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Fig. 8. Same as Fig. 7 for the remaining novae in the sample.

(e.g., other CVs, PNe, symbiotic stars, H II regions). Identifying
these lines, see Table 11, is therefore quite difficult or only ten-
tative, in spite of a rather extensive search in the literature and in
the lists of atomic lines.

We tentatively suggest that these emission lines may come
from regions other than the hot component (accretion disk plus
boundary layer), possibly from the irradiated chromosphere of
the M dwarf companion, as suggested by the character of some
of the proposed identifications. The need to understand the ef-
fects of the strong irradiation of the dwarf M stars by the
primaries in CVs systems has been explicitely considered by
Hilditch (2001).

It should also be noted that the near coincidence in wave-
length of several of these weak emission features in different

objects gives support to their reality: the line near 1280 Å is
present in DQ Her and GK Per, the line near 1434 Å in V603 Aql
and HR Del (and also in T Pyx, see Gilmozzi & Selvelli 2007),
the line near 1590 Å in V603Aql and RR Pic, the line near
1914 Å in V603 Aql and DQ Her, the line near 3124 Å in
V603 Aql, DQ Her, and RR Pic. It is tempting to identify this
last feature as the strong O III Bowen line λ 3132 Å, although
the wavelength separation is systematically too large.

6.2. The emission features outside the spectrum

As mentioned above and in Sect. 2.1 (IUE), the reality of the
emission features present in the extracted spectrum has been
carefully checked in the 2D image (SILO), especially for faint
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Outside the Reach of Direct Measurements – Energies
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dicates an lp ¼ 0 contribution to the reaction rate from the
126.7(8) keV resonant state.

Vogelaar et al. [16,17] reported ! decays from a reso-
nant state at "195 keV in the 26gAlþ p system and ob-
served a 90% decay branch to the known 11=2þ1 excited
state. In that work it was indicated that this resonance
corresponds to a 27Si excited state at 7652(3) keV, which
was also previously observed in Refs. [19,20]. Here, we
identify an excited state in 27Si at 7651.6(3) keV, in good
agreement with Refs. [16,17,19,20], and observe a strong
3204.1(1) keV !-ray transition to the known 11=2þ1 state in
27Si, shown in Fig. 1(c), together with an additional weaker
2371.0(40) keV !-decay branch to the 11=2þ2 level. An
angular distribution analysis of the 3204 keV ! ray re-
vealed coefficients consistent with a !I ¼ 0 transition,
indicating an 11=2 assignment for the 7651.6(3) keV state.

In considering the mirror nucleus in an energy region 7.7–
8.3 MeV, the 11=2þ 7948 keV state is the only 11=2 state
known to exhibit !-decay transitions to both the 11=2þ1 and
11=2þ2 levels [23]. Thus, 2371 and 3204 keV !-ray tran-
sitions from an 11=2þ 188.6(4) keV resonant state in the
26gAlþ p system are assigned. It should be noted that two
separate resonance strength measurements have been per-
formed for this 188.6(4) keV resonance [16,18] and,
consequently, although an 11=2þ spin-parity assignment
has been determined for this state, such an assignment is
not critical for a determination of the astrophysical
26gAlðp;!Þ27Si reaction rate. However, the presently ob-
tained more precise 188.6(4) keV resonance energy is
important and is in disagreement with the recent measure-
ment of 184(1) keV by Ruiz et al. [18]. For temperatures
"0:1 GK, the influence of such a shift in resonance energy
is larger than the change in reaction rate due to a resonance
strength variation of 45þ19

&17 "eV [16,18]. Furthermore, al-
though previous work has assumed an lp ¼ 1 capture com-
ponent for this resonant state [18], the current 11=2þ

assignment indicates that this is not the case. Conse-
quently, by considering the angular distribution measure-
ments of Ref. [17], an admixture of lp ¼ 0 and lp ¼ 2
resonant capture components is favored for this 188.6
(4) keV resonance.
Two further, previously identified, strong resonant states

at 277.8(9) and 368.0(30) keV in the 26gAlþ p system
[15,16] were also observed in the current study at 276.3
(4) and 368.5(4) keV, as shown in Figs. 1(b) and 1(c). As
with the 188.6(4) keV state, the resonance strengths of
these states have been previously measured [15,16].
Consequently, a detailed discussion of the present spin-
parity assignments of these levels is not presented here.
The 276.3(4) and 368.5(4) keV resonant states are expected
to dominate the 26gAlðp;!Þ27Si reaction rate over the
temperature range T ¼ 0:20–0:42 GK, corresponding to
the peak temperatures reached in classical novae environ-
ments. As a result, the more precise level energies have
reduced uncertainties in the contributions of the 276.3(4)
and 368.5(4) keV resonant states to the 26gAlðp;!Þ27Si
reaction rate, at novae temperatures, by factors of 2 and
8, respectively.
In the current study, only the 7557(3) keV state, tenta-

tively reported by Wang et al. [20], was not observed. This
state was only weakly populated in Ref. [20] and has not
been observed in any other study. If the 7557 keV state
does exist, its nonobservation would tend to indicate either
a low-spin and/or a T ¼ 3=2 assignment, both of which
would not be strongly produced here (the possible mirror
T ¼ 3=2; 3=2þ 7858 keV state in the more strongly popu-
lated 27Al was the only level in the energy range 7.6–
8.0 MeV not observed here). This would indicate the
7557 keV level does not make a significant contribution
to the 26gAlðp;!Þ27Si reaction, and for present purposes we
do not consider its influence on the rate.

FIG. 1. (a) !-! coincidence spectrum gated on the 957 keV
transition; numbers in parentheses represent resonance energies.
Inset: Angular distribution of the 6574 keV ! ray, showing
relative intensity as a function of angle. A Legendre polynomial
fit for a !I ¼ '1 transition is shown. (b) !-! coincidence
spectrum gated on the 2163 keV transition. Inset: Angular
distribution of the 5426 keV ! ray. (c) !-!-! coincidence
spectrum gated on the 2163 and 2284 keV transitions.
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Figure 2 displays contributions of individual resonances
to the 26gAlðp;!Þ27Si reaction rate, incorporating the
present results. The upper limit for the strength of the
68.3(7) keV resonance assumes a pure lp ¼ 2 capture
and C2S$ 0:3, similar to that suggested by Vogelaar
et al. for the strong single-particle 189 keV resonant state
[17], although the value could be considerably lower (a
lower limit of C2S ¼ 0:01 is taken in estimating the un-
certainty in the reaction rate in Fig. 2, as was also used for
the lower limit in [14,24]). As can be seen in Fig. 2, for
lp ¼ 2 capture, the value of the 68.3(7) keV resonance
strength significantly influences the 26gAlðp;!Þ27Si re-
action rate for T ¼ 0:03–0:05 GK. This corresponds to
the temperature range of WR stars, the expected dominant
astrophysical source of 26Al. The reaction rate estimate for
the 126.7(8) keV resonance strength assumes a pure lp ¼ 0
capture and a spectroscopic factor of 0.02, corresponding
to the upper limit suggested by Vogelaar et al. [17] in a
(3He; d) transfer reaction study (we assume a lower limit of
C2S ¼ 0:001 in estimating the uncertainty in the reaction
rate). It can be seen that this 126.7(8) keV resonance makes
a significant contribution to the 26gAlðp;!Þ27Si stellar
reaction rate for T ¼ 0:05–0:07 GK. However, given the
newly determined spin-parity assignment of 9=2þ for
this level, indicating an lp ¼ 0 contribution to the rate, a

