.5 cm of titanium, iron, nickel, copper, zinc,
and germanium (Z = 22, 26, 28, 29, 30, 32). Typically, a total
energy (main pulse plus full prepulse) of 450 J was used, and
the shot-to-shot energy variation was ~30 J.

The principal diagnostics was a time-integrated, spatially
resolving transmission grating spectrometer coupled to a
thinned, backside-illuminated charge-coupled device [12]. It
looked axially onto one end of the plasma column, with the
spatial resolution in the direction perpendicular to the target
surface. The spatial resolution was provided by using a tor-
oidal mirror with a magnification of about 2.6. The accep-
tance angle of the mirror was limited to 5 mrad, and the
spatial resolution was about 50 p,m. A 5000-lines/mm free-
standing transmission grating with a 50-p, m-wide slit dis-
persed the incident emission perpendicularly to the spatially
resolved direction. The wavelength coverage was 3.4—33.2
nm with a spectral resolution of about 0.1 nm. The grating
has a supporting structure perpendicular to the grating bars
with a period of 4 p, m that disperses the incident emission
along the spatial direction. The diffraction pattern introduces
a spatial structure, which has to be taken into account in the
evaluation of the data. The wavelength calibration of the
spectrometer was carried out using well-known laser transi-
tions in neonlike germanium at 19.607 (J=0~1), 23.226
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FIG. 1. (a) Spatially resolved spectrum of a 1.2-cm titanium plasma column with a 15% prepulse. The laser at 32.6 nm, accompanied by
diffraction due to the 4-p, m support structures of the transmission grating, is clearly seen. The scaling of the display is chosen to show the
weak emission surrounding the laser spot, so some of the emissions at shorter wavelengths are saturated. (b) Trace along the spatial direction
at 32.6 nm and the background close to it from (a). The target surface is at the position 0. The smooth decay at the rear side of the target and

the displacement of the background peak emission from the target surface are due to the limited depth of focus of the imaging optics.

(J=2~1), 23.637 (J=2~1), and 28.649 (J=2~1) nm.
%avelengths of the J= 0—+1 laser in the other elements were
found to agree with the previously measured and calculated
values [13] within our spectral resolution. They are 32.6,
25.5, 23.1, 22.1, and 21.2 nm in titanium, iron, nickel, cop-
per, and zinc, respectively. Lasing was determined by ob-
serving the nonlinear increase of the line intensities with tar-

get length.
As an example, a record of the spatially resolved spec-

trum for a 1.2-cm-long titanium target is given in Fig. 1(a),
showing the strong lasing on the 3p So—3s P& transition
at 32.6 nm. The spatial direction and the dispersion direction
are not exactly perpendicular to each other due to a small
angle between the grating bars and the target normal. A 15%
prepulse was used for this shot with a total energy of 430 J.
The bright laser emission, accompanied by the diffraction by
the supporting grid, is clearly seen. The central spot gives the
spatial position of the lasing, while the two adjacent spots are
the ~ first-order diffraction pattern. In Fig. 1(b), the trace
along the spatial coordinate of Fig. 1(a) at 32.6 nm and a
background close to this lasing line are displayed. Although
the diffraction from the supporting structure influences the
spatial profile, one can clearly see that the 32.6-nm transition
has a maximum displaced from the target surface, with the
peak position at about 380 p,m from the target. The apparent
lasing region is about 60 p, m (FWHM) wide, a value that
may be slightly influenced by the diffraction due to the grat-
ing support. However, this effect should be small since the
~ first orders are separated by a distance considerably ex-
ceeding their widths. Therefore, 60 p,m is an upper limit of
the width of the actual lasing region. As detailed structures in
the lasing region cannot be resolved, only the peak position
of the laser was measured. The target surface was determined
as the crossing point obtained by extrapolating the straight
part of the rear slope down to 0 intensity. The error induced
in this way was about + 50 p,m.

As a first step, the output position of the laser was mea-
sured as a function of the target length to observe the influ-
ence of refraction. Iron targets of 0.8, 1.2, and 2.4 cm in
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FIG. 2. Distance of the peak lasing position as a function of the
atomic number. Prepulses of 1.5% and 15% of the energy in the
main pulse were used, while the energy in the main pulse was kept
constant. The solid curves are the best fitting by the model de-
scribed in the text.

length were used with a 1.5% prepulse. No substantial dif-
ference was observed between 0.8- and 1.2-cm targets, with
the laser coming out at 200 and 220 p, m from the target
surface, respectively. However, for the 2.4-cm target the las-
ing region was found to be centered at 268 p, m, which is
explained by refraction of the laser beam. In order to reduce
the effect of refraction as much as possible, all the following
measurements were done for 1.2-cm targets. A small effect of
refraction may still exist for higher-Z targets such as zinc and
germanium.

