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Abstract

Radiative neutron capture reactions play an important role in nuclear astrophysics. In some cases

direct neutron capture reaction studies are not possible and neutron transfer reactions have been

suggested as a surrogate approach. We have performed a detailed study of the 25Mg(d, p)26Mg

reaction at a beam energy of 56 MeV as a surrogate reaction to the radiative neutron capture

reaction 25Mg(n, γ)26Mg. A large number of neutron bound and unbound states between 10.6

and 12.1 MeV excitation energy in 26Mg were observed. Angular distribution analysis provided

information about the orbital momentum transfer populating these levels. The comparison with

resonances observed in the 25Mg(n, γ)26Mg reaction indicate that different levels in 26Mg are being

populated through the two reaction mechanisms, causing substantial discrepancies in the reaction

rate prediction. This result demonstrates that neutron transfer reaction studies may not necessarily

lead to reliable predictions for neutron capture reaction rates.
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I. INTRODUCTION

Radiative neutron capture reactions play an important role in nuclear astrophysics as well

as in other disciplines ranging from reactor physics to geophysics. In nuclear astrophysics,

neutron capture reactions drive the production of heavy elements beyond iron, through the

s-process, along the line of stability [1]. In reactor physics, the question of neutron capture

reactions on fission products is important for determining and simulating the efficiency of

fuel elements [2]. In geophysics, the α-particles emitted by the natural decay chains pro-

duce a neutron flux through subsequent (α, n) reactions, which cause secondary radiative

neutron captures in the surrounding rock material. This, in turn, can be utilized for ele-

mental analysis purposes [3]. In any of these cases, it is of great importance to know the

cross sections of radiative neutron capture reactions. While in general one can argue that

the radiative capture follows the 1/v law, driven by s-wave neutron capture components,

resonant contributions and p-wave non-resonant contributions can significantly modify the

neutron capture reaction at higher neutron energies. Sub-threshold states may also modify

the 1/v energy dependence of the cross section in the astrophysical energy range of interest.

Neutron capture is sometimes difficult to measure and often, for example in the case of

radioactive materials, nearly impossible and requires major new developmental work [4]. For

these cases, the study of surrogate reactions has been proposed to indirectly obtain the nec-

essary information [5]. One of the most frequently suggested reactions is the (d, p) neutron

transfer process [6]. The strength of the neutron transfer is reflected in the neutron spectro-

scopic factor (Sn) or alternatively in the asymptotic normalization coefficient (ANC) [7] for

bound states. In the case of a final bound state in (d, p) transfer, these parameters corre-

spond directly to the strength of the non-resonant direct capture to that state in the (n, γ)

radiative capture. In the case of a (d, p) transition to an unbound state, they are correlated

with the corresponding resonance strengths (ωγ) of the (n, γ) radiative capture process.

An important case is the neutron capture reaction 25Mg(n, γ)26Mg. It is not only a

potential neutron poison in the s-process, but it also provides information on the strength

of the neutron channel for the 22Ne(α, n)25Mg reaction, which is considered to be one of the

main neutron sources for the s-process. This reaction has a negative Q-value of 478.3 keV [8,

9]. The lowest observed resonance is at 703 keV center of mass α-energy. A long discussed

possibility is the contribution of further resonances at lower energies, just above the neutron
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threshold [10–12]. A number of indirect studies have been performed to identify possible

contributions in the energy range above the neutron threshold at an excitation energy of

11.093 MeV in 26Mg to identify possible natural parity levels that may contribute to the

22Ne(α, n)25Mg reaction. A large number of additional new states have been identified, but

their specific association with resonances in the 22Ne(α, n)25Mg reaction remains inconclusive

[13, 14].

II. THE CASE OF THE 25Mg(n, γ)26MgEACTION

A particularly interesting experiment probing the neutron strength distribution in 26Mg

was performed at the n TOF spallation facility at CERN. The goal of the study was to

provide new information about the resonance structure of the 25Mg(n, γ)26Mg reaction and,

therefore, about neutron unbound states in 26Mg. These states might also be populated

strongly in the 22Ne(α, n)25Mg reaction [15, 16], if they have sufficiently large α-particle

widths (Γα). The study identified fifteen low-energy resonances corresponding to excited

states in 26Mg between the neutron threshold at 11.093 MeV and 11.344 MeV excitation

energy. The spin and parity of many of these states were extracted from resonance shape

analysis using the SAMMY R-matrix code [17]. While, for five states, no spin values could

be determined, five other states received an unnatural parity assignment, and five more

had natural parity. The observed resonances correspond very well to the unbound levels

investigated in non-selective 26Mg(p, p) and 26Mg(d, d) inelastic scattering experiments [13].

