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Abstract.  Photo-nuclear reactions were investigated using a high power
table-top laser. The laser system at the University of Jeha 3-5x
10"W cm2) produced hard bremsstrahlung photokd £2.9 MeV) via a
laser—gas interaction which served to indugep) and {,n) reactions in
Mg, Ti, Zn and Mo isotopes. Severay,(p) decay channels were identified
using nuclear activation analysis to determine their integral reaction yields.
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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 endtgies

and their widthsl'¢s to derive the integral reaction cross-sectidfi(y, p) for

#Mn, 849Tj, %8Zn and®"*Mo isotopes for the first time. This study enabled

the determination of the previously unknovgﬁ% 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

. int . . .
strongly influence theg—::tg%g; 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 1&2'Wcm2 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 t®0 MeV [1]-[4] and heavy ions into the regime of
several megaelectronvolts (MeV) per nucle®h énd these energies are sufficient to induce
nuclear reactions in secondary targedp-[8]. Recently, further progress with respect to the
laser-induced acceleration of electrons has been reported by several gioliflsgnd 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 targét.[ The use of a secondary highconverter

target permits the conversion of these relativistic electrons into high-energy bremsstrahlung
photons with energies in the MeV randg’]. This radiation can be employed to induce photo-
nuclear reactions such &g, n), (v, p) or (y, f) on selected targets. Inspired by the theoretical

work of Boye

ret al [13] the photo-induced fission of heavy elements was first demonstrated
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on a natural uranium target in 2000 by a singl&®W@ cm~? laser pulse from thé/uLcan

facility at the Rutherford Appleton Laborator{4] and by a similar experiment at the Lawrence
Livermore National Laboratorylp]. 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 30W cm=2 laser pulses16]. In addition, bremsstrahlung radiation of
laser-accelerated electrons has been used to ingucen) 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 applicaldl@ [18]. Furthermore, in 2002 an important application

for lasers was reported in inaugural studies of transmutation reactions relevant for nuclear
waste managemeni9, 20]. In these studies, the transmutation of tBe-decaying waste
product*?® (t;, ~15.7 x 1(Pyeary was successfully demonstrated by inducing the photo-
nuclear reactiod® (y, n)1%8. The final product of the reactiof?® decays witht; , ~25.0 min,

which is 33 x 10" 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-
sectiono™(y, n) for 129, In this paper, a detailed investigation of the photon-induced reactions
with a high-intensity ( ~10*° W cm~2), multi-terawatt laser is reported. The reaction yields

of photo-nuclear activation of a range of nuclei were extracted and integra) and (y, p)
cross-sections were derived. Although there has been a numlgr mf measurements using
bremsstrahlung radiation of laser-accelerated electrons, much less warkmrreactions has

been carried out with this method. Stogerl[21] have predicted that once laser performance is
more reproducible, better estimates pf 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 researct2p]. For applied and fundamental research the giant dipole resonance (GDR)
region, extending up te-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 28Hasd dose
calculations for photon therap®4]. The latest IAEA report25] 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, Py, In the same report, an evaluated
photo-nuclear cross-section library is presented, which combines extensive research activities of
a series of institutions worldwide suchs&U Moscow,LANL Los Alamos,CEN Saclay and

the LNL Livermore 6]. The evaluated cross-section data for around 170 isotopes presented
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in this publication are included in thEexror 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 2&0¢y, p)
experiments at present. The majority of these measurements concentrate on very light systems
such as**He or ’Li and only a litle 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) and (y, 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-sectiow (E) by achieving a best fit to experimental data. The cdédesire [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 particleragdemission.

At low energies E < 40 MeV) the GDR is by far the dominant photon absorption mechanism
and the total photo-reaction cross-sectioy, tot) is similar to ogpr. The GDR is seen to

be a collective bulk oscillation of neutrons against protons resulting in the emission of light
particles and high-energy-rays. The energy dependence of the GDR composigsi(E) is

in good approximation described by the superposition of Lorentzians with energy-dependent
widths Fres(i):

(El—‘res(i))2
E2 - Erzeg(i))z + (Erres(i))z,

oepr(E) = Zares(i)( 1)

|
whereogi) and E.q, are the GDR resonance cross-sections and energies, respectively. For
spherical and near-spherical nuclei one resonance is dominating=atdwhereas deformed
nuclei exhibit two distinct resonances. The threshold endfgyis 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 evaluati@@® ¢r from systematical trends seen in
neighboring nuclei. In order to retrieve an experimental value for the integrated cross-section

o't~ EjOMeVa(E)dE from activation measurements, a knowledge of these parameters is
crucial. It should be pointed out thBMpIRE 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 patrticles 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 by-induced reactions can be employed for examiriiagp) 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 method3]l]. Because of the short duration and the small size of the very strong
accelerating fields E| ~ 1011V em™, |B| ~ 10° 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(y, p) reactions. In 2001, Stoyet al [21] have successfully used this
method for the measurement of the mte@@taﬂbp) cross-section ratio fo®Ni using theNova
petawatt laser which is a large-scale low repetition system. The resulting ratitX8f agreed
with the only previous measurement by Ishkaebwal [32]. This experimental effort highlights
the potential for the use of high-intensity lasers to determine integral valffefor a range
of charged particle reactions. In the present work, four materials with low to medium atomic
number (12< Z < 42) were selected. A series of integrated cross-sectiths, p) for stable
Mg, Ti, Zn and Mo isotopes were measured and new data with respect to the evolution of the

j:::gg; 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 higiz 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 BSIPIRE.

