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The spin distribution populated in the 150Sm(p, t) reaction with 25 MeV protons has been investigated using

the silicon telescope and high-purity germanium array Hyperion. Angular distributions of outgoing tritons and

relative intensities of γ rays from low-lying levels are used to deduce the initial spin distribution using statistical

calculations and are compared with a semiclassical model of the (p, t) reaction. Experimental and theoretical

results suggest a peak strength near 4h̄ when gated on outgoing tritons detected in Hyperion, while the full 4π

distribution may peak near 2h̄. Additionally, the average γ -neutron branching ratio is determined from the data

with the aid of one of two new codes presented in this work. The analysis is extended to other recent studies of
152,154Sm(p, t) to form systematics of the spin-dependence of the surrogate method applied to heavy nuclei in

the transitional to deformed region.
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I. INTRODUCTION

Measurement of reaction cross sections, such as (n, γ ) and

(n, f ), away from stability are often difficult or infeasible

due to the short lifetime of required target or projectile nu-

clei. These cross sections are an essential input in calcula-

tions of astrophysical interest as well as reactor design and

stockpile stewardship. In many cases, these reaction cross

sections cannot be measured directly, so indirect methods

must be employed. One such method for determining the

partial cross sections of a particular reaction channel is the

surrogate method. A central assumption of the method is

that the direct and surrogate reaction exit through the same

channel. This follows from the idea of the compound nucleus,

first introduced by Bohr. The cross section for formation

of the compound nucleus during the reaction can typically

be calculated accurately using optical models; however, the

decay rates via different channels often have large uncertainty

and must be measured to determine accurate partial cross

sections.

While the surrogate method dates back to the 1970s [1],

there has been a recent resurgence in the interest and use fol-

lowing the development of next-generation radiation detection

equipment and large detector arrays, allowing further scrutiny

into the viability of the method. In particular, differences

in the spin distribution populated by the surrogate reaction

influence the results of certain approaches to the method.

*Deceased.

It is observed that deduced γ -neutron branching ratios above

the neutron separation energy depend on the detection angle

relative to the beam axis as well as placing a constraint on spin

by requiring a coincident γ -ray emission from yrast levels of

a specific spin [2]. This is due to the fact that the levels of a

given spin tend to decay though a cascade of levels of a similar

spin on the yrast band by dipole transitions which dominate

and increase in strength with energy below the giant dipole

resonance energy. The surrogate method is often applied in

the Weisskopf-Ewing limit of Hauser-Feshbach theory, in

which the branching ratio for a particular decay is assumed

to be independent of the spin and parity of the entry level.

There have been recent efforts to examine the effects of the

differences in spin distributions as it relates to the method [3],

of which the current work is a part.

In this paper, results from an experiment using the recently

commissioned Hyperion array, located at the Texas A&M

Cyclotron institute, are presented. These results, along with

those from past experiments on samarium isotopes [4], are

used to extract the spin distribution of the intended surrogate

reaction using theoretical models of γ -ray emission and com-

pared with a semiclassical calculation of the spin distribution

resulting from light-ion, heavy-target reactions. Two codes,

not previously presented in literature, will be discussed, as

well as conclusions and outlook of the results.

II. THE SURROGATE METHOD

The total cross section for the decay of a nucleus through

a channel χ following a reaction in which the compound
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nucleus b is formed with excitation energy Ex may be ex-

pressed as a function of spin and parity as

σ CN
bχ (Ex ) =

∑

J,π

σ CN
b (Ex, J, π )Gχ (Ex, J, π ), (1)

where Gχ is the branching ratio for the decay mode χ ,

and σ CN
b is the cross section for formation of the compound

nucleus of a specific spin and parity. In the Weisskopf-Ewing

limit, the Gχ are independent of J and π , and thus the total

cross section for the reaction channel may be written as

σ CN
bχ (Ex ) = σ CN

b (Ex )Gχ (Ex ). (2)

An experimentally measurable quantity is given by the prob-

ability of a given decay channel χ for a given compound

nucleus formation b, given by

Pbχ (Ex ) =
Nbχ (Ex )

Nb(Ex )
, (3)

where Nb and Nbχ are the number of efficiency-corrected

total and coincident events, respectively. This may also be

written in the form

Pbχ (Ex ) =
∑

J,π

F CN
b (Ex, J, π )Gχ (Ex, J, π ), (4)

where F CN
b is the probability distribution of populating a

nucleus in a level of given excitation energy, spin, and parity.