The goal of this work is to investigate if the 25Mg(n, γ)26Mg radiative neutron capture

data can be mimicked by the (d, p) surrogate neutron transfer reaction as argued above.

This is a case where, up to ≈ 500 keV above the neutron threshold, the cross section seems

to be determined by narrow, well-separated resonances. The strength of (d, p) transitions

gives the S or ANC for the neutron transfer. This corresponds to the neutron partial width

(Γn) of the resonance states. For transitions to neutron bound states these values would be

directly proportional to the cross section σ of the non-resonant direct capture component of

the reaction. As such, they provide important insight, in particular for the capture of s-wave

(` = 0) neutrons with a cross section increasing towards low energies following the 1/v law.

At higher energies, contributions of neutron capture at higher orbital momentum ` can be

anticipated. However, in particular, for neutron capture on heavy nuclei with high level
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density at higher excitation energies, these direct capture transitions may be dominated by

the low-energy tails of broad, high-energy s-wave resonances or also by the high-energy tails

of sub-threshold states.

For neutron unbound states, S can be converted into Γn with the aid of a nuclear reaction

model like the Distorted Wave Born Approximation (DWBA). These calculations will be

described in detail in section IV. This approach has been very successful for the determina-

tion of resonance strengths in proton capture reactions. The strength of a (d, n) or (d, p)

reaction yields the S for the unbound state, and the partial width is given by

Γ ∼ S · Γsp, (1)

where Γsp is the single-particle width determined from theory.

For low-energy resonances of importance for proton-induced nucleosynthesis such as in

the CNO cycles and the rp-process [18], the proton width (Γp) is reduced by the penetrability

(P`) through Coulomb and orbital momentum barriers. The Γp is therefore much smaller

than the γ-width (Γγ) and the latter determines the total width of the level unless other

reaction channels are open. A typical ωγ [19] in a radiative proton capture reaction is

therefore directly proportional to Γp, which can be determined in a transfer experiment

ωγ = ω
Γp · Γγ
Γp + Γγ

≈ ωΓp. (2)

The factor ω depends on the spin of the target nucleus, projectile and resonance state. This

is a powerful indirect approach for determining resonance strengths in radiative proton or

also α-capture reactions because the Coulomb barrier reduces the charged particle widths

to values far below of the typical range of the Γγ. For radiative neutron capture reactions,

the situation is different because of the lack of the Coulomb barrier. The Γn is expected to

be significantly larger than Γγ, unless the level has a very small single-particle component

or a higher orbital momentum with ` > 0. The capture cross section would then be subject

to the orbital momentum barrier. Fig. 1 shows the penetrability for neutrons of different

orbital momenta as a function of neutron energy. The figure demonstrates that the orbital

momentum barrier only causes a significant reduction of the penetrability and the Γn for

very low energies and high ` values.

In cases of resonances populated by low ` neutrons, the resonance strength of radiative

neutron capture is strongly influenced by Γγ, which is often significantly smaller or at least
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FIG. 1. P` penetrability for different neutron orbital momenta P` = 0, 1, 2, 3 (blue solid, red

dashed, green dashed-dotted, purple dot-dash-dashed, respectively) as a function of energy.

comparable to Γn, i.e. Γγ . Γn. This is the case for several resonances in the present case.

Under this condition, the strength ωγ, is directly proportional to Γγ,

ωγ = ω
Γn · Γγ
Γn + Γγ

→ ωΓγ
2
≤ ωγ ≤ ωΓγ. (3)

This establishes a significant difference compared to the treatment of charge particle reac-

tions, since the single-particle strength does not affect the overall resonance strength.

Narrow resonances observed in the 25Mg(n, γ)26Mg reaction therefore have either a small

single-particle strength or high orbital momentum, while pronounced structures in the spec-

trum of a (d, p) study have a large single-particle strength. This means that unlike neutron

capture, the (d, p) neutron transfer studies are not selective for narrow radiative capture

resonances, but only for states with single-particle structure independent of the angular mo-

mentum. That may limit severely the usefulness for these types of surrogate reactions for

predictions of neutron capture processes on short-lived nuclei in the r- or in the i-process.
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The purpose of this work is to compare the results of the n TOF 25Mg(n, γ)26Mg study [15,

16] with the results of a 25Mg(d, p)26Mg neutron transfer measurement, performed at the

high-resolution Grand Raiden (GR) spectrometer [20] at the Research Center for Nuclear

Physics (RCNP) in Osaka, Japan. The experiment utilized a deuteron beam of an energy of

56 MeV. This energy was chosen so that hydrogen recoils do not interfere kinematically with

the (d, p) reaction protons produced by populating states in the excitation energy range of

interest. At lower deuteron energies the recoil protons would generate large background in

the region of interest, i.e. Ex > 10 MeV, and hamper the observation of the reaction protons

at the different angle settings. An additional advantage is, that for these deuteron energies,

optical model parameters for the (d, p) reaction are available [21], facilitating the analysis

of the experimental data.

