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(d,n) proton-transfer reactions on 9Be, 11B, 13C, 14,15N, and 19F and spectroscopic

factors at Ed = 16 MeV
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The (d,n) reaction has been studied with targets of 9Be, 11B, 13C, 14,15N, and 19F at Ed = 16 MeV using a

deuterated liquid-scintillator array. Advanced spectral unfolding techniques with accurately measured scintillator

response functions were employed to extract neutron energy spectra without the need for long-path neutron

time-of-flight. An analysis of the proton-transfer data at forward angles to the ground states of the final nuclei,

using finite-range distorted-wave Born approximation analysis with common bound-state, global, and local

optical-model parameter sets, yields a set of self-consistent spectroscopic factors. These are compared with

the results of several previous time-of-flight measurements, most done many years ago for individual nuclei at

lower energy and often analyzed using zero-range transfer codes. In contrast to some of the earlier published

data, our data generally compare well with simple shell-model predictions, with little evidence for uniform

quenching (reduction from shell-model values) that has previously been reported from analysis of nucleon

knock-out reactions. Data for low-lying excited states in 14N from 13C(d,n) also is analyzed and spectroscopic

information relevant to nuclear astrophysics obtained. A preliminary study of the radioactive ion beam induced

reaction 7Be(d,n), E(7Be) = 30 MeV was carried out and indicates further improvements are needed for such

measurements, which require detection of neutrons with En < 2 MeV.
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I. INTRODUCTION

There are many nuclear spectroscopic measurements in-

volving detection of an outgoing light charged particle, and

in particular, (d,p), (d,t), (3He,d), etc. However, there are

far fewer measurements involving detection of an outgoing

neutron, as for example the (d,n) reaction, the analog to the

(d,p) reaction, and the (α,n) reaction. Several of the latter

are important as spectroscopic tools and also can provide

information on the corresponding radiative capture reactions

(n,γ ), (p,γ ), and (α,γ ), respectively, which are important in

astrophysics [1–4]. The problem of course is that energetic

neutrons often must be detected via a recoil proton in an

organic scintillator using long-path time-of-flight to obtain

the outgoing neutron energy spectrum. Such a measurement

usually has low overall efficiency since the incident beam

must be narrowly bunched (e.g., a few ns wide) and then

pulse selected (typically one in four or more) to obtain an

appropriate neutron time-of-flight (ToF) spectrum. Likewise

the angular range covered by the ToF detector array, often a

large “wall” of scintillators, may be limited. The situation

is especially unfavorable when a low-intensity secondary
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radioactive ion beam (RIB) is utilized or low cross section

sub-barrier measurements are needed ([1,5], and Sec. V).

Fortunately as noted by Brooks and co-workers [6,7],

deuterated scintillators can exploit the fact that the n + d

cross sections, unlike n + p cross sections, are asymmetric for

neutron energies in the range of a few keV to >50 MeV. This

results in a forward-going recoil deuteron in the scintillator,

produced with most of the incident neutron energy [i.e.,

Ed, max = (8/9)En]. Thus, a distinct peak in the scintillator

light spectrum is generated with a peak location directly

related to the incident neutron energy [7–16]. However, the

extraction of high-quality neutron energy spectra was limited

in the past by the lack of accurate detector response data

and the computing power needed to unfold the detector

spectra. In recent years, the use of waveform digitizers for

digital signal processing (DSP) now permits much-improved

neutron detector systems based on deuterated scintillators,

including organic liquid and crystal scintillators. In particular,

neutron-γ digital pulse-shape discrimination (PSD) has made

it possible to develop improved algorithms for optimal particle

identification in liquid scintillators. Also, many of the detector

response functions needed for accurate spectral unfolding

using DSP to produce good neutron energy spectra from

deuterated scintillators are now available [14–19].

In this work we exploit the above improvements in

deuterated scintillators and DSP to make a set of (d,n)

nuclear reaction measurements for several nuclei, A < 20. In

Sec. II we describe the techniques used to extract neutron

spectra from unfolding of the light spectra. In Secs. III and

IV we present the ground state (g.s.) cross sections and

discuss the systematics of g.s. spectroscopic factors in these
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nuclei, deduced in a self-consistent manner using finite-range

distorted-wave Born approximation (FR-DWBA). In addition,

we present an analysis of low-lying states in 14N observed in
13C(d,n) and spectroscopic information obtained relevant to

nuclear astrophysics. Comparisons with earlier, selected cross

section measurements using traditional long-path n-ToF are

also discussed. The latter were performed by several different

groups many years ago (>40 years for data cited here),

and much of the spectroscopic information published, mostly

obtained using zero-range DWBA (ZR-DWBA), often is not

in agreement between different measurements. Also, unlike

the present measurements, several of the older experiments

used partially enriched isotopic targets and thus often had

background peaks in the neutron spectra from other isotopes

in the target (see Sec. IV). Finally, in Sec. V we present a

preliminary measurement of the 7Be(d,n) reaction using the

deuterated scintillator array and note improvements needed for

this type of radioactive-beam experiment.

II. (d,n) MEASUREMENTS

The detectors used here have permitted a systematic study

of the (d,n) reaction on several nuclei, A < 20, well above the

Coulomb barrier, i.e., at higher bombarding energy than many

of the earlier measurements, in a single set of experiments.

The results could then be analyzed with FR-DWBA in a

self-consistent manner to extract spectroscopic information

for these nuclei. Given the relatively new detector system

and related techniques being used to extract neutron energy

spectra and cross sections, we describe some of the important

experimental details.

