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MeV X Rays and Photoneutrons from Femtosecond Laser-Produced Plasmas
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We demonstrate a novel method to monitor the total angular distribution of the spectrum of hard x-ray
emission from a plasma generated with femtosecond laser pulses with an intensity of 5 3 1018 W�cm2

on a solid target. Measured and calculated angular distributions of x rays show a pronounced anisotropy
for MeV photon energies. We complemented the spectral information by demonstrating a �g, n� nuclear
reaction with a tabletop laser system.
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The interaction of an ultraintense femtosecond laser
pulse with matter acts as a source of hot electrons, ions,
and neutrons, as well as x rays of unique properties [1–5]:
The duration of emission of both fast particles and short
wavelength radiation is expected to be ultrashort, the area
of the source is in the range of the laser focal spot size, and
the emission becomes nonisotropic once the laser intensity
exceeds 1018 W�cm2, the intensity at which the generated
hot electrons become relativistic [6,7]. These properties
describe a source of excellent brightness, which may be
used in subpicosecond time resolved diffraction experi-
ments, imaging in ultrashort wavelength lithography, or
to deliver ultrahigh radiation intensities for linear or even
nonlinear x-ray-atom and x-ray-nuclei interactions.

One future application of ultrashort bunches of hot par-
ticles is the ignition of fusion in a precompressed pellet
target [8]. This explains the tremendous theoretical and
experimental efforts toward the generation of collimated
particle beams with a well-known spectral shape. An even
more visionary application of the emissions from fem-
tosecond laser-produced plasmas is the transmutation of
elements by proton interaction or neutron capture, such as
deactivation of long-lived fission fragments or activation
of short-lived isotopes used in radiological diagnostics and
radiotherapy [9].

Beside these applications in spectroscopy and technol-
ogy there is particular interest in analyzing the fundamen-
tal mechanisms responsible for the irreversible acceleration
of electrons in fs laser-produced plasmas up to energies of
many MeV and the subsequent photon generation [10,11].
Collective absorption processes, such as Brunel absorption
and resonance absorption, become dominant for intensi-
ties above I � 1016 W�cm2. In a long scale preplasma,
Raman instabilities, plasma wake-field acceleration, and
relativistic self-focusing of the laser pulse also lead to
suprathermal electron velocities [12].

Previous measurements of the hot electron temperature
Te in short pulse interactions indicate that one of several
scaling laws may apply depending on the incidence angle
and the density scale length [7]. For normally incident
light, the “ponderomotive” scaling [13]
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has been verified for electrons directed along the target nor-
mal, exiting the rear side [1]. Obliquely incident light gives
rise to a scaling kBTe ~ �Il2�1�3 associated with reso-
nance absorption [14]. Shorter pulses and/or steeper gra-
dients result in a similar scaling, but numerically lower
values for Te [10]. However, the total yield of electrons,
photons, or secondary created particles depends on vari-
ous experimental parameters such as target element, target
surface properties, density scale length of plasma genera-
ted by laser prepulses, and, finally, laser polarization and
direction of emission.

We demonstrate a novel method to simultaneously moni-
tor spectrum and angular distribution over 2p of hard x-ray
emission in absolute photon numbers from a femtosecond
laser-produced plasma, generated with a laser intensity of
5 3 1018 W�cm2 on the solid target. As a first applica-
tion of these laser-produced MeV x rays, we released neu-
trons via a 9Be �g, n� 2a reaction, demonstrating for the
first time laser fission with a tabletop laser system.

The experiments described here were performed with
the multi-TW Ti:sapphire laser system in Jena. The laser
generates pulses of 60 fs duration, center wavelength of
800 nm, an energy of 250 mJ, and a repetition rate of
10 Hz. Two prepulses at 600 fs and 4 ps before the main
laser pulse are known with relative intensities of 5 3 1024

and 1024 with respect to the main pulse. The range from 4
to 300 ps and from 2 ns on are prepulse free to a contrast
ratio better than 105. The pulses are focused with a f�2
parabola to �4 3 7� mm2, containing 50% of the energy.
Incident angle on target is 45±, polarization parallel. The
peak intensity on target is 5 3 1018 W�cm2. The target is
a 1.0 mm thick smoothed tantalum sheet (Z � 73). The
target was moved between laser shots. For each run the
radiation is accumulated over 20 000 shots.