larger spectroscopic factor than presently used could
dramatically affect the reaction rate over the much larger
temperature range T ¼ 0:03–0:20 GK. It is, therefore,
the unknown resonance strengths of the 5=2þ state at
68.3(7) keV and the 9=2þ level at 126.7(8) keV that now
represent the dominant remaining uncertainties in the
26gAlðp;!Þ27Si reaction rate. These strengths are likely to
remain too low [certainly for the 68.3(7) keV state] for
direct measurements. Hence, the key next step in reducing
the uncertainty in the rate will be to measure the proton
spectroscopic factors of the 68.3(7) and 126.7(8) keV
resonances.
In summary, the consequences of this work for the

determination of the 26gAlðp;!Þ27Si stellar reaction rate
are that lp ¼ 0 and lp ¼ 2 resonances have been identified
at 126.7(8) and 68.3(7) keV, respectively, and uncertainties
in the rate for T ¼ 0:03–0:42 GK have been greatly re-
duced, influencing the predicted 26Al yields from low-mass
AGB stars, IM AGB stars, S AGB stars, WR stars, and
classical novae. Further constraints on the stellar reaction
rate require a determination of proton spectroscopic factors
of the 68.3(7) and 126.7(8) keV resonances.
The work was supported by the U.S. DOE, Office of

Nuclear Physics, Contract No. DE-AC02-06CH11357.
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region bounds the uncertainties in the present work and the
dashed lines represent the uncertainties in [24].
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Outside the Reach of Direct Measurements – Resonance Strengths

7832 9/2+

7739 9/2−

7652 11/2−

7590 9/2+

7557 3/2+      T = 3/2
7531 5/2+

7469 (1/2, 5/2)+ [Er = 6 keV]

[Er = 68 keV]

[Er = 127 keV]

[Er = 189 keV]

[Er = 276 keV]

[Er = 369 keV]

𝜔𝛾 =
2𝐽! + 1

(2𝐽" + 1)(2𝐽# + 1)
Γ"Γ$
Γ

𝜔𝛾	~	𝜔Γ"

Γ"	~	𝑃/ . 𝐶0𝑆 . 𝜃"0

26Al(3He,d)27Si

Not the most 
experimentally 

favourable reaction 
for RIBs 



The Use of Mirror Symmetry
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FIG. 1. (a) Observed low-lying level structure of 27Al; relative intensities have been taken from Ref. [3]. (b) Observed low-lying level
structure of 27Si; relative intensities have been taken from Ref. [3].

Here, the Gammasphere array was used in stand-alone
mode to detect γ decays resulting from heavy-ion fusion-
evaporation. It consisted of 100 Compton-suppressed high-
purity germanium (HPGe) detectors. A 6-pnA, 26-MeV beam
of 16O ions, produced by the Argonne ATLAS accelerator, was
used to bombard a ∼150-µg/cm2-thick 12C target for 63 h in
order to produce 27Si and 27Al nuclei via the single-neutron and
single-proton evaporation channels, respectively. Gamma-ray
energy and efficiency calibrations were made using 152Eu and
56Co sources and a high-energy, 6.129-MeV γ ray observed in
16O. A γ -ray singles spectrum, γ -γ coincidence matrix, and
γ -γ -γ cube were produced and analyzed to obtain information
on the 27Si and 27Al decay schemes. Lifetimes of the excited
states observed were extracted using the fractional Doppler
shift method [12].

The data obtained in the present work for the γ -decay
schemes of low-lying states in 27Al and 27Si are entirely con-
sistent with previously published work [3] and are presented
in Figs. 1(a) and 1(b). No previous information exists on the
γ -decay modes of excited states in 27Si above the energy region
displayed in Fig. 1(b) [3]. As can be seen in Fig. 1, there is
excellent agreement in theγ -decay modes and branching ratios
of analog states in the T = 1/2 A = 27 mirror pair, confirming
the power of isospin symmetry. However, it should be noted
that small differences are observed in the γ -decay branches of

several mirror analog states. Specifically, the 7/2+
3 , 5262-keV

excited state in 27Si is observed to exhibit a γ -decay branch
to the 7/2+

1 level, whereas no such transition is observed from
its analog 7/2+

3 , 5434-keV state in 27Al. Furthermore, the
1/2−

1 , 4057-keV excited state in 27Al is observed to exhibit a
γ -decay branch, not observed from its corresponding isobaric
mirror 1/2−

1 , 4136-keV level in 27Si, to the 3/2+
1 level. Similar

differences between the γ -decay modes of mirror states in
sd-shell nuclei have been previously reported [13].

III. EXCITED STATES IN 27Al

In general, previous structural data reported on the nucleus
27Al are of an extensive and detailed nature [3,14], and results
obtained in the present study are in agreement with Fig. 3
of Ref. [14] up to 7.5 MeV. However, there is uncertainty
regarding the γ -decay branches of excited states in 27Al in the
region of high excitation energy, Ex > 7.5 MeV, in which the
level density is high and excited levels are in close proximity to
the the proton-emission threshold energy of 8271.32(16) keV
[2]. It is important to obtain a detailed knowledge of the level
structure of 27Al in order to propose analog assignments in
the much less well studied proton-rich mirror nucleus 27Si. In
particular, states at high excitation energies are important, as

035802-2

27Al

27Si

The structures of mirror nuclei are 
found to be nearly identical
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The 26Al(d,p)27Al transfer reaction at TRIUMF

configuration dominated by l ¼ 0 transfer [31]. This
distribution is, indeed, well reproduced by the ADWA
calculation with pure l ¼ 0 transfer and a high spectro-
scopic factor, C2S ¼ 0.49ð2Þ. Figure 3(b) shows the
angular distribution for the 9=2þ 7806ð3Þ keV state, which
corresponds to the mirror analog of the 127 keV resonance
at an excitation energy of 7590 keV in 27Si [18]. From
comparison with TWOFNR calculations, it is evident that the
most forward angle component is predominantly l ¼ 0
transfer, while an additional l ¼ 2 component is required
in order to accurately reproduce the full distribution at less
forward angles. A best fit is obtained combining l ¼ 0 and
2 transfers with C2S (l ¼ 0) of 9.3ð19Þ × 10−3 and C2S
(l ¼ 2) of 6.8ð14Þ × 10−2 for the 7806 keV state (errors
quoted on spectroscopic factors represent experimental
uncertainties). This is significantly higher than the upper
limit of 2.2 × 10−3 [19] for l ¼ 0 proton capture to the