In general, values of this function obtained from the surrogate

reaction will differ from those of the desired reaction, and

will be specific to the experimental data due to constraints

such as detector solid angle. Under the assumption of the

Weisskopf-Ewing limit, Eq. (4) simplifies to

Pbχ (Ex ) = Gχ (Ex ). (5)

When using the so-called ratio surrogate method [5], this

simplifies the measurement of pairs of nuclei a and b to

σaχ

σbχ

=
σ CN

a Nbχ

σ CN
b Naχ

, (6)

under the assumption that the formation and subsequent-

decay cross sections are approximately equal, and that the

density of the target and number of total projectiles are

equal. Discrepancies due to experimental conditions may be

measured and used to correct for differences in the latter two

conditions.

Recent works utilizing the surrogate method have produced

results with various degrees of agreement with known cross

sections measured directly, and the dependence of branching

ratios on spin has been emphasized in recent works [2,3,6].

Thus a method of correcting for the differences due to spin

distribution of the reactions is of paramount importance to

the application of the method, as the difference between

results produced under the assumptions exhibited by Eqs. (1)

and (2) may have a significant impact on resulting cross

sections extracted from experiment and theory. Recent inves-

tigations have used the methods of fitting calculations using
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FIG. 1. Excitation-energy spectrum of 148Sm in the 150Sm(p, t)

channel, obtained by triggering on triton in the silicon telescope and

performing kinematic corrections to the particle energy.

the distorted wave Born approximation [7] and by gating on

individual low-lying γ rays in a particle-γ coincidence in

order to determine the spin distribution and dependence of the

branching ratio.

III. EXPERIMENTAL DETAILS

An experiment was performed at the Texas A&M cyclotron

institute utilizing 25 MeV protons accelerated by the K150

cyclotron. The protons were incident on a 1 mg/cm2 foil of

approximately 98% enriched 150,152,154Sm targets. Outgoing

particles were detected by the Silicon Telescope for Reaction

Studies (STARS) [8], while γ rays were detected by a high-

purity germanium clover array consisting of 13 detectors from

the former Livermore, Texas, Richmond (LiTeR) [9] and the

Clovershare collaboration. The clover manifold is designed

to hold detectors in three planes, one in the plane of the

beam axis and the horizontal, and the other two at upward

and downward angles of 45◦. Six detectors were placed in

the beam-horizontal plane, while the other seven were placed

at 45◦ relative to horizontal detectors, with the exception

of the lower detector facing upstream being absent. STARS

resides within the target chamber and consists of two thin,

nearly cylindrical silicon detectors, and the present experi-

ment combined detectors of thickness 50 µm for the �E with

a 1.5 mm E1 detector, detecting deuterons and protons beyond

the summed beam energy and Q values. Both detectors are

segmented into 24 rings and eight segments for angular res-

olution. The collective detector array, Hyperion [10], which

includes a newly designed target chamber and HPGe clover

manifold, collected data using a �E-E1 trigger. An example

spectrum of reconstructed excitation energy of the residual

nucleus of 150Sm(p, t) is presented in Fig. 1. The resolution

of excitation energy was approximately 130 keV, while that of

the clover γ -ray energy was approximately 0.5%.
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IV. MODELING OF γ -RAY EMISSION

A so-called statistical model of γ -ray emission is often

used to produce γ -ray spectra following nuclear reactions.