3. Experiment

Since the initial experiments demonstrating the creation of relativistic electrons from the
interaction of intense laser fields with matt8B] 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 effe8b]. In 2004, Liesfeldet al[12] have
demonstrated an increase in the reaction yield by a factas 10 when exchanging the
primary solid target with a gas jefLl?]. Based on this work, the current study was carried

at the Institut fur Optik und QuantenelektronikOQ) at the University of Jena using the
same set-up as depicted in detail 2] 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 vatdieof several MeV 17].
Besides the gains with respect to tké€. 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 80fs duration with a maximum energy of 1J 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 foul®].in [

In the present work, the laser pulse was adjusted to an energy of 600 mJ, which results in
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Pulsed He
gas jet:
~10"em™

Targets: Mg,
Ti, Zn, Mo

Laser Pulse
I~3x10"Wem?
80 fs, 10 Hz

Ta radiator
~4mm

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 | ~3 x 10" W cm~2 within the measured focal spot diameter 6 um. The
helium gas jet generates a maximum particle density of arourd@°cm2 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 1C°. In order to convert the forward peaked relativistic electrons emerging from the laser—
gas interactions into hard bremsstrahlung photons that can trigger nuclear reagtign$
8MeV), a 41 mm thick tantalum radiator of dimensions #@0mnt¥ was placed in the
vacuum chamberpg < 3.5 x 10-2mbar) around 10 cm behind the interaction zone as shown
in figure 1. 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 experimentlP]. This low beam spread results in a very tiny impact area of
the relativistic electrons extending to an estimated size of erfy8 mn? at the front side of
the Ta converter. The de-acceleration and bremsstrahlung generation of the impinging highly
relativistic electrons . > 8 MeV) within the tantalum radiator were modeled willEaAnT4
simulations B6, 37]. The calculations assumed a Boltzmann distribution of electrons exhibiting
a temperature value &T.= 2.9 MeV (see sectiort for kT, measurement). The obtained
results are coherent with outcomes from similar theoretical work on laser—matter interactions
by Galy et al [38] and Mcnpx calculations 89, 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 fig@reThe 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 ar€® mn? (rms value~2.8 mm, see figur@(a)). This
theoretical estimation is in coherence with experimental observations by Schweoaté¢d1]
using the same laser system.

As indicated in figuresl and 2(c) the targets, namely MgFand natural Ti, Zn and
Mo bulk probes, were directly attached to the tantalum converter. For each rdtiejet
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radiator_xy
(a) Entries 330210
Mean x -0.01338
Meany 0.01105
RMS x 2.799
RMS y 281 .

target_xy (C ) i
b Entries 34219
( ) Mean x 0.01503
Mean y 0.08563
RMS x 3.858
RMSy 3818
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10004
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Figure 2. GeanT4 simulation of the spatial distributions of high energetic
bremsstrahlung photons induced by relativistic electrons ®&itks 8 MeV and
kTe=2.9MeV at the rear side of the¥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 that70% of the total high-energetig flux

stays within a narrow cone with & 4 mm throughout the Mo target. The inset

(c) shows the result of a typic@ieant4 simulation and the geometry of the
radiatoytarget 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,GEaANT4 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 radigéoget combination was irradiated with
around 5000 laser pulses within a time interyal;,) of around 8 min. After irradiation, the
targets were removed from the vacuum chamber within a handling tiag,) of approximately

5min and placed at a distance of2.5cm in a centered position in front of a coaxial Ge
detector (Canberra GX3518; diamete% iches). The detector was equipped with a very
thin plastic entrance window in order to maximize the detection of low-energy photons. The
single y-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
y-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 t;,, < 5min and long-lived; , > 1 day transitions. After calibration, the energies and
yields of the measured and background-corregtedy transitions were determined by fitting a
Gaussian distribution to the photo-peaks, resulting in energy uncertainties of lessikak' 0

The relative efficiency of the detector as a function of the enegg{e) was determined with a
combined**Ba/'?Eu source. Using a mono-energefitCs source the absolute peak efficiency
was found to be,,{661 keV) = 7.36(24)%. This measurement enabled normalization of all
intensities and, hence, absolute yield valNg$or 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. Ally-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?[]. Additionally, the intensities were re-normalized with respect to the
total acquisition timeAt,.q 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 tgt which denotes the end of the laser
activation periodAt;,. Furthermore, the intensity loss which occurred during the handling
period Atyan Was accounted for. For short half-lives, < 20 min this adjustment is important
sincety, ~ Atir + Atpan The loss ofy-ray intensity due to self-absorption within the thick target
probes (absorption coefficients frod? 43]) and the target-detector geometfy ¢ = 2.09 sr)

were also taken into consideration with additiodalant4 simulations. These calculations
used the estimated bremsstrahlung and electron distributions within the target probe that were
modeled previously witlGEanT4 in order to account for the expected spatial distribution of
reaction products (see e.qg. in figut@) for molybdenum). Finally, after re-normalization with

the isotopic abundance in the target, the integral yield of the photo-induced residual radioactive
nuclei Ny present at timé&, was determined.

4. Results and discussion

4.1. Temperature measurement

4.1.1. Temperature measurement facilitatitfjTa(y, n)18Ta and 81Ta(y, 3n)18Ta. In a

first measurement, the yield ratio of the radioactive isoto}¥€Ea and!’®Ta 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 t2geds [

17, 31] for kT, values ranging from-2 to 35 MeV and is described in detail i4]. At the high
relativistic energiesk(Te > 2 MeV) as present in this experiment, the quasi-Maxwellian energy
distribution [L4] can be approximated with a Boltzmann distribution, wher&bsoughly scales

with the square root of the laser intensity{45]. Furthermore, it is known that in the ultra-
relativistic regime, the bremsstrahlung photons will have almost the same temperature as the
incident hot electronsT{, < Te = T) [46, 47]. As photons inducingy, n) or (y, p) reactions

in the selected elements must have a minimum energl,of 6-8 MeV, a Boltzmann-tail
distribution is well suited to describe their distribution in the GDR regime:

dN, (E)
dE

with Nf being the amplitude in units of MeV andk being the Boltzmann constant. For a
specific reaction with an energy-dependent cross-section giveribythe number of residual
nuclei produced by bremsstrahlung can be derived from the following expression:

N = Q. fooa(E) N, (E) dE, Q)
Etn

= N)(E)e &/ T, (2)

where Q, is the atomic density of the target, its thickness andey, the reaction threshold
energy. In order to determine the temperature based on the two formulae above, the yield
ratio of the unstable reaction productdizsr,/Nisor, Was firstly determined. As natural
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tantalum consists of 99.988%'Ta, these isotopes can only be created via photon reactions:
8lTa(y, n)18%Ta and*®'Ta(y, 3n)1"®Ta or the equivalente, €n),(e, €3n) electrodisintegration
channels. Though exhibiting a much lower cross-sectigfH) <« o, (E)), the electron-induced
processes cannot simply be disregarded, as one has to consider the yield ratio between electrons
and photons Ne/N,) present in the radiatot’®Ta decays via two distinct electron capture
(EC) processes from its*lor its 7~ level into 1"8Hf, while 18Ta transmutes intd®°Hf (EC
decay) or®W (B~ decay). Coinciding with these decays are two prominent transitions at
426 keMY2Ta,- + e —Y/8Hf + 1) and 103 ke\¥Ta— W + e~ +7;). 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 848(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 2.36h
respectively 27]. A ratio of Nusrs/Nusor, = 3.06(48) x 104 was obtained. The experimental
uncertainty is mainly caused by the efficiency calibration for energieS, o0& 120keV and

the inaccuracy for the published branching ratio of the 103 keV transition in the decay of
180Ta of 081(23)%. In order to account for the influence of the electrodisintegration, the
measurement af.(E) on8!Ta of Cataldiet al[48] was used, which extends from the threshold
energy for neutron emissiofs,(%Ta) = 7.6 MeV, to 22 MeV wheres (e, €n) has a value of

~2.8 mb (figured). As the yield ratioNe/ N, could not be derived experimentally, the theoretical
calculations of bremsstrahlung production from high-intensity laser matter interactions as
described in38] were considered. AdditionallggeanTt4 [36, 37] andMcnpx [39] simulations

out

were performed in order to model the photon-to-electron flux conversion efficiegtiess

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
spectra40, 49|, as well as on the estimatidT, > 2 MeV for the Jena laser gas jet systelf][

a 2310)% contribution from electrodisintegration was evaluated for the productid# T in

the present work (figur8). Interestingly, for electron energies between 20 and 35 MeV, older
studies by Brownret al [52] showed that the photon-to-electron-induced activigy factor)

f % declines_ smoot_hly fror_nv6 to ~_5. Extrapolation_of _theF_ factor to Iovv_erE
values, folfowed by an integration weighted with the modé\gdlistribution, agrees with the
present estimate. The contribution of electrodisintegration to the productidfrafcannot be
deduced from a direct measurement, as the threshold energy femi&sion coincides with

the highest electron enerdy for which o.(E) was determined4g]. Therefore, theF factor
evaluation depicted in5p], which suggests a slight increase in electrodisintegration for the
total activity in tantalum radiators fd < 35 MeV, was taken into consideration. Based on this
estimate a 30.0)% contribution of(e, €3n) towards the production df®Ta was determined. As

the giant quadrupole resonan@QR) contribution within the GDR regime is smal§], this
approximation is justifiable. In order to derikd for the bremsstrahlung photons the n) and

(v, 3n) cross-section measurements frdsn,[51] were used. Both distributions are depicted in
figure 3. Taking into account the influence of the electrodisintegration, a temperature value of
kT = 2.73'%%, 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, €n), (e, €3n) reactions and the standard error value of the published intensity value for
the 103 keV transition. The uncertainty of the accepfédia(y, n)'8Ta and*®'Ta(y, 3n)1"®Ta
cross-sections added around 20% to the error in the final result.
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Figure 3. Cross-sections fot®Ta(y, n)*®Ta (red line,(»)), 8'Ta(y, 3n)1"®Ta
(green line, (O)) and 8'Ta(e, €n)!’®Ta (violet line, (<)) according to
[48, 50, 51]. The photon distributionN, (E) is given in arbitrary scale. The
valuekT = 2.73 MeV was derived from matching the ratio of the integrals of the
folded*®Ta(y, n)18Ta and*®'Ta(y, 3n)1"®Ta distributions to the measured yield
ratio, after correction for the contribution of electrodisintegration. The folded
distributions representing the integrands of equati®nafe displayed for all
three reactions as solid lines in arbitrary units (au) in the inset.

4.1.2. Temperature measurement facilitat?¥@(y, n)}*C and 83Cu(y, n)®2Cu. 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 plastig) @td 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 ¥(y, n)*'C and®3Cu(y, n)%?Cu are well
known [63, 54] and have been previously used as standards for temperature measurements in
laser plasma research4]. The reaction products!C and®Cu both decay vigg* emission,

giving rise to a pair of 511 keV annihilation photons, which were measured with an Na(l)
scintillation coincidence counter system. After correcting the measured activities as described
before, a ratio 0fNuc/Nezc, = 8.58(13) x 10~2 was derived. The main uncertainty in this
measurement arises from the very low intensity of annihilagioadiation associated with the
decay of''C, with a decay rate of only-0.35st. Based on calculations witGeant4 and
CasiNo [55] and the measurement &iC(e, en)*'C by Kline et al [56], the electron-induced

yield contribution towards the production HfC was estimated to be less than 8%, as the thick
tantalum radiator was placed in front of th¢@u stack. Thus, it shifts the electron distribution
present in the plasticopper stackNS/Y(E) by 13 MeV towards lower energies compared to

the initial distributionN2(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 energyNg/“!(E)/N/“U(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€G-stack. Similar estimations with regard to the
2Cu production from the reactiof¥Cu(e, €n)®?Cu [57] lead to a low approximate value of
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W < 0.04. Based on these results a best fit approadkiTot 3.09'%23 MeV was

derived from the ¢Cu-stack data.

4.1.3. Determination of temperatureAdding the two independent measurements in quadra-
ture a final average value &T = 2.90(23) MeV was adopted. FONS a value of 17(2) x

10° MeV~! was obtained. For this calculation, the low-energy part of the photon spectra that
exhibits a substantial lower temperatus&][was neglected, as only the high-energy part cover-
ing the GDR regimel > 7 MeV) was of interest. The total conversion efficiency of laser light
into photon energy was found to be384) x 10~4, which is in agreement with observations of
Behrenset al performed at the same laser systefi] [and fits approximations derived from
measurements of Liesfett al[12].