Solid targets of deuterated polyethylene [C2D4]n [where

“D” denotes deuterium (2H)], 9Be, 11B, 13C and gaseous

targets of natN2, 15N2, and 19F as SF6 were used. Several

(d,n) cross sections for these targets and most level schemes

of the populated final nuclei are known and thus provide an

ideal reference set for the measurements. However as noted,

much of the existing data were taken many years ago, often

at lower energies where direct reactions may not dominate,

at times were limited in the angular range covered, and the

spectroscopic information obtained by various authors on a

given nucleus often is in disagreement.

A. Experimental setup

The (d,n) measurement campaign was conducted at the

University of Notre Dame’s (ND) Nuclear Science Laboratory

(NSL). The deuteron beam was produced by the NSL FN

tandem Van de Graaff accelerator at Ed = 16.0 MeV. The

beam current on the target was typically limited to 0.2–10.0

electrical nanoamps (enA) to minimize pulse pile up. A 1.9 cm

thick, electrically isolated graphite beam stop, which served as

a Faraday cup for accurate beam-charge integration, was fab-

ricated as part of a low-background beam dump. The Faraday

cup and beam dump were encased in a 60 cm × 60 cm × 60 cm

paraffin-lined lead cave to reduce beam-induced background.

Borated polyethylene pellets and plastic boron-loaded water

jugs were used for additional shielding. A 25 cm diameter

thin-wall (approximately 3 mm) stainless-steel scattering

FIG. 1. The experimental setup used in the (d,n) measurements.

The array of 4 × 6 EJ315 detectors is shown positioned with the

detector entrance windows 1 m from the target.

chamber was equipped with a movable detector mount which

permitted rotation of a silicon �E-E telescope detector in

vacuum to known scattering angles. In addition to the Faraday

cup, the beam flux through the target was monitored using

elastic scattering of the deuteron beam into a silicon detector

telescope that was kept at a fixed forward angle. Both 4 in.

diameter × 6 in. deep (4 × 6) and 2 in. diameter × 2 in. deep

(2 × 2) EJ315 detectors were used in these measurements.

The 4 × 6 detectors are shown surrounding the target chamber

in Fig. 1. The entrance windows of the 4 × 6 detectors were

located at a radius of 1.0 m and those of the 2 × 2 detectors at

50 cm with respect to the central target position. The detectors

thus subtended approximately the same angular acceptances

and solid angles. However, values for the latter were accurately

calculated taking into account the finite size of the detectors.

This permitted short-path n-ToF with a moderately bunched

beam but without need for a pulse-selected beam (hence not

much loss in beam intensity). This gave suppression of the

prompt γ flash in addition to n/γ PSD and also allowed the

use of a shadow bar to deduce the presence of room-return

neutrons. Unlike many long-path n-ToF measurements, the

latter proved to be negligible owing to the high collection

efficiency of the EJ315 array.

The detector PMT outputs were digitized with a CAEN

V1751 10 bit, 1 GS/s VME module located near the array.

The PMT gains were set high (but still linear) to improve

the signal-to-noise (S/N) in the anode signals. The signals

were then attenuated at the digitizer using high-quality GHz

attenuators to match the limited input voltage range of the

digitizer. Optimizing the S/N in the scintillator signals and

associated cabling is important to provide good pulse-shape

analysis of the signals for n/γ discrimination. It also is needed

for accurate unfolding of the neutron light spectrum to provide

a good neutron energy spectrum. The digitized signals were

then sent to a remote data acquisition computer, where a pair

of terabyte disks were used to event-store the digitized pulses

for post analysis [14,16]. The online data were sampled and

displayed during the run to verify that the system was operating

correctly. One or more detectors were overlapped between runs

to provide accurate angular distributions, including data to far

back angles.
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B. Preparation of the solid and gaseous targets

Deuterated polyethylene foils [C2D4]n were prepared by an

evaporation method using a [C2D4]n powder + xylene solution

[16]. A relatively uniform 1.4 mg/cm2 foil was then selected

for use as a target. The 9Be, 11B, natC, 13C targets were thin foils

ranging from 0.4 to 6.0 mg/cm2 in thickness, with isotopically

enriched (>95%) material used for the 13C target. Most of the

solid targets were self-supporting foils except for one of

the two 13C targets used, which was on a thin Mylar backing.

The other was a commercial 13C foil (Arizona Carbon Foil Co,

Tucson, AZ). Owing to the large positive 13C(d,n) Q value,

interference from the backing elements (12C in particular) was

not an issue as we are mainly using the distinct, high-energy

recoil-deuteron peaks for cross-section measurements.

A thin-window cell for the gaseous targets was fabricated

with 3 mm thick side walls from free-cutting brass (Alloy

360). The latter was chosen for its low Q values for (d,n)

reactions within the alloy and for its high machinability. The

low (d,n) Q values result in (d,n) reaction neutrons from the

gas cell produced with energies lower than those detected in

the reactions of interest, which have more positive (d,n) Q

values. The gas cell has 1.0 cm diameter hermetically sealed

entrance and exit windows that can be easily changed in case

of failure. A 10 μm Havar R© metal foil was used as the window

material. The gas handling system was located outside of

the vacuum chamber through a vacuum feedthrough which

allowed for easy and fast gas changes during experimental

runs. Digital temperature and absolute pressure gauges mon-

itored gas parameters throughout a run for an accurate target

thickness determination.

C. Detector efficiency (peak and total)

In most measurements involving the detection of neutrons

the largest source of uncertainty typically is the neutron

detection efficiency which usually is light-output threshold

dependent. Monte Carlo calculations often must be used to

determine the detection efficiency in lieu of actual mea-

surements, though this often can lead to large uncertainties

in the cross sections being measured. One method around

this threshold-dependent efficiency issue when deuterated

scintillators are used is to fit only the recoil-deuteron peak

in the light spectrum and assign a corresponding recoil-peak

efficiency. Because this method relies on events in a “peak”

rather than a continuum, the detection efficiency is now

threshold independent. Alternately, one can also use the total

light spectrum (if unfolded accurately) to obtain another

measure of the reaction data to specific states but now using

more of the detected events and hence with better statistics.