The model assumes mean values defined by γ -ray strength

functions and level density, as well as distributions for both as

a function of the mean value. These distributions are given by

the Porter-Thomas distribution of partial decay widths [11]

and Wigner distribution, both of which originate from the

theory of random matrices with Gaussian matrix elements.

These distributions have also become associated with the

phenomenon of quantum chaos [12].

The FORTRAN code DICEBOX [13] is widely used for γ -ray

emission calculations invoking such models. Another code,

MCγ [14] (referred to as CASCADE in the reference), has

also been developed in Java using an identical algorithm.

Total and primary γ -ray spectra show good agreement with

those of DICEBOX projected from the matrix presented as

supplementary material in Ref. [15], and are presented in

Fig. 4.2 of Ref. [14]. Randomly generated nuclei with proper-

ties which should be consistent with experimental data and/or

models, called realizations in many works, are created by first

randomly generating levels using a Wigner distribution with a

mean specified by the level density. For each level, a random

seed of the random number generator is stored, along with

other properties of the level, such as spin, parity, and energy.

The seed is then subsequently called in order to produce

consistent γ -ray transition widths for each randomly gener-

ated level during the simulation. Transition widths between

levels are then randomly evaluated using a specified strength

function and the Porter-Thomas distribution, equivalent to a

χ2 distribution with one degree of freedom and with a mean

determined by the strength function. For the present work on
148,150,152Sm γ -ray cascades, parameters of the backshifted-

Fermi gas model obtained from experimental fits were taken

from Ref. [16], and for the current work, standard Lorentzian

giant dipole resonance parameters were taken from the RIPL-

3 compilation [17].

Total γ -ray energy spectra produced by MCγ for natural

parity levels at 7 MeV of 148Sm are presented in Fig. 2. The

spectra exhibit differences in intensity as a function of spin,

and thus the intensities of known γ rays provide information

characteristic of the spin distribution populated by a particular

reaction. This is due to the fact that nuclei have the tendency to

populate the yrast band by decay through relatively few strong

dipole transitions, and thus do not change in spin significantly

between the entry level and the yrast band. The intensities

from these spectra are used for comparison to the data and

extraction of the spin distribution populated.

V. MODELING OF ( p, t)

The (p, t) reaction was modeled in the current work using

semiclassical methods and implemented within a new code

called PTCRUISER. The quantum-mechanical aspect of the

model is the assumption that the momentum distribution of

nucleons in the target nucleus is that of an ideal Fermi gas

at zero temperature. Inelastic collisions between the proton

beam and neutrons within the nucleus are simulated under the
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FIG. 2. Simulated γ -ray spectra from natural parity levels of
148Sm at 7 MeV using MCγ for a single nuclear realization. Note that

the spectra have been scaled by 105J for visibility, and with exception

of primary γ rays, the intensity decays to negligible values above

approximately 5 MeV.

assumption that the mean free path of protons and deuterons

passing through the nucleus is large compared to the size of

the nucleus. This assumption implies that interaction between

the incident protons is uniformly distributed over the nuclear

volume. The probability of interaction between the incident

protons and neutrons within the nucleus is proportional to

the density of neutrons, which is taken to be the form of a

Woods-Saxon potential, given by

ρν (�r ) =
ρ0ν

1 + exp(|�r − �R(β, θ, φ)|/a)
, (7)

where ρ0ν is the density of neutrons at r = 0, β is the

quadrupole deformation parameter, θ and φ describe the

orientation of the nucleus relative to the beam axis, and a

is the diffuseness of the nuclear surface. The parameters β

were taken from Ref. [18], while the θ and φ were randomized

during the calculation. The incident proton beam is assumed

to be approximately twice as large as the mean nuclear radius,

as the outgoing tritons are assumed to be produced within a

single nucleus as is required to produce the nucleus of interest.

A calculation for the present experiment of 150Sm(p, t) is

shown in Fig. 3. The difference in the probability distributions

results from a truncated spin transfer to the nucleus when

detected at the solid angle spanned by the STARS detector.