In Sec. III the experimental details of the GR study are described, followed by a discussion

of the calibration of the experimental data. In Sec. IV, calibrated spectra are examined and

level parameters are deduced. This is followed, in Sec. VI, by a comparison to the results of

Massimi et al. [16]. An R-matrix prediction for the 25Mg(n, γ)26Mg reaction, based on the

level parameters from the present 25Mg(d, p)26Mg measurement, is then made. A discussion

and conclusion are given in Sec. VII.

III. EXPERIMENTAL SETUP AND PROCEDURES

The measurement of the 25Mg(d, p)26Mg reaction was performed at RCNP using the

Azimuthally Varying Field (AVF) Cyclotron, the WS beam course and the high-resolution

GR spectrometer. The deuteron beam was accelerated to 56 MeV by the K = 140 MeV AVF

cyclotron and transported to the GR through a dispersion-matched beam line to achieve the

highest resolution. [22, 23] In this mode, the resolution is limited by the resolving power of

the spectrometer. Using a self-supporting 25Mg target (enrichment 97.8%) with a thickness

of 1 mg/cm2, a total energy resolution of about 20 keV was achieved, resulting mainly from

incomplete dispersion matching, the energy loss difference of the incoming and outgoing

particles, and target inhomogeneities. There is a smaller contribution from energy straggling

of the scattered protons. In order to evaluate the background from reactions on carbon and

oxygen target impurities, measurements were performed on a 24Mg target with a thickness

of 1.2 mg/cm2 and Mylar foils, (C10H8O4)n, with a thickness of 6 µm. In order to measure
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angular distributions, the GR was operated in three different modes:

a) In the 0 ◦ Mode, the spectrometer was set at 0◦ so that the beam enters the spec-

trometer along its optical axis. The magnetic field was adjusted to bend the desired

excitation energy range of the protons onto the focal plane. Since the magnetic rigidity

of the deuteron beam was larger compared to that of protons, the beam was bent less,

and exits the first dipole (D1) at the high-momentum side (see Fig. 2). The Faraday

cup consisted of two parts to allow the measurement of the current ratio. This allowed

for fine adjustments of the beam location to maximize the collected beam current and

minimize background. The full angular acceptance of the spectrometer was ±20 mrad

in the horizontal direction and ±40 mrad in the vertical direction.

b) In the Small Angle Mode, the cross section can be measured over spectrometer scat-

tering angles covering the range from 2◦ - 6◦. To stop the deuteron beam and measure

the integrated current, a movable Faraday cup was located downstream of the first

quadrupole.

c) In the Scattering Chamber Mode, cross section measurements at scattering angles

larger than 6◦ can be performed. In this mode, the beam is stopped and its current

measured in a Faraday cup installed inside the scattering chamber.

In the Scattering Chamber Mode, the scattering angle can be well defined by appropriate

entrance slit dimensions. In the 0 ◦ Mode and Small Angle Mode, the entrance slits have

to be open as much as possible. This allows the beam pass into the spectrometer for

separation from the reaction products, owing to their differences in magnetic rigidity, and to

minimize background from slit-edge scattering. In this situation, the scattering angle at the

target Θscatt =
√

(θ2tgt + φ2
tgt) can be reconstructed from measurements in the focal plane

θfp and φfp. Here θ and φ refer to the horizontal and vertical scattering angle components,

respectively and fp and tgt refer to the focal plane and target, respectively. To allow

for a precise determination of θtgt the angular dispersion matching condition [23] has to

be fulfilled. For precise determination of the vertical angular component, we applied the

overfocus mode [23] and measured the vertical position (yfp). A rectangular multi-hole

aperture was used for calibration. Fig. 3 shows the measurement before (left panel) and

after (right panel) calibration.
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FIG. 2. Schematic view of the Grand Raiden (GR) spectrometer at RCNP [24] showing the target

position (target), quadrupole magnet 1 (Q1), sextupole magnet (SX), quadrupole magnet 2 (Q2),

dipole magnet 1 (D1), multipole field magnet (MP), dipole magnet 2 (D2), dipole magnet for spin

rotation (DSR), and the focal plane detectors. Note that the DSR was not used for the present

measurements. Further details can be found in Fujiwara et al. [20].

