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Low-Energy Enhancement in the Photon Strength of > Mo
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A new experimental technique is presented using proton-y-y correlations from %*Mo(d, p)*> Mo
reactions which allows for the model-independent extraction of the photon strength function at various
excitation energies using primary y-ray decay from the quasicontinuum 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.
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The density and width of nuclear excited states increase
with excitation energy towards the particle separation en-
ergies creating a quasicontinuum of levels in heavier nu-
clei. Nuclear properties in this excitation-energy region are
believed to be best characterized using statistical quantities
such as nuclear level density and the photon strength
function f(E,) which is the ability of atomic nuclei to
emit and absorb photons with energy E,. Usually it is
assumed—according to the Brink hypothesis [1]—that
f(E,) is a function of E,, only. As critical input in statis-
tical reaction models, a full understanding of f(E,) is of
central importance for advanced fuel cycles [2] and astro-
physical element formation [3,4]. For the latter, these
reaction models are used to calculate 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 reaction rates has been discussed
[5]. Recently, the influence 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]. It was demonstrated that
the low-energy enhancement can cause order of magni-
tude changes in the astrophysical 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, however,
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rely on the use of models because measured y-ray spectra
are simultaneously sensitive to both the nuclear level den-
sity and f(E, ). Additionally, data from different reactions
are often incompatible [11] which causes difficulties in
fully understanding f(E, ). In the last decade a significant
disagreement between different measurements of f(E,)
has emerged in the form of an unexpected increase in
f(E,) at low y-ray energies (below =~ 3 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
support 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 depen-
dencies. The method involves the use of coupled high-
resolution particle and y-ray spectroscopy to determine
the y-ray emission probabilities from the quasicontinuum
to discrete low-lying levels of known spins and parities.
The power of the new technique lies in the ability to
positively identify y 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 verifies the
existence of the enhancement in f(E,) for low y-ray
energies as reported in Ref. [13].
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The measurement was carried out at the 88-Inch
Cyclotron of the Lawrence Berkeley National
Laboratory. Excited Mo nuclei were produced by the
%Mo(d, p) reaction at a beam energy of 11 MeV incident
on a 1 cm diameter target of thickness 250(6) wg/cm?.
The average beam current during the 3-day experiment was
~5.5 nA. The STARS-LiBerACE detector array [20], con-
sisting of Compton suppressed high-purity germanium
clover-type detectors [21,22] and large area segmented
annular silicon detectors (assembled to AE-E telescopes)
[23], was used to detect coincident 7y radiation and charged
particles, respectively. (LiBerACE stands for Livermore
Berkeley Array for Collaborative Experiments; STARS
stands for Silicon Telescope Array for Reaction Studies.)
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 um 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 detected 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. Energy
and efficiency calibrations of high-purity germanium de-
tectors for low-energy 7y rays were performed using
a 2Eu vy-ray source while for higher-energy vy rays the
12C(d, p)B3C and '3C(d, p)'*C reactions were used. The
204-keV transition from the first-excited state in > Mo is of
particular importance to this work. An efficiency of
24(1)% for this transition was determined separately
from p-y and p-y-vy coincidence data using the 204 and
582 keV transitions. The +y-ray efficiency in add-back
mode for a 1 MeV transition is 1.03(4)% and decreases
to 0.26(3)% for the 6.90 MeV '“C line.

The experiment was designed to investigate statistical
feeding from the quasicontinuum to individual low-lying
levels L; with energies £, in %Mo. The excitation energy

E; in the residual nucleus is obtained from measured
proton energies in the AE-E telescopes and only p-y-vy
events fulfilling two conditions are considered: (i) a known
y-ray transition deexcites a well-resolved low-lying level
of energy E L (i1) the energy of the second y ray—referred
to as the primary y ray—is equal to (E; — EL/_) with
200 keV precision due to the resolution of the AE-E tele-
scopes. Any p-vy-7y event satisfying these conditions pro-
vides an unambiguous determination of the origin and
destination of the observed primary transition in *>Mo,
assuming that the emission of primary transitions with
energies = 400 keV in the quasicontinuum is negligible.