VI. SPIN DISTRIBUTIONS AND γ -RAY INTENSITIES

Intensities of yrast γ rays were obtained from the present

experiment by gating on 1 MeV intervals centered around

excitation energies of 3, 5, and 9 MeV of 148Sm populated

in 150Sm(p, t). A comparison of a combined calculation of

MCγ and PTCRUISER with this data is shown in Fig. 4. The

same comparison for 152Sm(p, t) and 154Sm(p, t) is shown in

Figs. 5 and 6, respectively. Matrices of γ -ray intensity versus

natural spin-parity were produced using MCγ , and used to
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FIG. 3. Probability densities calculated by PTCRUISER of entry-

level spin for 150Sm(p, t) between 2.5 MeV and 7.5 MeV excitation

energy for a 4π detector and that of STARS in the present experi-

ment, spanning the angles of 27.5◦ to 54◦.

extract the spin distribution using the equation

Ii =
∑

j

M
j

i F j , (8)

where F is the spin distribution of Eq. (4), M is the matrix

of intensity from the most intense γ rays from the yrast

levels produced as a function of spin by calculation with

MCγ , and I is the experimental γ -ray intensity vector. The

indices i and j enumerate the γ -ray transition and spin of

the entry level, respectively. A standard Lorentzian photon

strength function for both E1 and M1 decays and back-

shifted Fermi gas level density model were assumed for the

calculation. While a natural cutoff is provided by the spin

distribution of the level density and far lower strength of high-

multipolarity transitions, only dipole transitions were used

in the current work as uncertainties in the strength function

for higher multipolarity transitions are large, as is clear from

Ref. [17]. The fit of F to the data was performed using random

simulation of the distribution F between spins 0 and 10 using

Eq. (8), under the conditions that the elements are positive

and sum to unity. A probability vector spanning the region

of 0 to 10 was fitted to the data using χ2 minimization.

Resulting fits are presented in Fig. 7 along with calculations

from PTCRUISER produced with excitation energy and angle

gates of the respective experiment.

The agreement between experimental γ -ray intensities

and theory for 154Sm(p, t) exhibited in Fig. 4 as well as

for the spin distributions extracted and presented in Fig. 7

bodes well for the theoretical models presented. Intensities at

higher energies observed from 152Sm(p, t) and 154Sm(p, t)

in Figs. 5 and 6 likewise agree around 7 MeV, but exhibit

poorer agreement at lower energies. This may be because

the type of statistical model of γ -ray emission used in this

work is generally used to describe regions of high level

density where the nuclear properties have been suggested to

exhibit the chaotic properties previously mentioned, such as

heavy nuclei or highly excited nuclei. The level of agreement

produced here affirms that expectation. However, one source

of uncertainty in this conclusion lies in the fact that 152Sm is a

daughter nucleus of 152Eu, which is commonly used (as in this

work and separately in the others) as an efficiency calibration

source. Thus, one would expect relative intensities of known

levels required by MCγ and to produce the theoretical spin

distribution to be more accurate for 154Sm(p, t). Another

possible contribution to the differing level of agreement is the

transition from spherical to deformed nuclei, where the level

density rapidly increases, occurs near 152Sm on the isotopic
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FIG. 4. Experimental relative intensities of the most intense γ rays from yrast levels of 148Sm following the 150Sm(p, t) reaction at 25 MeV

proton energy (red points) and theoretical intensities of combined calculations from MCγ and PTCRUISER. Both the experimental and calculated

intensities are normalized to sum to unity.
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FIG. 5. Same as in Fig. 4, except for 152Sm(p, t).

chain. Considering these two possible effects, it is unclear

whether the staggering of the spin distribution extracted from

the experimental data using MCγ of 150,152Sm(p, t), as op-

posed to that of 154Sm(p, t), is a nuclear structure effect.

However, as the efficiency of the array should have been

well-determined during the experiments, it is suspected that

the staggering is a structure effect. Conclusively determining

the exact origin the spin staggering effect may be aided by

recent data taken by Hyperion as well as future experiments.