The detector system in the focal plane consisted of two Multi-Wire Drift Chambers

(MWDC) both sensitive in horizontal and vertical directions. These detectors allowed for

the measurements of the positions and angles in horizontal and vertical directions. Two

plastic scintillation detectors with thicknesses of 3 and 10 mm were mounted downstream

of the position sensitive detectors. A 10-mm-thick Al degrader was placed between the
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a) b)

FIG. 3. Angular calibration with mulit-hole slit. Left panel, a): measurement of the vertical

position yfp versus horizonal angle φfp. Each spot is associated with a hole in the slit system. Right

panel, b): reconstructed pattern at the target position after angular calibration. The measurement

of the reaction197Au(d, d0)
197Au was taken at 10◦ using a target with a thickness of 1.68 mg/cm2.

MWDCs and the scintillators to optimize the particle identification based on the ∆E − E

method. The plastic scintillation detectors also provided a fast timing signal, used to record

the time-of-flight (TOF), relative to the cycloton RF signal. The TOF spectrum was used

to improve the particle identification and to reduce background.

To measure data in the excitation energy range Ex = 1.81 - 13 MeV of the 25Mg(d, p)26Mg

reaction, three field settings of the spectrometer were necessary, owing to the limited 5%

momentum acceptance of the spectrometer. The highest excitation energy setting of the

spectrometer covered the range Ex = 8.5 - 13 MeV. For this range, angular distributions

were measured in the angular range of θc.m. = 0◦ - 45◦. To cover this range, three modes with

Faraday cups at different locations were used, as explained above. The measurement of the

beam current in the scattering chamber Faraday cup, with an electron suppression system,

was the most reliable. Therefore, the other two current measurements were normalized

relative to the measurement in the scattering chamber Faraday cup. This was accomplished

by repeated measurements of the ratio of the currents with stable beam.

The well-separated low-lying states of 26Mg, with accurately known excitation energies,

were used for energy calibration. For this purpose, the three spectrometer field settings
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FIG. 4. Spectrum of low-lying 26Mg states populated by the 25Mg(d, p)26Mg reaction at θlab =

0.5◦ at the low-energy setting of the spectrometer. Level energies (in MeV) are taken from Basunia

and Hurst [25].

had sufficient overlap to extend the calibration of low-lying states to the higher excitation

spectra. This procedure allowed for the determination of excitation energies to an accuracy

of 10 - 12 keV, up to highest measured excitation energies. The resulting calibration curve

is shown in Fig. 5. Note the importance of the quadratic term.

The measurement of the position and angles in the focal plane detectors allowed for the

correction of higher-order aberrations. Using this procedure, resolutions of 20 - 25 keV

were achieved. The corrected spectrum of the low-lying states in 26Mg are shown in Fig. 4.

Because of the high level density, several states are not resolved despite the good resolution.

For this reason, the spectra were fitted to extract the location and the number of counts of

the measured peaks. The default peak fitting routine of ROOT (version 5.34.19) [26], using

a right-skewed Gaussian function, was adopted for this purpose. A right-skew function was

necessary because an electron energy shift occurs regularly towards the lower energy side,

owing to the incomplete charge collection in the detector. The parameters of the function

were obtained by fitting well isolated peaks across the focal plane and were independent

from the focal plane position. Fig. 6 shows an example of the fitting, demonstrating the

quality of the results. For details of the fitting, see Chen [27].
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a)

b)

FIG. 5. Focal plane calibration. Top panel, a): quadratic fitting. Bottom panel, b): quadratic

residual of the fit.

IV. EXPERIMENTAL RESULTS

Excited states in 26Mg have been measured from the α-threshold at 10.61 MeV up to

1 MeV, above the neutron-threshold at 11.09 MeV, using the spectrograph setting for the

highest excitation energy range. A total of 28 states have been observed and angular dis-

tributions were measured from 0◦ to 40◦ in 5◦ steps. Two typical spectra measured at 0◦

and 30◦ are shown in Fig. 7 and the resulting excitation energies are listed in Table I. The

present values are in excellent agreement with the earlier results of Čujec [28], as given in

Table I.

Typical angular distributions for states above the neutron threshold are shown in Fig. 8.