7590 resonant state in 27Si in the 26Alð3He; dÞ27Si study of
Vogelaar et al. [19]. However, we note that Parikh et al.
[15] point out that the experimental limit of C2S (l ¼ 0)
may be compatible with values up to a maximum of ∼11 ×
10−3 for the 7590 keV state in 27Si when the smallest
scattering angle is discarded from the Vogelaar et al.
data [19]. The present result is, therefore, within the upper
range of the value suggested by Parikh et al. [15], and
using a C2S (l ¼ 0) of 9.3ð19Þ × 10−3 implies a strength
of 0.025ð5Þ μeV for the 127 keV resonance in the
26gAlðp; γÞ27Si reaction (the error quoted for the strength
represents a statistical error; there is also an uncertainty of
∼20% associated with possible differences between
spectroscopic factors of analog states). It should be noted
that in the energy region of interest for the 7806 keV level
in 27Al, there are two potential excited states at 7790.4(7)
[32] and 7798(2) keV [23], which have been pre-
viously assigned as 5=2þ and 3=2þ, respectively [32].
We performed a detailed fit analysis of the 7806 keV
peak and looked for potential excess counts contribut-
ing to the differential cross section around the energy
region 7790 and 7798 keV. We found that the peak was
entirely consistent with a single-state structure at an
energy of 7806(3) keV, in agreement with the value of
7807.2(10) keV reported in the γ-ray spectroscopy study of
27Al by Lotay et al. [32]. This indicates there is no
significant contribution to the observed differential cross
section for the 7806 keV state from these two neighboring
excited levels. The 7790 keV state in 27Al has been
assigned to a mirror analog in 27Si, corresponding to a
5=2þ resonance at 68 keV in the 26gAlðp; γÞ27Si reaction
[32]. Based on the analysis above, we set an upper limit for
C2S (l ¼ 2) of 1.6 × 10−2, corresponding to a resonance
strength of ωγ < 8 × 10−10 μeV.
Figure 4 shows the contributions of individual resonan-

ces to the 26gAlðp; γÞ27Si stellar reaction rate, incorporating
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FIG. 2 (color online). Expanded view of the excitation energy
spectrum showing astrophysically important mirror states in the
energy region Ex ¼ 7700–8200 keV. The green line shows a
cumulative fit to the data. The red lines indicate the individual fits
for the 7948, 7997, and 8043 keV levels with fixed peak widths,
and the background is displayed by the dotted line.
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configuration dominated by l ¼ 0 transfer [31]. This
distribution is, indeed, well reproduced by the ADWA
calculation with pure l ¼ 0 transfer and a high spectro-
scopic factor, C2S ¼ 0.49ð2Þ. Figure 3(b) shows the
angular distribution for the 9=2þ 7806ð3Þ keV state, which
corresponds to the mirror analog of the 127 keV resonance
at an excitation energy of 7590 keV in 27Si [18]. From
comparison with TWOFNR calculations, it is evident that the
most forward angle component is predominantly l ¼ 0
transfer, while an additional l ¼ 2 component is required
in order to accurately reproduce the full distribution at less
forward angles. A best fit is obtained combining l ¼ 0 and
2 transfers with C2S (l ¼ 0) of 9.3ð19Þ × 10−3 and C2S
(l ¼ 2) of 6.8ð14Þ × 10−2 for the 7806 keV state (errors
quoted on spectroscopic factors represent experimental
uncertainties). This is significantly higher than the upper
limit of 2.2 × 10−3 [19] for l ¼ 0 proton capture to the

7590 resonant state in 27Si in the 26Alð3He; dÞ27Si study of
Vogelaar et al. [19]. However, we note that Parikh et al.
[15] point out that the experimental limit of C2S (l ¼ 0)
may be compatible with values up to a maximum of ∼11 ×
10−3 for the 7590 keV state in 27Si when the smallest
scattering angle is discarded from the Vogelaar et al.
data [19]. The present result is, therefore, within the upper
range of the value suggested by Parikh et al. [15], and
using a C2S (l ¼ 0) of 9.3ð19Þ × 10−3 implies a strength
of 0.025ð5Þ μeV for the 127 keV resonance in the
26gAlðp; γÞ27Si reaction (the error quoted for the strength
represents a statistical error; there is also an uncertainty of
∼20% associated with possible differences between
spectroscopic factors of analog states). It should be noted
that in the energy region of interest for the 7806 keV level
in 27Al, there are two potential excited states at 7790.4(7)
[32] and 7798(2) keV [23], which have been pre-
viously assigned as 5=2þ and 3=2þ, respectively [32].
We performed a detailed fit analysis of the 7806 keV
peak and looked for potential excess counts contribut-
ing to the differential cross section around the energy
region 7790 and 7798 keV. We found that the peak was
entirely consistent with a single-state structure at an
energy of 7806(3) keV, in agreement with the value of
7807.2(10) keV reported in the γ-ray spectroscopy study of
27Al by Lotay et al. [32]. This indicates there is no
significant contribution to the observed differential cross
section for the 7806 keV state from these two neighboring
excited levels. The 7790 keV state in 27Al has been
assigned to a mirror analog in 27Si, corresponding to a
5=2þ resonance at 68 keV in the 26gAlðp; γÞ27Si reaction
[32]. Based on the analysis above, we set an upper limit for
C2S (l ¼ 2) of 1.6 × 10−2, corresponding to a resonance
strength of ωγ < 8 × 10−10 μeV.
Figure 4 shows the contributions of individual resonan-

ces to the 26gAlðp; γÞ27Si stellar reaction rate, incorporating
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FIG. 2 (color online). Expanded view of the excitation energy
spectrum showing astrophysically important mirror states in the
energy region Ex ¼ 7700–8200 keV. The green line shows a
cumulative fit to the data. The red lines indicate the individual fits
for the 7948, 7997, and 8043 keV levels with fixed peak widths,
and the background is displayed by the dotted line.
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Fig. 1 (Color online) Angular
distributions together with
ADWA fits for excited states in
27Al. Pure distributions are
displayed by dashed blue lines,
while mixed distributions are
shown as solid red lines. The
effect of mixing on angular
distributions has been
highlighted for the 4510 keV
level, in which the ℓ = 0
component is given by a blue
dashed line. Data points have
been enlarged for ease of
viewing

to be consistent with direct measurement data (where avail-
able).