The total and recoil-peak neutron detection efficiency of the

2 × 2 detectors were determined using two techinques. The

first technique involved the use of the well-known d(d,n)3He

cross section [20]. The second technique used the same

reaction but in this case the outgoing 3He was measued in

coincidence using a silicon surface-barrier �E-E detector

telescope [21]. The measurements were again conducted at

the ND NSL using the FN Van de Graaff accelerator to

produce an Ed = 16 MeV deuteron beam which impinged

on a 2.4 mg/cm2 deuterated polyethylene target [C2D4]n.

Recoil-peak efficiency was determined the same way for both

cases, but instead of the total light response above a threshold,

only the recoil-peak events were included after a suitable

computer fit to those peaks [16]. As noted this is threshold

independent.

The results were compared with a Monte Carlo (MC)

calculation using the program MCNP-POLIMI [22]. A MCNP-

POLIMI model of the 2 × 2 detectors was created including

the inert gas expansion bubble in the detectors (which results

in a slight reduction in overall efficiency and effective solid

angle versus a fully loaded 2 × 2 scintillator). In regard to the

recoil-peak efficiency, the differences observed between the

present data and Ref. [21] are most likely due to differences in

the shape of the peak used to extract the recoil deuteron peak

sum. Otherwise, satisfactory agreement is observed between

the present [16] and previous measurements [21], and the MC

simulations. One can conclude that the use of MCNP-POLIMI

to model neutron efficiency for deuterated scintillators over

the energy range 1–25 MeV should be sufficient for most

(d,n) measurements at least to the 5–10% uncertainty level in

efficiency.

III. (d,n) REACTION DATA

A. Specific experimental details

The choice of gaseous and solid targets for the present

measurements introduces various neutron transport issues

from neutron production in the target to detection of those

neutrons by the liquid scintillators outside the scattering

chamber. This is important since the neutron spectra are

directly determined from unfolding the raw light-response

spectra and these must be free of spurious background or

corrected for the latter. In these experiments, with the exception

of 13C(d,n)14N, we are concentrating on measurements to the

ground states of the final nuclei to provide a set of systematic

spectroscopic data for the g.s. transitions. The relevant g.s.

peaks are well above the energies for other events in the light

and unfolded spectra and can be reliably measured by several

methods. Extraction of data for the excited states is more

complicated due to overlapping g.s. spectral data as well as the

presence of low-energy break-up deuterons at Ed = 16 MeV.

Again, except for 13C(d,n)14N, excited-state data were deemed

less critical as several of the most recent ToF measurements

have data for excited states. The published spectroscopic

information, often cited in relative units as ZR-DWBA was

used, can then be normalized to our absolute g.s. spectroscopic

information for a particular final nucleus.

The ground-state and low-lying excited states of the final

nuclei are fairly well known and the final ground states are well

separated from excited states so these nuclei are well-suited

for our purposes. Experimental details and uncertainties for

the reactions measured are listed in Table I. [Uncertainties

in the solid angles (7.73 millisteradians (msr)) and angular

acceptances (5.8◦) owing to the finite size of the detectors

were deemed negligible compared to the other uncertainties.]

Each light spectrum was then postprocessed to extract PSD-

gated neutron light spectra. Owing to their size and the

volume of liquid scintillator contained, the solid angles of
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TABLE I. Experimental details for the (d,n) measurements.

Target Mean beam Lab angular Target

energya range thickness

(MeV) (deg) (mg/cm2)

9Be 15.9 10–170 1.85b

11B 15.4 10–170 23.1b

C2D4 15.9 10–170 1.40b

13C 15.7 10–170 8.55b

14N 15.4 10–170 3.2c

15N 15.4 10–170 3.7c

19F 15.5 10–170 8.0c

aMean beam energy at center of target.
bUncertainty <+/−5%.
cUncertainty +/−10%.

the detectors were determined using Monte Carlo calculations

[22]. Solid-target thicknesses were measured with an αgauge,

while gaseous targets used the known volume, the measured

temperature, and the cell gas pressures that were recorded

and monitored throughout an experimental run. Typically,

data acquisition time was approximately 30 min per set of

angles. The entire set of data for all targets, including extensive

back-angle data, could then be measured over a few days as

we were using a moderately intense stable beam. Nonetheless

this also demonstrates that similar (d,n) measurements (see

below) would be feasible using an RIB over the typical 1–2

weeks often used for such experiments [1,5].

B. Light-response spectra

Once the stored event-mode digital waveforms were post-

processed, deuteron-recoil events were then gated, and suitable

scintillator calibrations applied using γ -source response data

to extract light-output spectra in electron-equivalent energy

units (MeVee). The individual light-response spectra were then

parsed into histograms with 10 keVee bin width from 0.01 to

10 MeVee and stored for inputs into the spectral unfolding

code [16]. The latter utilizes accurate response data for EJ315

we have previously measured [16–19].

Figure 2 shows a sample light-response spectrum above

threshold (2 MeVee) from the d + [C2D4]n reaction at 10◦

(lab) and Ed = 16 MeV using a 1.4 mg/cm2 target. The sharp

cutoff at 2 MeVee is due to a software threshold applied to the

event-mode data.

FIG. 2. Light-response spectrum from the d + [C2D4]n reaction

at 10◦ (lab) and incident Ed = 16 MeV in electron-equivalent energy

units. The software threshold is indicated.