These experimental angular distributions were analyzed in the framework of the DWBA

optical model [29, 30] using the code DWUCK4 [31, 32]. This code uses the Vincent-Fortune

method [33, 34] to treat transitions to particle unbound final states. The theoretical DWBA

cross section is related to the experimental cross section by the usual expression [31, 35, 36]:(
dσ

dΩ

)
exp

= NC2 Sn
2Jf + 1

2Ji + 1

σDWBA

2j + 1
, (4)
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FIG. 6. Example of fitting results using a right-skewed Gaussian function.

where Jf and Ji are the spins of the final and initial state, j = `n±1/2 the spin of the

transferred neutron with orbital momentum `n and N = 1.55 for (d, p) reactions. The

Clebsch-Gordan coefficient (C) is unity for neutron transfer on nuclei that are not proton

rich (Z < N).

Determination of the neutron spin (j) requires the use of a polarized deuterium beam,

which was not available during the experiment because of technical issues. In its absence,

the shape of the angular distributions is characterized by the orbital momentum of the

transferred neutron and no information about the spin orientation can be obtained. For this

reason the Sn were extracted for the most likely single neutron states, p3/2, d3/2 and f7/2.

The results for the alternative configuration differ only by a constant factor (for example,

a factor of 1.19 between d5/2 and d3/2 states [36]). The optical model parameters were

adapted from the extended study of (d, p) reactions at 56 MeV by Hatanaka et al. [21] and
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FIG. 7. Proton spectra, populating excited states in 26Mg from the α-threshold up to 1 MeV above

the neutron threshold, measured at angles of 0◦(black circles) and 30◦(red triangles). Shifts in the

position observed for some of the peaks are well within the quoted errors for the energies.

are listed in Table II. To verify these calculations, as well as the general normalization of

the experimental data, we have analyzed the 12C(d, p)13C reaction to the final states at

3.09 MeV, 3.58 MeV and 3.85 MeV. These data were also obtained with the highest field

setting of the spectrograph at all angles during our background measurements with the

Mylar target. The results are in agreement with the results of Hatanaka et al. [21] as shown

in their Figs. 3, 6 and 8.

The Γn of unbound states are correlated to Sn by [37]

(2J + 1)Γn = (2J + 1)Sn · Γsp, (5)

where Γsp is calculated with DWUCK4 using the same optical potential parameters as in the

DWBA calculations. It should be noted that while Sn, as well as Γsp, are sensitive to the

choice of radius, this effect is much smaller for their product as long as they are obtained

with the same optical potential (see, e.g., Mao et al. [38]). The model dependent uncertainty

is estimated to 25% and the experimental error of the cross section is 15%, mainly arising

from the uncertainty of the target thickness and the charge measurements.
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FIG. 8. Measured angular distributions (data points) and DWUCK4 calculations (solid and dashed

lines) for excited states above the neutron threshold for the 25Mg(d, p)26Mg reaction at 56 MeV

incident beam energy. Here ` is the orbital momentum of the transferred neutron. The statistical

error of the data points is within the size of the symbols. In a) and b), fits using an alternative `

(green line) are shown for comparison, while in c) through p), only the best fit (red dashed line) is

shown.

V. COMPARISON WITH (n, γ) DATA

Calculated angular distributions together with the experimental data from this work are

shown in Fig. 8. The resulting neutron orbital momenta `n, Sn, and Γn of the neutron-

unbound states are listed in Table I.

The present results are compared in Table III with the (n, γ) results of the most recent

n TOF experiment of Massimi et al. [16]. The Sn in Table III are calculated from the

observed Γn and `n assignments [16, 39]. This new study utilized an improved n TOF setup
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TABLE I. Energy levels Ex of 26Mg and their properties a. For a discussion of the uncertainties see

text.

Ex (MeV) Ex (MeV) b `n (2J + 1)Sn (2J + 1)Γn (eV)

present Čujec [28]

