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Abstract. Photo-nuclear reactions were investigated using a high power
table-top laser. The laser system at the University of Jena (I ∼ 3–5×

1019 W cm−2) produced hard bremsstrahlung photons (kT∼2.9 MeV) via a
laser–gas interaction which served to induce (γ, p) and (γ, n) reactions in
Mg, Ti, Zn and Mo isotopes. Several (γ, p) decay channels were identified
using nuclear activation analysis to determine their integral reaction yields.

5 Author to whom any correspondence should be addressed.
6 Present address: Research Center of Laser Fusion, China Academy of Engineering Physics, PO Box 919-986,
621900 Miangyang, People’s Republic of China.
7 Present address: Laboratoire d’Optique Appliquée,École Polytechnique, ENSTA, CNRS, UMR 7639, 91761
Palaiseau, France.
8 Present address: Laser Research Institute, University of Stellenbosch, Private Bag X1, 7602 Matieland, South
Africa.
9 Present address: Forschungszentrum Rossendorf e.V., PO Box 510119, Bautzner Landstr. 128, 01328 Dresden,
Germany.

New Journal of Physics 10 (2008) 043037
1367-2630/08/043037+25$30.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft

mailto:klaus.spohr@uws.ac.uk
http://www.njp.org/


2

As the laser-generated bremsstrahlung spectra stretches over the energy regime
dominated by the giant dipole resonance (GDR), these yield measurements were
used in conjunction with theoretical estimates of the resonance energiesEres

and their widths0res to derive the integral reaction cross-sectionσ int(γ, p) for
25Mn, 48,49Ti, 68Zn and97,98Mo isotopes for the first time. This study enabled
the determination of the previously unknownσ

int(γ,n)

σ int(γ,p)
cross-section ratios for

these isotopes. The experiments were supported by extensive model calculations
(Empire) and the results were compared to the Thomas–Reiche–Kuhn (TRK)
dipole sum rule as well as to the experimental data in neighboring isotopes and
good agreement was observed. The Coulomb barrier and the neutron excess
strongly influence theσ int(γ,n)

σ int(γ,p)
ratios for increasing target proton and neutron

numbers.
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1. Introduction

In this decade, the development of new laser systems capable of producing ultra-high intensities
in the region of 1019−21 W cm−2 has created a new field of research at the interface of
laser–plasma and nuclear physics. As a result of a series of technological breakthroughs,
nuclear research facilitating high powered laser systems has established itself as a successful
complementary route to traditional accelerator-based nuclear physics. A series of experiments
have been performed that exploit the unique features of laser-generated ultra-short high
brightness pulses of MeV particles and radiation. Currently high-intensity laser systems are
capable of accelerating protons up to∼60 MeV [1]–[4] and heavy ions into the regime of
several megaelectronvolts (MeV) per nucleon [5] and these energies are sufficient to induce
nuclear reactions in secondary targets [6]–[8]. Recently, further progress with respect to the
laser-induced acceleration of electrons has been reported by several groups [9, 10] and as of
early 2008 scientists are able to create bursts of highly energetic electrons with energies of up
to 1 GeV by wakefield acceleration in gas targets [11]. The use of a secondary high-Z converter
target permits the conversion of these relativistic electrons into high-energy bremsstrahlung
photons with energies in the MeV range [12]. This radiation can be employed to induce photo-
nuclear reactions such as(γ, n), (γ, p) or (γ, f) on selected targets. Inspired by the theoretical
work of Boyeret al [13] the photo-induced fission of heavy elements was first demonstrated

New Journal of Physics 10 (2008) 043037 (http://www.njp.org/)

http://www.njp.org/


3

on a natural uranium target in 2000 by a single 1020 W cm−2 laser pulse from theVulcan
facility at the Rutherford Appleton Laboratory [14] and by a similar experiment at the Lawrence
Livermore National Laboratory [15]. Soon after these developments, the Jena table-top high
repetition rate laser was used to successfully show the induced fission of actinides by integrating
over several hundred 1019 W cm−2 laser pulses [16]. In addition, bremsstrahlung radiation of
laser-accelerated electrons has been used to induce(γ, xn) reactions to be facilitated as a
diagnostic tool. This technique allows e.g. to determine the temperature of the laser-accelerated
electron-induced photon spectra, where conventional methods such as dose measurements and
thermoluminescence are not applicable [17, 18]. Furthermore, in 2002 an important application
for lasers was reported in inaugural studies of transmutation reactions relevant for nuclear
waste management [19, 20]. In these studies, the transmutation of theβ−-decaying waste
product 129I (t1/2 ∼15.7× 106 years) was successfully demonstrated by inducing the photo-
nuclear reaction129I(γ, n)128I. The final product of the reaction128I decays witht1/2 ∼25.0 min,
which is 3.3× 1011 times shorter than the half-life of its mother nuclei. Importantly, these
studies also provided the first experimental measurement of the integrated photo-neutron cross-
sectionσ int(γ, n) for 129I. In this paper, a detailed investigation of the photon-induced reactions
with a high-intensity (I ∼1019 W cm−2), multi-terawatt laser is reported. The reaction yields
of photo-nuclear activation of a range of nuclei were extracted and integral(γ, n) and (γ, p)

cross-sections were derived. Although there has been a number of(γ, n) measurements using
bremsstrahlung radiation of laser-accelerated electrons, much less work on(γ, p) reactions has
been carried out with this method. Stoyeret al [21] have predicted that once laser performance is
more reproducible, better estimates of(γ, p) cross-sections may be possible. The present paper
was written to substantiate this suggestion over a range of isotopes in certain elements, namely
magnesium, titanium, zinc and molybdenum, thereby demonstrating that university-scale laser
systems are well suited for the experimental study of important photo-nuclear reactions.

2. Photo-nuclear reactions and new possibilities for high-intensity laser research

Photo-nuclear data are of great importance for a variety of current and emerging applications,
such as radiation shielding design, radiation transport analysis, radiotherapy, fission and fusion
reactor development and, as depicted above, nuclear transmutation. New data on photo-nuclear
reactions are furthermore helping the nuclear astrophysics community in their ongoing quest to
better understand the details of nucleo-synthesis, one of the most prominent questions in modern
physics research [22]. For applied and fundamental research the giant dipole resonance (GDR)
region, extending up to∼40 MeV, is of greatest importance. Despite a series of international
projects targeting the systematic study of photon-induced nuclear reactions in the GDR regime,
there is still a significant lack of suitable photo-nuclear data. This problem has been highlighted
by the International Atomic Energy Agency (IAEA) which points out that the shortfall in current
knowledge hinders any progress in the development of transport simulation codes [23] and dose
calculations for photon therapy [24]. The latest IAEA report [25] lists around 40 materials for
which photo-nuclear data are urgently needed. Emphasis is given to elements that are used
as bremsstrahlung converters and in structural shielding: Ti, Fe, Cu, Zn and Mo, as well as
biological and fissionable materials (C, N, O; Th, U, Pu,. . .). In the same report, an evaluated
photo-nuclear cross-section library is presented, which combines extensive research activities of
a series of institutions worldwide such asMSU Moscow,LANL Los Alamos,CEN Saclay and
the LNL Livermore [26]. The evaluated cross-section data for around 170 isotopes presented
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in this publication are included in theExfor database of the National Nuclear Data Center
(NNDC) [27]. The IAEA report highlights especially the deficiency of data for charged particle
emission channels and all prominent databases together hold information for only∼260(γ, p)

experiments at present. The majority of these measurements concentrate on very light systems
such as3,4He or 7Li and only a little more than 40 different isotopes have been catalogued
with regard to photo-induced proton emission. As bremsstrahlung photons generated by table-
top multi-terawatt lasers extend over several tens of MeV, such high-intensity laser systems are
suited to comprehensive experimental programs focusing on(γ, n) and(γ, p) reaction cross-
sections for a wide range of stable nuclei. The present study demonstrates the use of high
power lasers in this regard and contributes substantial new information on photo-nuclear physics
research.

