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Abstract. – Powerful tabletop lasers are now available in the laboratory and can be used
to induce nuclear reactions. We report the ﬁrst demonstration of nuclear ﬁssion using a high
repetition rate tabletop laser with intensities of 1020 W/cm2 . Actinide photo-ﬁssion has been
achieved in both 238 U and 232 Th from the high-energy bremsstrahlung radiation produced
by laser acceleration of electrons. The ﬁssion products were identiﬁed by time-resolved γspectroscopy.

Introduction. – Nuclear reactions induced by ultraintense lasers became amenable in the
last couple of years by the evolution of experimental relativistic laser plasma physics. Highly
sophisticated tabletop laser systems generate ultrashort laser pulses focusable to intensities of
1020 W/cm2 . Matter in the focal spot is instantaneously turned into a hot dense plasma. In
this intense light ﬁeld electrons are accelerated to relativistic energies and the dense plasma
heats up to temperatures of several MeV. Maximum detected energies of emitted particles
(electrons, positrons, protons, neutrons) and photons (bremsstrahlung) reach tens or even
hundreds of MeV [1–4].
Laser interaction with matter at these very high intensities is of relevance in a number of
areas ranging from advanced accelerator concepts using plasmas, to astrophysics and inertial
conﬁnement fusion. The highly energetic particles and photons emitted by the plasma can
induce nuclear reactions such as photoﬁssion (γ, f) or photo-neutron generation (γ, n) by
bremsstrahlung photons [5–9]. These reactions which occur above speciﬁc energy thresholds
provide a technique for the calibration of bremsstrahlung spectra of laser plasmas in an energy
range above a few MeV and therefore allow for the investigation of mechanisms responsible
for heating of plasmas to relativistic temperatures.
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Fig. 1 – Setup of the experiment. The laser beam is focused onto the tantalum target, where it
generates a hot plasma on the surface. Electrons accelerated in this plasma enter the second part of
the target, which serves as a bremsstrahlung converter. The samples 232 Th and 238 U are positioned
directly behind this source of γ-radiation.

An intriguing possibility is to use high-energy bremsstrahlung to photo-transmute the most
hazardous components of nuclear waste. These reactions can be investigated with tabletop
lasers and irradiation of targets of actinides and ﬁssion products. Photo-induced reaction
cross-sections for (γ, n) and (γ, f) reactions are of the order 0.1 barn [10]. Although this seems
a rather low value, there are some key components of nuclear waste in which photoreaction
cross-sections are higher than for neutron capture reactions [10]. The high γ-energies reached
with laser-produced bremsstrahlung qualify this source for investigation of photo-induced
reaction cross-sections of actinides in comparison to neutron capture cross-sections.
Photoﬁssion of uranium by means of bremsstrahlung from laser-produced plasmas was ﬁrst
reported in 2000 by two groups, using large single-shot glass laser systems designed for laser
fusion experiments, namely the VULCAN laser at Rutherford Appleton Laboratory (RAL)
and NOVA at the Lawrence Livermore National Laboratory (LLNL) [7, 8].
In this contribution, we report the ﬁrst photoﬁssion of 232 Th with laser-generated hard
X-rays, and the ﬁrst laser-induced ﬁssion of heavy nuclei with a high repetition rate tabletop
laser system.
Experiment. – The experiments were performed with the Jena 15 TW laser system. The
Ti:sapphire laser system, based on chirped pulse ampliﬁcation, generates laser pulses with
a maximum energy of 1.2 J within 80 fs at a repetition rate of 10 Hz. The high spatial and
temporal quality of the beam allows focusing of the pulses to a spot of less than 5 µm2 ,
supporting a peak intensity of 1020 W/cm2 .
The laser beam is focused onto a tantalum target under 45◦ in parallel polarization. This
geometry allows for high absorption of laser light into a plasma [11]. The target itself consists
of two sheets of tantalum with a thickness of 50 µm and 1 mm, respectively (ﬁg. 1). At
1020 W/cm2 the laser pulse produces a relativistic plasma on the surface of the ﬁrst thin
sheet. Plasma electrons are accelerated to relativistic energies within the intense laser ﬁeld.
Usually, the energy distribution of relativistic electrons, accelerated by the ponderomotive
force of the laser ﬁeld, is assumed to be Maxwellian with a characteristic temperature given
by [12]


1/2
Iλ2
−2
2
Wcm µm
−1 .
(1)
kB Te  0.511 MeV 1 +
1.37 × 1018
From this a hot electron temperature of about 2 MeV is predicted for a laser intensity of
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Fig. 2 – γ-spectrum of the irradiated 232 Th sample (upper line). Strong emission occurs from 232 Th
decay products, mainly 228 Ac and 208 Tl. Emission from ﬁssion products, in this case from 134 I at
847 keV, however, is clearly identiﬁable. The second line, which is lowered for clarity, represents a
background measurement, taken before irradiation of the sample.