10.641(11) 10.64 2 0.23

10.708(10) 10.70 1 0.05

10.808(10) 2 0.21

10.875(11) 3 0.11

10.915(10) 10.91 2 0.02

10.988(11) 10.98 3 0.26

11.00

11.069(10) 11.07 2 0.03

11.112(11) 11.12 3 0.14 2.0×10−03

11.165(10) 11.16 1 0.24 8.1×10+03

11.232(10) 11.22 2 0.5 2.3×10+02

11.267(10) 11.28 2 0.03 8.6×10+01

11.317(11) 11.31 3 0.07 3.9×10+00

11.34

11.374(12) 11.38 3 0.08 9.9×10+00

11.425(12) 2 0.08 1.1×10+03

11.447(11) 11.45 3 0.09 2.5×10+01

11.482(10) 11.48 1 0.07 3.9×10+04

11.509(10) 11.51 3 0.11 5.2×10+01

11.573(11) 11.57 3 0.11 8.5×10+01

11.613(11) 11.63 2 0.08 3.1×10+03

11.690(10) c 11.69

11.767(11) 11.76 3 0.13 3.2×10+02

11.790(11) 11.79 2 0.12 9.3×10+03

11.828(10) 11.83 3 0.13 4.3×10+02

11.874(11) 11.90 2 0.11 1.1×10+04

11.927(11) 3 0.16 7.7×10+02

11.981(11) 2 0.3 4.1×10+04

12.032(11) 12.00 1 0.08 3.5×10+05

12.059(12) 3 0.07 5.2×10+02

a Properties including `n and Sn observed in this work. For neutron-unbound states, the Γn are

also given. Excitation energies are the average of those determined at each angle where the state

was observed.

buncertainty not given

c unresolved doublet

and also performed a high precision measurement of the total neutron cross section using
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TABLE II. Optical potential parameters used in the DWBA analysis of the reaction

25Mg(d,p)26Mg [21].

Target V0 r0 a0 Wv WD rW aW VLS rLS aLS rc

nucleus MeV fm fm MeV MeV fm fm MeV fm fm fm

25Mg d 74.05 1.17 0.804 3.81 9.90 1.325 0.731 3.51 1.07 0.66 1.3

p 37.57 1.144 0.69 9.88 0.0 1.32 0.657 5.6 1.01 0.6 1.25

final state a 1.25 0.65

aAdjusted to give the correct binding energy.

highly enriched 25Mg. Previous studies [14, 15] re-analyzed the total neutron cross section

data of Weigmann et al. [40].

The state at Ex = 11.112(11) MeV shows an angular distribution of `n = 3 in contrast

to the s-wave assignment of the 11.112 MeV state seen in Massimi et al. [16]. The observed

Γn and s-wave character of the resonances observed by Massimi et al. [16] corresponds to a

small Sn and is thus consistent with the absence of s-wave states in the present experiment

(see Table I). For this reason we assign the level observed in the present (d, p) experiment

to the new 11.102(1) MeV state observed in the high-resolution (d, d′) and (p, p′) studies of

Adsley et al. [13].

In the energy region of the p-wave state at Ex = 11.165(10) MeV, Massimi et al. [16]

observe two states at Ex = 11.163 MeV and 11.169 MeV, which were not resolved in our

experiment. The Sn of additional states at Ex = 11.154 MeV and 11.171 MeV are too

small to be populated in the present (d, p) experiment. We assign this state to that at

Ex = 11.169 MeV observed by Massimi et al. [16] because both have a p-wave character and

similar Sn (0.24 and 0.37). In contrast, the state at Ex = 11.163 MeV has been assigned

`n = 0 by Massimi et al. [16], while our angular distribution (Fig. 8) shows that any s-wave

strength is significantly lower than that of the p-wave. This is in agreement with its small

Sn (Table III).

A state at Ex = 11.119 MeV has been observed by Massimi et al. [16]. The Γn of this

state is 5.2 keV, which corresponds to a small Sn because of the `n assignment (see Table III)

and might be too weak to be observed in the (d, p) reaction.
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The state at Ex = 11.232(10) MeV can only correspond to the Ex = 11.243 MeV state in

Massimi et al. [16] on the basis of energy alone. No other states have been observed within

a 2σ energy uncertainty. However, the (d, p) data show an `n value of 2 (see Fig. 8), whereas

Massimi et al. [16] assigned a spin of 2− and `n = 1 to this state. This could indicate that

either these are two different states or one that the `n assignment is in error.

The state at Ex = 11.267(10) MeV could in principle correspond to five states seen in

Massimi et al. [16] at energies between Ex = 11.274 MeV and 11.295 MeV, which could

not be resolved because of the limited energy resolution of 20-25 keV in the present (d, p)

experiment. Two of the states have small Γn, which correspond to (2J + 1)Sn < 0.01,

indicating that they cannot be observed in the (d, p) reaction. The other remaining states

might be an unresolved multiplet in the (d, p) reaction. The large deviation of the angular

distribution data at backward angles (see Fig. 8) supports this interpretation.

No counterpart of the Ex = 11.317(11) MeV state can be found in the (n, γ) data [16].

