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A new experimental technique is presented using proton-y- correlations from 941\/[0(d7p)951\/[0
reactions which allows for the model independent extraction of the photon strength function at
various excitation energies using primary ~-ray decay from the quasi-continuum to individual low-
lying levels. Detected particle energies provide the entrance excitation energies into the residual
nucleus while y-ray transitions from low-lying levels specify the discrete states being fed. Results
strongly support the existence of the previously reported low-energy enhancement in the photon

strength function.

PACS numbers: 21.10.Pc, 25.45.Hi, 27.60.4j, 29.30.Ep, 29.30.Kv

The density and width of nuclear excited states in-
crease with excitation energy towards the particle sep-
aration energies creating a quasi-continuum of levels in
heavier nuclei. Nuclear properties in this excitation en-
ergy region are believed to be best characterized using
statistical quantities such as nuclear level density (NLD)
and the photon strength function f(E) which is the abil-
ity of atomic nuclei to emit and absorb photons with en-
ergy E,. Usually it is assumed — according to the Brink
hypothesis [1] — that f(E,) is a function of E, only. As
critical input in statistical reaction models a full under-
standing of f(E,) is of central importance for advanced
fuel cycles [2] and astrophysical element formation [3, 4].
For the latter, these reaction models are used to calcu-
late cross sections in astrophysical settings for neutron-
capture reactions that are believed to be responsible for
the formation of virtually all elements heavier than iron.
The impact of f(E,), with an even slight modification
due to Pygmy resonances, on calculated astrophysical re-
action rates has been discussed [5]. Recently, the influ-
ence of f(E,) with a modest low-energy enhancement on
the neutron-capture reaction rate calculations in the r-
process has been investigated for Fe, Mo, and Cd isotopes
[6]. Tt was demonstrated that the low-energy enhance-
ment can cause order of magnitude changes in the astro-
physical relevant energy region of these neutron capture
cross sections with the potential to significantly influence
elemental and isotopic production.

Studies of f(E.,) have benefited from a wealth of data
collected in neutron capture [7], charged-particle induced
reactions [8], and from photon scattering facilities [9, 10].
The majority of available experimental methods, how-
ever, rely on the use of models because measured y-ray
spectra are simultaneously sensitive to both the NLD and

f(E,). Additionally, data from different reactions are
often incompatible [11] which causes difficulties to fully
understand f(F,). In the last decade a significant dis-
agreement between different measurements of f(E.,) has
emerged in the form of an unexpected increase in f(E.,)
at low 7-ray energies (below a3 MeV) as reported in
many light-to-medium mass nuclei from charged-particle
induced reactions [12-17]. However, analyses of data
from radiative neutron capture experiments do not sup-
port its presence [18] or are inconclusive [19]. Further
complicating this debate is the lack of any theoretical
mechanism for such an enhancement despite its implica-
tions on fundamental processes.

In light of its importance and experimental disagree-
ments, a new model-independent experimental technique
is required to address questions regarding the existence
of this low-energy enhancement in f(E,). In this letter
such an approach is presented for determining the shape
of f(E,) over a wide range of energies free of model
dependencies. The method involves the use of coupled
high-resolution particle and ~-ray spectroscopy to de-
termine the - ray emission probabilities from the quasi-
continuum to discrete low-lying levels of known spins and
parities. The power of the new technique lies in the abil-
ity to positively identify v decay from a defined excitation
energy region to individual well-resolved states (referred
to as primary transitions) and was used to study the
shape of f(E,) in ®Mo. The result independently ver-
ifies the existence of the enhancement in f(E.,) for low
~-ray energies as reported in Ref. [13].

The measurement was carried out at the 88-Inch Cy-
clotron of the Lawrence Berkeley National Laboratory.
Excited Mo nuclei were produced by the “4Mo(d,p) re-
action at a beam energy of 11 MeV incident on a 1 cm



diameter target of thickness 250(6) ug/cm?. The average
beam current during the 3-day experiment was ~5.5 nA.
The STARS-LiBerACE detector array [20], consisting of
Compton suppressed HPGe Clover-type detectors [21, 22]
and large area segmented annular silicon detectors (as-
sembled to AE-E telescopes) [23], was used to detect co-
incident v radiation and charged particles, respectively.
Five Clover detectors were placed at a distance of 20 cm
from the target. Two identical AE-E telescopes were
placed on opposite sides of the target with 150 yum AE
and 1000 um E detectors. The telescopes were mounted
downstream and upstream of the target with the AE de-
tectors covering an angular range of 28° to 56° and 118°
to 145°. Gamma events of multiplicity one or greater
were recorded if they were associated with a particle de-
tected in one of the AE-E telescopes within a 550 ns
coincidence window. For offline analysis the coincidence
windows were further reduced to 100 ns.