Over the last four decades, great efforts have been undertaken in order to simulate photo-
nuclear reactions with the aim of predicting the magnitude and energy dependence of the
cross-sectionσ(E) by achieving a best fit to experimental data. The codesEmpire [28] and
Gnash [29] have become a standard tool for such investigations. The underlying models
have to account for the different reaction mechanisms involved in the photo-nuclear excitation
process and in the subsequent decay of the excited nucleus by particle andγ -ray emission.
At low energies (E < 40 MeV) the GDR is by far the dominant photon absorption mechanism
and the total photo-reaction cross-sectionσ(γ, tot) is similar to σGDR. The GDR is seen to
be a collective bulk oscillation of neutrons against protons resulting in the emission of light
particles and high-energyγ -rays. The energy dependence of the GDR componentσGDR(E) is
in good approximation described by the superposition of Lorentzians with energy-dependent
widths0res(i ):

σGDR(E) =

∑
i

σres(i )
(E0res(i ))

2

(E2 − E2
res(i ))

2 + (E0res(i ))2
, (1)

whereσres(i ) and Eres(i ) are the GDR resonance cross-sections and energies, respectively. For
spherical and near-spherical nuclei one resonance is dominating andi = 1, whereas deformed
nuclei exhibit two distinct resonances. The threshold energyEth is given by the reaction
Q-value. Empire uses fits to experimental data to derive these parameters for a specific
isotope based on the Dietrich–Berman evaluations [30] or from systematical trends seen in
neighboring nuclei. In order to retrieve an experimental value for the integrated cross-section
σ int

∼
∫

∼40 MeV
Eth

σ(E) dE from activation measurements, a knowledge of these parameters is
crucial. It should be pointed out thatEmpire includes the presence of lower-lying small-scale
resonances if such data exist for an isotope. Furthermore, pre-equilibrium particle emission is
accounted for as well.

From an experimental point of view, one of the main reasons for the shortfall in the
knowledge of photo-proton reactions lies in the fact that direct studies of reactions involving
charged particles require in general a greater experimental effort than investigations on neutron
emission. A charged particle detection system has to be placed inside the vacuum in proximity
to the interaction region, while neutron detectors can be placed outside in air. As an alternative
to the direct detection of the emitted particles, activity measurements on radioactive residual
nuclei produced byγ -induced reactions can be employed for examining(γ, p) reactions in many
isotopes. By using high-purity intrinsic germanium (Ge-)detectors the characteristic energy
and decay-time pattern of nuclear transitions are measured with high precision, allowing a
determination of reaction yields and hence the cross-sections for the initiating photon processes.
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Limitations of this procedure are the restricted number of stable isotopes that transmute into
detectable radioactive species and the possible onset of multiparticle emission in heavier target
isotopes which may lead to the same radioactive end product.

Previous investigations have shown the feasibility of using photons emerging from a
relativistic laser-produced plasma to investigate photo-nuclear reactions in combination with
the activation method [31]. Because of the short duration and the small size of the very strong
accelerating fields (| EE| ∼ 1011 V cm−1, | EB| ∼ 109 G) the particle source is of extreme brilliance
in spatial and temporal terms. The activation method is a suitable detection technique for the
off-line examination of(γ, p) reactions. In 2001, Stoyeret al [21] have successfully used this
method for the measurement of the integralσ int(γ,p)

σ int(γ,n)
cross-section ratio for58Ni using theNova

petawatt laser which is a large-scale low repetition system. The resulting ratio of 3.1(3) agreed
with the only previous measurement by Ishkanovet al [32]. This experimental effort highlights
the potential for the use of high-intensity lasers to determine integral valuesσ int for a range
of charged particle reactions. In the present work, four materials with low to medium atomic
number (126 Z 6 42) were selected. A series of integrated cross-sectionsσ int(γ, p) for stable
Mg, Ti, Zn and Mo isotopes were measured and new data with respect to the evolution of the
σ int(γ,n)

σ int(γ,p)
ratio with increasing atomic number were derived. The results are in agreement with

theoretical calculations which predict a strong influence of the Coulomb barrier in disfavoring
proton emission for highZ values and large neutron excess. The new findings contribute towards
a better understanding of photo-induced charged particle emission and further the development
of theoretical codes such asEmpire.

3. Experiment

Since the initial experiments demonstrating the creation of relativistic electrons from the
interaction of intense laser fields with matter [33, 34], advances in laser technology have seen
a rapid increase with regard to the maximum electron energy. It has been shown that laser
acceleration of electrons in gas jets by wakefield acceleration is much more efficient than
the acceleration in solid targets, as the interaction length is extended to much higher values
(approximately millimetres) via the self-focusing effect [35]. In 2004, Liesfeldet al [12] have
demonstrated an increase in the reaction yield by a factor of>100 when exchanging the
primary solid target with a gas jet [12]. Based on this work, the current study was carried
at the Institut für Optik und Quantenelektronik (IOQ) at the University of Jena using the
same set-up as depicted in detail in [12]. It is worth pointing out that the introduction of
a gas-jet system for the production of electrons is a novelty for laser plasma photon cross-
section studies. In the relativistic regime, the resulting electron energy distribution can be
described by a quasi-Maxwellian distribution with temperature valueskTe of several MeV [17].
Besides the gains with respect to thekTe value and the electron yield, a gas-jet system as
the primary electron producer strongly reduces the creation of unwanted particles accelerated
to MeV energies from hydrogen and other impurities and surface contaminants as present in
experiments using solid conversion targets. The Jena laser system is capable of delivering laser
pulses of 80 fs duration with a maximum energy of 1 J and a high repetition rate of 10 Hz.
An f/2 off-axis parabola focuses the laser pulse with a center wavelength of 800 nm onto
a pulsed helium gas-jet target. Further details of the gas-jet system can be found in [16].
In the present work, the laser pulse was adjusted to an energy of 600 mJ, which results in
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Figure 1. Schematic view of the experimental set-up. The target was placed
in direct contact with the tantalum converter to narrowly confine the activated
volume.

an intensity I ∼3× 1019 W cm−2 within the measured focal spot diameter of∼5µm. The
helium gas jet generates a maximum particle density of around 3× 1019 cm−3 at a backing
pressure of 80 bar within a pulse time of the jet valve of 1 ms. Normal to the nozzle axis,
the particle density has a Gaussian profile decreasing exponentially along the axis. It was
found that for optimal electron acceleration the laser focus is best positioned close to the
maximum gradient of the gas density. The system provides a measured laser contrast ratio
of 106. In order to convert the forward peaked relativistic electrons emerging from the laser–
gas interactions into hard bremsstrahlung photons that can trigger nuclear reactions (Eγ & 6–
8 MeV), a 4.1 mm thick tantalum radiator of dimensions 40× 40 mm2 was placed in the
vacuum chamber (p. 3.5× 10−2 mbar) around 10 cm behind the interaction zone as shown
in figure1. For this specific set-up and identical gas jet pressure and contrast ratio conditions,
the beam divergence of the highly energetic electrons was measured to be less than 10 mrad
in a previous experiment [12]. This low beam spread results in a very tiny impact area of
the relativistic electrons extending to an estimated size of only∼0.8 mm2 at the front side of
the Ta converter. The de-acceleration and bremsstrahlung generation of the impinging highly
relativistic electrons (Ee > 8 MeV) within the tantalum radiator were modeled withGeant4
simulations [36, 37]. The calculations assumed a Boltzmann distribution of electrons exhibiting
a temperature value ofkTe = 2.9 MeV (see section4 for kTe measurement). The obtained
results are coherent with outcomes from similar theoretical work on laser–matter interactions
by Galy et al [38] and Mcnpx calculations [39, 40]. Calculations for the resulting spatial
distribution of bremsstrahlung radiation emerging from the rear side of the tantalum converter
and the molybdenum target are shown in figure2. The estimations show that around 70%
of the total high-energy photon flux emerging from the back side of the radiator is confined
into a narrow cone covering a small area.8 mm2 (rms value∼2.8 mm, see figure2(a)). This
theoretical estimation is in coherence with experimental observations by Schwoereret al [41]
using the same laser system.