The experimental setup used for this study has already
been reported in an earlier paper [14] and, as such, we will
provide a brief summary of the key features here. An intense,
∼ 1 pnA beam of radioactive 26Al at 6 A MeV was used to
bombard a thin ∼ 60µg/cm2 thick (CD2)n target in order
to populate excited states in 27Al via the 26Al(d, p) transfer
reaction—it is expected that the population of excited states
is purely via the ground state component of the beam (the
ground to isomeric state ratio was measured to be ∼17000:1).
Resulting protons were detected with three MSL type S2 sil-
icon strip detectors [16], placed upstream of the target posi-
tion, covering an angular range θCM ∼ 0.5◦−24◦ (although
it should be noted that only the most strongly populated states

could be analysed for angles >12◦). Using such a configu-
ration allowed for the state of the art in resolution perfor-
mance for an inverse kinematic transfer reaction study using
a radioactive beam to be achieved (∼40 keV FWHM—see
Fig. 1 of Ref. [14]). Figure 1 illustrates the angular distri-
butions obtained for excited states observed in the current
study. Levels in 27Al [15] corresponding to low orbital angu-
lar momentum, ℓ, transfers are observed to be selectively
populated at the forward center-of mass angular range cov-
ered in the present experimental set-up.

For the determination of spectroscopic factors, C2S,
measured differential cross sections were compared with
theoretical distributions obtained from adiabatic distorted
wave approximation (ADWA) calculations using the code
TWOFNR [17]. Here, the deuteron wave function of the
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Ex [keV] Er [keV] wg(d,p) [meV] wg(p,g) [meV]

8043 369 45(22) 69(7)

7997 276 2.3(11) 2.9(3)

7948 189 0.026(12) 0.035(7)
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Here, the Shell Model seems to 
be good at predicting the 
spectroscopic factors once the 
states have been identified



Understanding the Light Curves of Type-I X-ray Bursts

51Co

50Fe 51Fe

48Mn 49Mn 50Mn

46Cr 47Cr 48Cr

47Mn

• Detailed models of X-ray burst nucleosynthesis 
indicate reactions around key waiting points 
strongly influence the resulting light curves 

• In particular, the 48Cr(p,g)49Mn reaction has been highlighted as key [R.H. 
Cyburt et al., ApJ 830, 55 (2016)] 

Reaction dominated by resonant capture to proton unbound 

excited states in 49Mn



Gamma-ray Spectroscopy Study of 49Mn @ ANL

• A 75 MeV beam of 40Ca ions (~20 pnA) produced by the Argonne ATLAS accelerator 
was used to bombard a ~200 μg/cm2 thick target of 11B target to populate excited states 
in 49Mn via 11B(40Ca,2n) and 49Cr via 11B(40Ca,1p1n)

GRETINA γ-ray tracking array used to detect 
prompt γ rays at the target position

The Argonne Fragment Mass Analyser 
used to Transmit A =49 recoils

49Mn
49Cr

49V
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• Need to identify low-spin proton unbound states
• High-spin level scheme of 49Mn well known
• Complete level scheme of 49Cr well known
• Mirror nucleus 49Cr simultaneously studied
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Table 2
Parameters of 48Cr + 𝑝 resonances in 49Mn [𝑆𝑝 = 2088(8) keV [20]]. Gamma-ray par-
tial widths have been determined from the lifetimes of mirror analog states in 49Cr 
[22], where available, and proton partial widths have been evaluated using spectro-
scopic factors, 𝐶2𝑆 , presented. For the 1/2+ resonance, no lifetime information is 
known. As such, we have adopted a half-life of 0.8 ps, based on the known half-life of 
a 𝐸𝑥 ∼2.7 MeV, 1/2+ state in the nearby nucleus, 53Mn [36]. See text for details on 
the assumed uncertainties for proton and 𝛾 -ray partial widths.
𝐸𝑥 𝐸𝑟 𝐽𝜋 𝐶2𝑆 Γ𝑝 Γ𝛾 𝜔𝛾
(keV) (keV) (eV) (eV) (eV)
2400.3(29) 312.3(85) 5/2+ 0.01 7.90 × 10−11 6.91 × 10−4 2.37 × 10−10
2484.4(19) 396.4(82) 7/2− 0.01 3.71 × 10−10 5.70 × 10−2 1.48 × 10−9
2570.9(26) 482.9(84) 1/2+ 0.03 3.89 × 10−5 5.70 × 10−4 3.64 × 10−5
2595.9(21) 507.9(83) 3/2− 0.01 1.24 × 10−5 1.01 × 10−2 2.48 × 10−5
2964.4(28) 876.4(85) 7/2+ 0.01 3.35 × 10−6 8.77 × 10−4 1.34 × 10−5

as the 5∕2+1 , 7/2−
2 and 3/2−

2 levels, respectively. An additional high-
energy, direct-to-ground state, decay transition at 2964.4(28) keV in 
49Mn is tentatively observed in the current data, as shown in Fig. 3, and 
we propose here a matching with the 7/2+

1 , 2911.7-keV excited state in 
the analog nucleus, 49Cr, which is known to exhibit a strong 𝛾 -decay 
branch to the ground state [22].

Fig. 3. (top) Tracked 𝛾 -ray singles spectrum of 49Mn over the energy range, 
𝐸𝛾 = 2200 − 3200 keV, with a condition placed on multiplicity 1 events. 
Multiplicities of 4 and higher, corresponding to high-spin events, have been 
subtracted from the spectrum. (bottom) Tracked 𝛾 -ray singles spectrum of 49Cr 
over the energy range 𝐸𝛾 = 2200 − 3200 keV, with the same multiplicity 
condition as above. Dashed lines between 49Mn and 49Cr spectra denote analog 
transitions from mirror states.

For a new evaluation of 48Cr(𝑝, 𝛾)49Mn stellar reaction rate, we 
use resonance energies and spin-parity assignments, determined in the 
present work, and adopt proton spectroscopic factors, 𝐶2𝑆 , of 0.01 for 
all resonances with the exception of the key, 1/2+

1 , 2571-keV 𝓁 = 0

state. For the latter, we use the 𝐶2𝑆 = 0.03 reported for a similar 1/2+
1 , 

2275.9(2)-keV excited state in 51Mn, populated via the 50Cr(3He,𝑑) re-
action [33]. It is likely that the 2571-keV state in 49Mn has a similar 
structure to the 2276-keV excited level in 51Mn, and any shell-model 
calculations for such a state would be very challenging (since such a 
calculation for an intruder state would extend outside of the standard 
𝑓𝑝 valence space). Furthermore, we note that 7/2−, 3/2− and 5/2+ ex-
cited states in 51Mn at 𝐸𝑥 ∼ 2.4, 2.9 and 3.0 MeV, respectively, have all 
been reported to have proton spectroscopic factors, 𝐶2𝑆 , of 0.01 [33], 
which gives some confidence that our choice of 𝐶2𝑆 values for resonant 
states in 49Mn is reasonable.