FIG. 3. Unfolded neutron energy spectrum from the d + [C2D4]n
reaction at 10◦ (lab) and incident Ed = 16 MeV (Fig. 2). The offline

software threshold is indicated.

As previously observed by Brooks and others [6–11], the

light-response spectra show broad recoil peaks at discrete

neutron energies corresponding to excited levels of the popu-

lated final nucleus. An important feature is that lower-energy

peaks are “stacked” on top of higher-energy peaks. As an

example, if we have two neutron energy groups A and B where

E(A) > E(B), we cannot explicitly tell if a neutron came from

group A or from group B from the light response data below

E(B). However, inspection of each light spectrum versus

angle clearly indicates the reaction kinematics producing an

appropriate shift in the recoil peak energies with angle. Unlike

the present measurements, analysis of previous data taken with

deuterated scintillators was limited by the lack of accurate

response data and fast computers with efficient unfolding

algorithms to extract accurate neutron energy spectra [6–9].

There are two methods that we can employ to obtain cross

sections: deuteron-recoil peak fitting from the light spectrum

(e.g., Fig. 2) and fitting peaks in an unfolded neutron-energy

spectrum (e.g., Fig. 3). The first is a far simpler method

but only useful primarily for ground-state peaks (i.e., the

highest neutron energy group with little or no underlying

background spectrum). The second involves solving the full

inverse problem as described in Sec. III C. We first describe the

simpler case where we only focus on the ground-state deuteron

recoil peak.

In this method the ground-state deuteron recoil peak is

fitted with a Gaussian shape, integrated and assigned a recoil-

peak efficiency [11,16]. As noted, since we are treating the

recoil peak as a Gaussian-like peak, the detection efficiency is

threshold independent [11,16]. The differential cross section

becomes
(

dσ

d�

)

lab

= k
N

εp�tI
, (1)

where N is the number of observed counts, εp is the recoil-peak

efficiency, � is the solid angle, t (=ρx) is the target areal

density, I is the total number of incident beam particles,

and k is a constant. Using Eq. (1) and the recoil-peak

efficiency, the ground-state cross section from each target

is converted to the center-of-mass (c.m.) system. The main

uncertainty comes from the recoil-peak efficiency which is

estimated at (+/−10%). The location of the first peak in the

differential cross section, which determines the l value of the

reaction (Sec. IV), can readily be confirmed without absolute

normalization since a comparison is only needed based on
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the relative shape. This is in contrast to extraction of spec-

troscopic factors which requires absolute values for the cross

sections.

The 9Be(d,n)10B reaction has been previously measured

at Ed = 16 MeV [23] and conveniently provides a direct

comparison of the deuteron-recoil peak-fitting method to the

traditional long-path n-ToF method. Very good agreement with

the data of Ref. [23] is observed [11,16] and demonstrates

the simplicity and reliability of this method. Prior to having

accurate detector response data, we previously reported trans-

fer cross sections extracted using the above method [9–11].

However, better statistics are obtained if the full unfolded

spectral data can be used (see below). The recoil-peak data

can still be used to provide a check on the cross sections

extracted from the unfolding procedure and this was done

here.

With the exception of some nuclear astrophysics problems

and many RIB studies, ground-state cross sections alone are

often of limited interest without at least low-lying excited states

included. One then needs to rely on spectrum unfolding tech-

niques with accurately known response functions to extract

reliable neutron energy spectra from the raw light-response

spectra, assuming the latter are relatively free of background

neutrons. This is described in more detail elsewhere for the

detectors used in this experiment [16–19]. As noted, unfolded

spectra now include a threshold-dependent intrinsic detection

efficiency but have much better statistics (typically × 4).

The uncertainty propagation in neutron spectrum unfolding

methods is still not well understood [24,25]. Approximations

used for the uncertainty in the unfolded result are discussed

below in extraction of the spectroscopic factors (see also

[16]).

C. Unfolded neutron energy spectra

Unfolding results for the d + [C2D4]n reaction (Fig. 2) at

10◦ (lab) are shown in Fig. 3. The unfolding software [16] uses

the maximum-likelihood estimation method (MLEM). The

ground states of 3He, 13N, and excited states of 13N are clearly

seen, with reasonably good resolution for a neutron measure-

ment. However the Ex = 3.50 and 3.55 MeV states of 13N are

not separated and instead a prominent peak consisting of the

two levels is observed (Fig. 3). The proton separation energy

for 13N is Sp = 1.943 MeV and thus the excited states in 13N

observed are proton unbound. These are important data as they

demonstrate the spectroscopic capability of the UM-DSA array

for the study of particle-unbound states, which will become

more relevant in the transition to experiments involving RIBs.

The lifetimes of the states observed correspond to decay widths

of 	 = 31.7, 62, and 47 keV, respectively (ENDF/B-VII.0).

The d(d,n)3He cross section was determined at 10, 15, 30, and

130◦ (lab) by integration of the 3He ground-state peak. Since

the d(d,n)3He cross section is well known, as discussed earlier,

the detection efficiency was then determined by comparing the

ratio of the uncorrected measured cross section with published

data.

The unfolding procedure for the other targets followed

the recipe used for the d + [C2D4]n spectra. The threshold

was typically set at 2 MeVee in software with the exception

FIG. 4. Light-response spectrum (top) and unfolded neutron

energy spectrum (bottom) from the 13C(d,n)14N reaction at 20◦

(lab) and Ed = 16 MeV. The offline software threshold is indicated.