As indicated in figures1 and 2(c) the targets, namely MgF2 and natural Ti, Zn and
Mo bulk probes, were directly attached to the tantalum converter. For each radiator/target
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Figure 2. Geant4 simulation of the spatial distributions of high energetic
bremsstrahlung photons induced by relativistic electrons withEe > 8 MeV and
kTe = 2.9 MeV at the rear side of the 4.1 mm tantalum radiator (a) and emerging
from the rear side of the conjoined 4 mm molybdenum target (b). The rms value
for the molybdenum suggests that∼70% of the total high-energeticγ flux
stays within a narrow cone with Ø. 4 mm throughout the Mo target. The inset
(c) shows the result of a typicalGeant4 simulation and the geometry of the
radiator/target arrangement with electron impact from left (radiator in red, Mo
target in light brown and calculated traces of bremsstrahlung photons in green
and electrons in red color).

combination,Geant4 simulations were performed in order to estimate the straggling of the
bremsstrahlung photons within the target and the transmission of electrons into the target probe.
These calculations allowed us to estimate the spatial confinement of photon- and electron-
induced reactions. In the experiment, each radiator/target combination was irradiated with
around 5000 laser pulses within a time interval(1tirr) of around 8 min. After irradiation, the
targets were removed from the vacuum chamber within a handling time (1than) of approximately
5 min and placed at a distance of∼2.5 cm in a centered position in front of a coaxial Ge
detector (Canberra GX3518; diameter: 21

2 inches). The detector was equipped with a very
thin plastic entrance window in order to maximize the detection of low-energy photons. The
singleγ -spectra were recorded for well-defined time intervals to obtain half-life information.
After correction for the natural occurring background radiation, the measured and identified
γ -rays represent a yield measure for their corresponding reaction channels exhibiting half-lives
ranging from several minutes to days. Due to the time constraints with respect to the sample
handling and the maximal feasible acquisition time, the system was not sensitive to very short-
lived t1/2 � 5 min and long-livedt1/2 � 1 day transitions. After calibration, the energies and
yields of the measured and background-correctedγ -ray transitions were determined by fitting a
Gaussian distribution to the photo-peaks, resulting in energy uncertainties of less than 0.5 keV.
The relative efficiency of the detector as a function of the energyεrel(E) was determined with a
combined133Ba/152Eu source. Using a mono-energetic137Cs source the absolute peak efficiency
was found to beεabs(661 keV) = 7.36(24)%. This measurement enabled normalization of all
intensities and, hence, absolute yield valuesN0 for the production of isotopes could be obtained.
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After the energy and efficiency calibration, the half-life of each prominent transition was
determined. Allγ -ray transitions of interest were unambiguously identified. The raw intensities
were adjusted with the known branching ratios (including internal conversion) as published in
the NNDC database [27]. Additionally, the intensities were re-normalized with respect to the
total acquisition time1tacq and dead-time effects. The pulsed irradiation of the probe materials
and the successive decay of the radionuclides into their daughter isotopes were simulated as
well. All intensities were referenced to the activity att0, which denotes the end of the laser
activation period1tirr. Furthermore, the intensity loss which occurred during the handling
period1than was accounted for. For short half-livest1/2. 20 min this adjustment is important
sincet1/2 ∼ 1tirr +1than. The loss ofγ -ray intensity due to self-absorption within the thick target
probes (absorption coefficients from [42, 43]) and the target-detector geometry (�det = 2.09 sr)
were also taken into consideration with additionalGeant4 simulations. These calculations
used the estimated bremsstrahlung and electron distributions within the target probe that were
modeled previously withGeant4 in order to account for the expected spatial distribution of
reaction products (see e.g. in figure2(b) for molybdenum). Finally, after re-normalization with
the isotopic abundance in the target, the integral yield of the photo-induced residual radioactive
nuclei N0 present at timet0 was determined.

4. Results and discussion

4.1. Temperature measurement

4.1.1. Temperature measurement facilitating181Ta(γ, n)180Ta and 181Ta(γ, 3n)178Ta. In a
first measurement, the yield ratio of the radioactive isotopes180Ta and 178Ta as produced
by photo-nuclear reactions in the Ta radiator was studied in order to derive the temperature
of the high-energy bremsstrahlung photons. The feasibility of this and similar photo-nuclear
diagnostic methods has been demonstrated previously using various activation targets [12, 14,
17, 31] for kTe values ranging from∼2 to 35 MeV and is described in detail in [44]. At the high
relativistic energies (kTe > 2 MeV) as present in this experiment, the quasi-Maxwellian energy
distribution [14] can be approximated with a Boltzmann distribution, wherebyTe roughly scales
with the square root of the laser intensityI [45]. Furthermore, it is known that in the ultra-
relativistic regime, the bremsstrahlung photons will have almost the same temperature as the
incident hot electrons (Tγ . Te = T) [46, 47]. As photons inducing(γ, n) or (γ, p) reactions
in the selected elements must have a minimum energy ofEγ & 6–8 MeV, a Boltzmann-tail
distribution is well suited to describe their distribution in the GDR regime:

dNγ (E)

dE
= N0

γ (E) e−E/kT, (2)

with N0
γ being the amplitude in units of MeV−1 and k being the Boltzmann constant. For a

specific reaction with an energy-dependent cross-section given byσ(E) the number of residual
nuclei produced by bremsstrahlung can be derived from the following expression:

N = Qad
∫

∞

Eth

σ(E) Nγ (E) dE, (3)

where Qa is the atomic density of the target,d its thickness andEth the reaction threshold
energy. In order to determine the temperature based on the two formulae above, the yield
ratio of the unstable reaction productsN178Ta/N180Ta was firstly determined. As natural
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tantalum consists of 99.988%181Ta, these isotopes can only be created via photon reactions:
181Ta(γ, n)180Ta and181Ta(γ, 3n)178Ta or the equivalent(e, e′n),(e, e′3n) electrodisintegration
channels. Though exhibiting a much lower cross-section (σe(E) � σγ (E)), the electron-induced
processes cannot simply be disregarded, as one has to consider the yield ratio between electrons
and photons (Ne/Nγ ) present in the radiator.178Ta decays via two distinct electron capture
(EC) processes from its 1+ or its 7− level into 178Hf, while 180Ta transmutes into180Hf (EC
decay) or180W (β− decay). Coinciding with these decays are two prominent transitions at
426 keV(178

73Ta(7−) + e−
→

178
72Hf + νe) and 103 keV(180

73Ta→
180
74W + e− + νe). Although there are

other intense transitions, these two are specifically chosen as references for the deduction of the
yield ratio, as they are free from contaminating contributions of other transitions. In the present
work half-lives of 8.48(32) h for the 103 keV transition and 2.68(31) h for the 426 keV transition
were obtained, which are in good agreement with the literature values of 8.15 and 2.36 h
respectively [27]. A ratio of N178Ta/N180Ta = 3.06(48) × 10−4 was obtained. The experimental
uncertainty is mainly caused by the efficiency calibration for energies ofEγ < 120 keV and
the inaccuracy for the published branching ratio of the 103 keV transition in the decay of
180Ta of 0.81(23)%. In order to account for the influence of the electrodisintegration, the
measurement ofσe(E) on181Ta of Cataldiet al [48] was used, which extends from the threshold
energy for neutron emission,Sn(

181Ta) = 7.6 MeV, to 22 MeV whereσ(e, e′n) has a value of
∼2.8 mb (figure3). As the yield ratioNe/Nγ could not be derived experimentally, the theoretical
calculations of bremsstrahlung production from high-intensity laser matter interactions as
described in [38] were considered. AdditionallyGeant4 [36, 37] andMcnpx [39] simulations

were performed in order to model the photon-to-electron flux conversion efficiencies
8out

γ

8in
e−

as

a function of the electron energy and the radiator thickness. Based on these calculations
and additional studies of the analytic and Monte-Carlo representation of Ta-bremsstrahlung
spectra [40, 49], as well as on the estimationkTe > 2 MeV for the Jena laser gas jet system [12],
a 23(10)% contribution from electrodisintegration was evaluated for the production of180Ta in
the present work (figure3). Interestingly, for electron energies between 20 and 35 MeV, older
studies by Brownet al [52] showed that the photon-to-electron-induced activity (F factor)
for

181Ta(γ,n)180Ta
181Ta(e,e′n)180Ta declines smoothly from∼6 to ∼5. Extrapolation of theF factor to lowerE

values, followed by an integration weighted with the modeledNe distribution, agrees with the
present estimate. The contribution of electrodisintegration to the production of178Ta cannot be
deduced from a direct measurement, as the threshold energy for 3n emission coincides with
the highest electron energyE for which σe(E) was determined [48]. Therefore, theF factor
evaluation depicted in [52], which suggests a slight increase in electrodisintegration for the
total activity in tantalum radiators forE . 35 MeV, was taken into consideration. Based on this
estimate a 30(10)% contribution of(e, e′3n) towards the production of178Ta was determined. As
the giant quadrupole resonance(GQR) contribution within the GDR regime is small [48], this
approximation is justifiable. In order to derivekT for the bremsstrahlung photons the(γ, n) and
(γ, 3n) cross-section measurements from [50, 51] were used. Both distributions are depicted in
figure3. Taking into account the influence of the electrodisintegration, a temperature value of
kT = 2.73+0.36