Proton partial widths were then determined using the formalism of 
Ref. [34]. This has been shown to reproduce experimentally known 
proton partial widths to within a factor ∼1.7 [35], and, as such, we as-
sume a relatively conservative overall uncertainty in the determination 
of proton partial widths of a factor ∼2. In almost all cases, the pro-
ton partial widths of 48Cr + 𝑝 resonant states are significantly smaller 
that the corresponding 𝛾 -ray partial widths. As such, uncertainties in 
𝛾 -ray partial widths are expected to be negligible. In the case of the 
𝓁 = 0, 2571-keV state, in which the proton and 𝛾 -ray partial widths 
are comparable, we assume a 𝛾 -ray partial width uncertainty of a fac-
tor ∼2. Finally, in order to account for the propagation of uncertainties 
in resonance strengths and thus, the total stellar reaction rate, barrier 
penetrabilities were determined for both the low and high values of 
the resonance energy for each state. The resulting proton partial widths 
(calculated using the formalism of Ref. [34]) were then varied within 
their assumed uncertainty of a factor of ∼2 to obtain estimates for low 
and high resonance strengths. A complete list of resonance parameters 
used for the estimation of the 48Cr(𝑝, 𝛾)49Mn stellar reaction rate is pro-
vided in Table 2.

Based on our present evaluation of the 49Mn reaction, we find that 
the newly observed 𝓁 = 0 resonance at 𝐸𝑟 = 482.9(84) keV domi-
nates the entire rate over the temperature range 𝑇 = 0.2 − 1.4 GK, 
with a significant contribution from the 𝓁 = 1, 507.9(83)-keV reso-
nance. Uncertainties in the newly determined resonance energies alone, 
∼8 keV, result in only ∼30% changes in the overall rate. However, 
combined with uncertainties in both proton partial widths and 𝛾 -ray 
partial widths, these result in factors of ∼5 − 10 variations in resonance 
strength estimations. Consequently, we deduce that uncertainties in the 
48Cr(𝑝, 𝛾)49Mn reaction have now been reduced by more than 3 orders 
of magnitude, shown in Fig. 4.

To assess the astrophysical implications of the present work on 
XRB nucleosynthesis, we have performed a series of calculations us-
ing the stellar modelling code, MESA [5,37], in which the rate of the 
48Cr(𝑝, 𝛾)49Mn reaction was varied within its previous 104 uncertainty 
band (taken as the REACLIB [38] nominal rate ×100 and ∕100, respec-
tively). Fig. 5(a) shows the composition of the final burst ashes and 
waiting points can be readily identified by their associated abundance 
peaks. It is evident that if the previous low 48Cr(𝑝, 𝛾) rate is adopted, a 

49Mn

49Cr
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Fig. 1. Low-lying level structures of the mirror nuclei 49Mn and 49Cr observed in the present study.

Fig. 2. (top) 𝛾−𝛾 coincidence spectrum with a gate placed on the newly observed 1682-keV, 1/2−
1 → 5/2−

1 transition in 49Mn. Observed within the gate are a 
significant number of coincidences from Compton-scattered, higher-energy transition events originating from strongly populated high-spin states. As such, events 
coincident with the gate are shown in black, while a scaled projection of the total matrix, which highlights high-spin states, is shown in red. Known transitions from 
high-spin states have been marked with an asterisk. (bottom) 𝛾−𝛾 coincidence spectrum with a gate placed on the analog 1703-keV, 1/2−

1 → 5/2−
1 transition in 49Cr. 

In similarity with the above, events coincident with the gate are shown in black, while a scaled projection of the total matrix is shown in blue. Known transitions 
from high-spin states have been marked with an asterisk. Dashed lines between 49Mn and 49Cr spectra denote analog transitions from mirror states.

branch to the 1/2−
1 excited state [22], which is also observed in the 

present work (see Fig. 2). An additional branch to the lower-lying 3/2+
1

level has also been reported for the 1/2+, 2578-keV state in 49Cr [22], 
and, here, we observe this decay at 596(1) keV, as illustrated in Fig. 2
(note that the 3/2+

1 state feeds the 1/2−
1 level via a 254-keV 𝛾 ray). 

In the current data, we observe a similar 633.6(20)-keV decay to the 
3/2+

1 excited state in 49Mn, in good agreement with the existence of 
an unbound excited state at 2571 keV. Consequently, we assign the 
presently observed 891- and 634-keV transitions to originate from a 
1/2+

1 , 2571-keV level in 49Mn.

Fig. 3 displays the tracked 𝛾 -ray singles spectrum of 49Mn over the 
energy range, 𝐸𝛾 = 2200 − 3200 keV, in which three high-energy 
direct-to-ground state transitions in 49Mn can be seen at 2399.1(30), 
2484.3(19) and 2595.8(21) keV, respectively. Also shown in Fig. 3
is the corresponding analog tracked 𝛾 -ray singles spectrum of 49Cr. 
Here, we observe similar known direct-to-ground state transitions at 
2431(1), 2503(1) and 2612(1) keV from the 5/2+

1 , 7/2−
2 and 3/2−

2
excited states in 49Cr, respectively [22]. Consequently, based on mir-
ror energy differences observed in the present study, we assign the 
presently observed excited states in 49Mn at 2400, 2484 and 2596 keV 

49Mn – 1682

49Cr – 1703
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Fig. 1. Low-lying level structures of the mirror nuclei 49Mn and 49Cr observed in the present study.

Fig. 2. (top) 𝛾−𝛾 coincidence spectrum with a gate placed on the newly observed 1682-keV, 1/2−
1 → 5/2−

1 transition in 49Mn. Observed within the gate are a 
significant number of coincidences from Compton-scattered, higher-energy transition events originating from strongly populated high-spin states. As such, events 
coincident with the gate are shown in black, while a scaled projection of the total matrix, which highlights high-spin states, is shown in red. Known transitions from 
high-spin states have been marked with an asterisk. (bottom) 𝛾−𝛾 coincidence spectrum with a gate placed on the analog 1703-keV, 1/2−

1 → 5/2−
1 transition in 49Cr. 

In similarity with the above, events coincident with the gate are shown in black, while a scaled projection of the total matrix is shown in blue. Known transitions 
from high-spin states have been marked with an asterisk. Dashed lines between 49Mn and 49Cr spectra denote analog transitions from mirror states.

branch to the 1/2−
1 excited state [22], which is also observed in the 

present work (see Fig. 2). An additional branch to the lower-lying 3/2+
1

level has also been reported for the 1/2+, 2578-keV state in 49Cr [22], 
and, here, we observe this decay at 596(1) keV, as illustrated in Fig. 2
(note that the 3/2+

1 state feeds the 1/2−
1 level via a 254-keV 𝛾 ray). 