None of these states have an f -wave structure and its Γn determined from the Sn is at

the low end of widths observed in (n, γ) measurements (see Table III). The energetically

closest state within the errors is the p-wave states at Ex = 11.328 MeV. However, the Sn of

this state is too small to be observe in the present experiment. The high resolution elastic

scattering experiments of Adsley et al. [13] report two states at Ex = 11.321(1) MeV and

11.329(1) MeV, which could be the counterparts of the 11.317 MeV state observed in the

(d, p) reaction and the 11.328 MeV state seen in the (n, γ) reaction.

The Ex = 11.329(1) MeV state is of astrophysical importance because it corresponds

to the lowest resonance at Ec.m.
α = 704 keV in the 22Ne(α, n) and (α, γ) reactions. The

weighted average of all reported resonance energies [41–47] corresponds to an excitation

energy of 11.318(2) MeV. This state has not been observed in any of the reported (n, γ)

measurements within a 3σ error in energy [14–16]. The ratio of the reported resonance

strengths in both reaction channels leads to a ratio of Γγ/Γn ≈ 0.3. The known γ-decay

scheme of the resonance [41, 46, 47], together with the recommended upper limits for the

γ-strength in this mass region [48], leads to a Γγ on the order of ≈1 eV and smaller. This

is in agreement with the Γγ observed in the (n, γ) study of Massimi et al. [16], which favors

a large Γγ.

Combining this result with the experimental ratio of the widths leads to Γn ≈1 eV for this

resonance. This is in good agreement with a Γn of (2J+1)Γn = 4 eV for the Ex = 11.317 MeV
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level observed in the present experiment. In addition, the energy falls within the uncertainty

of the present measurement and no other suitable state is known that might correspond to

the Ec.m.
α = 704 keV resonance. For this reason we conclude the Ex = 11.317 MeV state

corresponds to the Ec.m.
α = 704 keV resonance in the 22Ne(α, n) and (α,γ) reactions. The spin

of the resonance has to have natural parity and the parity has to be negative because of the

f -wave character of the Ex = 11.317 MeV state. Spins >1 can be excluded on penetrability

arguments. For example, a spin of 3− would exceed the Wigner limit by a factor of ≈6. As

a result, the spin parity assignment of this resonance has to be 1−. Possible explanations

for the differences between the results of the (d, p)- and the (n, γ)- reactions are discussed

in Sec. VII.
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TABLE III. Comparison of 26Mg states populated by the (n,γ) reaction

This work Massimi et. al [16, 39]

Ex `n (2J+1)Γn (2J+1)Sn Ex
1 `n Jπ Γn (2J+1)Sn

(MeV) (eV) (MeV) (eV)

11.112(11) 3 0.002 0.14

11.112 0 2+ 2095 0.02

11.154 2 1+ 7 0.1

11.165(10) 1 8140 0.24

 11.163 0 2+ 5310 0.06

11.169 1 3− 1940 0.37

11.171 1-30 small

11.190 0 3+ 5230 0.05

11.232(10) 2 230 0.5 11.243 1 2− 5950 0.11

11.267(10) 2 86 0.03



11274 0 2+ 410 0.002

11.280 1 3− 1810 0.08

11.285 1 2− 1030 0.03

11.289 3-20 small

11.295 1 2− 7370 0.21

11.317(11) 3 4 0.07

11.328 1 3− 114 0.004

1 Errors less than 0.1 keV.

VI. R-MATRIX CROSS SECTION COMPARISONS

With the level parameters of states in 26Mg, determined in this work by way of the

25Mg(d, p)26Mg reaction, it is now interesting to compare with direct measurements of

25Mg(n, γ)26Mg cross section. However, even direct measurements of the 25Mg(n, γ)26Mg

reaction still only report yields, which contain target effects that distort them significantly

from the underlying cross section. Therefore, the comparison is made using phenomeno-

logical R-matrix theory. For the level parameters of the present work, this comparison is

facilitated by the Brune formalism [49]. This alternate parameterization allows for exper-

imentally measured energies and widths to be input directly into the R-matrix analysis.
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Conveniently, the recent measurement of Massimi et al. [16] also give the physical parame-

ters resulting from their R-matrix fit. The R-matrix code AZURE2 [50, 51] was used for the

present calculations. Channel radii of 5.5 fm were used for both the α-particle and neu-

tron particle pairs. Conveniently, the Brune formalism also eliminates the use of boundary

conditions [49].

The level parameters used for the comparison calculation from the present work and those

from Massimi et al. [16] are given in Table IV. Note that only the levels of Massimi et al.

[16] with a given Jπ were used for the calculations, but this does not substantially affect the

comparison. The cross section comparison is shown in Fig. 9. A rather poor reproduction of

the 25Mg(n, γ)26Mg cross section of Massimi et al. [16] is obtained with the level parameters

from the present 25Mg(d, p)26Mg study.