From well-resolved low-lying levels in the particle spec-
tra, the total uncertainty in the particle energy, due to
beam-energy spread and energy resolutions of the AE-
E telescopes, was measured as ~200-keV FWHM. En-
ergy and efficiency calibrations of HPGe detectors for
low energy 7 rays were performed using a %?Eu v-ray
source while for higher-energy v rays the 2C(d,p)'3C
and ¥C(d,p)**C reactions were used. The 204-keV tran-
sition from the first-excited state in ®*Mo is of particular
importance to this work. An efficiency of 2.4(1)% for this
transition was determined separately from p-v and p-vy-y
coincidence data using the 204 and 582 keV transitions.
The ~-ray efficiency in add-back mode for a 1 MeV tran-
sition is 1.03(4)% and decreases to 0.26(3)% for the 6.90
MeV M line.

The experiment was designed to investigate statistical
feeding from the quasi-continuum to individual low-lying
levels L; with energies Er; in Mo. The excitation en-
ergy F; in the residual nucleus is obtained from mea-
sured proton energies in the AE-E telescopes and only
p-v-7 events fulfilling two conditions are considered: i)
a known ~-ray transition de-excites a well-resolved low-
lying level of energy Ep, ii) the energy of the second
~v ray - referred to as the primary ~ ray - is equal to
(E; — Er;) with 200 keV precision due to the resolution
of the AE-E telescopes. Any p-y-7 event satisfying these
conditions provides an unambiguous determination of the
origin and destination of the observed primary transition
in Mo, assuming that the emission of primary transi-
tions with energies < 400 keV in the quasi-continuum
is negligible. Figure 1 illustrates the procedure to ex-
tract events of interest. From various initial energies F;,
the efficiency-corrected intensities of primary transitions
Np,(E;) to several levels L; (corrected for branching ra-
tios) are extracted on an event-by-event basis, and for
statistical reasons, collected in 1-MeV wide bins.

The strength f(E.,) of the primary v rays between the
gated quasi-continuum region F; and discrete level with
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FIG. 1. (Color online) Procedure to extract primary ~y-ray
transitions: (a) Tagging on proton energies determines the
excitation energy of the residual nucleus. High (low) proton
energies yield low (high) excitation energies. (b) low-lying
levels are selected by tagging on emitted v rays. (c¢) Apply-
ing the condition that the sum of discrete and primary v-ray
energies must be equivalent to the excitation energy (e.g. re-
gion 1) provides acceptable events of unambiguous origin and
destination. Transitions not satisfying the requirements are
rejected.

energy Ep; is extracted according to the expression [24]
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where T = (E;, E,) is the average width of primary v rays
with energy E, from levels with spin and parity J7 at
excitation energy F;, pj~(E;) is the level density at F;,
and A is the multipolarity of the transitions. The first
equivalence in Eq.(1) is based on the Brink hypothesis.
The intensity of primary transitions Ny ;(E;) is propor-
tional to the sum of partial radiation width from energy
E;. Exploiting Eq.(1) and assuming that dipole transi-
tions strongly dominate, the intensity can be expressed

Ni,(E;) Z oy (E)L = (Ei, By — Er, ) pyr(E;)
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where o= (E;) is the cross section for populating the lev-
els with given spin and parity at excitation energy Fj;.
From Eq.(2) the energy dependence of f(E,) is obtained
entirely from experimentally-measured quantities (for fi-
nal low-lying levels of the same J™) completely free of
any model dependencies. The absolute value of f(E,)
cannot be obtained using this present approach.
Intensities of primary transitions to the following 13
low-lying levels were measured (energies in keV) 204
(3/27), 766 (7/27), 786 (1/27), 821 (3/2%), 948 (9/27),
1039 (1/2%), 1074 (7/27), 1370 (3/2%), 1426 (3/27),
1552 (9/27), 1620 (3/2T), 1660 (3/2%), and 3043 (3/27).
Previously published level and transition energies as well
as spin assignments [25] for all 13 levels were verified
using p-y and p-y-v coincidence events [26]. Ounly four
minor discrepancies with respect to Ref. [25] were iden-
tified: i) for the 1370 keV level the 3/2% assignment was



reported in an early (d,p) measurement [27] in agree-
ment with the present spin assignment. The positive-
parity character was verified in a (p,d) reaction [28], ii)
the level at 1426 keV has been reported as 3/2% [27, 28]
in agreement with a 3/2 spin assignment from the present
analysis, iii) the level at 1660 keV exhibits spin 3/2 char-
acteristics, consistent with < 5/2 [25]. For this state the
assumption of positive parity is made here, iv) the re-
ported excitation energy for the 3037 keV level [25] has
been re-measured and corrected to 3043 keV.