In the current data, we observe a similar 633.6(20)-keV decay to the 
3/2+

1 excited state in 49Mn, in good agreement with the existence of 
an unbound excited state at 2571 keV. Consequently, we assign the 
presently observed 891- and 634-keV transitions to originate from a 
1/2+

1 , 2571-keV level in 49Mn.

Fig. 3 displays the tracked 𝛾 -ray singles spectrum of 49Mn over the 
energy range, 𝐸𝛾 = 2200 − 3200 keV, in which three high-energy 
direct-to-ground state transitions in 49Mn can be seen at 2399.1(30), 
2484.3(19) and 2595.8(21) keV, respectively. Also shown in Fig. 3
is the corresponding analog tracked 𝛾 -ray singles spectrum of 49Cr. 
Here, we observe similar known direct-to-ground state transitions at 
2431(1), 2503(1) and 2612(1) keV from the 5/2+

1 , 7/2−
2 and 3/2−

2
excited states in 49Cr, respectively [22]. Consequently, based on mir-
ror energy differences observed in the present study, we assign the 
presently observed excited states in 49Mn at 2400, 2484 and 2596 keV 
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Fig. 1. Low-lying level structures of the mirror nuclei 49Mn and 49Cr observed in the present study.

Fig. 2. (top) 𝛾−𝛾 coincidence spectrum with a gate placed on the newly observed 1682-keV, 1/2−
1 → 5/2−

1 transition in 49Mn. Observed within the gate are a 
significant number of coincidences from Compton-scattered, higher-energy transition events originating from strongly populated high-spin states. As such, events 
coincident with the gate are shown in black, while a scaled projection of the total matrix, which highlights high-spin states, is shown in red. Known transitions from 
high-spin states have been marked with an asterisk. (bottom) 𝛾−𝛾 coincidence spectrum with a gate placed on the analog 1703-keV, 1/2−

1 → 5/2−
1 transition in 49Cr. 

In similarity with the above, events coincident with the gate are shown in black, while a scaled projection of the total matrix is shown in blue. Known transitions 
from high-spin states have been marked with an asterisk. Dashed lines between 49Mn and 49Cr spectra denote analog transitions from mirror states.

branch to the 1/2−
1 excited state [22], which is also observed in the 

present work (see Fig. 2). An additional branch to the lower-lying 3/2+
1

level has also been reported for the 1/2+, 2578-keV state in 49Cr [22], 
and, here, we observe this decay at 596(1) keV, as illustrated in Fig. 2
(note that the 3/2+

1 state feeds the 1/2−
1 level via a 254-keV 𝛾 ray). 

In the current data, we observe a similar 633.6(20)-keV decay to the 
3/2+

1 excited state in 49Mn, in good agreement with the existence of 
an unbound excited state at 2571 keV. Consequently, we assign the 
presently observed 891- and 634-keV transitions to originate from a 
1/2+

1 , 2571-keV level in 49Mn.

Fig. 3 displays the tracked 𝛾 -ray singles spectrum of 49Mn over the 
energy range, 𝐸𝛾 = 2200 − 3200 keV, in which three high-energy 
direct-to-ground state transitions in 49Mn can be seen at 2399.1(30), 
2484.3(19) and 2595.8(21) keV, respectively. Also shown in Fig. 3
is the corresponding analog tracked 𝛾 -ray singles spectrum of 49Cr. 
Here, we observe similar known direct-to-ground state transitions at 
2431(1), 2503(1) and 2612(1) keV from the 5/2+

1 , 7/2−
2 and 3/2−

2
excited states in 49Cr, respectively [22]. Consequently, based on mir-
ror energy differences observed in the present study, we assign the 
presently observed excited states in 49Mn at 2400, 2484 and 2596 keV 

Gamma-ray Spectroscopy Study of 49Mn @ ANL

Sp
Physics Letters B 854 (2024) 138740

4

C. O’Shea, G. Lotay, D.T. Doherty et al.

Table 2
Parameters of 48Cr + 𝑝 resonances in 49Mn [𝑆𝑝 = 2088(8) keV [20]]. Gamma-ray par-
tial widths have been determined from the lifetimes of mirror analog states in 49Cr 
[22], where available, and proton partial widths have been evaluated using spectro-
scopic factors, 𝐶2𝑆 , presented. For the 1/2+ resonance, no lifetime information is 
known. As such, we have adopted a half-life of 0.8 ps, based on the known half-life of 
a 𝐸𝑥 ∼2.7 MeV, 1/2+ state in the nearby nucleus, 53Mn [36]. See text for details on 
the assumed uncertainties for proton and 𝛾 -ray partial widths.
𝐸𝑥 𝐸𝑟 𝐽𝜋 𝐶2𝑆 Γ𝑝 Γ𝛾 𝜔𝛾
(keV) (keV) (eV) (eV) (eV)
2400.3(29) 312.3(85) 5/2+ 0.01 7.90 × 10−11 6.91 × 10−4 2.37 × 10−10
2484.4(19) 396.4(82) 7/2− 0.01 3.71 × 10−10 5.70 × 10−2 1.48 × 10−9
2570.9(26) 482.9(84) 1/2+ 0.03 3.89 × 10−5 5.70 × 10−4 3.64 × 10−5
2595.9(21) 507.9(83) 3/2− 0.01 1.24 × 10−5 1.01 × 10−2 2.48 × 10−5
2964.4(28) 876.4(85) 7/2+ 0.01 3.35 × 10−6 8.77 × 10−4 1.34 × 10−5

as the 5∕2+1 , 7/2−
2 and 3/2−

2 levels, respectively. An additional high-
energy, direct-to-ground state, decay transition at 2964.4(28) keV in 
49Mn is tentatively observed in the current data, as shown in Fig. 3, and 
we propose here a matching with the 7/2+

1 , 2911.7-keV excited state in 
the analog nucleus, 49Cr, which is known to exhibit a strong 𝛾 -decay 
branch to the ground state [22].

Fig. 3. (top) Tracked 𝛾 -ray singles spectrum of 49Mn over the energy range, 
𝐸𝛾 = 2200 − 3200 keV, with a condition placed on multiplicity 1 events. 
Multiplicities of 4 and higher, corresponding to high-spin events, have been 
subtracted from the spectrum. (bottom) Tracked 𝛾 -ray singles spectrum of 49Cr 
over the energy range 𝐸𝛾 = 2200 − 3200 keV, with the same multiplicity 
condition as above. Dashed lines between 49Mn and 49Cr spectra denote analog 
transitions from mirror states.