4.2. Photonucleaty, p) reactions in Mg, Ti, Zn and Mo

Samples of MgF and natural Ti, Zn and Mo were selected and the integral cross-sections
oMy, p) for Mg, *84°Ti, 68Zn and®"*®Mo 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 thé{% cross-section ratio for light to medium-sized nuclei within the
GDR regime. All main reaction channels which produce radioactive isotopedyyith 300 s

were unambiguously identified, confirming and extending very preliminary results previously
reported in $9]. 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 o™ (y, p) were derived from a mean square fit usiBgpire calculations to reproduce

the experimental yield ratios. This methodology is depicted in the work of Maggil [20]

for the measurement ef™(*?%(y, n)*?8). 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-sectiofis could be determined which allowed

a comparison with previously known data. Good agreement was found for all these cases:
o"™(®7Zn(y, p)®Cu) = 13558) MeV mb (this work) and 118 MeVmb (according t&Q);
o™(®4Zn(y, 2n)%2Zn) = 76(32) MeV mb (this work) and 44 MeV mb (according t61]) and
o™(7%Zn(y, N)®9™ Zn) = 200(29) MeV mb (this work) and-140-260 MeV mb (according to
estimate from measuremen@&2] and branching ratio=2[7]). These results clearly underline the
suitability of the chosen experimental approach for the study of photo-proton interaction.

4.2.1.>>Mg. The composite target MgF with natural magnesium consisting of
2%Mg (78.99%9), ®Mg(10%) and?®Mg (11.01%) was chosen since magnesium has a rel-
atively low Z and the?®Mg(y, p)?*Na reaction withEy, = 12.06 MeV had not yet been studied.
The final product?®’Na decays partially vi*Na—2*Mg+e~ +v, emitting two strongy
transitions in the process: 1368 keV (branchihg=100%) and 2754 keV I( = 99.94%).
For the other two stable magnesium isotog&$¥Mg the (y, n) and (y, p) cross-sections
have been measured in great detail dtig(y, p)?*Na data complete the evaluation of the

Z:::E;;; ratio for stable isotopes with = 12, as®®Mg(y, n)?*Mg is known [B3)]. In addition, the
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Figure 4. Activation spectra of the MgHa), 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
MgF, activation spectra are shown in red color in (a) together with the natural
background radiation which was measured for the satg, after the Mgk
target and the Ta radiator were removed (green). The dominating 511 keV
annihilation peak results from thg* decay of'®F. The background-corrected
titanium activation spectra are depicted in (b). The most prominent peak at
159 keV is caused b¥Ti(y, p)*’Sc and the subsequent decay@c. The three
transitions at 983, 1037 and 1312 keV belong to the dec&$&af, produced via
“9Ti(y, p)*®Sc. The activation spectra for the natural Zn samplgd;= 24.0 h)

are shown in (c). The intense 511 keV photopeak corresponds to annihilation
following the 8* decay of*Zn. Summation peaks of the strongest photopeaks are
also seen (511 + 669 ke\], 511+ 962 keV Q)). The inset in the picture (blue)
shows the presence of the 1039 keV transition resulting from the fast decay of
%¢Cu ({5 = 5.12min) emerging fronf’Zn(y, p)®*Cu as observed foAt,q=

14.40 min. All spectra show the 1460keV background radiation associated
with 49K

(y, n) reaction process offF provides a reference to derive the reaction yield, as the product
18F decays vigg* emission. The coincident 511 keV annihilation photons account for a summed
branching of 19316% per decay. In order to maximize the measured yield, a bulk sample
of 9mm thickness and 60 mm diameter was chosen. The measured spectra (red) and the
background distribution (green) obtained #t,.q= 21.3 h are given in figurd(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 fronftebackground radiation.
The 2754 keV transition is just outside the detection energy range. The half-lives for the
photopeaks were found to be9#(11) h for 511 keV (1L/“2' =1.83h) and 133(8) h for the

1368 keV (1L/'t2 = 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
2Mg(y, n)?*Mg (¢) and®F(y, n)*8F (A) according to $3, 65]. For E > 28 MeV

the experimental distributions were extended with the tail of a Lorentzian
approximation provided by¥wmprIrRe. The fitted curves derived fronEMPIRE
calculations are depicted as dotted lines in red?fg(y, n)>*Mg and green

for °F(y, n)18F. The calculated®Mg(y, p)?*Na distribution is shown by a blue
solid line; the predicted®Mg(y, «)?'Ne cross-section is shown as a brown solid
line with black dots.

Nzsr/ N2ana = 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 of®F and?*Na were estimated. Impurity levels of Al, Fe and Ti wer8.01%

and their influence could be safely neglected. No direct measurement of the electrodisintegration
of Mg in the GDR regime exists and an experiment of Déasal [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 assumptiondNgN, as for the GCu stack

data. Similar estimates were derived f8F. Based orEmpIre calculations the contaminant
26Mg(y, np)?*Na reaction was estimated to add much less than 3% towards the total intensity of
?Na isotopes. Since all possible contaminant contributions are well within the experimental
uncertainty, Nisg/ Noay, = 1.90(9) represents the proportion of the photo-induced processes

zslhj';;—m Referring to the known cross-section distribution éaiE) (*°F(y, n)*8F) [65] the

integral cross-section™ (®®Mg(y, p)?*Na) was derived by employingmpIRE calculations
(figure5) to reproduce the experimental yield ratio. Finally, a value'#(*>Mg(y, p)?*Na) =
198(79) MeV mb is proposed. The main contribution towards the experimental uncertainty
arises from the high value oAkT =0.46 MeV. The resulting distributions are shown in
figure5. Since?®Mg exhibits a very strong oblate deformation in its ground state= 0.373),

two resonance energies at18.8 and 232MeV are present. For thé&’F(y, n)!®F cross-
section, it is worth noting that the low-lying; resonance at-12.2 MeV largely affects

the yield, which is given by a folding o (E) with the relativistic bremsstrahlung spectra
as expressed in equatioB)( The measured cross-sectionadf(*>Mg(y, n)>*Mg) leads to a
value ofae™(*>®Mg(y, N)>*Mg) = 24530) MeV mb for energies of up t&; = 28.5MeV [63)].
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Table 1. Photo-induced integral cross-sectiert&(y, n) ands™(y, p) for stable
Mg isotopes and fot®4°Ti in comparison to the theoretical values derived from
the TRK sum rule and experimental results depicted7@|.[For ?®Mg and
“8Ti, the integral neutron cross-sections are extendeBMyrE calculations to