−0.31 MeV was determined based on the measured yield ratio of the tantalum isotopes.
The main contributions towards the experimental uncertainty arise from the discussed presence
of the(e, e′n), (e, e′3n) reactions and the standard error value of the published intensity value for
the 103 keV transition. The uncertainty of the accepted181Ta(γ, n)180Ta and181Ta(γ, 3n)178Ta
cross-sections added around 20% to the error in the final result.
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Figure 3. Cross-sections for181Ta(γ, n)180Ta (red line,(?)), 181Ta(γ, 3n)178Ta
(green line, (�)) and 181Ta(e, e′n)178Ta (violet line, (♦)) according to
[48, 50, 51]. The photon distributionNγ (E) is given in arbitrary scale. The
valuekT = 2.73 MeV was derived from matching the ratio of the integrals of the
folded181Ta(γ, n)180Ta and181Ta(γ, 3n)178Ta distributions to the measured yield
ratio, after correction for the contribution of electrodisintegration. The folded
distributions representing the integrands of equation (3) are displayed for all
three reactions as solid lines in arbitrary units (au) in the inset.

4.1.2. Temperature measurement facilitating12C(γ, n)11C and 63Cu(γ, n)62Cu. In addition
to the temperature measurement using the tantalum converter, a second independent
measurement using a C/Cu stack consisting of a 4 mm thick plastic (CH2) and a 3.25 mm thick
copper foil was also performed. The stack was placed directly behind the Ta converter in the
target position. The cross-section distributions for12C(γ, n)11C and63Cu(γ, n)62Cu are well
known [53, 54] and have been previously used as standards for temperature measurements in
laser plasma research [14]. The reaction products11C and62Cu both decay viaβ+ emission,
giving rise to a pair of 511 keV annihilation photons, which were measured with an Na(I)
scintillation coincidence counter system. After correcting the measured activities as described
before, a ratio ofN11C/N62Cu = 8.58(13) × 10−3 was derived. The main uncertainty in this
measurement arises from the very low intensity of annihilationγ radiation associated with the
decay of11C, with a decay rate of only∼0.35 s−1. Based on calculations withGeant4 and
Casino [55] and the measurement of12C(e, e′n)11C by Kline et al [56], the electron-induced
yield contribution towards the production of11C was estimated to be less than 8%, as the thick
tantalum radiator was placed in front of the C/Cu stack. Thus, it shifts the electron distribution
present in the plastic/copper stackNC/Cu

e (E) by 13 MeV towards lower energies compared to
the initial distributionN0

e(E) emerging from laser–gas interaction, cutting off all electrons with
an initial energy of less than 13 MeV. As a result, the electron-to-photon intensity ratio at a
given energyNC/Cu

e (E)/NC/Cu
γ (E) is strongly reduced compared to the corresponding value for

the Ta radiator since the high-energy photon distribution does not greatly change due to self-
absorption between the converter and the C/Cu-stack. Similar estimations with regard to the
62Cu production from the reaction63Cu(e, e′n)62Cu [57] lead to a low approximate value of
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N(63Cu(e,e′n)62Cu)
N(63Cu(γ,n)62Cu) < 0.04. Based on these results a best fit approach ofkT = 3.09+0.23

−0.22 MeV was
derived from the C/Cu-stack data.

4.1.3. Determination of temperature.Adding the two independent measurements in quadra-
ture a final average value ofkT = 2.90(23) MeV was adopted. ForN0

γ a value of 1.7(2) ×

108 MeV−1 was obtained. For this calculation, the low-energy part of the photon spectra that
exhibits a substantial lower temperature [58] was neglected, as only the high-energy part cover-
ing the GDR regime (E > 7 MeV) was of interest. The total conversion efficiency of laser light
into photon energy was found to be 3.3(4) × 10−4, which is in agreement with observations of
Behrenset al performed at the same laser system [47] and fits approximations derived from
measurements of Liesfeldet al [12].

4.2. Photonuclear(γ, p) reactions in Mg, Ti, Zn and Mo

Samples of MgF2 and natural Ti, Zn and Mo were selected and the integral cross-sections
σ int(γ, p) for 25Mg, 48,49Ti, 68Zn and 97,98Mo were measured for the first time. Covering a
wide Z-range between 12 and 42, the present investigation also added information with regard
to the evolution of theσ int(γ,n)

σ int(γ,p)
cross-section ratio for light to medium-sized nuclei within the

GDR regime. All main reaction channels which produce radioactive isotopes witht1/2 > 300 s
were unambiguously identified, confirming and extending very preliminary results previously
reported in [59]. The data were analyzed as discussed in the previous section and the influence
of possible competing reactions, leading to the same final nuclei, was estimated. The values
for σ int(γ, p) were derived from a mean square fit usingEmpire calculations to reproduce
the experimental yield ratios. This methodology is depicted in the work of Magillet al [20]
for the measurement ofσ int(129I(γ, n)128I). In general, the measured intensities found in this
work were of high magnitude and allowed a clear determination of a series of integral cross-
sections, thus promoting the use of bremsstrahlung radiation of laser-accelerated electrons as a
new tool for nuclear studies. The depicted method is competitive with traditional accelerator-
based experiments for this purpose. Within this frame set, it is important to point out that
a total of three measured integral cross-sectionsσ int could be determined which allowed
a comparison with previously known data. Good agreement was found for all these cases:
σ int(67Zn(γ, p)66Cu) = 135(58) MeV mb (this work) and 118 MeV mb (according to [60]);
σ int(64Zn(γ, 2n)62Zn) = 76(32) MeV mb (this work) and 44 MeV mb (according to [61]) and
σ int(70Zn(γ, n)69m1 Zn) = 200(29) MeV mb (this work) and∼140–260 MeV mb (according to
estimate from measurements [62] and branching ratios [27]). These results clearly underline the
suitability of the chosen experimental approach for the study of photo-proton interaction.

4.2.1.25Mg. The composite target MgF2 with natural magnesium consisting of
24Mg (78.99%), 25Mg (10%) and 26Mg (11.01%) was chosen since magnesium has a rel-
atively low Z and the25Mg(γ, p)24Na reaction withEth = 12.06 MeV had not yet been studied.
The final product24Na decays partially via24Na→24Mg + e− + ve emitting two strongγ

transitions in the process: 1368 keV (branchingIγ = 100%) and 2754 keV (Iγ = 99.94%).
For the other two stable magnesium isotopes24,26Mg the (γ, n) and (γ, p) cross-sections
have been measured in great detail and25Mg(γ, p)24Na data complete the evaluation of the
σ int(γ,n)

σ int(γ,p)
ratio for stable isotopes withZ = 12, as25Mg(γ, n)24Mg is known [63]. In addition, the
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Figure 4. Activation spectra of the MgF2 (a), Ti (b) and Zn targets (c) derived in
this work. Energies of the most prominent transitions are labeled in conjunction
with their assigned photo-nuclear reaction product given in brackets. The raw
MgF2 activation spectra are shown in red color in (a) together with the natural
background radiation which was measured for the same1tacq after the MgF2
target and the Ta radiator were removed (green). The dominating 511 keV
annihilation peak results from theβ+ decay of18F. The background-corrected
titanium activation spectra are depicted in (b). The most prominent peak at
159 keV is caused by48Ti(γ, p)47Sc and the subsequent decay of47Sc. The three
transitions at 983, 1037 and 1312 keV belong to the decay of48Sc, produced via
49Ti(γ, p)48Sc. The activation spectra for the natural Zn sample (1tacq= 24.0 h)
are shown in (c). The intense 511 keV photopeak corresponds to annihilation
following theβ+ decay of63Zn. Summation peaks of the strongest photopeaks are
also seen (511 + 669 keV (♦), 511 + 962 keV (4)). The inset in the picture (blue)
shows the presence of the 1039 keV transition resulting from the fast decay of
66Cu (tLit .

1/2 = 5.12 min) emerging from67Zn(γ, p)66Cu as observed for1tacq=

14.40 min. All spectra show the 1460 keV background radiation associated
with 40K.