The hard x-ray spectrum is measured with 12 spectrome-
ters based on thermoluminescence detectors (TLD) [15,16]
© 2001 The American Physical Society 2317
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(Fig. 1). Our spectrometers allow the absolute measure-
ment of the photon fluence for photon energies between
10 keV and 2 MeV with a relative resolution of 20%. It
was carefully verified that no scattered x rays excite the
TLDs. No evidence of electrons penetrating through a
2 cm thick polymethylmethacrylate (PMMA) cover into
the TLD stacks was found [17]. Contributions to the x-ray
spectrum by bremsstrahlung generated in the PMMA were
determined to be less than 15% by comparing the results
from several TLDs equipped with front filters with either
low or high Z materials, giving different radiation conver-
sion coefficients.

Figure 2 displays two x-ray spectra detected by TLD
spectrometers in the direction of specular reflection (solid
circles) and in the forward direction with respect to the
incident laser pulse (open squares). The absolute pho-
ton yield is given in number of photons per laser shot,
keV, and sr. From the exponential decrease of the x-ray
spectrum at high energies (solid line), we calculate a hot
electron temperature Te supposing bremsstrahlung from
electrons with a Maxwellian energy distribution. Decon-
volution of the TLD readings using a SAND II algorithm
[15] yields Te � 700 keV in the specular direction and
Te � 300 keV for the forward laser direction on the back
side of the tantalum. The electron temperature is consis-
tent with the ponderomotive scaling (see above), which
predicts an electron temperature of 420 keV for a laser in-
tensity of 5 3 1018 W�cm2.

The photon flux scales nearly quadratically with
the laser pulse energy: a 250 J shot in Livermore
generated about 2 3 108 photons��keV sr) at photon
energy of 2 MeV which is 106 times times more than
200 photons�(keV sr) with our 250 mJ pulse [18]. And
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FIG. 1. Experimental setup for x-ray and photoneutron mea-
surements. The inset shows the alternating arrangement of filters
and TLDs in the x-ray spectrometers.
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with a 25 J laser pulse 5 3 105 photons��keV sr� at
2 MeV were counted in an experiment at the Rutherford
Appleton Laboratory, which is again almost quadratic in
energy [6].

Spectra similar to Fig. 2 were recorded in twelve direc-
tions within the plane of incident laser and target normal.
Figure 3 shows the angular distribution of the x-ray tem-
peratures retrieved from the high energy slope of the TLD
spectrometer data (solid circles). The laser pulse impinges
p polarized under 45± with respect to target normal. The
maximum of about 500 keV is seen between the specular
reflection and target front normal �330±�, whereas in for-
ward direction �215±� the temperature is only 200 keV.

Figure 4 displays the number of photons per keV, sr, and
shot on a logarithmic scale as a function of the angle for
three different photon energies: 488, 1160, and 1950 keV.
Again, for energies above 500 keV the angular distribution
is peaked on the front side of the target close to the specular
direction.

The angle ue with which electrons are ejected from the
target surface while the laser is incident can be found by
momentum and energy conservation — analogously to free
electrons ejected by a lateral ponderomotive force in an
underdense plasma [19]. For the target geometry of Fig. 3,
this is given by

ue � 2p 2 arctan

Ω
U sinu

p
2U 1 U2 cos2u

æ
, (2)

where U � g 2 1 � E�mc2 is the normalized final ki-
netic energy of the electron and u the incident angle. In
the absence of scattering and self-induced fields, this re-
sult is independent of the acceleration mechanism. Simi-
lar expressions for oblique-incidence laser-solid geometry
have been quoted by others [20]. The expression in Eq. (2)
essentially says that the emission angle of electrons in-
creases with kinetic energy, from ue � 0 for E ! 0 up to
ue � 2p 2 u, the specular direction for E ¿ mc2.
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FIG. 2. Two characteristic x-ray spectra for different directions
of emission, showing the deviation in hot electron temperatures.
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FIG. 3. Angular dependence of the hot x-ray temperature. The
circles are derived from the measured x-ray spectra. The dashed
line shows the photon temperature due to a Maxwellian electron
distribution of electrons ejected from the target surface (see text).

