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Theoretical investigation of an ultrashort-pulse coherent x-ray source at 45 A
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A scheme to obtain ultrashort-pulse coherent x rays, via population inversion following inner-shell photo-
ionization, is analyzed for C at 45 A. We calculate that a driving laser with a pulse duration of 40 fs, a
10 umXx1 cm line focus, and an energy bJ gives an effective gain length produgt) of 10. At saturation
(gl~18) we expect an output 6f0.1 «J per pulse. The short duration of x-ray lasing{00 fs) combined
with a 10-Hz repetition rate H,,4~=1 uW) makes this source of coherent x rays ideal for pump-probe
experiments to study fast dynamical processes in chemistry and material s¢&H@80-294{©8)05902-2

PACS numbe(s): 42.55.Vc, 32.80.Hd, 52.25.Nr, 52.40.Nk

X-ray lasers driven by large optical lasefs~ 1kJ) with  ized. Alternatives to this approach have been prop$%6e
a pulse duration of order 100 ps have been generated overld] that require additional pumping or Auger transitions to
wide range of wavelengths. Saturation has been obtained f@opulate the upper laser state. More recent work, using an
wavelengths as short as 73 A in Ni-like 9. Saturated assumed blackbody source with a specified rise time, done
x-ray lasers, at this wavelength and longer, can be used fdsy Kapteyn[19] and Strobekt al.[20] concentrated on very
single shot applications, e.g., interferometry in hohlraumsshort wavelengthsh<15 A, where x-ray lasing has not
[2]. While lasing has been demonstrated at 45 A using thideen demonstrated. We present results, using the conven-
approach[3], saturation at this wavelength has not beentional ISPl scheme, for C at 45 A as a representative Zow-
achieved and only.J pulses have been generated. Howeverelement where lasing can be tested using current high energy
such energy per pulse is sufficient for many applications proUSP lasers. Lasing at 45 A requires less energy, at least an
vided one has a reasonable repetition rate. The large opticatder of magnitude less than for 15 A.
lasers used in conventional x-ray lasers do not have a suffi- As seen in Fig. 1 an x-ray source creatds-ahell hole in
cient repetition rate. C creating C where an allowed to L (2p—1s) radiative

Within the last 5 years there have been major advances itransition can take place yielding a 45-A photon. For x rays
obtaining high optical intensity through chirped pulse ampli-above theK-shell energy only a small fractios 5% of the
fication. Pulse duration as short as 20[4s5] and powers ionizations are out of th& shell. Therefore the possibility
>1 PW, with longer pulse duration500 fs), have been arises for inversion between*Cstates withK- and L-shell
demonstrated6]. The repetition rate for these ultrashort- holes. The dominant decay channel out of the upper-laser
pulse (USP lasers depends on the total energy per pulsestate is a nonradiative Auger transition td G with a life-
Lasers with energies of ordé& J have been operated at rep-time of 10.3 fs compared to the radiative lifetime of 293 fs
etition rates of 10 Hz. Using an USP driver, x-ray lasing at[21]. Both the photoionization and the Auger transition pro-
long wavelengths =326 and 418 A[7,8] has been dem- duce a population of energetic free electrons. These electrons
onstrated and there has been some evidence for lasing @in ionize arl-shell electron in the neutral atom and popu-
somewhat short wavelength 135 A) [9-11]. However, late the lower-lasing state. Consequently, the pump must
the pulse duration at~135 A is greater than 10 ps, mak- have a fast rise time to achieve significant population inver-
ing it too long for many applications. For wavelengths downsion before electron ionizations destroy the inversion. We
to ~67 A [12], there is a mechanism to produce short du-can estimate the requirement of the incoherent x-ray source
ration (<100 fs) coherent x rays by using high harmonics.
Experiments in material science have shown the usefulness
of such a short pulse of coherent x rdi8]. However, high K
harmonics have a very low conversion efficiency at short X-tav S

) . ) y Source
wavelengthg[14]. In this paper we discuss the inner-shell Es 2846V
photoionized x-ray lasing scheme. This scheme promises
both a short wavelength and a short pulse source of coherent
x rays with high average power. i
. . . . . Photo

Inner-shell photoionizatioflSPI) x-ray lasing is a very lonization /70 o
attractive approach to short wavelength lasing<G0 A). onlzation
In this approach, an incoherent x-ray source with a fast rise c ct C+
time is used to selectively ionize inner-shell electrons of the
lasant material. The scheme was originally proposed by Du- FIG. 1. Energy level diagram for inner-shell photoionization
guay and Rentzepigl5] but problems of collisional ioniza- x-ray lasing in C at 45 A. A high-energy x-ray photon can prefer-
tion associated with the relatively long pulse optical lasersntially photoionize an inner-shell electron creating-shell hole
available at that time caused x-ray lasing to never be realwhere aK-L shell transition can take place.
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rise time and intensity by simple arguments. Current USP high-pass filter

laser systems can operate at high power with sub-100-fs high-Z target low density C
pulses. The rise time of the x-ray source is determined pri-

marily by the rise time of the USP pump. Assuming a rise K

time, collisional ionization considerations restrict the neutral
density, which combined with a desired gain coefficient de-

termines the needed intensity. The time scale of collisional 4 1 45A X-Ray
events is given byr~1/Nyo v, where Ny is the neutral Laser Beam
density, o . is the L-shell electron ionization cross section E=1J\ |