With two levels each of spins 1/2, 7/2, and 9/2 and
seven levels with spin 3/2 the dependence of f(E.,), sub-
sequently referred to as f(4 ) (£,), on E, is investigated.
Unfortunately, a direct comparison of intensities for dif-
ferent F; and/or J7 is very difficult because the term
> = 0= (E;) is not reliably known. When exploiting in-
tensities of primary transitions from the same initial ex-
citation energy E; to different low-lying discrete levels of
the same J™ any ambiguity in the spin and energy depen-
dence of the (d,p) reaction cross section can be avoided
because ) ;. 0= (E;) is the same for all these intensi-
ties. With this the *Mo results of f(,)(E,) are com-
pared to data from the *Mo(*He,a)? Mo reaction from
the CACTUS array [13], denoted as f(spe,q)(E,) which
were analyzed using the Oslo Method [29]. For the pur-
pose of comparison, data of f(spe,q)(F,) were fitted using
a quadratic polynomial in the y-ray energy range of 1 to
6.5 MeV, as shown in Fig.2. The same figure also com-
pares values of f(y,)(E,) deduced from the seven 3/2
levels with fipea)(Ey). From fig.)(E,) only the E,
dependence can be obtained and the data from different
E; are independently normalized to the quadratic poly-
nominal fit of f(sge q)(Ey) based on a X2 minimization.

Visually, the agreement between the two sets of data
in Fig.2 for the entire range of E.,, including the region
of the low-energy enhancement, is very good. A more
quantitative description of the agreement can be made
using a standard 2 criterion. These x? values have to
be calculated separately for each F; and final J™. It
should be noted that uncertainties of f(sge q)(FE,) are
only estimates (based on the quadratic fits) which may
influence the values of 2 somewhat. In addition, any un-
certainty connected to expected Porter-Thomas fluctua-
tions [30] of partial radiation widths are not considered
separately. The influence of these fluctuations are ex-
pected to be smaller than the experimental uncertainties
— estimates based on the statistical model indicate fluc-
tuations to be 10 to 15% at most and to decrease with E;
— and are partly masked by the estimate in uncertainties
of fste,a)(Ey)-

In any case, all x? values are fully consistent with
the assumption that the results of f(4 ) (E,) from this
work and f(spe,q)(Fy) are in agreement with each other.
Specifically, there are no cases which can be excluded on
a = 30 confidence level.

An alternate approach to compare f(4,)(E,) with
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FIG. 2. (Color online) Comparison of f(4)(E,) from this
work with fspe o) (£y) (filled blue diamonds) from Guttorm-
sen et al. [13]. The quadratic polynominal fit to fsye,q)(F~)
is shown as a solid black line while fitted upper and lower error
bars are shown as dotted black curves. Values of f(4 ) (E,)
are extracted from intensities Nz (E;) to 3/2" levels using
Eq.(2). The absolute normalization of f(4 () is based on
an independent x? minimization between the data of this work
for each excitation energy region E; and the quadratic fit.

f3He,a)(Ey), again independent of any models but also
eliminating systematic uncertainties, can be obtained
with the ratio R of f(E,) for two different primary ~-
ray energies from the same initial excitation energy E;
to discrete low-lying levels of the same spin and parity at
energies B, and Er, as

_ f(Ez - EL1) _ NLl (EZ)(El - EL2)3 (3)
B f(EZ - EL2) B NL2 (El)(EZ - EL1)3

R

A total of 24 ratios can be constructed from each E; and
when the energies of the primary transitions are simi-
lar (EL, ~ EL,) the ratios do not exhibit much vari-
ation and have values of ~1 across all excitation ener-
gies as shown in Fig.3(a). This is expected from the
statistical model of the decay as the two ~-ray energies
are very similar and the changes in f(E,) should not
be dramatic. Observation of ratios in accord with ex-
pectation serves as an important consistency check of
the method. On the other hand if the difference be-
tween Ep, and Ep, is large enough, specific informa-
tion on f(E,) can be extracted. When the ratios are
>1 (< 1) then f(E,) is an increasing (decreasing) func-
tion of E,. For instance, the point at E; ~ 3 MeV in
Fig.3(b) yields f(E, ~ 2.8MeV)/f(E, ~ 1.6MeV) =~ 0.5
while the point at E; ~ 7 MeV in the same panel yields
f(E, ~ 6.8MeV)/f(E, ~ 5.6MeV) ~ 2.5. This depen-
dence of R(g,,) on E; clearly indicates the existence of a
minimum near E,, ~ 3—4 MeV in f(E,) (see also Fig.2).
Overall the 24 ratios from all E; are consistent with the