E =40 MeV. Note: for titanium the total neutron yield"(y, sn) for *Ti is

referencedT1].
Uint(% n)Mg
or o™ (y, sy, o™y, p) o™y, +o™(y.P) ofRE Eint
Isotope (MeV mb) (MeV mb) (MeV mb) (MeV mb) (MeV mb) Reference
Mg 519%® 183 2349 22030 283 [66]-[68]
Mg 248302 omey 19879 476(103 360(40) ~40  [28, 63, this work
E
3m10)2g5<E<40MeV
Mg 164 1013 2653 23230 286  [66, 69
BT 3982420, ey 14252 610(61) 607(40) ~40  [25, 28, 71], this work
E
70(20)2;n<pE<40MeV
TP 510(60)EMP 67(24) 577(65) 618(40) ~40  [25, 28], this work

Extrapolating these measurements with the help otingre calculations to 40 MeV (figurg),

aratio of% = 1.5(6) for the entire GDR region was estimated. For the neighboring

stable magnesium isotopes, the corresponding ratios are 0.24(ZfMor [66]-[68] and
1.62(20) for?®Mg [66, 69]. Neutron emission is suppressed in tleluster nucleus*Mg
compared to the emission of charged particles. The results are summarized ih taldich

the predicted effective valueg, g, ,(v. tot) for dipole excitations according to the classical
Thomas-Reiche—Kuhn (TRK) sum rulé are included. In order to derivef, . (v, tot) for

the magnesium isotopes, the experimental data from Wyekaff[ 70] were considered, which
suggest the exhaustion of the TRK formusd™ ~ 60N—AZ MeV mb. Based on this assumption,
the (y, n) and(y, p) reaction processes #iMg exhaust the classical sum rule to within 35%,
while the experimental data féf#26Mg fit the estimations within 15%. The obtained values are

oy . — . . i“t(stg(y,n)z“Mg) . .
within the given uncertainties. The high ratio @W is expected as the unpaired

neutron is weakly bound i#?Mg. In figure6, the ratioj::g:g; is given for the three stable Mg

isotopes. Results with regard to the reaction yielé*dfg(y, p)**Na as well as for all the other
photo-proton yields obtained in this work are summarized in table

4.2.2.%8491i, A 2.7 mm thick foil of natural titanium served as the target and the isotopic
abundances aréfTi (8.9%), 4'Ti (7.3%), “8Ti (73.8%), *°Ti (5.5%) and °°Ti (5.4%), all of

which produce radioactive daughter nuclei via eitbyern) or (y, p) reactions. An evaluation
regarding the influence of target impurities and electrodisintegration showed that yields arising
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Figure 6. The ratio Zimg’g as a function of the mass numbér for stable
magnesium isotopes. The neutron emission is suppressedircibster nucleus

24Mg.

from these sources could be neglectédfactor =8, derived from systematics irb%]). No

total photo-absorption cross-section were measu?&d 6] for titanium isotopes and only
three(y, n) or (y, sn) measurements exist f6#4&°Ti to date. Figured(b) shows the energy
spectra after background subtraction obtained after 5000 laser pulsas.fg=21.2h. The
spectra are dominated by the 511 keV annihilation photon, as well as by the 159keV
ray, which was attributed to th&Ti(y, p)*’Sc reaction and its successive decay pia
emission giving rise to the mixed11/E2 159keV transition in*'Ti with a branching

ratio of 683%. The yield from“°Ti(y, np*’Sc was estimated to contribute as little as
1-3% to the total measured value, on the grounds of large stoichiometric and threshold
energy difference€(*Ti(y, p)*'So = 1145 MeV versusEy,(*°Ti(y, np)*’Sc) = 19.6 MeV
according to 27]. Similar considerations for the 511 keV photopeak showed that this peak
accounts for 98(12% of the *¢Ti(y, n)*Ti reaction, as the contaminadtTi(y, 2n)*°Ti

has a much higher reaction threshold &f(*'Ti(y, 2n)*Ti) = 22.72 MeV and its predicted
resonance cross-sectiofiE,es) is only ~2.5mb [25, 26]. The °Ti isotope decays via EC into
4Sc, with a half-life of 1848 min. A t;,, value of 1848(5) min for the 511 keV photopeak

and at;,, value of 336(12) days for the 159 keV transitiortb{; = 3.35days) were assigned,
thus unambiguously identifying the decays“@®c and*’Sc in the irradiated Ti sample. In
addition, three low-intensity transitions were found at 983, 1037 and 1312 keV that were
assigned to thé®Ti(y, p)*®Sc reaction, as an evaluation of the half-life suggested a similar
t1» for all three transitions, which was greater than 38 h. Furthermore, the intensities matched
the branching ratios as depicted in the literature: @83= 1011%y), 1037(97.6%) and

1312 keV(1011%) validating the present assignment. The sum of all thréeansitions was
taken for the investigation. After applying the re-normalization procedure as described in the
previous scenario the ratios dfsyi/Nage = 2.96(17) and Nssti / Nasgc = 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“fie(y, n)*°Ti measurement of Pywedt al [73].

EmPIRE calculations were performed to evaluate the photo-neutron cross-sectiéf*¥or.
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Table 2. A summary of the photo-proton reaction yields as observed in this work.
The (y, n) reactions used in the determinationf are referred, as well as the
measured and publishégl, values P7].