Figure 1 illustrates the procedure to extract events of
interest. From various initial energies E;, the efficiency-
corrected intensities of primary transitions N L (E;) to sev-
eral levels L; (corrected for branching ratios) 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 7y rays between the
gated quasicontinuum region E; and discrete level with
energy E; is extracted according to the expression [24]

L)=(E;, E,)p=(E;) 1
E%//\-F 1 ( )

f(Ey) = f]"(Ey) =

where T';-(E;, E,) is the average width of primary 7y rays
with energy E, from levels with spin and parity J7 at
excitation energy E;, p;-(E;) is the level density at E;,
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 N, L (E;) is propor-
tional to the sum of the partial radiation width from energy
E;. Exploiting Eq. (1) and assuming that dipole transitions
strongly dominate, the intensity can be expressed

Ny (E;) & ZO'J”(Ei)FJ”(Ei’ E; — E; )p;-(E)
J?T

= f(E; = EL)E}, > 0ue(E) )
J J7

where o ;- (E;) is the cross section for populating the levels
with given spin and parity at excitation energy E;. From
Eq. (2) the energy dependence of f(E,) is obtained entirely
from experimentally measured quantities (for final low-
lying levels of the same J™) completely free of any model
dependencies. The absolute value of f(E,) cannot be ob-
tained using this present approach.

Intensities of primary transitions to the following 13
low-lying levels were measured (energies in keV): 204
3/2%), 766 (7/2%), 786 (1/2%), 821 (3/2%), 948

(c)

Energy in AE

Energy in E

Accept Reject

FIG. 1 (color online). Procedure to extract primary vy-ray
transitions: (a) Tagging on proton energies determines the exci-
tation energy of the residual nucleus. High (low) proton energies
yield low (high) excitation energies. (b) Low-lying levels are
selected by tagging on emitted 7y rays. (c) Applying the condition
that the sum of discrete and primary <y-ray energies must be
equivalent to the excitation energy (e.g., region 1) provides
acceptable events of unambiguous origin and destination.
Transitions not satisfying the requirements are rejected.
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(9/2+)s 1039 (1/2+)’ 1074 (7/2+)» 1370 (3/2+), 1426 B E;=3MeV ¢ Guttormsen et al. [13]
(3/2+), 1552 (9/2+), 1620 (3/2+), 1660 (3/2+), and A E;=4MeV = Quadratic fit to [13]
3043 (3/2%). Previously published level and transition O E;=5MeV R

A E;= 6MeV

energies as well as spin assignments [25] for all 13 levels
were verified using p-y and p-y-y coincidence events
[26]. Only four minor discrepancies with respect to
Ref. [25] were identified: (i) for the 1370 keV level the
3/2" assignment was reported in an early (d, p) measure-
ment [27] in agreement with the present spin assignment.
The positive-parity character was verified in a (p, d) reac-
tion [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 ex-
hibits spin 3/2 characteristics, consistent with = 5/2 [25].
For this state the assumption of positive parity is made
here, (iv) the reported excitation energy for the 3037 keV
level [25] has been remeasured 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; ,(E,), on E,, is investigated.
Unfortunately, a direct comparison of intensities for differ-
ent E; and/or J7 is very difficult because the term
Y ;=0 =(E;) is not reliably known. When exploiting inten-
sities of primary transitions from the same initial excitation
energy E; to different low-lying discrete levels of the same
J7 any ambiguity in the spin and energy dependence of the
(d, p) reaction cross section can be avoided because
Y ;=0 ;=(E;) is the same for all these intensities. With this
the ®*Mo results of f, ,)(E,) are compared to data from the
%Mo(*He, a)®Mo reaction from the CACTUS array [13],
denoted as f(ye q)(E,) Which were analyzed using the
Oslo method [29]. For the purpose of comparison, data
of f(pe,q)(Ey) 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 compares values of f(,,)(E,) de-
duced from the seven 3/2 levels with fy, ,)(E,). From
f(a,p(E,) only the E,, dependence can be obtained and the
data from different E; are independently normalized to the
quadratic polynominal fit of fpy . (E,) based on a X’
minimization.