For a new evaluation of 48Cr(𝑝, 𝛾)49Mn stellar reaction rate, we 
use resonance energies and spin-parity assignments, determined in the 
present work, and adopt proton spectroscopic factors, 𝐶2𝑆 , of 0.01 for 
all resonances with the exception of the key, 1/2+

1 , 2571-keV 𝓁 = 0

state. For the latter, we use the 𝐶2𝑆 = 0.03 reported for a similar 1/2+
1 , 

2275.9(2)-keV excited state in 51Mn, populated via the 50Cr(3He,𝑑) re-
action [33]. It is likely that the 2571-keV state in 49Mn has a similar 
structure to the 2276-keV excited level in 51Mn, and any shell-model 
calculations for such a state would be very challenging (since such a 
calculation for an intruder state would extend outside of the standard 
𝑓𝑝 valence space). Furthermore, we note that 7/2−, 3/2− and 5/2+ ex-
cited states in 51Mn at 𝐸𝑥 ∼ 2.4, 2.9 and 3.0 MeV, respectively, have all 
been reported to have proton spectroscopic factors, 𝐶2𝑆 , of 0.01 [33], 
which gives some confidence that our choice of 𝐶2𝑆 values for resonant 
states in 49Mn is reasonable.

Proton partial widths were then determined using the formalism of 
Ref. [34]. This has been shown to reproduce experimentally known 
proton partial widths to within a factor ∼1.7 [35], and, as such, we as-
sume a relatively conservative overall uncertainty in the determination 
of proton partial widths of a factor ∼2. In almost all cases, the pro-
ton partial widths of 48Cr + 𝑝 resonant states are significantly smaller 
that the corresponding 𝛾 -ray partial widths. As such, uncertainties in 
𝛾 -ray partial widths are expected to be negligible. In the case of the 
𝓁 = 0, 2571-keV state, in which the proton and 𝛾 -ray partial widths 
are comparable, we assume a 𝛾 -ray partial width uncertainty of a fac-
tor ∼2. Finally, in order to account for the propagation of uncertainties 
in resonance strengths and thus, the total stellar reaction rate, barrier 
penetrabilities were determined for both the low and high values of 
the resonance energy for each state. The resulting proton partial widths 
(calculated using the formalism of Ref. [34]) were then varied within 
their assumed uncertainty of a factor of ∼2 to obtain estimates for low 
and high resonance strengths. A complete list of resonance parameters 
used for the estimation of the 48Cr(𝑝, 𝛾)49Mn stellar reaction rate is pro-
vided in Table 2.

Based on our present evaluation of the 49Mn reaction, we find that 
the newly observed 𝓁 = 0 resonance at 𝐸𝑟 = 482.9(84) keV domi-
nates the entire rate over the temperature range 𝑇 = 0.2 − 1.4 GK, 
with a significant contribution from the 𝓁 = 1, 507.9(83)-keV reso-
nance. Uncertainties in the newly determined resonance energies alone, 
∼8 keV, result in only ∼30% changes in the overall rate. However, 
combined with uncertainties in both proton partial widths and 𝛾 -ray 
partial widths, these result in factors of ∼5 − 10 variations in resonance 
strength estimations. Consequently, we deduce that uncertainties in the 
48Cr(𝑝, 𝛾)49Mn reaction have now been reduced by more than 3 orders 
of magnitude, shown in Fig. 4.

To assess the astrophysical implications of the present work on 
XRB nucleosynthesis, we have performed a series of calculations us-
ing the stellar modelling code, MESA [5,37], in which the rate of the 
48Cr(𝑝, 𝛾)49Mn reaction was varied within its previous 104 uncertainty 
band (taken as the REACLIB [38] nominal rate ×100 and ∕100, respec-
tively). Fig. 5(a) shows the composition of the final burst ashes and 
waiting points can be readily identified by their associated abundance 
peaks. It is evident that if the previous low 48Cr(𝑝, 𝛾) rate is adopted, a 

Spectroscopic factors adopted 
from shell-model calculations 
and from comparison with 
51Mn



Gamma-ray Spectroscopy Study of 49Mn @ ANL
Physics Letters B 854 (2024) 138740

5

C. O’Shea, G. Lotay, D.T. Doherty et al.

Fig. 4. The 48Cr(𝑝, 𝛾) stellar reaction rate over the temperature range 𝑇 = 0 −1.4
GK. The presently determined rate estimated by resonance parameters provided 
in Table 2 is shown in black, while the previous estimation of rate uncertainties 
is shown in red. It is important to note that present calculations of the stellar 
reaction rate likely represent a lower limit, particularly at high temperatures, 
𝑇 ≳ 1 GK, as higher-lying, unobserved resonances may also contribute.

new waiting point in the 𝑟𝑝 process would exist at 𝐴 = 48, and signif-
icant variations in the abundance of 𝐴 = 52 − 54, 72, and 76 isotopes 
would occur. This would also strongly affect the tail of the XRB light 
curve from which all critical neutron star properties, such as the mass-
radius ratio, may be extracted [4]. In particular, we find that the burst 
luminosity in the tail of the light curve may vary by up to 6%, which is 
significant compared to observational errors of the order 3% [3]. How-
ever, the biggest impact of the rate uncertainty is on the slope of the 
modelled burst tail, shown in Fig. 5(c). Here, the previous low rate re-
sults in a change in the slope of the XRB light curve tail of up to 60%. 
Thus, current calculations confirm that determining whether or not the 
48Cr(𝑝, 𝛾)49Mn reaction affects the composition of the burst ashes is es-
sential for modelling neutron star crusts [39,40] and for predictions of 
observational signatures of potentially ejected material [41,42]. Con-
sequently, we repeated our MESA burst calculations with the present, 
experimentally determined, low and high reaction rates, and found that 
no significant changes were observed in both the average burst light 
curve and slope of the burst tail. Shown in Fig. 5(c), the resulting slope 
of the present low and high rate burst light curve is consistent with the 
slope of the previous high rate burst light curve. This indicates that the 
impact of the 48Cr(𝑝, 𝛾) rate uncertainty on modelled burst light curves 
has been removed by our experiment. It should be noted that the lower 
48Cr(𝑝, 𝛾) reaction rate from this work still creates an abundance peak 
at 𝐴 = 48, as shown in Fig. 5(b). However, the peak is more than an or-
der of magnitude smaller than those associated with the known, major 
waiting points. Our measurements therefore indicate that a significant 
waiting point at 48Cr can now be excluded.