[22,23, andv is the average electron velocity. To have a At < 50 fs

time scale greater than 50 fs requires a neutral density of less
than 16° cm™3, using a representative electron thermal ve-
locity corresponding to 100 eV. This density combined with
the pump ratécross sectiof24] times x-ray fluy, ox®, and

the Auger lifetime,r,,4er, €nable us to estimate the required
source intensity. To do so, we assume that lasing takes place
before any collisional effects occur and that photoionization . _ _
of the L shell by the filtered x-ray source is negligible. We  FIG. 2. The required large flux of x rays is obtained from a
can approximate the lower-lasing state as enfptymerical high-Z target heated by a high-intensity ultrashort-pulse laser. The

calculations below do not make this assumptiamd the incoherent filtered x-ray source creates a population inversion in the
laser gain as low-density C resulting in x-ray lasing at 45 A.

1-3cm

0.5um =10um

g=osNy~os(axPNoTauge) intensity, | ,,=4 X 10'? W/cn?, with a gain length product
(gl) of 18. Using a gain duration of50 fs and an area of
where o is the stimulated emission cross section. Absorp-10 xmx10 um yields an x-ray laser energy output of
tion of the lasing transition scales linearly with lasant density~0.2 xJ.
and will reduce the gain by 4.5 ¢m for a neutral density of The required low neutral carbon density of order
10?° cm3. This absorption leads to ionization of the 102° cm2 can be achieved by a number of different ap-
L shell, yet the photoionizations of thesZelectrons are proaches. In low density carbon foam the average cluster size
dominant, leading to a small depletion of the neutral densitys on the order of 100 A. While the clusters have much
and very little additional population of the lower-lasing level. higher local densities, where energetic electrons have a mean
An effective gain coefficient, accounting for absorption, of free path on the order of angstroms, a prepulse can be used to
10 cm * requires an x-ray flux of- 10?° photons(sec cmd)  heat the clusters, causing them to expand, filling the voids
assuming a neutral density of20cm™2 and using one-half and creating a uniform low density target. Alternatively, the
of the peakk shell cross sectiongy , to account for a broad use of a methane gas jet can also provide the needed densi-
band incoherent x-ray sour¢assuming an average photon ties of carbon. Dissociation of the methane molecule does
energy~400 eV). Thus, we have shown in order to limit not take place on the time scale of x-ray lasing. Therefore,
collisional ionization of the lower-laser state, with an as-the lasing photons are from the molecular transitioa, ()T *
sumed source rise time of 50 fs, a neutral density ofto (1t,) !, which has similar energy and linewidth as the
~10%° cm~3is required. When coupled to the desire to have2p-1s atomic transitior[25].
gains>10 cm ! this leads to the requirement that the x-ray  Figure 2 shows our proposed x-ray laser target with a line
source be>10? photons/(sec cR) or >10" Wicn? for  focused laser beam incident on a higlmaterial. This laser-
representative photons above teshell. For a faster rising produced plasma emits a broad spectrum of x rays. A high-
source there will be a reduction in the required intensity aspass x-ray filter is required to remove low energy x rays,
sociated with a higher allowed neutral density. which would lead to significant -shell ionization, prior to
A laser heated high-density plasma can be used as ahe x-ray source being incident on the low density C. As
incoherent x-ray source to provide the needed flux and riseshown in Fig 2 a lasing volume in C is produced and x-ray
time of x rays determined above. To estimate the input laselasing can take place. Due to the USP nature of the ISPI
energy needed to heat the plasma and the output energy array laser a traveling wave pump is needed to achieve a
saturation, we assume a line focus of 1nx2 cm. The large gain length. In this manner output in a single direction
x-ray flux calculated above of 3 Wicn? with a duration  is achieved and the length of the laser is only dependent on
of 50 fs translates into a requirement of £QJ of incoherent  the driving laser and tolerances in the optical system. Since
x rays near th&k-shell energy. Detailed calculations show the lasing is on a time scale of 50 fs this requires tolerances
that a laser produced plasma produces a broad band x-r&y the pump wave front on the order of 1e6m. Reliable
source with an efficiency of 5% while only 2% of these x predictions of the gain expected from such an x-ray laser
rays are at energies with apprecialleshell cross section. requires an accurate model of both spectral emission and
Our simple estimate assumes no population in the lowerrisetime of the pump source.
laser state but detailed calculations show that including the An investigation of x-ray emission from targets heated by
lower state results in a factor of approximately 2 higher fluxan USP high-intensity optical laser was conducted using the
requirement. This results in conversion efficiencies of 5hydrodynamics-atomic kinetics codesNex [26]. In Fig. 3
X104 or ~2 J of laser energy. We calculate a saturationwe show typical spectral results from a 40-fs USP driving
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FIG. 4. The gain as a function of time along with the time-
dependent optical USP laser intensity divided by 100 and the fil-
tered intensity of the x-ray source are shown.