Known states in 14N are indicated by their excitation energy, spin,

and parity (see text).

of the d + SF6 spectra beyond 90◦ (lab) which has slightly

poorer deuteron-proton separation and required a threshold of

2.5 MeVee. Figure 4 shows the raw light-response spectrum

and unfolded neutron spectrum from the 13C(d,n)14N reaction

at 20◦ (lab) with the 14N ground state and some known

excited states labeled. The jagged line in the light-response

spectrum represents the raw data and the overlapping smooth

line corresponds to the MLEM estimate after 5000 iterations.

The fit between the MLEM estimate and the raw light response

spectrum is excellent, indicating the response matrix describes

well the spectral response and that the data are devoid of most

background neutrons. Note that a small spurious peak appears

at En = ∼23 MeV just beyond the calculated 14N ground-state

peak location. Further investigation shows that this is due to

recoil protons which leak into the deuteron PSD gate due to

breakup of scintillator deuterons [10,11,14–16]. The overall

effect is small but can add to the systematic uncertainty of the

measurements.

In a recent experiment at Ed = 6 MeV evaluating an

improved deuterated liquid scintillator (EJ301D), we obtained

a 13C(d,n) spectrum devoid of such spurious peaks and with

somewhat better resolution [15]. The forward angle data

closely resemble the data obtained in this experiment (Fig. 4).

As noted, several of the 14N states seen in these measurements

are important in nuclear astrophysics and will be discussed in

Sec. IV D.

Spectrum unfolding results for the 14N(d,n)15O reaction

at 5◦ (lab) are shown in Fig. 5. The ground state and Ex =

6.17 MeV excited state are labeled. As with the 13C(d,n)14N

unfolding results, the MLEM fit also describes very well the

spectral shape of the light-response spectrum. An interesting

feature that is present in all three unfolding results shown
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FIG. 5. Light-response spectrum (top) and unfolded neutron

energy spectrum (bottom) from the 14N(d,n)15O reaction at 5◦

(lab) and incident Ed = 16 MeV. The offline software threshold is

indicated.

is the rich amount of information that is extracted by the

MLEM unfolding from the raw light response. By eye, one

can identify only the strongly populated levels from the latter

but the spectrum unfolding technique appears capable of

reliably extracting many more details in the incident neutron

spectra than obvious from the raw light-response spectra. The

effective energy resolution is often better than a typical n-ToF

measurement using a modest flight path for En > 10 MeV

[23]. This is true if the deuterated scintillator data is devoid of

most background and the PSD can separate the recoil deuterons

cleanly over a range of energies [10,11,14–16]. In many of the

nuclei studied, this is still not sufficient to adequately resolve

many of the individual excited states. Hence for this and other

reasons (see below) with the exception of the 13C target, we

concentrate on analysis of data to the ground states of the final

nuclei.

D. Differential cross sections from unfolded spectra

Once the unfolded neutron spectra are obtained, the differ-

ential cross section can be determined [Eq. (1)], with the total

number of incident deuterons calculated from the integrated

beam current on the downstream Faraday cup. Recall that the

threshold-dependent efficiency is included as an output of the

MLEM spectral unfolding code. This is quite convenient as

one can adjust the MLEM threshold to yield convergence

and the efficiency is then determined. The differential cross

sections obtained in this manner, together with the related

published elastic deuteron scattering data, are shown in

Figs. 6–12. The (d,n) g.s. data shown agree within the

uncertainties (typically +/ − 10%) with those obtained from

the deuteron recoil-peak method [11,16] described earlier.

FIG. 6. Deuteron elastic scattering optical-model calculations

(using global, modified global, and local OMPs compared with

various published (d,d) elastic scattering data sets [16], displayed

as ratio to Rutherford scattering.

IV. REACTION ANALYSIS

A. (d,n) proton-transfer selection rules

The angular distributions for (d,n) reactions such as those

measured here, which are well above the Coulomb barrier,

contain a rich amount of information regarding the transfer

FIG. 7. Measured 9Be(d,n)10B(g.s.) cross section compared to

the n-ToF data of Park et al., from 1973 [23]. FR-DWBA calculations

with global and local OMPs also are shown.
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FIG. 8. Measured 11B(d,n)12C(g.s.) cross sections compared

with a FR-DWBA calculation using global OMPs.

reaction. Thus as well known, an accurate (d,n) measurement

covering a number of forward angles can set a limit on the

spin and parity of a given final state [26–28], as often desired

in studying RIB reactions leading to exotic nuclei far from

stability. In addition, data taken at back angles, which is often

limited using n-ToF, can verify if the reaction is primarily

a direct reaction, as assumed above and as needed for a

valid DWBA analysis to extract spectroscopic information and

especially for FR-DWBA analysis [26–28].

Since the present measurements involve final states and

single-particle levels where the spins and other information

are known, the angular momentum transfers needed for the

reaction analysis are a priori specified.

B. Distorted-wave Born approximation (DWBA)

The distorted-wave Born approximation (DWBA) has

been successfully applied to single-nucleon transfer reactions

including (d,p) and (d,n) reactions, as well as inelastic

scattering [26–29]. A key requirement is to describe the

incident and outgoing projectile channels with a uniform set

of optical-model scattering potentials.

FIG. 9. Measured 13C(d,n)12N(g.s.) differential cross sections

compared with a FR-DWBA calculation using global OMPs.

FIG. 10. Measured 14N(d,n)15O(g.s.) differential cross sections

compared with a FR-DWBA calculation using global OMPs.

1. Optical-model potentials (OMPs)

We use an empirical complex optical model fit to published

experimental data from elastic scattering measurements for

nuclei A < 20 in the energy range of our data (Ed = 16 MeV).

The latter were obtained on a case-by-case basis by various

authors or on a global basis by analyzing a wide set of

data (e.g., [30–33]). The latter type of potentials give an

overall representation of the OMPs in a given mass region and

are usually preferred to obtain systematics for spectroscopic

information over a range of nuclei.