The angular distribution of the x rays points to some
interesting features. Bremsstrahlung from weakly rela-
tivistic electrons (Eg , 0.5 MeV) shows no significant
deviation from isotropic emission. This may be attributed
to multiple scattering of fast electrons in the target and the
dipolar emission character of the bremsstrahlung. There-
fore no direction is favored. This behavior changes dis-
tinctly for x-ray energies greater than the electron rest mass
(Eg . 0.5 MeV). Bremsstrahlung emission of electrons
in this energy range is strongly peaked in the propagation
direction of the electrons. This suggests that the detected
angular distribution of MeV radiation resembles the dis-
tribution of the highly relativistic electrons. For the three
energies in Fig. 4, Eq. (2) predicts emission angles of 325±

(1950 keV), 329± (1160 keV), and 336± (488 keV), respec-
tively, consistent with the observed x-ray emission peak of
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FIG. 4. Angular distribution of the photon flux for three dif-
ferent photon energies. The logarithmic scaled plot shows a
significant asymmetry for Eg . 500 keV.
�330 6 10�± for energies beyond 1 MeV. Our data there-
fore imply a jet of highly energetic electrons close to, but
not exactly in, the specular reflection direction of the laser.

To analyze the data in Fig. 3 more fully, we suppose
that a number of electrons are ejected from the target
surface with a Maxwellian energy distribution f�U� �
T21

e exp 2U�Te. Combined with Eq. (2), this leads to
an angular distribution f�ue� of emitted electrons, peaked
near ue�Te�. To get the observed x-ray emission at a given
detection angle, we sum the bremsstrahlung emission in
the preplasma due to all electrons, weighted by f�ue� and
taking into account the relativistic photon emission dis-
tribution [21]. The result is shown as the dashed line in
Fig. 3 for an initial electron temperature of 300 keV. The
broadening around the peak temperature exhibited by the
experimental curve may be due either to an isotropic con-
tribution from electrons in the target bulk, or to elastic
scattering of electrons in the preplasma.

Assuming a 10% energy transfer from the laser pulse to
suprathermal electrons, one finds that the plasma density
in front of the target required to generate the measured
x-ray yield in the specular direction is a few 1020 cm23,
for a plasma volume of �10 mm�3 given by the laser focus
3 the preplasma expansion within 100 ps. 1020 cm23 is a
realistic preplasma density generated with the unavoidable
prepulse of multi-TW Ti:sapphire laser systems.

Electrons which are not reflected penetrate into the Ta
bulk and generate bremsstrahlung. Some of these may also
be scattered back out again (Molière scattering), particu-
larly if they enter at the bulk with a finite angle [22]. The
angular distribution of the bulk bremsstrahlung was calcu-
lated using a Monte Carlo model [23]. It contributes to the
measured signal as an almost isotropic part.

In an experiment at the Rutherford Appleton Labora-
tory, Santala et al. observed anisotropic x-ray emission on
the rear side of a thick tantalum target for photon ener-
gies above 10 MeV. The emission angle shifts from target
normal (180± in the geometry of Fig. 3) to laser direction
(225±) with increasing plasma scale length [7].

Kodama et al. [24] reported jets that give rise to x-ray
emission in a substantial preformed plasma. They interpret
their results using numerical simulations such that strong
magnetic fields in connection with the specularly reflected
laser light produce the electron jets. In our present experi-
ments and complementary particle-in-cell simulations, a
magnetic field is not required for directed electron emis-
sion and the direction of the electron emission is different
from the specular direction.

