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Summary. — We report on a new method to perform nuclear self-absorption
measurements in combination with a monochromatic photon beam produced via
laser Compton backscattering. We have used the method for two very different
applications: The precision determination of the transition width of the first excited
state in '2C to the ground state and to determine nuclear level densities up to the
neutron separation energy in %Sr. Both experiments serve as a proof of principle
and are currently being analyzed. First preliminary results are presented.

1. — Introduction

Photon-induced reactions have been one of the working horses in nuclear physics to
determine properties of low-spin excited states of atomic nuclei [1]. Below particle thresh-
olds, the nuclear resonance fluorescence (NRF) reaction allows for a model-independent
determination of level energies, spin and parity quantum numbers as well as transition
probabilities and has been extensively used (in combination with other methods) to pro-
vide data on the so-called pygmy dipole resonance (see, e.g., the reviews [1-3]).

In standard NRF experiments, energy-integrated cross sections, that are linked to
transition probabilities, are usually determined relative to a well-known standard, see,
e.g., [4] for the combined analysis of NRF data obtained with both bremsstrahlung
and monochromatic beams using laser Compton backscattering (LCB). In contrast, the
method of nuclear self-absorption overcomes the need of a calibration reactions. In these
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experiments, the reaction cross section is extracted by determining the probability of
absorption of photons at the resonance energy. This is achieved by comparing the num-
ber of NRF reactions in a scattering target (short scatterer) in two experiments: one
with an absorber target (short absorber) before the scattering target and one without
the absorber. A difficulty of these experiments is the normalization of the two mea-
surements to each other. This has been overcome in an extension of the method called
relative self-absorption (RSA) in combination with bremsstrahlung photon beams [5].
The RSA technique strongly reduced systematic uncertainties and allows to determine
cross sections with high precision. A further extension of the method to allow RSA
experiments also with monochromatic photon beams produced via LCB was recently
proposed in [6]. Here we report on the first experiments using the new method for two
different physics cases: The precise determination of the B(E2,0{ — 2]) value in 2C
and the determination of level densities below the particle threshold in 88Sr.

1°1. Precision measurements of transition widths. — A lot of effort is put into modern
nuclear theory providing refined calculations of ground-state properties and electromag-
netic observables in light nuclei. A set of ab-initio many-body methods that probe
ground-state and excitation energies as well as spectroscopic observables in p- and lower
sd-shell nuclei are the no-core shell model [7,8,8,9] and the importance truncated no-core
shell model (IT-NCSM) [10,11]. To benchmark such calculations that provide very pre-
cise predictions, experimental data with sufficient small uncertainties is needed. A recent
example is given in [12], where a precise determination of the B(M1,1] — 07) value in
6Li via the RSA technique allowed to demonstrate the importance of two-body currents
that enter at next-to-leading order in ab-initio calculations based on chiral effective field
theory. In this example, the state of interest has a very large photo-excitation cross sec-
tion due to the large ground state width of the 0] state in °Li. For such strongly excited
states sufficient precision can be reached in RSA experiments with bremsstrahlung.

As one of the major benchmark nuclei for modern nuclear theory, 2C was studied in
numerous theoretical approaches (see, e.g., [13,14] and references therein). The prediction
and description of ground-state properties and electromagnetic observables in the light-
mass many-body system of 2C presents a challenge for nuclear theory. In the past
years, of particular interest is the correlation between the B(E2) transition strength
from the 2] state to the 0 ground state and the quadrupole moment (Q) of the 2
that was studied, e.g., by Calci et al. in [14]. In order to constrain such correlations and
the nuclear models, a precise measurement of the B(E2) value is needed and the RSA
method is well suited for this challenge.

However, in this case the excitation cross section is a factor of 800 smaller compared
to the one in [12]. For weaker excitations, such as the 2] in '2C the use of a mono-
energetic photon beam provides much better sensitivity by a strongly reduced background
compared to experiments with bremsstrahlung. The extension of the RSA method to
LCB beams proposed in [6] allows to determine cross sections to very high precision,
independent from any calibration standard. We therefore chose 2C as the first case to
demonstrate the power of the RSA method in combination with a LCB photon beam.

1'2. Determination of level densities. — One of the most important approaches to
model nuclear reactions is the Hauser-Feshbach formalism [15], which treats compound
nuclear reactions in a statistical fashion. It is applied in regions where the properties of
individual nuclear resonances are not well known or cannot be studied separately. Thus,
instead of probing individual nuclear excited states, average quantities are defined to
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quantify the properties of atomic nuclei. One such quantity is the nuclear level density
(NLD) which specifies the number of nuclear levels for a given energy interval. Another
crucial quantity related to the v decay of the nucleus is the photon strength function
(PSF). Its concept is based on the assumption that at excitation energies of high NLD,
the PSF describes the average probability of absorption and emission of electromagnetic
radiation by the nucleus. In addition to the average quantities defined for an ensemble
of nuclear resonances such as NLDs and PSFs, fluctuation properties of this ensemble
represent an important foundation of the statistical model.

