
Proton removal from 73,75Br to 72,74Se at intermediate energies

M. Spieker,1, ∗ D. Bazin,2, 3 S. Biswas,2 P.D. Cottle,1 P.J. Farris,2, 3 A. Gade,2, 3 T. Ginter,2 S. Giraud,2

K.W. Kemper,1 J. Li,2 S. Noji,2 J. Pereira,2 L.A. Riley,4 M.K. Smith,2 D. Weisshaar,2 and R.G.T. Zegers2, 3

1Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
2Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA

3Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
4Department of Physics and Astronomy, Ursinus College, Collegeville, PA 19426, USA

(Dated: October 16, 2023)

We report new experimental data for excited states of 72,74Se obtained from proton removal
from 73,75Br secondary beams on a proton target. The experiments were performed with the
Ursinus-NSCL Liquid Hydrogen Target and the combined GRETINA+S800 setup at the Coupled
Cyclotron Facility of the National Superconducting Cyclotron Laboratory at Michigan State Univer-
sity. Within uncertainties, the inclusive cross sections for proton removal from 73,75Br on a proton
target are identical suggesting that the same single-particle orbitals contribute to the proton-removal
reaction. In addition, details of the partial cross section fragmentation are discussed. The data might
suggest that l = 1, 2, 3, and 4 angular momentum transfers are important to understand the popula-
tion of excited states of 72,74Se in proton removal. Available data for excited states of 74Ge populated
through the 75As(d, 3He)74Ge proton-removal reaction in normal kinematics suggest indeed that the
fp and sd shell as well as the 1g9/2 orbital contribute. A comparison to data available for odd-A
nuclei supports that the bulk of the spectroscopic strengths could be found at lower energies in the
even-even Se isotopes than in, for instance, the even-even Ge isotopes. In addition, the population
of high-J states seems to indicate that multi-step processes contribute to proton-removal reactions
at intermediate energies in these collective nuclei.

I. INTRODUCTION

The Ge-Sr isotopes with neutron number N ≤ 40 are
known to feature rapid shape changes with both nucleon
number and angular momentum, while also displaying
shape coexistence and quadrupole collective, rotational
bands [1–21]. Similar observations and predictions have
been made for the neutron-rich isotopes of these isotopic
chains (see, e.g., Refs. [22–26]). In addition, contri-
butions from both the octupole as well as the hexade-
capole degrees of freedom were recently highlighted on
the neutron-deficient side [27, 28]. These higher-order
degrees of freedom provide important complementary in-
formation on the shape and shell structure of the nuclei
in this mass region. While the sudden increase of oc-
tupole collectivity in 72Se and 70,72Ge might be linked
to the prolate-oblate shape transition at A = 72 and
could support the crossing of different microscopic con-
figurations [27], the enhanced electric hexadecapole tran-
sition strength in 74,76Kr appears to be connected to the
well deformed prolate configuration which dominates the
yrast structure at higher angular momenta [28]. The
exact location of the prolate-oblate shape transition is,
however, still under debate and its details keep chal-
lenging state-of-the-art theoretical models since triaxial
degrees of freedom are expected to contribute as well
[29–39]. Available experimental data suggest that the
prolate-oblate ground-state shape transition for even-A
nuclei in the Ge-Kr region occurs around neutron number
N = 36. Many models (see, e.g., Refs. [32, 33, 40–42])
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predict predominantly oblate-deformed ground states for
nuclei around N = 36, with the yrast structure changing
from oblate to prolate with increasing angular momen-
tum. A possible impact of isospin-symmetry breaking
effects on the structure and shapes of nuclei close to the
shape-transitional point has also been controversially dis-
cussed recently [18, 43–47].

There is some evidence that the number of protons
and which orbits they occupy plays an important role
in determining structure changes around the shape-
transitional point and that considering the neutron num-
ber alone would be too simplistic (see, e.g., the discussion
around Fig. 38 in the review article [7]). Understanding
occupancies of proton orbits and the proton-hole struc-
ture of excited states could, thus, be essential. In re-
cent decades, nucleon-removal reactions on rare-isotope
beams have provided invaluable insights into the single-
particle (single-hole) structure of nuclei and the evolution
of shell structure on both the neutron-deficient as well as
neutron-rich side off the valley of β stability [48–50]. Sys-
tematic studies of inclusive and partial nucleon-removal
cross sections for neutron-deficient nuclei in the Ge-Sr
region have, however, not been the focus of extensive re-
search so far.