Target Reference: E, ti2/ t'l-/"2 Photo-proton: E, ti2/ t'l-/"2 Ratio Yield N
(y,m (keV) (v, p) (keV)
MgF,  9F(y, n)18F 511 194(11)/ BMg(y, p)?*Na 1368  153(8)/ %\ =1.90(9) 24Na=1.9(2) x 10°
1.83h 14.9h
Ti 48Ti(y, n)*°Ti 511 308(7)/ “8Ti(y, p)*’Sc 159 336(12)/ %‘C =2.96(17) 47Sc=2.3(2) x 10°
3.08h 3.35days
Ti 46Ti(y, )*°Ti 511 308(7)/ 49Ti(y, p)*8sc 938  >38(12)/ %‘C =586(31)  “8Sc=3.8(4) x 10°
3.08h 1037  43.7h
1312
zZn 647n(y, n)%3zn 511 371(20)/ 87Zn(y, p%Cu 1039  <20(13)/ %’J =40072 %Cu=1.1(2) x 10°
596 385min 5.1min
669
962
Zn 647n(y, n)%3zn 511 371(20)/ 887Zn(y,p)®’Cu 184 605(23)/ Z% =5.8866) 8Cu=5.53) x 10°
596 385 min 61.8h
699
962
Mo 10Mo(y, m®Mo 140 14@others:  9Mo(y,p)®Nb 778 b/ Z‘% ~ 3801000 %Nb~ 7.1(36) x 10°
181 252(55)/ 23.4h

740 2.74 days
Mo 10Mo(y, m®Mo 140 140; others:  %®Mo(y, p)®’Nb 657 6522)/ Mo _ 12315 9'Nb=3.0(6) x 10°

97Nb
181 252(55)/ 72.1min
740 2.74days

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

In the case of*®Ti, this calculation was benchmarked on experimental results obtained for
the total photo-neutron yiel@®Ti(y, sn) by Suttonet al [71]. Optimizing Ees, res and

ores EMPIRE calculations for**Ti(y, n)*8Ti lead to similar results compared to that derived
from GNasH calculations in 25]. Based on the experimental findings and these calculations,
the following o™ values for the GDR regimes™(*®Ti(y, p)*’So) = 142(52) MeV mb and

o M(*Ti(y, p)*®So = 67(24) MeV mb are finally proposed (tab8). The latter value includes a
~10(4)% adjustment for the contamination caused by#ie&(y, np)*8Sc reaction with a 3 MeV
higher threshold energy than the resonance enErgy= 19.5 MeV for “°Ti(y, p)*Sc. As no

(y, n) measurement is available f&iTi this value relies heavily on the calculations. The results
are consistent with the TRK sum rulejf ¢, (v. tot), thus validating the present method and
the EMPIRE calculations (see tabl®). It is worth noting that they, n) distribution for#®Ti is
predicted to be-30% broader than fd¥°Ti, for which the calculation gives,es ~ 85 mb. With

reference to the measuredE) dE distribution of the total photo-neutron yiettTi(y, sn) [71],
the ratio%% = 2.4(9) is proposed after adjusting the measured data for the effect of
>2n emission. Based diMPIRE, the value for the odd-ri®Ti was estimated to exceedr$2.8)
(calculation:a™(y, n) ~ 450(50) MeV mb). It can be concluded that the ragi'ﬁi% may vary

considerably with increasing neutron excess in titanium isotopes.
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Table 3. Measureds"(y, p) and the corresponding:x% ratios valid in the
GDR regime for the Mg, Ti, Zn and Mo isotopes surveyed in this work.
ParametersE,.s and o,s are according to equatiorl){ For >Mg, the value

of FWHM derives from: FWHM~ | /TZ ) +'%q, . For all other isotopes:

reql)
FWHM ~ T'\es The threshold energids;, are taken fromZ6].
int Ulm(y’ n)
(v, p) o'™ (MeV mb) o) Eres FWHM ores (Mb) Ein Remarks
' (MeV)  (MeV) (MeV)
2Mg(y, p)¥*Na 198(79) 1.5(6) 18.8 ~14.0 ~115 120 Two resonances;

23.2 ~119 o(y,1n), o(y, 2n),
a(y,sn,o(y,Xn)
measuredg3]

“8Ti(y, p*'Sc 14252 2.4(9) 195 ~7.8 ~20.0 114 o (v, sn) measuredq1]

“Ti(y, p*8sc 6724) 6.7(28) 195 ~6.2 ~115 114 No (y, n) measurementp, 26]

87zn(y, p)®eCu 13558) 5.9(24) 185 ~7.8 ~189 89 o (y, 1n) measuredq?]

68zn(y, p7Cu 16967) 4.6(18) 218 ~8.3 ~185 100 o (y, 1n) measured§2]

9"Mo(y, p)%°Nb <50 ~12-30 210 ~7.2 ~2.5 9.2 No(y, n) measurement2p, 26|,
o™ approximate due to low yield

%BMo(y, p)°’Nb 11542) 8.9(34) 234 ~7.0 ~16.4 9.8 o(y, 1nx), o (y, 2nX), o (v, 3n)X,
o(y, 3nx), o (v, xn) ando (y, sn)
measured{7]

4.2.3.87887n. In the investigation ofy, p) reactions on zincZ = 30), a stacked target of
four 1 mm thick foils of natural zinc was used including five stable isotoff& (48.63%),

%6Zn (27.90%), %7Zn(4.10%), %8Zn(18.75%) and "°Zn(0.62%). Figure 4(c) shows the
activation spectra after background subtraction for a total of 4900 laser pulsestage-
24.1h. The spectra are dominated by the 511 keV annihilation photon, which was assigned
to the EC decay of’Zn (t;5 = 38.47 min) resulting from®*Zn(y, n)*3Zn. As this reaction

has been well studied6], 62, 74], its intensity N5;; was used to derive the yield ratios.
The intruding intensity contribution from thg*-emitter%2Cu (tlL/“z' = 9.57 min) emerging out

of %4Zn(y, np)®?Cu was found to contribute as little as 0.5-1.5% of the tdNg; yield.