following statement: f(E,) is an increasing function of
~-ray energy for E. 2 4 MeV, a relatively flat function
for F, ~ 2 —4 MeV, and a decreasing function of E.,, for
E, <2 MeV. The ratios Ry, p) from this work represent
a wide primary ~y-ray energy range available for compar-
ison to ratios of R(sye,q) obtained from the polynominal
fit of fste,a)(Ey) (solid line in Fig.2).
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FIG. 3. The ratio R = f(E; — Er,)/f(E:; — Er,) as a func-
tion of excitation energy F;. Fr1 and Er2 shown in each
panel indicate the low-lying discrete levels being fed by the
primary transitions. For each ratio R the numerator includes
the higher-energy primary transition. The horizontal error
bars are representative of the bin size. The ratios connected
by the solid line are experimental results, R(q,y), while those
connected by dotted lines are ratios extracted from the fit to
the data of Guttormsen et al. [13], Rye,q)-

The overall comparison between the two data sets is
facilitated using residuals, shown in Fig.4, and defined as

Rite,a) — Riap)

\/ O oHe,0) T )

The deviations (§ < 0) at E; = 6 and 7 MeV indicate
that fq,)(E,) is steeper than fspe o) (E,) for E, 2 5
MeV. At E; = 4 MeV six values (some of them overlap)
are found with § > 1.5 and are due to ratios with the
3043 keV level suggesting an even larger enhancement
in fa,p)(Ey) compared to fsgea)(£y). Of course, not
all § values corresponding to a specific F; and J™ are
independent.

The agreement between present and previous data con-
firms the shape of the photon strength function as re-
ported by Guttormsen et al. [13]. It should be noted
that the present measurement examines photon strength
to individual discrete levels only, while the previous work
[13] determined the total strength without specific re-
quirements on the energy of the level that is fed by the
primary transitions.

To be explicit, the gating and energy sum requirements
restricts the observation of the low-energy enhancement
in f(E,) to transitions originating from relatively low ex-
citation energies (E; < 5 MeV). The enhancement cannot
be studied at higher excitation energies due to the lack
of a suitable well-resolved state with E;> 3 MeV. Hence,
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FIG. 4. (Color online) Differences between R(q, =

Jap)(Bi=EL,)/flap) (Ei=EL,) and Rie o) = fone,a) (Fi—
Er,)/fete,q)(Ei — EL,) [13] expressed in terms of residual 4.
Ratios with the 3043 keV level do not contribute to the 3
MeV excitation-energy region.

no statement can be made regarding the possibility of an
enhancement from higher excitation energy regions and
any speculation can only be made by invoking the Brink
hypothesis. Recently, it has been suggested [29] that the
low-energy enhancement may be due to the presence of
high-spin initial states which would increase the v multi-
plicity and the number of low-energy ~y transitions. This
scenario is not supported since only low-spin states have
been used in the present work. Furthermore, the neutron
pick-up reaction to obtain f(sge q)(£y) is different than
the neutron-transfer reaction used to measure f(4 ) (E-).
It may be expected that very different initial states are
populated in these two reactions, yet the shape of the
photon strength functions is very similar.

In summary, a new experimental technique to extract
the relative photon strength from the quasi-continuum to
individual low-lying levels has been presented. The ad-
vantage of this approach lies in its independence to any
model input and provides an alternative to other meth-
ods. Application of the technique to ?°Mo clearly sup-
ports the picture of an increase of the photon strength
function at low 7-ray energies as observed by Guttorm-
sen et al. [13]. More precisely, the application of strin-
gent gating requirements allows for observation of the
enhancement only from the region of low-excitation en-
ergies. Any implication to higher energies is based on
the validity of the Brink hypothesis. For astrophysical
neutron-capture reaction calculations the mere existence
of the low-energy enhancement has implications on reac-
tion rates of some r-process nuclei as discussed in Refs.
[5] and [6]. More measurements are desireable, in par-
ticular an experimental campaign populating the same
residual nucleus in different reactions may provide valu-



able insight into the enhancement and its physical origin.
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