This article focuses on the neutron-deficient, even-
even Se isotopes with A = 70 − 74, which were stud-
ied through proton-removal reactions from 71−75Br sec-
ondary beams in inverse kinematics. These proton-
removal reactions test the occupancies of the different
proton single-particle orbits in the respective Br isotopes
and the structure overlap with excited states of the Se
isotopes. The ground-state spins of the Br isotopes, i.e.
of the incoming secondary beams, change in all three
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cases: Jπ = 3/2− for 75Br [51], 1/2− for 73Br [52, 53],
and (5/2−) for 71Br [54]. In a Nilsson model picture, this
sequence could only be explained on the oblate side of
quadrupole deformation [55] if no shape change was to
be envoked with changing neutron number. All ground-
state configurations would then be dominated by Nilsson
configurations originating from the spherical 1f5/2 pro-
ton orbital. In this context, we note, however, that the
possibility of observing the prolate-oblate shape transi-
tion between the ground states of 70Se and 72Se was dis-
cussed in, e.g., Refs. [11, 15, 18, 36]. The importance of
triaxial degrees of freedom for understanding the struc-
ture of 74Se was emphasized in Ref. [39]. Proton-removal
data from 71Br to 70Se (N = 36), obtained through
9Be(71Br,X)70Se proton knockout at RIKEN, have al-
ready been published [15]. In their work, Wimmer et al.
provided evidence for shape coexistence in 70Se [15]. In
this article, we add the data for 72,74Se (N = 38, 40) ob-
tained from proton-removal reactions on a proton target
measured at the Coupled Cyclotron Facility of the Na-
tional Superconducting Cyclotron Laboratory at Michi-
gan State University [56]. In addition to the inclusive
cross sections, we will discuss the fragmentation of the
partial cross sections including the previous data for 70Se.
Using a comparison to (d, 3He) data for stable nuclei in
this mass region, we will provide evidence that orbitals
from the fp and sd shell, as well as the 1g9/2 orbital

contribute to the population of excited states in 70−74Se.
The bulk of this strength seems to be found at consid-
erably lower energies in the Se isotopes than in, for in-
stance, the Ge isotopes. We will also discuss the possible
contribution of multi-step processes to the population of
high-J states in proton-removal reactions at intermediate
energies in these collective nuclei.

II. EXPERIMENT

The experiments were performed at the Coupled Cy-
clotron Facility of the National Superconducting Cy-
clotron Laboratory (NSCL) at Michigan State Univer-
sity [56]. In this work, we present results for the
73Br(p, 2p)72Se and 75Br(p, 2p)74Se reactions in inverse
kinematics. Results using other components of the
secondary-beam cocktail and concentrating on inelastic
proton scattering rather than proton removal were al-
ready reported in Refs. [27, 28]. The secondary 73Br
(36% purity; ∼ 2160 pps) and 75Br (5% purity; ∼ 300
pps) beams were also produced from a 150MeV/u 78Kr
primary beam in projectile fragmentation on a 308-
mg/cm2 thick 9Be target. The A1900 fragment sepa-
rator [57], using a 240-mg/cm2 Al degrader, was opti-
mized to select 74,76Kr in flight using two separate mag-
netic settings. For the magnetic setting centered on 74Kr
and 76Kr, respectively, the secondary beams 73Br and
75Br were part of the cocktail beam. Each secondary
beam could be unambiguously distinguished from the
other components in the cocktail beam via the time-of-

Figure 1. Doppler-corrected, in-beam γ-ray spectra for 72Se
(top) and 74Se (bottom). Data are shown in black. geant4
simulations performed with ucgretina [59] are presented in
blue. A prompt background consisting of two exponential
functions was included when fitting the simulated spectra to
the measured ones. Energies of some resolved γ-ray transi-
tions used in the simulation are highlighted. More informa-
tion is provided in Tables I and II. The weak 2537-keV and
2900-keV transitions could not be placed in the level scheme
of 74Se. The residuals between the measured and simulated
spectra are shown below the spectra for 72Se and 74Se, re-
spectively. Insets in these show the region between 1500 and
3050 keV.

flight difference measured between two plastic scintilla-
tors located at the exit of the A1900 and the object po-
sition of the S800 analysis beam line. Downstream, the
NSCL/Ursinus Liquid Hydrogen (LH2) Target was lo-
cated at the target position of the S800 spectrograph.
The projectilelike reaction residues entering the S800
focal plane, including 72,74Se, were identified event-by-
event from their energy loss and time of flight [58].