This evaluation includes intensity loss during the activation period and the handling time
(At + Athan= 790 8), utilizing the measured cross-section by Ceiodl [75]. The second and
third most intense transitions at 669 and 962 keV also arise from the de€&ndfigure4(c)).

Two distinct transitions were found which proved the occurrenag gp) reactions within the

Zn sample: 184 keVt{,, = 60.5(23) h) resulting from®®Zn(y, p)®’Cu and a weak 1039 keV
transition with an estimated half-life df,, <20 min which was assigned to the reaction
67Zn(y, p)®°Cu (see the blue boxed inset in figutee)). The influence ofe, €n) or (e, €p)
reactions can be neglectesl] 76]. Target impurities were disregarded on the grounds of their
low abundances:0.05%.

Ratios of Neszn/Nercy = 5.88(69) and Neszn/ Nescy, = 4.00(72) were derived. The latter
value is corrected with regard to an assumetb(5)% contribution towards the production of
8Cu via the contaminatinZn(y, np)®®Cu reaction. In conjunction witBEmpire calculations
and the known data fd¥*Zn(y, n)%3Zn, the following integral cross-sections within the GDR
regime were derivedo™(%8Zn(y, p)®’Cu) = 16967) MeV mb and ¢"™(8Zn(y, p)%¢Cu) =
13558) MeVmb. The value foro™(5Zn(y, p)®Cu) corroborates the early result of
Ivanchenkoet al [60] of 118 MeV mb. As the corresponding(y, n) cross-sections are
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Figure 7. The measured (E) distributions for thgy, n) reactions orf’Zn (red
dotted line,(A)) and®®Zn (green dotted ling)) according to §2]. The EMPIRE
calculations for the associatéd, p) reactions are given as solid lines.

known [62], the following ratios based on the present measurements alishther calculations
are proposed%% = 4.6(18) and%m = 5.9(24). The experimentaly, n)
as well as the proposeg, p) cross-sections are depicted in figute

It is worth noting that the evaluation regardiffgn(y, p)®’Zn is in good agreement with
predictions based on th@nasH code implemented by the KAERI (Korean Atomic Energy
Research Institute) group and publisheddf][ There is, however, a discrepancy with regard to
the predicted value o, for the photo-proton decay &fZn, which peaks-3 MeV lower in
the present calculations compareddsasH. The derived integral cross-sections of {he n)
and(y, p) reactions are essentially identical: 930(115) MeV mPf@n and 935(121) MeV mb
for %8Zn for E;,; = 35MeV. ForZ = 30 Wyckhoffet al [70] predict an integral cross-section
of ofken = 1.25(10) x 605Z ~ 1260 MeVmb at the giverE. The shortfall of around
330 MeV mb in the sum o_ff‘”t(y, n) ando™(y, p) can be attributed to the onset of 2n emission.
The relatively high ratioéf;:::E—m for both neutron-rich zinc isotopes indicate that #or- 30 the
effect of the Coulomb barrier in disfavoririg, p) reactions is already pronounced.

Interestingly, there were two more reaction channels that could be clearly identified. The
onset of thé*Zn(y, 2n)%?Zn reaction is deduced from the presence f-my at 596 keV and
the population of the lowest-lying isomeric level §%Zn via the reactior!®Zn(y, n)%9™zn is
clearly evident from the 438 keV transition with, = 15.2(12) h (tlL/“z- = 1376 h) in the spectra
(figure 4(c)). Both reactions proved to be of importance as the measufédalues could
be compared to results from previous experiments, thus supporting the quantitative validity
of the present activation measurements and the incorporatidémefRe calculations. For
o™(®4Zn(y, 2n)%2Zn), a value of 7632) MeV mb was obtained, which agrees with a previous
result from Carloset al [61] of 44 MeV mb. For the isomericg+ level in 89™7Zn, a value
of o™ =20029) MeV mb was found, which is~ 24(4)% of the overall cross-section for
07Zn(y, n)%9zn [27, 62] in fair agreement with the expectations.
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Figure 8. The 140keV (a) and 778keV (b) transitions in the molybdenum
activation spectra. The 140 keV photopeak was assigned to the de&iyimf

into ®Tc. The 778 keV peak clearly shows a shoulder at the higher energetic
end, giving evidence of the decay ¥Nb. The Gaussian fit for the 777.9 keV
transition emerging from®Mo + 8~ —%°Tc +, is displayed in green. Based on

a best value fit for the contribution of the 73&eV transition (red line in (b)), a
total yield of N77g3 ~ 45(15) is assumed. The convolution of both distributions
(blue line in (b)) fits the measurement well.

4.2.4.9798o. Molybdenum had the highest value of 42 of all chosen target materials.
The target stack consisted of four 1 mm thick sheets and natural molybdenum has six
stable isotoped?%*8Mo plus the quasi-stablé®Mo (abundance: $3%) which decays

via doubleg~emission WithtlL}tz- = 7.8 x 10'8years. 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 obtafp, tot) for any molybdenum isotope2§).

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. Fafaye
shows the most prominent transition at 14(® keV after At~ 1.77 days. This photopeak
results from the reactiot”®Mo(y, n)**Mo and the successive decay $Mo (tlL/“é (°**Mo) =
2.74days) into®®Tc. As part of this transmutation is via the 14ReV isomeric state
%mTc with tJ5(*™Tc) =6.01h, the 14GkeV mixed M1/E2 transition & — %) into
9Tcgs), Which is populated by this isomer, showed a growth of yield determined by the

(ef?»ggMot

—e*mr') and the activity peaked at18(3) h.

rate equation:Niso= prm T
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 calculated E) for °"%Mo(y, n) and®"*®Mo(y, p).
The cross-section fot®Mo(y, n)®’Nb has been measured (green dotted line,
() [771-[79. As no data for®”Mo(y, n)*®*Nb exist, o (E) was calculated
with EMPIRE using known GDR parameters 8#Mo (red dotted line). The
evaluated(y, p) distributions are shown by thick full lines. Note: the overlap
of the calculated®®Mo(y, p)°’Nb with the high-energy tail of the measured
%Mo(y, n)®’Mo cross-section arounl ~ 25 MeV is purely coincidental.