(γ, n) reaction process on19F provides a reference to derive the reaction yield, as the product
18F decays viaβ+ emission. The coincident 511 keV annihilation photons account for a summed
branching of 193.46% per decay. In order to maximize the measured yield, a bulk sample
of 9 mm thickness and 60 mm diameter was chosen. The measured spectra (red) and the
background distribution (green) obtained for1tacq= 21.3 h are given in figure4(a).

The energy spectra are clearly dominated by the 511 keV photopeak. The 1368 keV
photon decay is visible as well as the 1460 keV transition from the40K background radiation.
The 2754 keV transition is just outside the detection energy range. The half-lives for the
photopeaks were found to be 1.94(11) h for 511 keV (tLit .

1/2 = 1.83 h) and 15.3(8) h for the
1368 keV (tLit .

1/2 = 14.95 h) transition. After background subtraction an experimental value of
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Figure 5. The measured and evaluated cross-sections and uncertainties for
25Mg(γ, n)24Mg (♦) and19F(γ, n)18F (M) according to [63, 65]. For E > 28 MeV
the experimental distributions were extended with the tail of a Lorentzian
approximation provided byEmpire. The fitted curves derived fromEmpire
calculations are depicted as dotted lines in red for25Mg(γ, n)24Mg and green
for 19F(γ, n)18F. The calculated25Mg(γ, p)24Na distribution is shown by a blue
solid line; the predicted25Mg(γ, α)21Ne cross-section is shown as a brown solid
line with black dots.

N18F/N24Na = 1.90(9) was extracted. In order to interpret this result the influences of possible
target impurities, electrodisintegration processes and contaminating reactions that could lead to
the production of18F and24Na were estimated. Impurity levels of Al, Fe and Ti were<0.01%
and their influence could be safely neglected. No direct measurement of the electrodisintegration
of 25Mg in the GDR regime exists and an experiment of Diaset al [64] in the neighboring
29Si nucleus was examined to evaluate the influence of electron-induced reactions, which was
found to be negligibly small, using the same assumptions onNe/Nγ as for the C/Cu stack
data. Similar estimates were derived for18F. Based onEmpire calculations the contaminant
26Mg(γ, np)24Na reaction was estimated to add much less than 3% towards the total intensity of
24Na isotopes. Since all possible contaminant contributions are well within the experimental
uncertainty,N18F/N24Na = 1.90(9) represents the proportion of the photo-induced processes

19F(γ,n)18F
25Mg(γ,p)24Na. Referring to the known cross-section distribution forσ(E)(19F(γ, n)18F) [65] the

integral cross-sectionσ int (25Mg(γ, p)24Na) was derived by employingEmpire calculations
(figure5) to reproduce the experimental yield ratio. Finally, a value ofσ int(25Mg(γ, p)24Na) =

198(79) MeV mb is proposed. The main contribution towards the experimental uncertainty
arises from the high value of1kT = 0.46 MeV. The resulting distributions are shown in
figure5. Since25Mg exhibits a very strong oblate deformation in its ground state(ε2 = 0.373),
two resonance energies at∼18.8 and 23.2 MeV are present. For the19F(γ, n)18F cross-
section, it is worth noting that the low-lyingE1 resonance at∼ 12.2 MeV largely affects
the yield, which is given by a folding ofσ(E) with the relativistic bremsstrahlung spectra
as expressed in equation (3). The measured cross-section ofσ int(25Mg(γ, n)24Mg) leads to a
value ofσ int(25Mg(γ, n)24Mg) = 245(30) MeV mb for energies of up toEint = 28.5 MeV [63].
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Table 1. Photo-induced integral cross-sectionsσ int(γ, n) andσ int(γ, p) for stable
Mg isotopes and for48,49Ti in comparison to the theoretical values derived from
the TRK sum rule and experimental results depicted in [70]. For 25Mg and
48Ti, the integral neutron cross-sections are extended byEmpire calculations to
E = 40 MeV. Note: for titanium the total neutron yield:σ int(γ, sn) for 48Ti is
referenced [71].

σ int(γ, n)Mg

or σ int(γ, sn)Ti σ int(γ, p) σ int(γ, n) +σ int(γ, p) σ int
TRK(Eint)

Eint

Isotope (MeV mb) (MeV mb) (MeV mb) (MeV mb) (MeV mb) Reference

24Mg 51.9Exp 183 234.9 220(30) 28.3 [66]–[68]

25Mg 248(30)Exp
E<28.9 MeV 198(79) 476(103) 360(40) ∼40 [28, 63], this work

30(10)Emp
28.9<E<40 MeV

26Mg 164Exp 101.3 265.3 232(30) 28.6 [66, 69]

48Ti 398(24)Exp
E<27 MeV 142(52) 610(61) 607(40) ∼40 [25, 28, 71], this work

70(20)Emp
27<E<40 MeV

49Ti 510(60)Emp 67(24) 577(65) 618(40) ∼40 [25, 28], this work

Extrapolating these measurements with the help of theEmpire calculations to 40 MeV (figure5),
a ratio ofσ int(25Mg(γ,n)24Mg)

σ int(25Mg(γ,p)24Na) = 1.5(6) for the entire GDR region was estimated. For the neighboring

stable magnesium isotopes, the corresponding ratios are 0.24(2) for24Mg [66]–[68] and
1.62(20) for 26Mg [66, 69]. Neutron emission is suppressed in theα-cluster nucleus24Mg
compared to the emission of charged particles. The results are summarized in table1, in which
the predicted effective valuesσ int

TRK(Eint)
(γ, tot) for dipole excitations according to the classical

Thomas–Reiche–Kuhn (TRK) sum rule [72] are included. In order to deriveσ int
TRK(Eint)

(γ, tot) for
the magnesium isotopes, the experimental data from Wyckoffet al [70] were considered, which
suggest the exhaustion of the TRK formula:σ int

∼ 60N Z
A MeV mb. Based on this assumption,

the (γ, n) and(γ, p) reaction processes in25Mg exhaust the classical sum rule to within 35%,
while the experimental data for24,26Mg fit the estimations within 15%. The obtained values are
within the given uncertainties. The high ratio forσ int(25Mg(γ,n)24Mg)

σ int(25Mg(γ,p)24Na) is expected as the unpaired

neutron is weakly bound in25Mg. In figure6, the ratioσ int(γ,n)

σ int(γ,p)
is given for the three stable Mg

isotopes. Results with regard to the reaction yield of25Mg(γ, p)24Na as well as for all the other
photo-proton yields obtained in this work are summarized in table2.

4.2.2.48,49Ti. A 2.7 mm thick foil of natural titanium served as the target and the isotopic
abundances are46Ti (8.9%), 47Ti (7.3%), 48Ti (73.8%), 49Ti (5.5%) and 50Ti (5.4%), all of
which produce radioactive daughter nuclei via either(γ, n) or (γ, p) reactions. An evaluation
regarding the influence of target impurities and electrodisintegration showed that yields arising
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Figure 6. The ratio σ int(γ,n)

σ int(γ,p)
as a function of the mass numberA for stable

magnesium isotopes. The neutron emission is suppressed in theα-cluster nucleus
24Mg.

from these sources could be neglected (F factor&8, derived from systematics in [52]). No
total photo-absorption cross-section were measured [25, 26] for titanium isotopes and only
three(γ, n) or (γ, sn) measurements exist for46,48,50Ti to date. Figure4(b) shows the energy
spectra after background subtraction obtained after 5000 laser pulses for1tacq= 21.2 h. The
spectra are dominated by the 511 keV annihilation photon, as well as by the 159 keVγ -
ray, which was attributed to the48Ti(γ, p)47Sc reaction and its successive decay viaβ−-
emission giving rise to the mixedM1/E2 159 keV transition in47Ti with a branching
ratio of 68.3%. The yield from 49Ti(γ, np)47Sc was estimated to contribute as little as
1–3% to the total measured value, on the grounds of large stoichiometric and threshold
energy differencesEth(

48Ti(γ, p)47Sc) = 11.45 MeV versusEth(
49Ti(γ, np)47Sc) = 19.6 MeV

according to [27]. Similar considerations for the 511 keV photopeak showed that this peak
accounts for 98.4(12)% of the 46Ti(γ, n)45Ti reaction, as the contaminant47Ti(γ, 2n)45Ti
has a much higher reaction threshold ofEth(

47Ti(γ, 2n)45Ti) = 22.72 MeV and its predicted
resonance cross-sectionσ(Eres) is only ∼2.5 mb [25, 26]. The 45Ti isotope decays via EC into
45Sc, with a half-life of 184.8 min. A t1/2 value of 184.8(5) min for the 511 keV photopeak
and at1/2 value of 3.36(12) days for the 159 keV transition (tLit .

