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Abstract. It is demonstrated that available experimental information on photon strength functions (PSFs) at
energies below about 10 MeV is far from desired. Problems that occurduring the extraction of PSFs from (n,γ),
(γ,γ’), and3He-induced reactions are discussed.

1 Introduction

Decay of excited levels at energies above the pairing gap is
often described within statistical approach embodying the
concept of compound nucleus [1], the validity of Brink hy-
pothesis [2] and the paradigm of photon strength function
(PSF) for different typesX (electric or magnetic) and mul-
tipolaritiesL of radiation [3]. The photon strength function
f (XL) is usually defined via an expectation value of a par-
tial radiation widthΓaγb for γ decay from an initial levela
with energyEa, spinJa and parityπa to a final levelb as

Γaγb = f (XL)(Eγ)E
3
γ/ρ(Ea, Ja, πa) (1)

Hereρ(E, J, π) stands for density of nuclear levels with en-
ergyE, spinJ and parityπ. In line with the Brink hypothe-
sis thef (XL) is dependent only on energy of emittedγ radi-
ation and independent of any other properties of the initial
and/or final level.

Individual partial radiation widthsΓaγb at high ener-
gies are believed to be a subject to very strong fluctua-
tions around the expectation valueΓaγb. Assuming that the
wavefunctions of highly excited states are very complex,
Porter and Thomas [4] showed that the fluctuation proper-
ties ofΓaγb should be governed by aχ2 distribution with
one degree of freedom. This distribution is often called the
Porter-Thomas distribution. According to the principle of
the detailed balance there is a link between thef (XL) and
the energy-smoothed part of the photoabsorption cross sec-
tionσ(XL)

γ for radiation of typeXL given by

f (XL)(Eγ) =
1

3(π~c)2

1
Eγ
σ

(XL)
γ (Eγ). (2)

It is well known thatσ(XL)
γ is dominated by a broadE1

resonance – the giant electric dipole resonance (GEDR).
The position of the maximum of the GEDR, can be well
described by 31.2A−1/3 + 20.6A−1/6 MeV and its damping
width is about 4 MeV. A good description of the shape of
the resonance near its maximum seems to be given by the
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Lorentzian curve. Macroscopically, the GEDR is usually
described as a vibration of proton versus neutron fluid and
it splits into two or three components if the nucleus is ax-
ially deformed or triaxial, respectively. The parameters of
the Lorentz curve are usually obtained from fitting (γ,xn)
data near the maximum of the resonance [5].

For many applications it is important to know the be-
havior of PSFs not only in the vicinity of the GEDR max-
imum but also at its low-energy tail, especially below neu-
tron separation energyBn. Of course, (γ,xn) data are un-
able to answer the question whether the Lorentzian curve
gives a reasonable approximation of theE1 PSF and whether
other types of transitionsXL do not play an important role
at these energies. It implies that data from other reactions
are required.

Main sources of information onf (XL) belowBn are data
from (n,γ), (γ, γ′), and3He-induced reactions. As can be
seen from Fig. 1, data from these reactions are not always
consistent. This paper tries to point out thatf (XL) obtained
from all these reactions should be taken with care and any
of them may be incorrect.

2 Data from (n,γ) reaction

There are two main methods how to determinef (XL) from
radiative neutron capture: (i) measurements of intensities
of primary transitions from isolated resonances or from so-
called average-resonance capture [6], and (ii) processingof
experimental data from so-called two-step and multi-stepγ
cascades.

2.1 Primary transitions from (n,γ) reaction

Intensities of primary transitions from individual resonances
or average-resonance capture measurements give “the most
direct” information onf (XL) from all the reactions discussed
in this contribution. As evident from Eq. (1), there are two
quantities needed for determination off (XL). Namely, the
partial radiation widths of primary transitions (that can be
obtained by proper normalization of measured intensities
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Fig. 1. Available data on PSFs in98Mo. Data taken from from
[10] – photonucluear data, [8,9] – (γ, γ′), and [7] – (3He,3He’)
reactions. In addition, data from intensities of primary transitions
following radiative neutron capture in98Mo [11] are shown. For
recalculated values see Tab. 1.

of γ rays) and level density of states with givenJ and
π at neutron resonances. Supposing that the partial radia-
tion widths are determined correctly there is still an uncer-
tainty coming from level density. Densities of neutron res-
onances are determined using time-of-flight measurements
in which all the stronger resonances are usually observed.
If the number of observed resonances is sufficiently high
one can deduce density nearBn with relatively high pre-
cision. On the other hand, if density used in estimation of
f (XL) is based only on a few resonances the value can be
significantly biased.

It should be also stressed that due to Porter-Thomas
fluctuations of reduced neutron widths it is almost impos-
sible to observe all the resonances as some of them are very
week. Different systematics of level densities try to bypass
this problem using different approaches for correcting ex-
perimental data on unobserved resonances. But unbiased
correction is very difficult, especially in cases where not
many resonances are observed.