To date, most of the values on NLD have been extracted from neutron resonances data
(see, e.g., refs. [16-18]), which is restricted to energies just above the neutron separation
energy. At low excitation energies NLDs can be determined via complete spectroscopy,
however, at these low NLDs the statistical model is not applicable anyway. At excitation
energies in between only little is known on absolute values for NLDs. The functional
forms of NLDs and PSFs in the region in between have been determined, e.g., from light-
ion reactions using the Oslo method [19,20], but the applied analysis technique heavily
depends on the validity of the Brink-Axel hypothesis and on the correct treatment of the
spin window populated in the corresponding reactions [21].

The method of nuclear self-absorption offers a completely new approach to deter-
mine NLD in the energy below the neutron separation energy. For a given integrated
photo-absorption cross section in a defined excitation energy interval the amount of self-
absorption depends on the number of levels in that interval. The details of the method
are explained below. We have chosen 33Sr as a first candidate to apply the new method.

2. — RSA with mono-energetic photon beams

The basic idea of nuclear self-absorption is to investigate the absorption spectrum
within the photon beam used and to determine the NRF reaction cross section by the
depth of the absorption lines. The upper part of fig. 1 illustrates schematically the
effect of absorption within a thick absorber on the energy profile of the photon beam.
While atomic absorption smoothly reduced the photon intensity over the full energy
region the nuclear absorption produced characteristic absorption lines. However, bound
nuclear resonances usually exhibit very narrow width in the meV to eV range. Thus,
absorption lines cannot be resolved with state-of-the-art y-ray detectors. This can be
overcome by using the nucleus of interest itself as a high-resolution detector: The amount
of photons that are absorbed within the absorber is analyzed by irradiating a scattering
target of the same material placed behind the absorber. The effect on the spectrum
emitted from the scattering target is shown in the lower part of fig. 1 (filled peaks). The
comparison between a measurement with absorber and without then allows to determine
the reduction of NRF reactions due to the total absorption. In order to extract the
nuclear contribution the atomic attenuation has to be accounted for. Within the method
of RSA proposed in [5], a reference material is added to the scattering target. Since this
material is not present in the absorber target, the reduction of the intensity of its NRF
lines is only due to atomic attenuation. Thus, these NRF peaks (dashed in fig. 1) can
be used to normalize the measurement with and without absorber to each other, and
automatically account for the atomic attenuation (and any other factor such as dead
times). This method of normalization offers very small systematic uncertainties and has
been used in the case of °Li to determine the B(M1) of the first excited 0" state to a
precision of less than 2% using bremsstrahlung [12].

One of the great advantages of scattering experiments with LCB photon beams is the
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Fig. 1. — Schematic illustration of the effect of atomic and nuclear absorption on the photon
beam and the NRF spectra for bremsstrahlung (a) and LCB (b).

strongly reduced background in the energy region of interest compared to experiments
with bremsstrahlung. Therefore, the sensitivity for self-absorption experiments is better
and transition-width measurements with higher precision are feasible. In addition, inte-
grated quantities, such as the total integrated cross section can be studied using LCB
beams (see, e.g., [22-25]).

The novel idea of RSA experiments with quasi-monochromatic photon beams at the
High Intensity ~-ray Source (HIYS) [26] at Duke University has been proposed in [6]
and only a short summary will be given in the following. The schematic layout of the
self-absorption experiment performed at HIvS is shown in fig. 2. Two experimental
setups have been used, one before and one after the absorber targets. At the first
target position (T1) the unperturbed LCB photon beam irradiates a thin target with the
isotope of interest. Behind T1, a thick absorber of the element of interest is placed into
the photon beam producing the characteristic absorption dips in the energy profile of the
photon beam, as shown schematically in fig. 1. As outlined before, the overall photon
intensity is reduced by atomic attenuation in the absorber. Afterwards, the modified
photon beam irradiates a second thin target of at T2.

As shown in [6,27] the low-energy part of the spectrum (and in particular the 511-
keV annihilation peak) is proportional to the integrated photon intensity. Thus, for each
individual detector the intensity of the 511-keV line can be used to normalize the number
of observed NRF reactions, which is determined by the intensity of the corresponding
NRF peak. This normalization also accounts for any kind of dead time or pile-up, since
both peak intensities are extracted from the same spectrum.