The distorting potentials are of the form

U (
⇀

r ) = Uc(
⇀

r ) + UOM (
⇀

r ), (2)

where Uc(
⇀

r ) is the Coulomb potential due to a uniformly

charged sphere of radius Rc and UOM (
⇀

r ) is the complex

optical-model potential. The latter consists of conventional

complex Wood-Saxon volume and surface potentials together

with a derivative spin-orbit potential [26–28,30–33].

2. Spectroscopic factors and strengths

The DWBA transition amplitude for (d,n) assumes the

reaction is a direct proton stripping to a single final particle

FIG. 11. Measured 15N(d,n)16O(g.s.) differential cross section

compared with a FR-DWBA calculation using global OMPs.
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FIG. 12. Measured 19F(d,n)20Ne(g.s.) differential cross sections

compared with a FR-DWBA calculation using global OMPs.

state. In reality, this is complicated by residual interactions

that may lead to configuration mixing of states with the

same angular momentum and parity. Deviations from a pure

single-particle state can then be described by the spectroscopic

factor (SF ),
(

dσ

d�

)

expt

=
2Jf + 1

2Ji + 1
SF

(

dσ

d�

)

DWBA

. (3)

If the final spin is unknown, the spectroscopic factor can

be written as the spectroscopic strength S which includes the

initial and final state angular momentum terms:

S =
2Jf + 1

2Ji + 1
SF (4)

and hence

(

dσ

d�

)

expt

= S

(

dσ

d�

)

DWBA

. (5)

The shape of the differential cross section is related to the

angular momentum transfer of the reaction [26–29]. As noted,

for the systematic extraction of spectroscopic factors over a

mass range, it is preferable that one uses global OMPs rather

than local potentials as the former represent an average trend

over a mass region rather than an individual fit to specific

nuclei. Many global potentials exist for protons, neutrons,

and deuterons for nuclei A > 40 covering a broad mass and

energy range [30–33]. To explicitly show this effect, Fig. 6

displays a comparison of deuteron elastic scattering data with

calculations using local OMPs, and the Daehnick global OMP

[32] which is valid for A � 27. After careful evaluation,

it was determined that the major deviations are due to an

overprediction of the absorptive (imaginary) surface potential.

Figure 6 also contains calculations using a modified Daehnick

potential where the code SFresco [34] was used to adjust the

imaginary surface OMP term to improve the fits. A list of the

alternate, local deuteron optical model parameters used in

the analysis is tabulated in Ref. [16].

The modified global potential is adequate in reproducing

the elastic scattering to about 30◦ which is an important region

for extraction of spectroscopic factors at bombarding energies

well above the Coulomb barrier as is the case here (incident

Ed = 16 MeV). Beyond 30◦, deviations are observed. No

apparent trend was readily found in the SFresco fits but on

average the global imaginary surface term appears to be ∼30%

higher than the value determined from the individual fits.

Calculations were performed using the finite-range DWBA

codes Fresco ([34], with a special GUI interface added

to expedite the calculations [16]), and Ptolemy [35]. The

unmodified deuteron global potential of Daehnick et al. [32]

was used for analysis of the individual (d,n) reactions studied

in this work as the deuteron elastic scattering at forward angles

is adequately reproduced (Fig. 6). Calculations using other

OMPs including the modified global OMPs were then used

to estimate the uncertainties in the spectroscopic information

extracted from the FR-DWBA calculations due to uncertainties

in the OMPs.

The Chapel Hill 89 (CH89) global potential [31] was the

primary potential used for the neutron exit channel. For the

proton-core potential, a Woods-Saxon shape was used with

ro = 1.25 fm and a = 0.65 fm. The well depth was adjusted to

reproduce the single-proton binding energy (Sp). A spin-orbit

potential also was included with the same ro and ao, with Vso =

7.0 MeV. We used a bound-state proton potential commonly

adopted by others for earlier analyses of (d,n) reactions as this

then permits a comparison of spectroscopic factors extracted

since the latter can depend on the particular bound-state wave

function used in the DWBA calculations [36–40].

The measured differential cross section and FR-DWBA

calculations for 9Be(d,n)10B are shown in Fig. 7, where Ed

is the deuteron energy at the center of target. The ground

state of 10B is J π = 3+ and for 9Be J π = 3
2

−
, thus the

change in parity constrains � to odd values. Indeed from

Fig. 7, the DWBA calculation with � = 1 matches the first

peak at ∼20◦. The 9Be(d,n)10B reaction has been measured

near Ed = 16 MeV [23] and thus a direct comparison to that

n-ToF data can be made. This is shown in Fig. 7, with the good

agreement noted verifying the validity of using deuterated

scintillators and the related unfolding methods for this type of

measurement. FR-DWBA calculations using both global and

local [23] OMPs also are shown in Fig. 7.

Our data extend to larger angles and indicates the possible

presence of contributions from nondirect reaction mecha-

nisms, such as neutron emission from a compound nucleus,

that tend to be less forward-peaked [34]. Such contributions

can also smooth out some of the structure at forward angles,

e.g., the minimum near 40◦ shown in Fig. 7, which is difficult

to fit with conventional DWBA.

The measured differential cross section for 11B(d,n)12C is

shown in Fig. 8. As with 9Be(d,n)10C, the change in parity

constrains possible � values to odd values which agrees with

the DWBA calculation with � = 1. The DWBA calculation

does not fit the shape of the differential cross section very

well but does match the overall trend of the differential cross

section. Similar conclusions were made for data measured at

Ed = 6 MeV [36]. The increase in cross sections near 140◦

could again be due to nondirect cross section contributions,

or the fact that 12C in a simple αcluster model is deformed

and there could be coupling to excited states. This could then

024613-8



(d,n) PROTON-TRANSFER REACTIONS ON . . . PHYSICAL REVIEW C 96, 024613 (2017)

affect the relatively low cross sections observed at forward

angles, e.g., smoothing out the minima in the direct-transfer

differential cross section [34].