The systematics off (XL) from primary transitions was
prepared by Kopecky [11]. Level densities at neutron sep-
aration energy used in this systematics are available which
makes recalculation off (XL) using newer information on
level density possible. Recalculated values off (XL) may
significantly differ from original ones as shown in Tab. 1
for nuclei with 90< A < 100. Here, the original values
of f (XL) [11] are compared with those obtained with help
of level densities taken from Ref. [12]. Recalculated value
for 99Mo is plotted also in Fig. 1. Of course, we are unable
to say which of the two level densities are closer to real-
ity but only to show that significant uncertainty onf (XL)

comes from not exact knowledge of level density.

2.2 Two- and multi-step γ cascades

Data from so-called two-step cascade (TSC) method [13]
become a source of interesting information onf (XL) dur-

ing last 15 years. In TSC experiment, theγ-ray spectra
belonging to all TSCs connecting the initial level arising
from thermal neutron capture with preselected low-lying
levels in the product nuclei are accumulated using two Ge
detectors, see e.g. [14,15]. The method does not allow di-
rect determination off (XL) but it requires comparison of
experimental spectra with results of simulations based on
different assumptions onf (XL) and level density. Simula-
tions are usually performed with help of the computer code
DICEBOX [16]. Recently, similar approach, i.e. compari-
son of experimental spectra with DICEBOX simulations,
was applied also to measurement of so-called multi-step
γ cascades (MSC) following neutron capture on isolated
resonances [17]. Highly segmented 4π BaF2 detektor was
used in these measurements. Photon strength functions de-
duced from these experiments are not shown in Fig. 1 as
they are not available for98Mo.

Simulations of TSC and MSC spectra are sensitive to
energy dependence off (XL) and to ratios of PSFs for differ-
ent typesXL. But they are insensitive to absolute values of
f (XL). The only quantity simulated by the DICEBOX code
which is sensitive to absolute values off (XL) is the total
radiation width of neutron resonances

Γaγ =
∑

b,Eb<Ea

Γaγb. (3)

This “integral” quantity is sensitive not only to values of
f (XL) but also to level level in the whole region belowBn

and might be used for normalization of tested models. In-
stead of normalizing tested models toΓaγ this quantity we
usually use it as an independent test of correctness of mod-
els used in simulations.

3 Data from 3He-induced reactions

Rich information onf (Eγ) =
∑

XL f (XL)(Eγ) was obtained
from measurements of (3He,3He’γ) and (3He,αγ) reactions
on the Oslo cyclotron during past 15 years, see e.g. [7,18].
For each initial excitation energyEa, determined from the
ejectile energy,γ-ray spectra are recorded in this kind of
experiments. Recordedγ spectra are unfolded using the
knownγ-ray response function of the detector set up. So-
called first-generation (or primary)γ-ray matrixP(Ea, Eγ)
is constructed from these unfolded spectra. The matrix is
then factorized according to the Brink-Axel hypothesis

P(Ea, Eγ) ∝ ρ(Ea − Eγ) × 2πE3
γ f (Eγ). (4)

Functionsρ(Eb) and f (Eγ) can be determined by an
iterative procedure [19]. But decomposition ofP(Ea, Eγ)
intoρ(Eb) and f (Eγ) is not unique. If one solution is known,
one may construct an infinite number of other functions,
which give identical fits to theP matrix by

f̃ (Eγ) = N f e−αEγ f (Eγ) (5)

ρ̃(Ea − Eγ) = Nρ eα(Ea−Eγ) ρ(Ea − Eγ). (6)

Here,N f andNρ are only normalization constants. These
constants, together with the slopeα, are obtained by ad-
justing functionsρ(Eb) and f (Eγ) to data from other exper-
iments. Specifically,Nρ andα are obtained by normalizing
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Nucleus XL Eγ original [11] recalculated [12]
(MeV) 〈D〉 f (XL)×10−8 〈D〉 f (XL)×10−8

(eV) (MeV−3) (eV) (MeV−3)
93Mo E1 6.6 1000 5.67(147) 2700(500) 2.10(54)

M1 6.2 1.46(42) 0.54(16)
95Mo E1 7.3 975 5.38(41) 1320(180) 3.97(30)
99Mo E1 5.5 429 4.32(81) 1000(200) 1.85(35)

M1 5.5 0.59(18) 0.25(7)
94Nb E1 6.5 37.8 5.04(124) 80(10) 2.38(59)

M1 6.5 1.20(44) 0.57(21)

Table 1. Photon strength functions deduced from intensities of primary transitions in(n,γ) reactions. Recalculated values were obtained
using resonance spacings taken from [12]. No error was added tof (XL) due to uncertainty in resonance spacings listed in [12].

the level density to the number of known discrete levels
at low excitation energy and to the level density estimated
from neutron-resonance spacing atBn. FactorN f is then
usually obtained to utilize experimental data onΓaγ.