In the present experiment, two sets of measurements have been performed, one with-
out the absorber and one with the absorber in place. For each measurement the observed
NRF reactions in both setups have been normalized to the 511-keV peaks of the corre-
sponding detectors, thus normalizing to the integrated photon intensity at T1 and T2
individually. Therefore, this procedure accounts for the reduction of the photon intensity
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Fig. 2. — Schematic view of the RSA experiment. Between two NRF setups the absorber target
is placed (well shielded from the detector setups). Comparing the number of NRF reactions in
the two setups allows to determine the excitation cross section.

due to atomic attenuation at T2. The self-absorption coefficient R is then given by

1 L NmND
( a’) - NT2 /NTl

no—abs no—abs

with N(ﬁi’iiwbs being the normalized NRF intensities at T1 and T2 with and without
absorber, 7respective1y. Taking these double ratios also corrects for any possible shift of
the beam energy. Overall the normalization procedure and the use of two NRF setups
minimizes the systematic uncertainties.

Figure 3 shows spectra of one HPGe and one LaBr detector at T2 for the case of 12C.
For all spectra, the energy of the photon beam was centered at the excitation energy of
the 21+ state at 4.44 MeV, with an energy spread of about 3%. Thus, only the 2f state
is excited and its decay is the only NRF peak observed in the spectrum. Besides spectra
with and without absorber target also spectra without scattering targets at T2 are shown.
The low background conditions at 4.44 MeV demonstrate the high sensitivity of the
method. The spectra without any scattering target show that background contributions
to the 511-keV peak are on the 1072 level.

3. — Precision measurement of the B(E2,0{ — 2]) value

The first RSA experiment performed with the new method was performed at the end
of 2022 to measure the B(E2,0{ — 2{) in 12C to a precision of about 2%. Beside the
determination of the transition width a focus was set on the investigation of systematic
uncertainties by different sets of measurements. In addition to the runs with 12C scatter-
ing targets also measurements without scattering targets were performed, as explained
above. In order to test the reliability of the normalization via the 511-keV peak, runs
with high statistics using ''B scattering targets have been performed. The resonances
at 4444 keV in B is strongly excited in NRF, and because it is not effected by the
nuclear absorption of the carbon absorber, provides an ideal test of the normalization
procedure with high precision. In addition, measurements have been performed with
two LaBr detector placed directly into the photon beam, one set with carbon absorber
in-between and on set without. The comparison of the two sets, thus, provides another
measurement of the atomic absorption within the carbon absorber target.

The analysis of the data is still ongoing. The preliminary value for the nuclear self
absorption has been determined to be R = 0.4009(46) when using the normalization via
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Fig. 3. — Measured spectra for the different experimental settings. In addition, spectra for
measurements without scattering target are shown, illustrating the low background conditions.

the 511-keV peak. Based on the value for the self absorption a value of 11.05(19) meV
is extracted for the decay width of the 27 state. Just recently, the results of a high-
precision measurement using electron scattering at the S-DALINAC at TU Darmstadt
has been published [28]. There a value 10.61(26) meV is reported. Both values are in
good agreement within the given statistical uncertainties, even though they have been
extracted via completely different methods.

4. — Level density in 33Sr

As the nuclear level density increases the analysis of isolated transitions becomes
difficult. Therefore, we have developed an integral approach to extract nuclear struc-
ture information such as the average photo-excitation cross section also in the region of
medium to high NLD within NRF experiments using LCB photon beams (see, e.g., [4]
and references therein).

The method to extract the NLD from this kind of data is based on the fact, that for
a given integrated cross section in an excitation energy interval the nuclear absorption
depends on the number of levels within this interval: For a higher level density the average
cross section of the individual levels is smaller (since the integral is fixed) yielding a small
nuclear absorption. Thus, for a given integrated cross section a correlation between the
NLD and the self-absorption factor R can be evaluated, as shown in the left part of fig.
4 for the case of 3Sr at an excitation energy of 8.6 MeV for three different absorber
thicknesses. To calculate this correlation, a distribution for the level widths has to be
assumed, which is usually done using the so-called Porter-Thomas (PT) distribution [16].
The effect of different distributions and details on the method have been evaluated in [29].

The nuclear self-absorption R as well as the integrated cross section are extracted from
the experimental spectra after accounting for the detector response using the unfolding
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Fig. 4. — Left side: Correlation between NLD and measured nuclear self-absorption for three
different absorber thicknesses and an excitation energy of 8.6 MeV. Right side: Measured v-ray
spectra of a LaBr detector at T2 after accounting for the detector response. Integration of the
spectra and taking the ratio between measurements with and without absorber yield the data
points shown in the left part.

technique. Examples for spectra of a LaBr detector at the second setup are given in the
right part of fig. 4, which have been used to extract the experimental values shown in
the left part of the figure for 1 — R. Using the correlation the NLD can be extracted for
each absorber thickness individually. As can be seen, the three different values are in
very good agreement for the given example.

Data has been taken in the energy region of about 5 MeV to 10 MeV. The analysis
of the data is currently ongoing to extract NLD as well as cross sections for the entire
energy region.
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