Photonuclear reactions are widely used to characterize
multi-MeV bremsstrahlung from conventional electron
accelerators [25]. Very recently, �g, n� reactions of several
elements were successfully applied by both the Livermore
and Rutherford Appleton Laboratories to characterize
the bremsstrahlung spectrum of 1 PW and 100 TW
laser-produced plasmas [16,18,26]. The applied intensi-
ties exceeded our values by factors of 100 and 10, the
2319
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deposited energies and the size of the laser system by
1000 and 100, respectively. However, the repetition rate
is lower by a factor of 10 000 compared to our tabletop
laser system.

Photons with energy above 1.67 MeV can disintegrate
beryllium via a 9Be �g, n� 2a reaction. We placed a beryl-
lium disk (12 mm thick, 70 mm diam) 4.5 cm away from
the laser plasma in the specular direction of the incident
laser, covering a solid angle of 1.3 sr (Fig. 1). The Be disk
was wrapped in 60 mm thick aluminum foil and mounted
on the surface of a polyethylene sphere (Bonner sphere)
of 12.5 cm diameter [27]. About 40% of the neutrons
generated in the Be disk enter the Bonner sphere and are
thermalized by inelastic scattering with hydrogen and car-
bon. The neutron thermalization efficiency of the Bonner
sphere was absolutely calibrated for the relevant neutron
energies. A gold disk (197Au, 16 g) was placed in the
center of the Bonner sphere, capturing thermal neutrons
197Au 1 n ! 198Au with a cross section of 99 b. 198Au
undergoes a beta decay with a lifetime of 2.7 d into 198Hg
promptly followed by emission of a 411.8 keV g. The
g spectrum was collected by a Ge detector located 1 km
below Earth for reduction of Au excitation by cosmic neu-
trons and low g background [28].

In addition we placed several CR39 plastic nuclear track
detectors around the tantalum target to monitor ions with
energies E . 100 keV. None of the detectors showed
protons with energies high enough to penetrate 60 mm of
aluminum foil, which, in particular, excludes contribution
from the 9Be �p, n�9B reaction to the neutron generation.

After 20 000 laser shots the activity of the 198Au due
to thermalized photoneutrons exceeded the natural back-
ground activation of gold by a factor of 2.5. This corre-
sponds to about 100 photoneutrons per shot from the �g, n�
disintegration. Fusion neutrons were recently generated in
two experiments elsewhere. Pretzler et al. generated 140
fusion neutrons per shot irradiating deuterated polyethyl-
ene target by a 2 TW laser [4]. Ditmire et al. counted 104

neutrons from deuterium fusion with a 100 mJ laser pulse
into large D clusters [29].

From the number of neutrons generated in the beryllium
disk one can infer the total number Np of photons with
energies larger than 1.67 MeV emitted from the relativistic
plasma: Using an averaged photoneutron cross section
of 0.5 mb above 1.67 MeV, we calculate Np � 3 3 104

(sr21), which corresponds well to the integrated photon
yield of NTLD � 105 (sr21) in the hot electron wing above
1.67 MeV which was achieved in the TLD measurement
in the specular direction.

In conclusion, we measured for the first time the com-
plete angular distribution of the hard x-ray spectrum of a
relativistic, laser-produced plasma, generated on a tanta-
lum surface with a light intensity of 5 3 1018 W�cm2. We
explained the strongly anisotropic x-ray emission charac-
2320
teristics at relativistic photon energies by the brem-
strahlung generation of hot electrons ejected from the
target surface and electrons penetrating into the bulk.
Utilizing the detailed knowledge of the x-ray spectra we
induced the photonuclear reaction 9Be 1 g ! 2a 1 n
by MeV photons from the laser-produced Ta plasma
and demonstrated the neutron capture reaction 197Au 1

n ! 198Au� with our compact laser neutron source.
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