FIG. 3. Spectral results of front side, back side, and filtered
emission fran a 1 J,40-fs USP driving laser, at time of maximum
gain, incident on a flat target of thin Au layered on a QuBn

lithium hydride filter. o
targets. We model the system by considering individual cyl-

inders and calculate the emission normal to the surface. We

laser with an energyfdl J incident(assuming 20% absorp- estimate the radiation emitted from the front side or the back
tion based on experimenf&7]) on a flat target of thi{200  side, through a thin base, as the normal emission divided by
A) Au layered on a 0.5sm lithium hydride filter(see Fig. 3 to account for geometrical effects. In general, we obtain
2). When we model this system, the energy is assumed to bapproximately a factor of 3 higher gains using structured
deposited exponentially in an optical skin depth and théargets as compared to flat targets.
atomic kinetics and x-ray emission are calculated with an Modeling shows that a driving laser with energy of 1 J, 40
average-atom atomic model that includes spin-orbit coufs full width at half maximum(FWHM), incident on a struc-
pling. The laser-produced plasma emits a broad spectruntyred target composed of vertical cylindrical absorbeds (
which is shown at time of maximum gain. We show the =600 A) is sufficient to produce a large gain-length prod-
emission from the front side of the Au target emitted back inuct. For a 10umX1 cm line focus, a density of 1.2
the direction of the USP laser, the back side of the Au target< 10?° cm™3, and a 0.5xm lithium hydride filter a gain of
and finally through the high-pass filter. The thickness of thel5.6 cmi ! is found. In Fig. 4 we show the gain as a function
Au target has an effect on the emission around theé &lge.  of time along with the time-dependent filtered intensity of
Gain cannot be achieved without filtering and the filtering ofthe x-ray source. The duration of the x-ray source is threet-
low-energy x rays also results in the reduction of x rays aimes that of the positive gain. Collisional ionization to the
and above th& edge by 25% where filtering is not desired.
During the time of positive gain, the ionization front has
penetrated the Au and 0.04m of the filter. This reduction
in effective filter thickness of less than 10% does not lead to -
significant changes in gain but is included in our model. We 25
have investigated the use of Qudn Ti as a filter layered on -
Au and performed back-side emission calculations from mi- 20 [
crometer thick targets of Cu and Zn, which self-filter low- X
energy x rays. We find that these targets also provide the
needed x-ray emission to achieve high gain in C at 45 A.

The use of flat targets offers the absorption of only a -
fraction of the incident energy, yet with the use of structured 10 |-
targets one can achieve nearly complete absorption. Struc [
tured targets can be composed of grooves, clusters, or cylin 5F
ders. All these have approximately 100% absorption of the
incident energy with high x-ray emission. Cluster targets, o o
e.g., gold-black, are inexpensive but hard to model due to
their fractal properties and there are issues of slower rise Time (fs)
times associated with potential low-density emissj@s.
Grooved targets, in general, are expensive but easy to model. FIG. 5. The calculated gain coefficient depends on the input
A third choice is a two-dimensional lattice of cylindrical pulse duration and we show the effect of changing the pulse dura-
absorbers where work done by Marjoribanksal. [29]  tion from 50 to 10 fs FWHM for a constant density of
shows high x-ray conversion efficiencies for such structured.2x10?° c¢cm™3 and a constant energy source of 1 J.
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lower-lasing levels limits the duration of lasing to of order duration of 40 fs, a 10umXx1 cm line focus, and energy of
40 fs FWHM. 1 J gives a gain length of 15.6 in C at 45 A or an effective
The calculated gain coefficient depends on the pulse dugain length of 10 accounting for absorption. We demonstrate
ration as shown in Fig. 5 where the pulse duration was variethat such a short duration for the optical driving pulse is
from 50 to 10 fs FWHM. We find an increase in the gain required to control collisional filling of the lower laser state.
from 13 to 28 cm! as the pulse duration is reduced from 50 Optical lasers with the required attributes and with repetition
to 10 fs. The resulting gain widths are similar40 fs rates of order_ 10 H_z are becoming available, making this
FWHM. Allowing for absorption, the effective gain is @PProach realizable in the near term.
~23 cmi ! for 10 fs, ~10 cm ! for 40 fs and zero for
pulses longer than 80 fs. Thus, a 40-fs FWHM USP laser We wish to thank R. London and G. Strobel for their
with twice the energy can obtain a similgl to a 10-fs laser, comments and helpful criticism. Work was performed under
yet a laser with a pulse length longer than 80 fs cannothe auspices of the U.S. Department of Energy by Lawrence
achieve x-ray lasing at any power. Livermore National Laboratory under Contract No. W-7405-
Our calculations show that a driving laser with a pulse ENG-48.
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