Visually, the agreement between the two sets of data in
Fig. 2 for the entire range of £, including the region of the
low-energy enhancement, is very good. A more quantita-
tive description of the agreement can be made using a
standard y? criterion. These y? values have to be calcu-
lated separately for each E; and final J7. It should be noted
that uncertainties of f(y, ,)(E,) are only estimates (based
on the quadratic fits) which may influence the values of >
somewhat. In addition, any uncertainty connected to ex-
pected Porter-Thomas fluctuations [30] of partial radiation
widths is not considered separately. The influence of these
fluctuations are expected to be smaller than the experimen-
tal uncertainties—estimates based on the statistical model
indicate fluctuations to be 10% to 15% at most and to

® £ =7MeV

f(E,) (arb. units)

E, (MeV)

FIG. 2 (color online). Comparison of f, ,(E,) from this work
with fpe o) (E,) (filled blue diamonds) from Guttormsen et al.
[13]. The quadratic polynominal fit to fpye 4)(E,) is shown as a
solid black line while fitted upper and lower error bars are shown
as dotted black curves. Values of f(,; 1,)(E7) are extracted from
intensities N (E;) to 3/2" levels using Eq. (2). The absolute
normalization of f(,(E,) is based on an independent x>
minimization between the data of this work for each
excitation-energy region E; and the quadratic fit.

decrease with E;,—and are partly masked by the estimate
in uncertainties of fye ) (E,).

In any case, all x? values are fully consistent with the
assumption that the results of f(, ,)(E,) from this work and
f(He,q)(Ey) are in agreement with each other. Specifically,
there are no cases which can be excluded on a = 3¢
confidence level.

An alternate approach to compare f,,)(E,) with
f¢He,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 y-ray
energies from the same initial excitation energy E; to
discrete low-lying levels of the same spin and parity at
energies E; and E;, as

_ f(E;—Ep) Ny (E)E; — Ep,)’

R=5E, - E.) N, (E)E —E.)

3

A total of 24 ratios can be constructed from each E; and
when the energies of the primary transitions are similar
(Er, ~ Ey,) the ratios do not exhibit much variation and
have values of ~1 across all excitation energies as shown
in Fig. 3(a). This is expected from the statistical model of
the decay as the two y-ray energies are very similar and the
changes in f(E,) should not be dramatic. Observation of
ratios in accord with expectation serves as an important
consistency check of the method. On the other hand if the
difference between E;, and E;, is large enough, specific
information on f(Ey) can be extracted. When the ratios
are >1 (<1) then f(E,) is an increasing (decreasing)
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FIG. 3. The ratio R = f(E; — E;)/f(E; — E,) as a function
of excitation energy E;. E;, and E;, 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 repre-
sentative of the bin size. The ratios connected by the solid line
are experimental results, R4 ), while those connected by dotted
lines are ratios extracted from the fit to the data of Guttormsen

et al. [13], fopew(E,).

function 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, ~ 6.8 MeV)/f(E, ~ 5.6 MeV) =~ 2.5. This depen-
dence of R ,) 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(Ey) is an increasing function of
y-ray energy for E, = 4 MeV, a relatively flat function
for £, ~2-4 MeV, and a decreasing function of E, for
E, =2 MeV. The ratios R, ,) from this work represent a
wide primary y-ray energy range available for comparison
to ratios of Rgye ,) obtained from the polynominal fit of
fCHe,a)(Ey) (solid line in Fig. 2).

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

Reyea) = Riap)

2 2
V7 CHe,) T Tap)

The deviations (6 < 0) at E; = 6 and 7 MeV indicate that
fiap(Ey) is steeper than fy, 4 (E,) for E, = 5 MeV. At
E; = 4 MeV six values (some of them overlap) are found
with 6 > 1.5 and are due to ratios with the 3043 keV level
suggesting an even larger enhancement in f(, ,)(E,) com-
pared to fiye 4 (E,). Of course, not all § values corre-
sponding to a specific £; and J7 are independent.

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

o =

4

T T T T T
v
a
. i a
| N o ]
4 ' H !
S .
e,
a
[ ] ' g
e J=32 o J=1/2 .
A J=7/2 v J=9/2
1 " 1 " 1 1 1
3 4 5 6 7
E, (MeV)

FIG. 4 (color online). Differences between R(;,) = f(ap)
(E; = Er)/fup(E; —E,) and Rpyeq) = feneqEi — EL,)/
fene.a(E: — Er,) [13] expressed in terms of residual &. Ratios
with the 3043 keV level do not contribute to the 3 MeV
excitation-energy region.