1/2 = 3.35 days) were assigned,
thus unambiguously identifying the decays of45Sc and47Sc in the irradiated Ti sample. In
addition, three low-intensity transitions were found at 983, 1037 and 1312 keV that were
assigned to the49Ti(γ, p)48Sc reaction, as an evaluation of the half-life suggested a similar
t1/2 for all three transitions, which was greater than 38 h. Furthermore, the intensities matched
the branching ratios as depicted in the literature: 983(Iγ = 101.1%), 1037(97.6%) and
1312 keV(101.1%) validating the present assignment. The sum of all threeγ transitions was
taken for the investigation. After applying the re-normalization procedure as described in the
previous scenario the ratios ofN45Ti/N47Sc = 2.96(17) and N45Ti/N48Sc = 5.86(31) were found
(table 2). The integral cross-sections were obtained using the same method as described for
the magnesium measurement referring to the46Ti(γ, n)45Ti measurement of Pywellet al [73].
Empire calculations were performed to evaluate the photo-neutron cross-section for48,49Ti.
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Table 2. A summary of the photo-proton reaction yields as observed in this work.
The(γ, n) reactions used in the determination ofN0 are referred, as well as the
measured and publishedt1/2 values [27].

Target Reference: Eγ t1/2 / tLit .
1/2 Photo-proton: Eγ t1/2 / tLit .

1/2 Ratio Yield No

(γ, n) (keV) (γ, p) (keV)

MgF2
19F(γ, n)18F 511 1.94(11)/ 25Mg(γ, p)24Na 1368 15.3(8)/

18F
24Na

= 1.90(9) 24Na≡ 1.9(2) × 106

1.83 h 14.9 h

Ti 46Ti(γ, n)45Ti 511 3.08(7) / 48Ti(γ, p)47Sc 159 3.36(12)/
45Ti
47Sc

= 2.96(17) 47Sc≡ 2.3(2) × 106

3.08 h 3.35 days

Ti 46Ti(γ, n)45Ti 511 3.08(7)/ 49Ti(γ, p)48Sc 938 >38(12)/
45Ti
48Sc

= 5.86(31) 48Sc≡ 3.8(4) × 105

3.08 h 1037 43.7 h
1312

Zn 64Zn(γ, n)63Zn 511 37.1(20)/ 67Zn(γ, p)66Cu 1039 <20(13)/
63Zn
66Cu

= 4.00(72) 66Cu≡ 1.1(2) × 105

596 38.5 min 5.1 min
669
962

Zn 64Zn(γ, n)63Zn 511 37.1(20)/ 68Zn(γ, p)67Cu 184 60.5(23)/
63Zn
67Cu

= 5.88(66) 67Cu≡ 5.5(3) × 105

596 38.5 min 61.8 h
699
962

Mo 100Mo(γ, n)99Mo 140 140a others: 97Mo(γ, p)96Nb 778 ?b/
99Mo
96Nb

∼ 380(100) 96Nb ∼ 7.1(36) × 103

181 2.52(55)/ 23.4 h
740 2.74 days

Mo 100Mo(γ, n)99Mo 140 140c; others: 98Mo(γ, p)97Nb 657 65(22)/
99Mo
97Nb

= 123(15) 97Nb ≡ 3.0(6) × 104

181 2.52(55)/ 72.1 min
740 2.74 days

aFits the rate equation.
bIndeterminate due to low yield.
cFits the rate equation.

In the case of48Ti, this calculation was benchmarked on experimental results obtained for
the total photo-neutron yield48Ti(γ, sn) by Sutton et al [71]. Optimizing Eres, 0res and
σres, Empire calculations for49Ti(γ, n)48Ti lead to similar results compared to that derived
from Gnash calculations in [25]. Based on the experimental findings and these calculations,
the following σ int values for the GDR regime:σ int(48Ti(γ, p)47Sc) = 142(52) MeV mb and
σ int(49Ti(γ, p)48Sc) = 67(24) MeV mb are finally proposed (table3). The latter value includes a
∼10(4)% adjustment for the contamination caused by the50Ti(γ, np)48Sc reaction with a 3 MeV
higher threshold energy than the resonance energyEres= 19.5 MeV for 49Ti(γ, p)48Sc. As no
(γ, n) measurement is available for49Ti this value relies heavily on the calculations. The results
are consistent with the TRK sum rule:σ int

TRK(Eint)
(γ, tot), thus validating the present method and

the Empire calculations (see table1). It is worth noting that the(γ, n) distribution for48Ti is
predicted to be∼30% broader than for49Ti, for which the calculation givesσres∼ 85 mb. With
reference to the measuredσ(E) dE distribution of the total photo-neutron yield48Ti(γ, sn) [71],
the ratio σ int(48Ti(γ,n)47Ti)

σ int(48Ti(γ,p)47Sc) = 2.4(9) is proposed after adjusting the measured data for the effect of

>2n emission. Based onEmpire, the value for the odd-n49Ti was estimated to exceed 6.7(2.8)

(calculation:σ int(γ, n) ∼ 450(50) MeV mb). It can be concluded that the ratioσ int(γ,n)

σ int(γ,p)
may vary

considerably with increasing neutron excess in titanium isotopes.
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Table 3. Measuredσ int(γ, p) and the correspondingσ
int(γ,n)

σ int(γ,p)
ratios valid in the

GDR regime for the Mg, Ti, Zn and Mo isotopes surveyed in this work.
ParametersEres and σres are according to equation (1). For 25Mg, the value

of FWHM derives from: FWHM∼

√
02

res(1) +02
res(2). For all other isotopes:

FWHM ∼ 0res. The threshold energiesEth are taken from [26].

(γ, p) σ int (MeV mb)
σ int(γ, n)

σ int(γ, p)
Eres FWHM σres (mb) Eth Remarks

(MeV) (MeV) (MeV)

25Mg(γ, p)24Na 198(79) 1.5(6) 18.8 ∼14.0 ∼11.5 12.0 Two resonances;
23.2 ∼11.9 σ(γ, 1n), σ(γ, 2n),

σ(γ, sn), σ(γ, xn)

measured [63]
48Ti(γ, p)47Sc 142(52) 2.4(9) 19.5 ∼7.8 ∼20.0 11.4 σ(γ, sn) measured [71]
49Ti(γ, p)48Sc 67(24) 6.7(28) 19.5 ∼6.2 ∼11.5 11.4 No (γ, n) measurements [25, 26]
67Zn(γ, p)66Cu 135(58) 5.9(24) 18.5 ∼7.8 ∼18.9 8.9 σ(γ, 1n) measured [62]
68Zn(γ, p)67Cu 169(67) 4.6(18) 21.8 ∼8.3 ∼18.5 10.0 σ(γ, 1n) measured [62]
97Mo(γ, p)96Nb <50 ∼12–30 21.0 ∼7.2 ∼2.5 9.2 No(γ, n) measurements [25, 26],

σ int approximate due to low yield
98Mo(γ, p)97Nb 115(42) 8.9(34) 23.4 ∼7.0 ∼16.4 9.8 σ(γ, 1nx), σ(γ, 2nx), σ(γ, 3n)x,

σ(γ, 3nx), σ(γ, xn) andσ(γ, sn)
measured [77]

4.2.3.67,68Zn. In the investigation of(γ, p) reactions on zinc (Z = 30), a stacked target of
four 1 mm thick foils of natural zinc was used including five stable isotopes:64Zn(48.63%),
66Zn(27.90%), 67Zn(4.10%), 68Zn(18.75%) and 70Zn(0.62%). Figure 4(c) shows the
activation spectra after background subtraction for a total of 4900 laser pulses and1tacq=

24.1 h. The spectra are dominated by the 511 keV annihilation photon, which was assigned
to the EC decay of63Zn (tLit .

1/2 = 38.47 min) resulting from64Zn(γ, n)63Zn. As this reaction
has been well studied [61, 62, 74], its intensity N511 was used to derive the yield ratios.
The intruding intensity contribution from theβ+-emitter 62Cu (tLit .