VII. DISCUSSION AND CONCLUSION

The present study demonstrates that the application of (d, p) transfer reaction measure-

ments is not necessarily a suitable or sufficient approach for extracting neutron capture

reaction rates. In the case of the 25Mg(n, γ)26Mg reaction, representing neutron capture on

light (e.g. sd-shell) stable nuclei, the neutron threshold is around 10 MeV and the compound

nucleus level density at this excitation energy range is rather high (≈50 states per 1 MeV).

Yet the data indicate only a few single-particle states. The reason for this is that most of the

single-particle strength sum rule has been exhausted by states at lower excitation energies.

The three low-lying s-wave states in 26Mg already exhaust more than 50% of the sum rule

(2J + 1)Γn = 12 [36]. Therefore, only a limited number of resonances appear in the energy

range of astrophysical relevance. Little or no correlation can be seen between the resonances

observed in the (n, γ) reaction and the states identified in the present (d, p) experiment. A

similar observation has been made by Liljestrand et al. [52] for the case of the 32S(d, p)33S

reaction. There are several reasons for this, which are discussed below.

Reactions like 25Mg(n, γ)26Mg are mainly sensitive to s- and p-wave capture into states

with a pronounced γ-strength. Neutron capture for higher ` value neutrons is reduced

because of their reduced neutron penetrabilities (see Fig. 1), especially in the first few

hundred keV above the threshold. On the other hand, the (d, p) reactions are limited in

sensitivity to the population of states with large Sn. Typical experimental lower limits are
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TABLE IV. Level parameters used for the R-matrix comparison calculation shown in Fig. 9. The

range of Jπ values are constrained by the measured orbital angular momentum of the present

experiment.

Level Energy (MeV) Jπ Γγ (eV) Γn (eV)

This Work

11.112 (0-6)− 1 2×10−3

11.165 (1-4)− 3.3 1160

11.232 (0-5)+ 3 230

11.267 (0-5)+ 3 86

11.317 (0-6)− 1.33 0.4

Massimi et al. [16]

11.112 2+ 1.37 2095

11.154 1+ 4.4 7

11.163 2+ 2.8 5310

11.169 3− 3.3 1940

11.190 3+ 1.3 5230

11.243 2− 4.7 5950

11.274 2+ 2.2 410

11.280 3− 0.3 1810

11.285 2− 4.8 1030

11.295 2− 6.6 7370

about 0.05 to 0.1, depending on the experimental conditions, like energy resolution and solid

angle. As a consequence, s-wave resonances with Γn in the few keV range correspond to Sn

too small to be observed in a neutron transfer reaction. On the other hand, states observed

in the (d, p) reaction can have a Γγ too small to be observed in neutron induced reactions

(. 1 eV).

The (d, p) transfer reactions preferentially populate pronounced single-particle states,

while radiative neutron capture resonances correspond to levels with dominant γ-decay

strength. Unbound single-particle states will appear as broad resonances. This width can
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FIG. 9. Comparison of the cross section for the 25Mg(n, γ)26Mg reaction calculated from the R-

matrix parameters of Massimi et al. [16] (grey dashed line) versus the upper (red dash-dotted line)

and lower limits (black solid line) calculated using the level parameters of the present work and

the range of allowed angular momentum. Calculations were performed using the code AZURE2.

be several keV to hundreds of keV depending on Sn, and therefore primarily add through

their broad tail contributions to the overall cross section behavior at a level corresponding to

their Γγ. It is, therefore, important to obtain information about the strength of the γ-decay

channel of the specific resonance states, via, e.g., a study of the (d, p− γ) reaction.

The impact of the γ-strength is amplified for medium mass nuclei with high-level density,

where the cross section does not depend on the nuclear structure configuration of individual

resonance states as in the present case for 26Mg. The statistical model [53] suggests that

the cross section is largely determined by the γ-strength function [54] and scales with the

level density. While the high level-density removes the uncertainty due to the difference
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in selection and population of resonance states in the two methods, the overall reaction

strength is still dominated by the γ-channel, as demonstrated in a recent study [55].

Because of the differences in population probability of (d, p) and (n, γ) reactions on nuclei

with high neutron thresholds, (d, p) reactions are in most cases poorly suited to predict

the cross section of radiative neutron capture reactions. At least in cases where the cross

section is dominated by individual resonances. On the other hand, both reactions are rather

complimentary to one another and together provide a valuable approach for exploring the

structure of neutron unbound states in compound nuclei near and far from stability.
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