To be explicit, the gating and energy sum requirements
restrict the observation of the low-energy enhancement in
f(E,) to transitions originating from relatively low excita-
tion 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 1, > 3 MeV. Hence, 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 y multi-
plicity and the number of low-energy 7 transitions. This
scenario is not supported since only low-spin states have
been used in the present work. Furthermore, the neutron
pickup reaction to obtain fsye 4)(E,) is different than the
neutron-transfer reaction used to measure f(; ,)(E,). It
may be expected that very different initial states are popu-
lated 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 quasicontinuum to indi-
vidual low-lying levels has been presented. The advantage
of this approach lies in its independence to any model input
and provides an alternative to other methods. Application
of the technique to > Mo clearly supports the picture of an
increase of the photon strength function at low 7y-ray
energies as observed by Guttormsen et al. [13]. More
precisely, the application of stringent gating requirements
allows for observation of the enhancement only from the
region of low-excitation energies. Any implication to
higher energies is based on the validity of the Brink hy-
pothesis. For astrophysical neutron-capture reaction calcu-
lations the mere existence of the low-energy enhancement
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has implications on reaction rates of some r-process nuclei
as discussed in Refs. [5,6]. More measurements are desir-
able, in particular, an experimental campaign populating
the same residual nucleus in different reactions may
provide valuable insight into the enhancement and its
physical origin.

The authors thank the operations staff at the 88-Inch
Cyclotron of Lawrence Berkeley National Laboratory for a
smooth run. This work is performed under the auspices of
the U.S. Department of Energy Lawrence Livermore
National Laboratory under Contract No. DE-ACS52-
07NA27344 and University of Richmond under DE-
FG52-06NA26206 and DE-FGO02-05ER41379. For
Lawrence Berkeley National Laboratory this work was
supported by the Director, Office of Science, Office of
Nuclear Physics, of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. M. W. acknowledges
support from the National Research Foundation of South
Africa and M. K. from the research plan MSM 0021620859
of the Ministry of Education of the Czech Republic.

[1] D.M. Brink, Ph.D. thesis, Oxford University, 1955.

[2] Report of the Nuclear Physics and Related Computational
Science R&D for Advanced Fuel Cycles Workshop, DOE
Offices of Nuclear Physics and Advanced Scientific
Computing Research (August 2006).

[3] C. Sneden, J.J. Cowan, and R. Gallino, Annu. Rev.
Astron. Astrophys. 46, 241 (2008).

[4] G.J. Mathews and R. A. Ward, Rep. Prog. Phys. 48, 1371
(1985).

[51 S. Goriely, Phys. Lett. B 436, 10 (1998).

[6] A.C. Larsen and S. Goriely, Phys. Rev. C 82, 014318
(2010).

[7] R. Capote et al., Nucl. Data Sheets 110, 3107 (2009).

[8] N.K. Glendenning, Direct Nuclear Reactions (World
Scientific, Singapore, 2004).

[9] H.R. Weller, M. W. Ahmed, H. Gao, W. Tornow, Y.K.

Wu, M. Gai, R. Miskimen, Prog. Part. Nucl. Phys. 62, 257

(2009).

R. Schwengner et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 555, 211 (2005).

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]
[18]

[19]
[20]

(21]

(22]

(23]
[24]
[25]

[26]
(27]

(28]

[29]
(30]

162503-5

M. Krticka and F. Be¢var, Eur. Phys. J. Web Conf. 2,
03002 (2010).

A. Voinov, E. Algin, U. Agvaanluvsan, T. Belgya, R.
Chankova, M. Guttormsen, G. E. Mitchell, J. Rekstad,
A. Schiller, and S. Siem, Phys. Rev. Lett. 93, 142504
(2004).

M. Guttormsen et al., Phys. Rev. C 71, 044307 (2005).
A.C. Larsen et al., Phys. Rev. C 73, 064301 (2006).
A.C. Larsen, M. Guttormsen, R. Chankova, F
Ingebretsen, T. Lonnroth, S. Messelt, J. Rekstad, A.
Schiller, S. Siem, N.U.H. Syed, and A. Voinov, Phys.
Rev. C 76, 044303 (2007).

E. Algin, U. Agvaanluvsan, M. Guttormsen, A. C. Larsen,
G. E. Mitchell, J. Rekstad, A. Schiller, S. Siem, and A.
Voinov, Phys. Rev. C 78, 054321 (2008).

N.U.H. Syed et al., Phys. Rev. C 80, 044309 (2009).

M. Kirticka, F. Becvar, I. Tomandl, G. Rusev, U.
Agvaanluvsan, and G. E. Mitchell, Phys. Rev. C 77,
054319 (2008).

S. A. Sheets et al., Phys. Rev. C 79, 024301 (2009).
S.R. Lesher, L. Phair, L. A. Bernstein, D.L. Bleuel, J. T.
Burke, J. A. Church, P. Fallon, J. Gibelin, N.D. Scielzo,
and M. Wiedeking, Nucl. Instrum. Methods Phys. Res.,
Sect. A 621, 286 (2010).