The 13C(d,n)14N and 14N(d,n)15O differential cross sec-

tions are shown in Figs. 9 and 10. The DWBA calculations

agree with the data at forward angles for the expected

� = 1 transfers. The DWBA calculation poorly describes

the complete shape of the data for 14N(d,n)15O at back

angles but is much better in the case of 13C(d,n)14N. In

all the cases shown, improvements are likely possible with

more advanced forms of analysis such as adiabatic deuteron

breakup approximations, coupling to strongly populated states,

pre-equilibrium neutron emission, etc. [26–28,34]. That level

of analysis should not be needed to extract useful spectro-

scopic information from the large cross section forward-angle

data (<60◦) where DWBA adequately describes the cross

sections in most cases. However, our data using deuterated

scintillators provide cross sections over a wide angular

range to permit a more complex reaction analysis if deemed

appropriate.

In the case of 13C(d,n) we observe several low-lying

resolved states in 14N at Ex = 2.31 and 3.95 MeV that

have significance in nuclear astrophysics. In particular, the

proton-stripping spectroscopic factors and reduced widths for

these levels can be used in the calculations of cross sections

for radiative proton capture on 13C [2,4]. Recent attempts to

do this using data from the (3He,d) reaction had issues [41]

with the information extracted for the Ex = 2.31 MeV state

(Fig. 4) and the latter data could not be used.

Differential cross section for the 15N(d,n)16O and
19F(d,n)20Ne reactions are shown in Figs. 11 and 12. As

expected, both cross sections mostly agree at forward angles

with FR-DWBA calculations for the expected � = 1 and � = 0

transfers, respectively. The nucleus 19F is known to be de-

formed and FR-DWBA using coupled channels would be more

realistic [34]. This would tend to smooth out the angular distri-

bution and likewise contribute to the data at large angles [40].

C. Spectroscopic factors

The spectroscopic factors for each target were extracted by

fitting the data points from approximately 0–60◦ degrees c.m.

This choice of angular range was based on the FR-DWBA

and global OMP trends shown in the previous figures. In

the present measurements the deduced spectroscopic factors

have an uncertainty estimated to be ±15% arising mainly

from the uncertainty in neutron detection efficiency, the

spectrum unfolding (MLEM) procedure, the uncertainty in

FR-DWBA calculations (e.g., from the use of various OMPs),

and uncertainties in fitting the experimental data (Figs. 8–13.)

The relative uncertainty, removing the uncertainty in detection

efficiency that is a systematic effect, is somewhat less than this

(approximately ±12%)

The results are reported in Table II. Where data exist

at 16.0 MeV [23], the results using a local OMP are also

included in addition to those using the global OMPs. Again,

the 9Be(d,n)10B reaction provides a direct comparison with

published n-ToF results (Fig. 7) at the same incident energy.

The 10B ground-state spectroscopic factor deduced using

the local OMP of [23] shows good agreement with the

spectroscopic factor reported by those authors. In contrast,

the spectroscopic factors deduced from our measurements

are lower by about a factor of 2 for the 11B, 13C(d,n)12C,
14N measurements done at 11.8 MeV reported in Ref. [37].

However this is not a surprise since the analysis in Ref. [37]

was done with ZR-DWBA (see below).

It also should be noted that most of the n-ToF and

other measurements were done many decades ago, and again

most analyzed using zero-range DWBA, i.e., assuming the

deuteron is a point particle. Unlike FR-DWBA which is an

absolute cross-section calculation, the previous ZR-DWBA

calculations often use a semiempirical normalization factor to

extract spectroscopic factors [23,37]. It is somewhat surprising

that a number of the earlier (d,n) results generally agree

with our 16 MeV data and the corresponding FR-DWBA

analyses. The exceptions are for the closed-shell final nucleus
16O and to some extent 12C and 14N final nuclei which yield

lower spectroscopic factors in our analysis at Ed = 16 MeV.

However, analysis of (d,n) measurements done at relatively

low energies and many of the (3He,d) measurements for these

nuclei show wide variations in the published spectroscopic

information (e.g., see the tables in the references cited in

Table II).

Cohen and Kurath (CK [42]) have calculated spectroscopic

factors expected from the nuclear shell model for many of the

nuclei listed in Table II. Again their calculations use the same

TABLE II. Spectroscopic factors.

Final nucleus J π , T nlj �p Present worka Previous measurements Ref. SMb

global local (dn) Ed (MeV)

10B 3+, 0 1p3/2 1 1.21 1.35 1.33 16.0 [23] 1.20
12C 0+, 0 1p3/2 1 3.58 4.18 11.8 [37] 5.70
14N 1+, 0 1p1/2 1 1.17 1.04 2.18 11.8 [37] 1.38, 1.20

0+,1 1p3/2 1 0.74 0.70 2.48 " " 1.73, 1.39

1+,0 1p3/2 1 0.62 0.53 0.82 " "
15O 1/2

−, 1/2 1p1/2 1 1.11 1.00 6.0 [38] 1.25, 1.42
16O 0+, 0 1p1/2 1 2.63 3.7 6.0 [39] n.a.
20Ne 0+, 0 2s1/2 0 0.45 0.4 6.5 [40] n.a.

aEstimated uncertainty is ±15%. Unless otherwise noted, transitions are to ground states.
bShell-model calculations of Cohen-Kurath [42] and Varma-Goldhammer [43], respectively.
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proton potential-well geometry parameters as we and many

others have used in ZR-DWBA or FR-DWBA calculations.