The GRETINA γ-ray tracking array [60, 61] was used
to detect γ rays emitted by the reaction residues in flight
(v/c ≈ 0.4). Eight GRETINA modules, containing four,
36-fold segmented HPGe detectors each, were mounted
in the north half of the mounting shell to accommodate
the LH2 target. In this configuration, two modules are
centered at 58◦, four at 90◦, and two at 122◦ with re-
spect to the beam axis. At beam velocities of v/c ≈ 0.4,
event-by-event Doppler reconstruction of the residues’ γ-
ray energies is key. This reconstruction was performed
based on the angle of the γ-ray emission determined from
the main-interaction point and including trajectory re-
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construction of the residues through the S800 spectro-
graph [61]. Doppler-corrected in-flight γ-ray spectra are
presented in Fig. 1. The γ-ray yields were obtained by
fitting γ-ray spectra, simulated with ucgretina [59],
to the experimentally observed ones. For these fits, the
root [62] minuit2 minimizer with the default minimiza-
tion algorithm migrad was used [63]; as done in pre-
vious studies, see, e.g., Refs. [27, 28, 64]. Known de-
cay branching for excited states of 72,74Se [12, 19, 65–67]
was explicitly taken into account by using the geant4
photo-evaporation database format [68] implemented in
ucgretina. This procedure also allowed for the cor-
rection of the γ-ray yields for observed feeders (see also
Refs. [27, 28]). Partial cross sections were calculated from
the experimental γ-ray yields by normalizing these to the
number of incoming beam particles and the number of
target nuclei. For the inclusive cross sections, the number
of outgoing 72,74Se reaction residues measured with the
S800 spectrograph were used instead of the γ-ray yields.
As first described in Ref. [64], the LH2 target thickness
was determined via a comparison of the measured kinetic-
energy distribution of the reacted outgoing beam to a
detailed geant4 simulation performed with ucgretina
[59]. The simulation also uses the independently mea-
sured kinetic-energy distribution of the incoming beam
through the empty target cell as input. An areal target
density of 69(3) mg/cm2 was determined [27, 28] resulting
in mid-target beam energies of ∼ 89MeV/u for 75Br and
∼ 95MeV/u for 73Br, respectively. No acceptance losses
in the momentum distributions were observed. Wimmer
et al. stated that the average mid-target energy for their
proton-knockout experiment on a 9Be nuclear target was
∼ 140MeV/u [15].

Table I: Experimental data for 72Se. Given are the adopted
excitation energy Ex of the observed (populated) states,
their spin-parity assignment Jπ

i , the energies Eγ for γ-ray
transitions observed from these states, the excitation en-
ergy Ef and spin-parity assignment Jπ

f of states these γ-ray
transitions lead to, the previously reported as well as the γ-
decay intensity used for the ucgretina simulation, and the
partial cross section σpart. determined for proton removal.
The latter are corrected for known, observed feeders. Infor-
mation from previous experiments and adopted data were
taken from Refs. [12, 19, 65–67]. If not noted otherwise, the
adopted spin-parity assignments and γ-decay branching ra-
tios [65] are given in the table. The summed partial cross
section for resolved excited states of 72Se is given at the
bottom of the table.

Ex Jπ
i Eγ Ef Jπ

f Iγ [%] σpart.

[keV] [keV] [keV] Ref. [67] This work [mb]

72Se; σincl. = 68(4)mb

862 2+1 862 0 0+1 100 100 8.9(8)

1317 2+2 380 937 0+2 16.6(14) 8 6.0(7)

455 862 2+1 36(3) 40

1317 0 0+1 47(4) 52

1637 4+1 775 862 2+1 100 100 7.2(8)

Table I: (Continued.)

Ex Jπ
i Eγ Ef Jπ

f Iγ [%] σpart.