G. Duchéne, F. A. Beck, P.J. Twin, G. de France, D.
Curien, L. Han, C.W. Beausang, M. A. Bentley, P.J.
Nolan, and J. Simpson, Nucl. Instrum. Methods Phys.
Res., Sect. A 432, 90 (1999).

Z. Elekes, T. Belgya, G. L. Molnar, A.Z. Kiss, M. Csatlés,
J. Gulyas, A. Krasznahorkay, and Z. Maté, Nucl. Instrum.
Methods Phys. Res., Sect. A 503, 580 (2003).
http://www.micronsemiconductor.co.uk.

G. A. Bartholomew, E.D. Earle, A.J. Ferguson, J. W.
Knowles, and M.A. Lone, Adv. Nucl. Phys. 7, 229
(1973).

S. K. Basu, G. Mukherjee, and A. A. Sonzogni, Nucl. Data
Sheets 111, 2555 (2010).

M. Wiedeking et al. (to be published).

J.B. Moorhead and R. A. Moyer, Phys. Rev. 184, 1205
(1969).

S. A. Sultana, D. Maki, G. Wakabayashi, Y. Uozumi, and
N. Ikeda, Phys. Rev. C 70, 034612 (2004).

A.C. Larsen et al., Phys. Rev. C 83, 034315 (2011).
C.E. Porter and R.G. Thomas, Phys. Rev. 104, 483
(1956).


http://dx.doi.org/10.1146/annurev.astro.46.060407.145207
http://dx.doi.org/10.1146/annurev.astro.46.060407.145207
http://dx.doi.org/10.1088/0034-4885/48/10/002
http://dx.doi.org/10.1088/0034-4885/48/10/002
http://dx.doi.org/10.1016/S0370-2693(98)00907-1
http://dx.doi.org/10.1103/PhysRevC.82.014318
http://dx.doi.org/10.1103/PhysRevC.82.014318
http://dx.doi.org/10.1016/j.nds.2009.10.004
http://dx.doi.org/10.1016/j.ppnp.2008.07.001
http://dx.doi.org/10.1016/j.ppnp.2008.07.001
http://dx.doi.org/10.1016/j.nima.2005.09.024
http://dx.doi.org/10.1016/j.nima.2005.09.024
http://dx.doi.org/10.1051/epjconf/20100203002
http://dx.doi.org/10.1051/epjconf/20100203002
http://dx.doi.org/10.1103/PhysRevLett.93.142504
http://dx.doi.org/10.1103/PhysRevLett.93.142504
http://dx.doi.org/10.1103/PhysRevC.71.044307
http://dx.doi.org/10.1103/PhysRevC.73.064301
http://dx.doi.org/10.1103/PhysRevC.76.044303
http://dx.doi.org/10.1103/PhysRevC.76.044303
http://dx.doi.org/10.1103/PhysRevC.78.054321
http://dx.doi.org/10.1103/PhysRevC.80.044309
http://dx.doi.org/10.1103/PhysRevC.77.054319
http://dx.doi.org/10.1103/PhysRevC.77.054319
http://dx.doi.org/10.1103/PhysRevC.79.024301
http://dx.doi.org/10.1016/j.nima.2010.04.017
http://dx.doi.org/10.1016/j.nima.2010.04.017
http://dx.doi.org/10.1016/S0168-9002(99)00277-6
http://dx.doi.org/10.1016/S0168-9002(99)00277-6
http://dx.doi.org/10.1016/S0168-9002(03)00998-7
http://dx.doi.org/10.1016/S0168-9002(03)00998-7
http://www.micronsemiconductor.co.uk
http://dx.doi.org/10.1007/978-1-4615-9044-6_4
http://dx.doi.org/10.1007/978-1-4615-9044-6_4
http://dx.doi.org/10.1016/j.nds.2010.10.001
http://dx.doi.org/10.1016/j.nds.2010.10.001
http://dx.doi.org/10.1103/PhysRev.184.1205
http://dx.doi.org/10.1103/PhysRev.184.1205
http://dx.doi.org/10.1103/PhysRevC.70.034612
http://dx.doi.org/10.1103/PhysRevC.83.034315
http://dx.doi.org/10.1103/PhysRev.104.483
http://dx.doi.org/10.1103/PhysRev.104.483