1/2 = 9.57 min) emerging out
of 64Zn(γ, np)62Cu was found to contribute as little as 0.5–1.5% of the totalN511 yield.
This evaluation includes intensity loss during the activation period and the handling time
(1tirr +1than= 790 s), utilizing the measured cross-section by Cooket al [75]. The second and
third most intense transitions at 669 and 962 keV also arise from the decay of63Zn (figure4(c)).
Two distinct transitions were found which proved the occurrence of(γ, p) reactions within the
Zn sample: 184 keV (t1/2 = 60.5(23) h) resulting from68Zn(γ, p)67Cu and a weak 1039 keV
transition with an estimated half-life oft1/2 < 20 min which was assigned to the reaction
67Zn(γ, p)66Cu (see the blue boxed inset in figure4(c)). The influence of(e, e′n) or (e, e′p)

reactions can be neglected [52, 76]. Target impurities were disregarded on the grounds of their
low abundances<0.05%.

Ratios of N63Zn/N67Cu = 5.88(69) and N63Zn/N66Cu = 4.00(72) were derived. The latter
value is corrected with regard to an assumed∼15(5)% contribution towards the production of
66Cu via the contaminating68Zn(γ, np)66Cu reaction. In conjunction withEmpire calculations
and the known data for64Zn(γ, n)63Zn, the following integral cross-sections within the GDR
regime were derived:σ int(68Zn(γ, p)67Cu) = 169(67) MeV mb and σ int(67Zn(γ, p)66Cu) =

135(58) MeV mb. The value for σ int(67Zn(γ, p)66Cu) corroborates the early result of
Ivanchenkoet al [60] of 118 MeV mb. As the correspondingσ(γ, n) cross-sections are
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Figure 7. The measuredσ(E) distributions for the(γ, n) reactions on67Zn (red
dotted line,(4)) and68Zn (green dotted line,(♦)) according to [62]. TheEmpire
calculations for the associated(γ, p) reactions are given as solid lines.

known [62], the following ratios based on the present measurements and theEmpire calculations
are proposed:σ

int(68Zn(γ,n)67Zn)

σ int(68Zn(γ,p)67Cu) = 4.6(18) and σ int(67Zn(γ,n)66Zn)

σ int(67Zn(γ,p)66Cu) = 5.9(24). The experimental(γ, n)

as well as the proposed(γ, p) cross-sections are depicted in figure7.
It is worth noting that the evaluation regarding68Zn(γ, p)67Zn is in good agreement with

predictions based on theGnash code implemented by the KAERI (Korean Atomic Energy
Research Institute) group and published in [26]. There is, however, a discrepancy with regard to
the predicted value ofEres for the photo-proton decay of67Zn, which peaks∼3 MeV lower in
the present calculations compared toGnash. The derived integral cross-sections of the(γ, n)

and(γ, p) reactions are essentially identical: 930(115) MeV mb for67Zn and 935(121) MeV mb
for 68Zn for Eint = 35 MeV. For Z = 30 Wyckhoff et al [70] predict an integral cross-section
of σ int

TRK(Eint)
= 1.25(10) × 60N Z

A ∼ 1260 MeV mb at the givenEint. The shortfall of around
330 MeV mb in the sum ofσ int(γ, n) andσ int(γ, p) can be attributed to the onset of 2n emission.
The relatively high ratiosσ

int(γ,n)

σ int(γ,p)
for both neutron-rich zinc isotopes indicate that forZ ∼ 30 the

effect of the Coulomb barrier in disfavoring(γ, p) reactions is already pronounced.
Interestingly, there were two more reaction channels that could be clearly identified. The

onset of the64Zn(γ, 2n)62Zn reaction is deduced from the presence of aγ -ray at 596 keV and
the population of the lowest-lying isomeric level in69Zn via the reaction70Zn(γ, n)69m1Zn is
clearly evident from the 438 keV transition witht1/2 = 15.2(12) h (tLit .

1/2 = 13.76 h) in the spectra
(figure 4(c)). Both reactions proved to be of importance as the measuredσ int values could
be compared to results from previous experiments, thus supporting the quantitative validity
of the present activation measurements and the incorporation ofEmpire calculations. For
σ int(64Zn(γ, 2n)62Zn), a value of 76(32) MeV mb was obtained, which agrees with a previous
result from Carloset al [61] of 44 MeV mb. For the isomeric92

+
level in 69m1Zn, a value

of σ int
= 200(29) MeV mb was found, which is∼ 24(4)% of the overall cross-section for

70Zn(γ, n)69Zn [27, 62] in fair agreement with the expectations.
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Figure 8. The 140 keV (a) and 778 keV (b) transitions in the molybdenum
activation spectra. The 140 keV photopeak was assigned to the decay of99Mo
into 99mTc. The 778 keV peak clearly shows a shoulder at the higher energetic
end, giving evidence of the decay of96Nb. The Gaussian fit for the 777.9 keV
transition emerging from99Mo +β−

→
99Tc +νe is displayed in green. Based on

a best value fit for the contribution of the 778.3 keV transition (red line in (b)), a
total yield of N778.3 ∼ 45(15) is assumed. The convolution of both distributions
(blue line in (b)) fits the measurement well.

4.2.4.97,98Mo. Molybdenum had the highestZ value of 42 of all chosen target materials.
The target stack consisted of four 1 mm thick sheets and natural molybdenum has six
stable isotopes92,94−98Mo plus the quasi-stable100Mo (abundance: 9.63%) which decays
via double-β−emission withtLit .

1/2 = 7.8× 1018 years. The measured activation spectra reflects
this isotopic variety as a large number of different reactions were initialized. At present,
no experiments have been performed to obtainσ(γ, tot) for any molybdenum isotope [26].
As the purity of the molybdenum target was very high, the possibility of contaminants
was excluded. Furthermore, electrodisintegration could be neglected based on the estimates
regarding the small flux of electrons transmitted through the thick Ta-radiator. Figure8(a)
shows the most prominentγ transition at 140.5 keV after1tacq= 1.77 days. This photopeak
results from the reaction100Mo(γ, n)99Mo and the successive decay of99Mo (tLit .

1/2(
99Mo) =

2.74 days) into 99Tc. As part of this transmutation is via the 142.7 keV isomeric state
99m1Tc with tLit .

1/2(
99m1Tc) = 6.01 h, the 140.5 keV mixed M1/E2 transition (7

+

2 →
9+

2 ) into
99Tc(g.s.), which is populated by this isomer, showed a growth of yield determined by the
rate equation:N140 =

λ99Mo
λ99Mo−λ99m1Tc

(e−λ99Mot
− e−λ99m1Tc

t) and the activity peaked at∼18(3) h.

Three other strong transitions at 181, 740 and (parts of) 778 keV were assigned to the decay
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Figure 9. Experimental and calculatedσ(E) for 97,98Mo(γ, n) and97,98Mo(γ, p).
The cross-section for98Mo(γ, n)97Nb has been measured (green dotted line,
(♦)) [77]–[79]. As no data for97Mo(γ, n)96Nb exist, σ(E) was calculated
with Empire using known GDR parameters of98Mo (red dotted line). The
evaluated(γ, p) distributions are shown by thick full lines. Note: the overlap
of the calculated98Mo(γ, p)97Nb with the high-energy tail of the measured
98Mo(γ, n)97Mo cross-section aroundE ∼ 25 MeV is purely coincidental.

of 99Mo into 99Tc(g.s.), as their yields rise according toN(t) = N0(1− e−λ99Mot). The strong
511 keV photopeak emerges solely out of the92Mo(γ, n)91Mo reaction as is evident from
the retrieved half-life oft1/2 = 16.8(11) min. No other target isotope can lead to the same
reaction product as93Mo is unstable and a sizeable contribution from>3n channels can
be excluded at the givenkT. The γ transition at 657 keV belongs to98Mo(γ, p)97Nb. Its
measured half-life of 65(22) min agrees with the given literature value of 72.1 min. The onset
of 97Mo(γ, p)96Nb was identified, as the 777.9 keV transition emerging from99Mo +β−