[keV] [keV] [keV] Ref. [67] This work [mb]

1876 (2, 4) 559 1317 2+2 79(13) 79 1.3(3)

1014 862 2+1 21(12) 21

1999 2+ 1062 937 0+2 44(7) 52 0.5(4)

1137 862 2+1 56(7) 48

2294 (2)a 977 1317 2+2 53(3) 46 2.2(4)

1432 862 2+1 47(5) 54

2406 3−1 1089 1317 2+2 100 100 1.7(3)

2434 3−2 1117 1317 2+2 16(2) 9b 2.7(3)

1572 862 2+1 63(5) 91b

2434 0 0+1 21(5) 0b

2467 6+1 830 1637 4+1 100 100 5.8(5)

2586 (3) 710 1876 (2, 4) 27(8) 24 0.8(5)

1269 1317 2+2 14(7) 8

1724 862 2+1 58(11) 68

3094c 800 2294 (2) 31(6) 31 4.6(6)

1095 1999 2+ 46(10) 46

1457 1637 4+1 23(5) 23

3173 5−1 740 2434 3−2 14(3) 18 6.5(5)

879 2294 (2) ≤ 10 15

1536 1637 4+1 76(11) 67

3350 5− 916 2434 3−2 10(2) 11 1.0(4)

1713 1637 4+1 90(10) 89

3425 8+1 958 2467 6+1 100 100 1.8(2)∑
σpart. = 51(7)mb

a Ref. [19] lists Jπ = 4+ and established rotational band.
b In agreement with Refs. [12, 19].

c Observed in Ref. [12].

III. RESULTS AND DISCUSSION

The experimental results are shown in Tables I and
II as well as in Fig. 2. Inclusive cross sections, σincl., of
68(4) and 66(4)mb were determined for 72Se and 74Se,
respectively. Stated uncertainties include statistical un-
certainties, the stability of the secondary beam compo-
sition, uncertainties coming from the choice of software
gates and the target thickness. The two inclusive cross
sections on the proton target agree within uncertainties.
This might suggest that the same single-particle orbitals
contribute to the proton-removal reaction. To further
investigate this hypothesis, we take a closer look at the
population of excited states of the neutron-deficient Se
isotopes in proton removal.
The partial cross sections, σpart., determined for re-

solved excited states of 70−74Se are compared in Fig. 2.
They are remarkably similar in magnitude. The large
partial cross section to the 4+1 state of 70Se is noteworthy.



4

Table II. Same as Table I but for 74Se. The 2537-keV and
2900-keV transitions could not be placed in the level scheme
(see Fig. 1).

Ex Jπ
i Eγ Ef Jπ

f Iγ [%] σpart.

[keV] [keV] [keV] Ref. [66] This work [mb]
74Se; σincl. = 66(4)mb

635 2+1 635 0 0+1 100 100 9(3)

1269 2+2 634 635 2+1 66(7) 66 8(2)

1269 0 0+1 34(3) 34

1363 4+1 728 635 2+1 100 100 4.9(14)

1839 (2+) 985 854 0+2 82(12) 82 3.8(7)

1204 635 2+1 18(9) 18

2108 4+ 745 1363 4+1 24(3) 27 5.1(12)

839 1269 2+2 61(7) 56

1473 635 2+1 15(2) 17

2231 6+1 868 1363 4+1 100 100 8.3(9)

2350 3−1 987 1363 4+1 23(5) 20 2.4(11)

1081 1269 2+2 40(8) 37

1715 635 2+1 37(6) 43

2662 5+ 778 1884 3+1 68(12) 68 3.4(8)

1299 1363 4+1 32(12) 32

2832 4− 1469 1363 4+1 100 100 1.9(7)

3516 7− 529 2987 6+ ≤ 4 0 1.8(6)

673 2843 5− 89(10) 93

1285 2231 6+1 7.1(10) 7∑
σpart. = 48(13)mba

aNot including the unplaced 2537-keV and 2900-keV transitions.
For these, σpart. would be 2.0(7) and 1.1(6)mb, respectively.