Figure 2 gives the measurement of the lasing peak posi-
tion as a function of the atomic number under two prepulse
conditions. The main pulse energy was kept constant. It is
obvious that, as Z increases, the laser moves closer to the
target surface. For every element, a larger prepulse carries
the lasing region farther from the target surface. The laser
intensity in titanium was measured to be as enhanced by a
factor of 10 by the 15% prepulse, compared with the 1.5%
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FIG. 3. The intensity ratio of the J=0~1 laser at the 15%
prepulse to that at the 1.5%%uo prepulse for titanium, iron, and nickel.
The energy in the main pulse was kept constant for the two
prepulses.

prepulse. There was no obvious change for iron at the two
prepulses, while the laser intensity was decreased by the 15%
prepulse in nickel. This is shown in Fig. 3, where the ratios
of the laser intensities at the 15% and 1.5% prepulses for
titanium, iron, and nickel are given.

These observations can be qualitatively explained by a
self-similar model [14] if we assume that the density profile
of the lasing plasma is determined by the prepulse and the
role of the main pulse is only heating. This implies that,
when the main pulse is switched on, the preplasma scale
length L~ is considerably larger than its expansion length
during the first half of the main pulse. Considering a cylin-
drical geometry, the mass ablated by the prepulse, and hence
the amount of electrons produced, is proportional to
n, (c,r), where n, is the critical density, c, is the ionic
sound speed, and 7. is the pulse duration. With self-similar
adiabatic expansion, we have a density profile
n, (r)-n, (r/td) exp[ (r/Lp) ] for th—e preplasma when the
main pulse is on, with r the distance from the center of the
line focus (i.e., the center of symmetry) and Lp= c,td. td is
the prepulse —main-pulse delay. If the preplasma is domi-
nated by sodiumlike ions, then c,-[(Z—10)/A]' Ip„p„„„
where A is the ion mass number, and ~ is a parameter related
to the heating process of the plasma. Analysis gives ~=3
under a steady-state assumption [15].Using the Z scaling of
the optimum electron density for neonlike lasers, i.e.,
n,p,

= 1.5X 10 (Z —9) [16], the Z dependence of the las-
ing is given by

Z —10 ~ b

2Z i (Z —9)

where the mass number of the ions is approximated by 2Z.
Here b is a dimensionless fitting parameter proportional to
n, (7/td) and depending on atomic physics, hence being in
dependent of the prepulse intensity and Z. The other fitting
parameter a scales as -I „„„„,td and has the dimension of

length. The fits of Eq. (1) to the measured data give excellent
agreement, as shown in Fig. 2, with a = 492 p,m,
b=2.03X10 for the 1.5% prepulse case, and a=724 p, m,
b=2.12X10 for the 15% prepulse case, respectively. The
fitting parameter b deviates only 5% for the two prepulse
conditions. At the ratio of a for the two different prepulses,
our fit gives ~=0.17. We also obtained an initial density at
the expanding center from b of 70n, , which seems to be
independent of the prepulse intensity.

In the above analysis it is implicitly assumed that as long
as the temperature T, reaches the threshold value, the lasing
position is not sensitive to it. However, a higher temperature
normally results in a higher gain. With the preplasma being
assumed to be spatially isothermal and the energy for ioniz-
ing the ions being ignored, the temperature of the lasing
plasma is inversely proportional to the amount of electrons
produced by the prepulse, i.e., T,-Im»nn, c, r . Insert-

ing c, , we have T,-(1—10/Z) I „g „„„,r . There-
fore, the temperature decreases as the prepulse increases. In
other words, a bigger prepulse produces more plasma; there-
fore the energy of the main pulse is shared by more elec-
trons. Furthermore, by taking the Z scaling of
T,-(Z —9) [17],we achieve a rough scaling for the opti-
mum prepulse intensity:

IoPt
Imain

PrePulse ( 1 10/Z) (Z 9)3.5

As can be seen, when the main pulse intensity is constant, a
smaller prepulse is expected to optimize lasing in a higher-Z
target, and vice versa. This explains the tendency of our mea-
surements, as shown in Fig. 3.

In conclusion, we measured the position of the J=0~1
laser in neonlike ions as a function of the prepulse energy
and the atomic number. It was found that with higher Z the
lasing occurs closer to the target surface and a larger
prepulse shifts the lasing farther away from the target. A
simple model concerning the self-similar expansion of the
preplasma was used to explain the results, and good qualita-
tive agreement was obtained. Regarding the lasing intensity,
a 15% prepulse was found to be favorable for low-Z ele-
ments (such as titanium), while a 1.5% prepulse was favor-
able for elements with Z higher than 26, a result that can also
be qualitatively explained by our model. Our results verified
previous arguments about the role of the prepulse in creating
a larger, uniform plasma, which is more suitable for lasing.
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