→
99Tc +νe could not account for all of the 778 keV yield. After adjusting for the relative
efficiency and the decay, the clearly skewed line shape and large width of the measured
γ transition was attributed to a∼25(10)% contribution from97Mo(γ, p)96Nb and the successive
decay of96Nb through the 778.3 keV transition withIγ = 96.45% (see figure8(b)). A rough
estimate forσ int of 97Mo(γ, p)96Nb was derived and the ratios ofN99Mo/N97Nb = 123(15)
and N99Mo/N96Nb ∼ 380(100) were evaluated. The second value is corrected with regard to
an assumed∼15% contribution towards the population of96Nb via the 98Mo(γ, np)96Nb
reaction. UsingEmpire calculations and the published cross-section of100Mo(γ, n)99Mo [77]
which was recently extended into the low-energy range by Wagneret al [78, 79], values
of σ int(98Mo(γ, p)97Nb) = 115(42) MeV mb and σ int(97Mo(γ, p)96Nb) � 50 MeV mb were
found. Sinceσ int(98Mo(γ, n)97Mo) = 940(50) MeV mb for Eint = 26.8 MeV [77], a ratio of
σ int(98Mo(γ,n)97Mo)

σ int(98Mo(γ,p)97Nb)
∼ 8.9(34) is proposed, after extending the measured(γ, n) cross-section with

the help of Empire calculations toEint = 35 MeV. Taking into account the experimental
value for σ int(γ, sn) obtained by Beilet al [77], the sum ofσ int(σ, sn) and σ int(σ, p) is
estimated to be 1725(74) MeV mb, which should representσ(γ, tot) in good approximation.
According to [70], a value ofσ int

TRK(Eint=35 MeV)(γ, tot) = 1.40(15) × 60N Z
A = 2016(216) MeV mb
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Figure 10. A summary of the publishedσ
int(γ,n)

σ int(γ,p)
ratios as retrieved from the atlas

of giant dipole resonances compiled by Varlamovet al [26] including the six
new ratios as provided by this work (�). Thex-abscissa is the Coulomb barrier
for protons as given in [80]. The y-coordinate represents the isospin projection
Tz. The abscissa showing the atomic numberZ is to guide the eye. The heat
color code was chosen to pronounce the high ratio values among the 37 isotopes
on display. The three highest values for124Sn, 184W and 201Hg are suppressed
by 1/8.

is expected, which agrees, within the given uncertainties, with the present estimate as one should
include the(γ, α) contribution towardsσ(γ, tot). Since no(γ, n) measurement for97Mo exists,
an estimate of: 12< σ int(97Mo(γ,n)96Mo)

σ int(97Mo(γ,p)96Nb)
< 30 is proposed based on the approximated reaction yield

andEmpire. The cross-sections are displayed in figure9: 98Mo(γ, n)97Mo from [77] including
most recent data from [78, 79] and theEmpire evaluations for98Mo(γ, p)97Nb, 97Mo(γ, n)96Mo
and 97Mo(γ, n)96Mo. The Empire calculations for97Mo(γ, n)96Mo are almost identical to
the Gnash outputs published [26]. In this case,Empire as well asGnash adopt the GDR
parameters from the neighboring98Mo as shown in figure9. In line with the expectations, the
σ int(γ, n)/σ int(γ, p) ratios for molybdenum nuclei have the highest values within this study
covering Z = 12–42. The high ratios manifest the growing influence of the Coulomb barrier
and the neutron excess in disfavoring proton emission with rising atomic number.

4.2.5. Measuredσ
int(γ,n)

σ int(γ,p)
ratios. A summary of theσ int(γ,n)

σ int(γ,p)
ratios derived from the present study

is shown in table3 and displayed in figure10. In addition to the six new values from this work,
a survey of all other photo-induced proton-to-neutron ratios currently (March 2008) retrievable
from the leading databases [26, 27] is given in figure10.

Bibliography compilation and the evaluation of relevant experimental data collected over
the last four decades are still ongoing, and∼30% of published work has been scrutinized and is
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included in the latest edition [26]. Figure10clearly indicates the suitability and efficiency of the
method in delivering crucial data for previously unknown photo-proton reactions and the need
for further experimental work, since the overall number of publishedσ int(γ,n)

σ int(γ,p)
ratios is indeed very

low (<40). All ratios measured in this work are in line with the expectations and they fit well
into the systematic behavior exhibited by other isotopes. The new data from this work contribute
towards a better understanding of the growth ofσ int(γ,n)

σ int(γ,p)
with increasing atomic number and as a

function of neutron excess. The increase in the measured ratios withZ is obviously caused by
the increase in the Coulomb barrier (from [80]) which favors (γ, n) over (γ, p) emission. The
measurements on zinc and molybdenum suggest a slight enhancement ofσ int(γ,n)

σ int(γ,p)
in the odd n

systems compared to their more tightly bound even-n neighbors.

5. Summary

The present investigation is the most comprehensive study of photo-proton reactions driven
by bremsstrahlung radiation of laser-accelerated electrons to date. It clearly demonstrates the
suitability of high-power laser research to contribute substantial new information to the study of
nuclear physics. In total, six new values forσ int (γ, p) processes andσ

int(γ,n)

σ int(γ,p)
ratios for isotopes

with Z = 12–42 are proposed, thus extending known datasets by a significant amount. The
depicted activation method is a useful tool for nuclear investigations and its merits and limits
are known to the present team. It was demonstrated that laser-induced bremsstrahlung radiation
triggered nuclear reactions with thresholds above 10 MeV, and integral activation yields could
be determined in offlineγ analysis with reasonably good accuracy. A complication arises from
the fact that in each case the influence of electrodisintegration had to be evaluated, since there is
no rejection of electrons in the set-up. It has been shown that the use of a thick radiator reduced
the contribution by(e, e′xn) and(e, e′xp) and that photo-induced reactions were predominant.
Furthermore, since the very narrow spatial distribution of the relativistic electrons creates a
small well-defined activation volume, a simulation of the experimental condition with highest
precision is possible. The good spatial confinement facilitates the evaluation ofγ self-absorption
in the thick samples. The derivation ofσ int for photo-proton emission relies on the theoretical
predictions of the GDR parametersEres, 0res andσres. Based on concepts established by the
works of Stoyeret aland Magillet al, this work referred to state-of-the-artEmpire calculations
to obtain maximum alignment between the accurately measured yield ratios and the theoretically
predicted distribution ofσ(E) dE. This empirical procedure leads to the proposed values for
σ int within the GDR-dominated regime. It was proved that without exception theσ int(γ, p)

andσ int(γ, n) results agreed with the TRK-dipole sum rule within the margins of uncertainty.
Moreover, the comparison with existing data showed good agreement for all the three cases
where reference data were obtainable e.g. forσ int(67Zn(γ, p)66Cu). The Empire calculations
performed in this work agreed rather well with published data based on theGnash code [25, 26].
The obtainedσ

int(γ,n)

σ int(γ,p)
ratios for the light to medium heavy targets showed the increasing influence

of the Coulomb barrier in inhibiting proton emission with growingZ values. For light systems,
proton emission exhibits cross-sections comparable to those for(γ, n) reactions, as seen in
25Mg. The ratio increased rapidly from24Mg to 25Mg, but did not further increase between
25Mg and26Mg. For growingZ values, the influence of the Coulomb-barrier dominates besides
an increase in neutron excess. It could be shown that the integral cross-section for neutron
emission in the examined97,98Mo isotopes is more than eight times that of the corresponding
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values for proton emission. It is expected that this work will stimulate more laser-based photo-
proton studies. A very natural first extension of the current work would be the investigation
of photonuclear reactions for elements withZ values in between molybdenum and samarium.
Within this region, a series of proton and neutron evaporation channels exist that can be easily
studied via the depicted method. As highlighted by Wagneret al [81], the origin of a series of
neutron-deficient isotopes withinZ = 42–62 remains mysterious as they are bypassed by the
neutron capture process. Experimental data are needed to shed light on the nuclear processes
producing such isotopes under astrophysical conditions. Technical improvements for future
measurements will be easily achievable by e.g. the use of mono-isotopic targets where available,
the rejection of the bremsstrahlung electrons that emerge out of the radiator, a fast target
transport mechanism and the use of a multidetector germanium system to optimize detection
efficiency. Furthermore, the facilitation of new accelerator sites like the commissioned high-
power laser extension to the ELBE linear accelerator at the FZD, Rossendorf, Germany is
envisaged. Such conjoined accelerator systems will allow a direct comparison between laser and
traditional electron accelerator-based studies. Besides new insights into photo-induced reactions
at stellar temperatures, it is hoped that these studies will further strengthen and promote the
validity and competitiveness of laser-generated electron bremsstrahlung-driven research for the
deduction of nuclear cross-sections of scientific relevance.
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