Supposing the functionsρ(Eb) and f (Eγ) are obtained
correctly the determination ofα and normalization factors
may be a source of problems as they depend on the density
of neutron resonances. In addition to the problem with the
level density nearBn mentioned in Sec. 2.1 a new problem
occurs here. Level density measured in Oslo experiments
is very probably close to the total level density, i.e. to the
sum of densities for all spins and parities. But spacing of
neutron resonances gives information only on level density
for one or two spins. Recalculation of resonance data to
total level density is usually done via relation

ρ(J) =
2J + 1
2σ2

c
exp

(

−
(J + 1/2)2

2σ2
c

)

(7)

whereσc is spin-cut off parameter. Unfortunately, the value
of σc is not known with sufficient precision which can
lead to biased estimates off (Eγ) and ρ(Eb). Illustration
of the influence of the differentσc on the results is shown
in Fig. 2. Validity of Eq. (7) is questionable too.

In addition to problems with normalization ofρ(Eb)
and f (Eγ) there is a question whether the factorization of
matrix P(Ea, Eγ) according to Eq. (4) can be done. It is
very difficult to estimate how the results were related to
reality if the function f (Eγ) were not dependent only on
Eγ but also on the excitation energy.

4 Data from (γ,γ’) reactions

Data from (γ,γ’) reaction can yield information onf (Eγ)
that corresponds only to ground state transitions. A se-
ries of (γ,γ’) measurements with the aim to learn about
f (Eγ) at energies above about 4 MeV was performed at
the Forschungszentrum Dresden with a beam of photons
produced by bremsstrahlung, see e.g. [9]. The beam cov-
ers allγ energies up to about 13 MeV. As levels at higher
excitation energies decay not only to the ground state but
also to excited states the measured spectrum of outgoing
γ-rays becomes very complicated. This spectrum does not
contain only photons connecting the level excited directly
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Fig. 2. Illustration of possible impact of different values ofσc on
deduced experimental results from3He-induced reactions. Upper
figer – total level density, lower figure – PSF. “Original” data
correspond to those published[7] while the “modified” ones to
an artificial situation when the contribution of levels withJ =
1/2 with respect to all levels is one half of the value assumed in
[7]. Such a situation happens, for instance, when the spin cut-off

parameter is changed fromσc = 3 toσc = 4.
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by incoming photon with the ground state but also many
transitions between excited states. It means that extraction
of f (Eγ) from experimental data requires analysis of the
spectrum with help of auxiliary simulations. In fact, ne-
glecting contributions ofγ rays from excitation energies
aboveBn the spectrum of energies just belowBn is free
of any contamination and allows direct determination of
f (Eγ).

In Ref. [9] the analysis of the spectrum started at en-
ergy just belowBn and the contribution fromγ rays cor-
responding to decays of levels at this excitation energy to
all other excited states was estimated and subtracted us-
ing DICEBOX code. In the next step, energies at slightly
lower energies were treated in the same way and the pro-
cedure was repeated for lower and lower energies down
to about 4 MeV. A consistency of obtained results with
functions used in simulations was checked at the end of
the procedure. Results shown in Fig. 1 were obtained. Ev-
idently, the main problem of such a procedure is that it is
not easy to keep all the errors under control especially at
lower energies.

In order to check the rigidity of the method we recently
tried to adopt different approach. Efficiency corrected ex-
perimental spectra were compared with spectra coming di-
rectly from DICEBOX simulations. Using the model of
f (Eγ) shown in the upper part of Fig. 3 the results pre-
sented in the lower part of the Figure were obtained. The
uncertainties in simulations come from correct treatment
of Porter-Thomas fluctuation ofΓaγb. Shapes of experi-
mental and simulated spectra seem to be reasonably con-
sistent here. As the function used in simulations differed
significantly from results obtained by the procedure ap-
plied in Ref. [9] the figure might indicate that the decom-
position of the spectrum of outgoing photons from (γ,γ’)
measurements is not unique. Unfortunately, no additional
tests have been made and this phenomenon requires further
study.

5 Conclusions

On the example of molybdenum isotopes it was shown that
the present experimental information on photon strength
functions is far from desired. Problems occurring in de-
termination of PSFs from (n,γ), (γ,γ’), and 3He-induced
reactions were addressed. It can be concluded that PSFs
obtained from all these reactions must be taken with care
and further studies are required to reach the final goal –
consistent PSFs from all experiments.

This work was supported by the research plans MSM
0021620859 and INGO LA08015 of the Ministry of Edu-
cation of the Czech Republic.
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