1020 W/cm2 . These fast electrons impinge on the second layer of the target, which serves as
an eﬃcient bremsstrahlung converter.
Two actinide samples were irradiated in this bremsstrahlung ﬁeld: a plate of thoriumoxide
(12 g) and depleted metal uranium (11 g). The samples were placed directly behind the tantalum target as shown in ﬁg. 1. For each of the samples 10000 laser shots were applied onto the
tantalum within 20 min, altogether loading about 5 kJ of laser energy on the bremsstrahlung
converter. After irradiation, the actinide samples were taken from the target area to analyse
γ-emissions from ﬁssion products with a Ge-detector. γ-spectra from the irradiated samples
were taken in successive time intervals. In that way it was possible to identify ﬁssion products
not only by their characteristic γ-spectra but also by their decay constants. As both samples
232
Th and 238 U are already strong γ-emitters due to the presence of relatively short-lived
daughters in radioactive equilibrium, great care has to be taken on background measurements
before irradiation with the laser-produced γ-photons. The integrated γ-radiation activities of
the thorium oxide and uranium samples were 6 · 105 Bq and 5 · 105 Bq, respectively.
Results. – The γ-spectra of the irradiated thorium and uranium show a number of signatures of typical short-lived ﬁssion products with mass numbers around 90 and 130 as expected
from (γ, f)-reactions. The isotopes 134 I, 135 I, 92 Sr, 138 Cs, and 128 Sn could be identiﬁed from
the measured spectra of 232 Th, whereas 134 I and 92 Sr indicate photoﬁssion of 238 U. The
spectrum of 232 Th shown in ﬁg. 2 shows the γ-line of the ﬁssion product 134 I at an energy of
Table I – Identiﬁed ﬁssion products of
Nuclide
134

I
Sr
138
Cs
135
I
128
Sn
92

232

Th.

γ-energy
(keV)

Half-life
[13]

Measured
half-life

847
1384
1435
1260
482

52.5 min
2.71 h
33.4 min
6.57 h
59.1 min

57.5 min
2.34 h
34.7 min
6.22 h
64 min

Fission yield
of 232 Th(n, f)

Number of
ﬁssions

9.96 · 10−3
4.03 · 10−3
1.58 · 10−3
2.27 · 10−2
2.14 · 10−3

7.5 · 107
6.7 · 107
12 · 107
4.8 · 107
9.3 · 107
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Table II – Identiﬁed ﬁssion products of
Nuclide
134
92

I
Sr

238

U.

γ-energy
(keV)

Half-life
[13]

Measured
half-life

847
1384

52.5 min
2.71 h

49.6 min
2.67 h

Fission yield
of 238 U(n, f)