Hence a comparison of the experimental and CK spectroscopic

factors should be valid. A few years later, such calculations

were updated by Varma and Goldhammer (VG [43]). Except

for the 12C g.s. both shell-model calculations agree with our

g.s. measurements within our uncertainties. Our and others’

(d,n) spectroscopic factors for the tightly bound 12C g.s. are

noticeably smaller and this may also apply to the doubly magic

nucleus 16O g.s. (Table II) but CK and VG do not include 16O

in their calculations. Also as noted, the 12C g.s. is deformed.

A reduction (i.e., quenching) in spectroscopic factors is

observed in nucleon knockout reactions and is attributed to

strong nucleon-nucleon correlations in such nuclei [44,45].

We do not see that effect for most of the nuclei studied here

with (d,n), but it may contribute to reduced spectroscopic

factors for the more tightly bound nuclei 12C and 16O

(Table II).

D. 13C(d,n)14N spectroscopy for nuclear astrophysics

The reaction 13C(d,n)14N is of particular interest in nuclear

astrophysics as the spectroscopic information obtained for the

lowest excited states in 14N, which are resolved in the present

experiment (Fig. 4), can provide important information for

accurate calculation of the radiative proton capture [2,4,41]

on 13C. As noted, attempts to use the (3He,d) reaction for this

had difficulties related to the anomalous population of the 2.31

MeV level in 14N [41]. Our data at Ed = 16 and 6 MeV [15] as

well as earlier (d,n) measurements [37] appear to be consistent

between different bombarding energies.

In Table II we display the spectroscopic factors we have

extracted for the low-lying states in 14N with FR-DWBA using

both global and local OMPs, and compare these with two

shell-model (SM) calculations. As noted for the g.s. value,

the spectroscopic values observed for the excited states noted

are close to those expected from the nuclear shell model, and

in particular the later calculations of [43], although our value

for the 2.31 MeV level is somewhat lower than expected.

This and the other results shown in Table II give support

for the use of (d,n) to deduce useful spectroscopic data for

astrophysics calculations, and deuterated scintillators have

many advantages for such measurements.

E. Feasibility study: RIB reaction 7Be(d,n)8B

In addition to the above stable-beam (d,n) measurements,

the UM-DSA array was also used to obtain preliminary data for

the radioactive ion beam (RIB)-induced 7Be(d,n)8B reaction

done using inverse kinematics (i.e., 7Be beam on deuterons).

This is an important reaction to understand for the generation

of solar neutrinos and other problems in nuclear astrophysics

[2,4]. A previous measurement involved the detection of

the 8B recoil in a fairly high background and was limited

mostly to forward angles [46]. The present RIB experiment

[16] was carried out at the TwinSol RIB facility [5] at the

ND NSL FN tandem laboratory. It was done to test the

feasibility of using the UM-DSA detectors for low-energy

RIB or measurements involving the detection of neutrons.

FIG. 13. DSP-gated UM-DSA d(7Be,n)8B short-path n-ToF

spectrum showing summed (d,n) events near 90◦ (lab), E(7Be) =

30 MeV.

This experiment like many using RIBs was done as noted

in inverse kinematics, here with a low-intensity (105/s–106/s)

secondary 7Be beam, E = approximately 30 MeV incident on

a CD2 target. Approximately 120 h of data were collected over

6 days. Signals were taken in coincidence with a 8B recoil

detector and used short-path n-ToF (Fig. 1) to further suppress

the intense prompt γ flash.

A short-path n-ToF plot is shown in Fig. 13, with all scintil-

lator events near 90◦ (lab) shown together with the PSD-gated

deuteron recoil events [16]. Although the limited cross sections

deduced appear compatible with those reported in Ref. [46], it

is obvious that further measurements are not possible without

good PSD to better separate low-energy γ rays and neutrons. In

particular, when done at low bombarding energy with inverse

kinematics the outgoing neutrons at many angles will be

emitted at very low energies (En < 2 MeV). The present PSD

using EJ315 and similar liquid scintillators is marginal at those

energies. While coincidence with a nuclear recoil particle (as

in the present study) helps in this regard, improvements in PSD

are needed to better pursue this and similar experiments further.

Thus, we have recently developed a new deuterated-scintillator

(d-xylene, EJ301D; [15,47–49]) with somewhat improved

PSD. We are pursuing development of other types of deuterated

liquid and crystalline scintillators to permit (d,n) and similar

measurements using low-energy stable beams and RIBs

[47,49].

V. SUMMARY

The use of a deuterated liquid-scintillator array (UM-DSA)
for obtaining systematic spectroscopy information from the
(d,n) reaction at Ed = 16 MeV without the use of long-path
n-ToF has been demonstrated for a range of nuclei, A < 20.
The 9Be(d,n) data agree well with a previous measurement
at Ed = 16 MeV using long-path n-ToF. This demonstrates
the ability to measure neutron cross sections with such an
array even when long-path n-ToF is not feasible as now also
demonstrated in a variety of other experiments by our group
and others [8–19]. The MLEM spectral-unfolding method
is shown to provide a reliable tool for neutron-spectrum
unfolding when an accurate response matrix is available.
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Spectroscopic information of astrophysics interest was ob-
tained from analysis of the 13C(d,n) reaction data to low-lying
excited states in 14N. However, improvements in PSD are
needed, e.g., including development of new types of deuterated
scintillators, to better pursue measurements involving low
energy neutrons, e.g., En < 2 MeV [15,47–49].
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