of ®Mo into ®Tcgs), as their yields rise according td (t) = No(1 — e™**mo'). The strong
511 keV photopeak emerges solely out of fido(y, n)°*Mo reaction as is evident from
the retrieved half-life oft;,, = 16.8(11) min. No other target isotope can lead to the same
reaction product a$*Mo is unstable and a sizeable contribution froa8n channels can

be excluded at the givekT. The y transition at 657 keV belongs t¥Mo(y, p)®/Nb. Its
measured half-life of 622) min agrees with the given literature value of. ¥&nhin. The onset

of ®’Mo(y, p)®®*Nb was identified, as the 7&keV transition emerging from®Mo +8~ —
9Tc+v, could not account for all of the 778keV yield. After adjusting for the relative
efficiency and the decay, the clearly skewed line shape and large width of the measured
y transition was attributed to-a25(10)% contribution fron?’Mo(y, p)°*Nb and the successive
decay of®*Nb through the 778 keV transition withl, = 96.45% (see figuré(b)). A rough
estimate fore™ of *’Mo(y, p)°*Nb was derived and the ratios Meey,/ Nor, = 123(15)

and Nessyo/ Nosy, ~ 380(100) were evaluated. The second value is corrected with regard to
an assumed-15% contribution towards the population &Nb via the ®Mo(y, np)°®Nb
reaction. UsingEmpIRE calculations and the published cross-sectiod®@lo(y, n)**Mo [77]
which was recently extended into the low-energy range by Waghed [78, 79|, values

of o™(®Mo(y, p)®’Nb) = 11542) MeV mb and "™ (*’"Mo(y, p)**Nb) « 50 MeV mb were
found. Sinces™(*Mo(y, n)°’Mo) = 940(50) MeV mb for E;y = 26.8 MeV [77], a ratio of

%ﬁ?ﬁ%’i ~ 8.9(34) is proposed, after extending the measufgan) cross-section with
the help of EmPIRE calculations toE;,; = 35MeV. Taking into account the experimental
value for o™(y, sn) obtained by Beilet al [77], the sum ofc™ (o, sn) and ¢™ (o, p) is
estimated to be 172%4) MeV mb, which should represent(y, tot) in good approximation.

According to [7(], a value ofa}rgK(Eim:%Mev)(y, tot) = 1.40(15) x 60% = 2016216) MeV mb
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Figure 10. A summary of the publishe% ratios as retrieved from the atlas

of giant dipole resonances compiled by Varlaneival [26] including the six

new ratios as provided by this worklj. The x-abscissa is the Coulomb barrier

for protons as given ing0]. The y-coordinate represents the isospin projection

T,. The abscissa showing the atomic numEers 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 #6Sn, 184 and?°*Hg are suppressed

by 1/8.

is expected, which agrees, within the given uncertainties, with the present estimate as one should
include the(y, o) contribution towards (y, tot). Since na(y, n) measurement fo¥ Mo exists,

. int 97 96 . . . .
an estimate of: 12 e85t < 30 is proposed based on the approximated reaction yield

andEmpIRE. The cross-sections are displayed in figBr&Mo(y, n)*’Mo from [77] including
most recent data fron7B, 79] and theEmpire evaluations foP®Mo(y, p)®’Nb, *’Mo(y, n)°**Mo

and *’"Mo(y, n)®*®*Mo. The EmpIrE calculations for®’Mo(y, n)°®Mo are almost identical to
the GNasH outputs publishedZ6]. In this case EmpIRE as well asGnasH adopt the GDR
parameters from the neighborifigMo as shown in figuré. In line with the expectations, the
o™y, n)/o™(y, p) ratios for molybdenum nuclei have the highest values within this study
coveringZ = 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. Measuregz:tg—% ratios. A summary of thé;IE—Zg ratios derived from the present study
is shown in table3 and displayed in figur&O. 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 database®q 27] is given in figurelO.

Bibliography compilation and the evaluation of relevant experimental data collected over
the last four decades are still ongoing, an80% of published work has been scrutinized and is
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included in the latest editior2f]. Figure1l0clearly 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 publléh:ééi— ratios is indeed very

low (<40). All ratios measured in this work are in line with the expectatlons 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 growtlgr:né}% with increasing atomic number and as a

function of neutron excess. The increase in the measured ratioZvigtlobviously caused by
the increase in the Coulomb barrier (fro80]) which favors {, n) over {, p) emission. The

measurements on zinc and molybdenum suggest a slight enhancenﬁ%fin 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 o (y, p) processes an% 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 offlingz 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, €xn) and(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 evaluagiasetffabsorption

in the thick samples. The derivation ™ for photo-proton emission relies on the theoretical
predictions of the GDR parameteEs.s, I'tes and ores. Based on concepts established by the
works of Stoyelet aland Magillet al, this work referred to state-of-the-d&tpire calculations

to obtain maximum alignment between the accurately measured yield ratios and the theoretically
predicted distribution o (E) dE. This empirical procedure leads to the proposed values for
o' within the GDR-dominated regime. It was proved that without exceptionstfi¢y, p)
ando™(y, 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.of81®"Zn(y, p)®Cu). The EmpIRE calculations
performed in this work agreed rather well with published data based d@intkex code P5, 26].

The obtalnedjm(—;; ratios for the light to medium heavy targets showed the increasing influence
of the Coulomb barrier in inhibiting proton emission with growidgalues. For light systems,
proton emission exhibits cross-sections comparable to those/fay reactions, as seen in
?5Mg. The ratio increased rapidly frodtMg to 2°Mg, but did not further increase between
25Mg and?®Mg. 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 examinetd-*®Mo 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 wihvalues 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 Waggtexl [81], the origin of a series of
neutron-deficient isotopes withid = 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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