Number of
ﬁssions

5.97 · 10−3
9.76 · 10−3

9.7 · 107
9.2 · 107

847 keV. Correction with the detector eﬃciency provides the activity of the particular γ-line of
the ﬁssion product at the time of measurement. The total amount of a certain ﬁssion product
produced at the end of the irradiation time may then be deduced from this activity, the emission probability of the particular γ-line and the half-life. The total number of photo-induced
ﬁssions was calculated independently for each ﬁssion product from its activity and its ﬁssion
yield. The latter is the fraction of a certain isotope generated through ﬁssion of the actinide
nucleus and can be assumed to be comparable to the ﬁssion yield for the neutron-induced
reaction of the high-energy (14 MeV) ﬁssion of 232 Th or 238 U. Tables I and II summarize
the identiﬁed isotopes produced by the bremsstrahlung in the 232 Th and 238 U samples. The
half-lives which are obtained from the decay measurements, shown in ﬁg. 3, are compared
to literature values. For thorium, the total number of ﬁssion events at the end of the γirradiation is found to be in the order of 7 · 107 in total or 7 · 103 per laser shot, i.e. ∼ 104
per 1 J of laser energy. The number of ﬁssion events derived for uranium is 2 · 104 per 1 J. As
mentioned previously, the actinide samples are strong γ-emitters, producing a large compton
background. This leads to an error of the activity of 30–50% (see ﬁg. 3). Consequently, the
number of ﬁssions which is calculated independently of the diﬀerent ﬁssion products may vary
by about a factor of two (see table I).
Discussion. – Reactions such as (γ, n) and (γ, f) of 238 U were observed with lasergenerated bremsstrahlung at the VULCAN laser system at RAL and the PetaWatt laser
NOVA at LLNL [7, 8]. The laser pulses of these systems achieve similar peak intensities as
in Jena, namely above 1019 W/cm2 and 1020 W/cm2 at VULCAN and NOVA, respectively,
compared to 1020 W/cm2 in the Jena system. Following eq. (1) and taking into account the
wavelengths λ = 1 µm of glass lasers and λ = 0.8 µm of the Ti:sapphire laser, hot electron
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Fig. 3 – Decay characteristics of ﬁssion products from bremsstrahlung-induced ﬁssion of 232 Th. The
deduced half-lives are in good agreement with literature values as shown in table I. Symbols indicate
experimental data.
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temperatures of 1 MeV, 4 MeV and 2 MeV are expected at VULCAN, NOVA and in Jena,
respectively. The temperature of the hot electrons determines the yield of high-energy γphotons, since the spectrum of bremsstrahlung generated with a Maxwellian distribution of
electron energies is again Maxwellian with almost the same slope [14].
However, due to the much longer pulse duration (VULCAN: 1 ps, NOVA: 450 fs) and the
comparatively poor focusability of glass laser beams, the required pulse energy on target is
signiﬁcantly higher (50 J and 260 J vs. 500 mJ in Jena). For appropriate comparison of the
total number of ﬁssion events induced in the three experiments, the ﬁssions per laser pulse
energy can be considered: 7 · 104 ﬁssions per joule in the NOVA experiment, 2 · 104 ﬁssions
per joule in RAL and 104 ﬁssions per joule in Jena. The diﬀerence between the glass laser
systems can be explained by the somewhat higher electron temperature generated with the
PetaWatt laser. The strength of the tabletop Ti:sapphire laser is its compact construction
and, in particular the high repetition rate of 10 Hz which can overcompensate the much higher
pulse energy of the above-mentioned large facilities. The typical repetition rate of the glass
laser systems is 10−3 to 10−4 Hz.
At present, nuclear activation is the only technique to measure the absolute electron and
γ-energy distribution of relativistic laser-produced plasmas. Consequently, the integrated
number of (γ, f) events per laser shot is a reliable measure of the integrated cross-section of
the bremsstrahlung spectrum above the ﬁssion threshold, generated by the interaction of the
laser pulse with the tantalum converter. The diﬀerential cross-sections of (γ, f)-reactions for
232
Th and 238 U are taken from [15]. They exhibit a threshold at 6.0 and 5.8 MeV, respectively
and increase up to the giant resonance around 15 MeV to values of 70 mbarn (thorium) and
170 mbarn (uranium). The ponderomotive acceleration of electrons should lead to an electron
temperature of Te ≈ 2 MeV at a laser intensity of 1020 W/cm2 [12]. We assume a somewhat
lower temperature of 1 MeV for bremsstrahlung photons within a more or less collimated
beam, which is correct for bremsstrahlung produced by relativistic electrons [9]. From the
total number of ﬁssions and the ﬁssion cross-section we infer a Boltzmann energy distribution
for bremsstrahlung photons:
nγ = 3 · 1010 / MeV · e−Eγ /1 MeV .

(2)

The total number of photons per laser shot with energies above the threshold around 6 MeV
is then found to be Nγ (Eγ > 6 MeV) = 7 · 107 γ/shot. This number does not yet include
the eﬀect of pair production, which becomes a competing process to ﬁssion at MeV energies.
The number of photons with energies above 500 keV is a lower threshold for the number of
relativistic electrons with Ee ≥ m0 c2 . It is determined to Nγ (Eγ > 500 keV) = 2 · 1010 γ/shot.
This number leads to a total conversion eﬃciency from laser light into bremsstrahlung above
500 keV of 5 · 10−3 .
Conclusions. – We have, for the ﬁrst time, demonstrated the photoﬁssion of 232 Th by
laser-produced bremsstrahlung. The ﬁssion products were identiﬁed by γ-spectroscopy as
well as by time-resolved activity measurements. Deduced half-lives show excellent agreement
with literature values, thus providing clear evidence of the ﬁssion process. The number of
ﬁssion events has been determined to be about 7 · 103 per laser shot, i.e. 104 per 1 J of laser
energy. These numbers are comparable to those of the high-energy laser systems at RAL and
LLNL, pointing out that the much higher repetition rate of the tabletop system is able to
compensate for the diﬀerence in laser pulse energy. Thus it could be shown that photoﬁssion
of heavy isotopes as 232 Th and 238 U is possible with a tabletop 15 TeraWatt laser system,
which achieves ultra-high intensities of 1020 W/cm2 with a repetition rate of 10 Hz.
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It was shown that the usage of high-energy ﬁssion barriers can be a very useful means to
measure the absolute energy distribution of laser-produced bremsstrahlung. Using a variety of
nuclear reactions such as (γ, n), (γ, xn), (γ, f), and photoexcitation of long lived isomers (γ, γ  )
with diﬀerent threshold energies would permit a better characterization of bremsstrahlung and
electron spectra.
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