In summary, we have performed a detailed 𝛾 -ray spectroscopy study 
of the nucleus 49Mn. Low-spin excited states have been identified for 
the first time, including four new proton-unbound resonant levels, cor-
responding to key astrophysical resonances in the 48Cr + 𝑝 system. In 
particular, an 𝓁 = 0 resonance and an 𝓁 = 1 resonance were identified 
at 𝐸𝑟 = 483 keV and 508 keV, respectively. These states were found 
to dominate the 48Cr(𝑝, 𝛾)49Mn stellar reaction rate over the tempera-
ture range, 𝑇 = 0.2 − 1.4 GK, reducing uncertainties in the rate by more 
than 3 orders of magnitude. Current MESA simulations indicate that the 
newly defined 48Cr(𝑝, 𝛾) reaction rate does not result in a significant 
overabundance of 𝐴 = 48 nuclei in XRBs. Consequently, we conclude 
that there is unlikely to be a major waiting point in the 𝑟𝑝 process at 
𝐴 = 48. Further constraints on the rate of the 48Cr(𝑝, 𝛾) reaction would 

now require a more precise mass measurements of 48Cr and 49Mn, as 
well as an experimental determination of proton spectroscopic factors of 
key resonant states. The latter could be obtained via a study of neutron 
spectroscopic factors in the mirror nucleus, 49Cr, using the 48Cr(𝑑, 𝑝) 
single-nucleon transfer reaction. However, it is important to note that 
the 48Cr(𝑝, 𝛾) reaction is only important for XRB nucleosynthesis if its 
rate is very low, and, at present, our low rate likely represents a lower 
limit for the rate.

Fig. 5. (a) MESA calculations of the effects of varying the 48Cr(𝑝, 𝛾) reaction 
rate by its previous associated uncertainties on final isotopic abundances. Sig-
nificantly affected isotopes have been denoted by green stars. (b) Effects of 
varying the 48Cr(𝑝, 𝛾) reaction rate by present uncertainties from this work on 
final isotopic abundances. The abundance peak at 𝐴 = 48 has been denoted by 
a green star. (c) Time derivative of XRB luminosity as a function of time, for the 
tail portion of the light curve, using both the previous and present uncertainties 
in the 48Cr(𝑝, 𝛾)49Mn reaction rate.
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Fig. 4. The 48Cr(𝑝, 𝛾) stellar reaction rate over the temperature range 𝑇 = 0 −1.4
GK. The presently determined rate estimated by resonance parameters provided 
in Table 2 is shown in black, while the previous estimation of rate uncertainties 
is shown in red. It is important to note that present calculations of the stellar 
reaction rate likely represent a lower limit, particularly at high temperatures, 
𝑇 ≳ 1 GK, as higher-lying, unobserved resonances may also contribute.

new waiting point in the 𝑟𝑝 process would exist at 𝐴 = 48, and signif-
icant variations in the abundance of 𝐴 = 52 − 54, 72, and 76 isotopes 
would occur. This would also strongly affect the tail of the XRB light 
curve from which all critical neutron star properties, such as the mass-
radius ratio, may be extracted [4]. In particular, we find that the burst 
luminosity in the tail of the light curve may vary by up to 6%, which is 
significant compared to observational errors of the order 3% [3]. How-
ever, the biggest impact of the rate uncertainty is on the slope of the 
modelled burst tail, shown in Fig. 5(c). Here, the previous low rate re-
sults in a change in the slope of the XRB light curve tail of up to 60%. 
Thus, current calculations confirm that determining whether or not the 
48Cr(𝑝, 𝛾)49Mn reaction affects the composition of the burst ashes is es-
sential for modelling neutron star crusts [39,40] and for predictions of 
observational signatures of potentially ejected material [41,42]. Con-
sequently, we repeated our MESA burst calculations with the present, 
experimentally determined, low and high reaction rates, and found that 
no significant changes were observed in both the average burst light 
curve and slope of the burst tail. Shown in Fig. 5(c), the resulting slope 
of the present low and high rate burst light curve is consistent with the 
slope of the previous high rate burst light curve. This indicates that the 
impact of the 48Cr(𝑝, 𝛾) rate uncertainty on modelled burst light curves 
has been removed by our experiment. It should be noted that the lower 
48Cr(𝑝, 𝛾) reaction rate from this work still creates an abundance peak 
at 𝐴 = 48, as shown in Fig. 5(b). However, the peak is more than an or-
der of magnitude smaller than those associated with the known, major 
waiting points. Our measurements therefore indicate that a significant 
waiting point at 48Cr can now be excluded.

In summary, we have performed a detailed 𝛾 -ray spectroscopy study 
of the nucleus 49Mn. Low-spin excited states have been identified for 
the first time, including four new proton-unbound resonant levels, cor-
responding to key astrophysical resonances in the 48Cr + 𝑝 system. In 
particular, an 𝓁 = 0 resonance and an 𝓁 = 1 resonance were identified 
at 𝐸𝑟 = 483 keV and 508 keV, respectively. These states were found 
to dominate the 48Cr(𝑝, 𝛾)49Mn stellar reaction rate over the tempera-
ture range, 𝑇 = 0.2 − 1.4 GK, reducing uncertainties in the rate by more 
than 3 orders of magnitude. Current MESA simulations indicate that the 
newly defined 48Cr(𝑝, 𝛾) reaction rate does not result in a significant 
overabundance of 𝐴 = 48 nuclei in XRBs. Consequently, we conclude 
that there is unlikely to be a major waiting point in the 𝑟𝑝 process at 
𝐴 = 48. Further constraints on the rate of the 48Cr(𝑝, 𝛾) reaction would 

now require a more precise mass measurements of 48Cr and 49Mn, as 
well as an experimental determination of proton spectroscopic factors of 
key resonant states. The latter could be obtained via a study of neutron 
spectroscopic factors in the mirror nucleus, 49Cr, using the 48Cr(𝑑, 𝑝) 
single-nucleon transfer reaction. However, it is important to note that 
the 48Cr(𝑝, 𝛾) reaction is only important for XRB nucleosynthesis if its 
rate is very low, and, at present, our low rate likely represents a lower 
limit for the rate.

Fig. 5. (a) MESA calculations of the effects of varying the 48Cr(𝑝, 𝛾) reaction 
rate by its previous associated uncertainties on final isotopic abundances. Sig-
nificantly affected isotopes have been denoted by green stars. (b) Effects of 
varying the 48Cr(𝑝, 𝛾) reaction rate by present uncertainties from this work on 
final isotopic abundances. The abundance peak at 𝐴 = 48 has been denoted by 
a green star. (c) Time derivative of XRB luminosity as a function of time, for the 
tail portion of the light curve, using both the previous and present uncertainties 
in the 48Cr(𝑝, 𝛾)49Mn reaction rate.
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• The nominal rate is found to be lower than previously 
expected

• However, newly constrained uncertainties have 
removed the possibility of a waiting point at A = 48 in 
the rp process