The approximate independence of spin on energy calcu-

lated by PTCRUISER and extracted from the presented experi-

mental data supports the further use and investigation of the

Oslo method [19] used to extract γ -ray strength functions and

level densities, a method which assumes spin independence of

the reaction on the excitation energy of the product nucleus.

Work utilizing the Oslo method, which is concurrently being

performed on the Hyperion experimental data, may benefit

from analysis presented in this work.

VII. BRANCHING RATIOS ABOVE THE NEUTRON

SEPARATION ENERGY

Using the data from the experiments presented, it is possi-

ble to determine the average γ -total branching ratio 〈�γ /�T〉,
where �γ and �T are the γ -ray emission width and the total

decay width of the individual levels populated, respectively.

Above the neutron separation energy, a fit to the γ intensity

using the same methods used to determine the spin below

yields a vector proportional to the product of spin probability

and γ -neutron branching ratio. Under the assumption that we
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FIG. 6. Same as in Fig. 4, except for 154Sm(p, t).
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FIG. 7. Spin distributions deduced using MCγ and experimental data from Hyperion and STAR-LiTeR in the Sm(p, t) channel with

25 MeV protons compared with results from PTCRUISER. The experimental excitation energy range gated on in the calculation is between

2.5 MeV and 7.5 MeV, using only outgoing tritons detected between 27.5◦ and 54◦ for the current work with Hyperion, and 34◦ and 58◦ for

the STAR-LiTeR experiments. The method for extracting the spin distribution from the experimental data is described in the text.

may accurately calculate or experimentally determine the spin

distribution, this leads to a method to determine 〈�γ /�T〉 by

division of the two distributions. This is due to the fact, that

above the neutron separation energy, Eq. (8) becomes

Ii =
∑

j

M
j

i F j 〈�γ /�T〉j , (9)

and thus inversion of the matrix M and division by individual

elements of F gives 〈�γ /�T〉. Results from the present exper-

iment produced using the data below and above the neutron

separation energy to extract I , as well as MCγ to produce the

154 Sm(p,t)
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FIG. 8. Relative average branching ratios 〈�γ /�T〉 above the

neutron separation energy produced by experimental data and MCγ

for 150Sm(p, t) and 154Sm(p, t). The arrow indicates the peak in-

tensity as a function of spin populated by the experiment, while the

dashed line illustrates a constant ratio expected from the Weisskopf-

Ewing limit.

matrix M , are shown in Fig. 8. The origin of the large values

of 〈�γ /�T〉 as 0 and 10 are approached may be due to slightly

differing spin distributions below and above the neutron sep-

aration energy. This form of the resulting spin distributions

indicates that the width of the distribution may increase as a

function of energy, leading to the apparent rise in the branch-

ing ratio at the endpoints of the distribution. The relatively

constant ratios extracted for the most intensely-populated lev-

els indicates that use of the Weisskopf-Ewing limit may be a

good approximation, although the staggering which appears to

be present in the lesser-deformed samarium isotopes indicates

a possible need to introduce corrections into the theory of

surrogate reactions beyond the Weisskopf-Ewing limit.

VIII. SUMMARY AND OUTLOOK

Results have been presented from the 150,152,154Sm(p, t)

reactions using data taken by Hyperion (previously STAR-

LiTeR) in a study of the spin distributions produced by

surrogate reactions, as well as relative 〈�γ /�T〉 as a function

of spin above the neutron separation energy. This comparison

utilized a new nuclear reaction code to calculate γ cascades

in order to extract the spin distribution from reactions and

another to calculate the spin distribution semiclassically for

the (p, t) reaction. It is suggested that the spin distribution

deduced for lighter samarium nuclei may suffer from the

limited applicability of extreme statistical models to spherical

or lesser-studied nuclei. Further studies of nuclei in the mass

region, already underway, may yield valuable information for

the application of such models.
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