It was already mentioned in Ref. [15]. With our new data,
we see that this cross section increases gradually from
4.9(14)mb [7(2)%] in 74Se, over 7.2(8)mb [10.5(13)%]
in 72Se, to 18(1)mb [18(2)%] in 70Se. Here, we state the
ratio of the partial cross section relative to the inclusive
cross section in square brackets. This ratio is less sensi-
tive to differences in the reaction kinematics between pro-
ton removal from nuclear and nucleon targets than the
absolute partial cross section values. In Ref. [15], Wim-
mer et al. mentioned that they performed cross-section
calculations using shell-model input from the JUN45 in-
teraction. They found that the cross section to both
the 70Se ground state and 4+1 state were largest if the
ground state of 71Br was assumed to be a 5/2− state.
They did not provide any values for the expected magni-
tude of these theoretical cross sections. Nonetheless, as
the ground states of 73,75Br have firm spin-parity assign-
ments of Jπ = 3/2− and 1/2−, respectively, this hypoth-
esis seems plausible. There is a caveat though. In our
work, we observe the population of the 6+1 state, which is
the strongest feeder of the 4+1 state. Between the strong
945-keV, 2+1 → 0+1 and 1094-keV, 4+1 → 2+1 transitions,

2+1 2+2

4+1 (2+)4
+
6+

3−1 5+
4− 7−

2+1
2+2

4+1 3−1

3−2

6+
5−

5−
8+

(2)

2+1

2+2

4+1

4+2
3−1
4+3

Figure 2. Partial cross sections for excited states of 70,72,74Se
populated in proton knockout from 71,73,75Br. The 70Se
data are taken from Ref. [15]. Spin-parity assignments are
specified if known from previous experiments [12, 19, 65–67].
The proton-separation energies, Sp, are at 6110(30), 7264(5),
and 8549(4) keV for 70,72,74Se [65], respectively. The neutron-
separation energies, Sn, are significantly higher in all three
isotopes. For illustrative purposes, the ratio between the par-
tial cross sections and inclusive cross section is shown on the
second y axis.

it is possible that the 964-keV, 6+1 → 4+1 transition of
70Se could not be resolved in the 9Be(71Br,X)70Se exper-
iment (see Fig. 5 in Ref. [15]). The partial cross section
to the 4+1 state in 70Se might, therefore, be significantly
smaller. This possibility reinforces the importance of us-
ing high-resolution γ-ray arrays for experiments with de-
formed nuclei. We will discuss the population of the 6+1
state shortly. For completeness, we provide upper limits
for the experimentally determined ground state partial
cross sections, which can be obtained by subtracting the
sum of the partial cross sections to resolved excited states
from the inclusive cross section: 18(13)mb [26(19)%] in
74Se and 17(8)mb [26(12)%] in 72Se. For 70Se, Wim-
mer et al. reported 51(18)mb [51(19)%]. It appears
that the cross section to the ground state might also be
the largest for 70Se and, thus, would support the argu-
ment made by Wimmer et al. [15]. We chose to not add
these values to Tables I and II though as they have to
be considered upper limits. Note that the 2537-keV and
2900-keV transitions in 74Se could not be placed. If they
led directly to the ground state, then the stated upper
limit would already be lower. When inspecting Fig. 2, it
is also quite obvious that several additional states are ob-
served in both 72Se and 74Se, which could either not be
resolved in the 70Se experiment or which were not popu-
lated in the proton-removal reaction on the 9Be target. If
they could not be resolved and some decay to the ground
state, then the partial cross section to the ground state
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2+1
2+2
4+1
6+1

Figure 3. Partial cross sections relative to the inclusive cross
section for the excited 2+1 , 2

+
2 , 4

+
1 , and 6+1 states of 70,72,74Se

populated in proton knockout from 71,73,75Br. The 70Se data
are taken from Ref. [15]. See text for further discussion.

of 70Se would also be smaller.

In Fig. 3, we compare the relative cross sections for
the 2+1 , 2

+
2 , 4

+
1 , and 6+1 states. As mentioned, these rela-

tive cross sections are less sensitive to reaction-kinematics
differences between proton removal from nuclear and nu-
cleon targets than the absolute partial cross section val-
ues. Given the present uncertainties, it is quite clear
that no specific trend can be claimed; even though it
is tempting to see a decrease of the 2+1 and 2+2 popula-
tion with decreasing mass A, and to claim an increase of
the relative cross section for the 4+1 state with decreas-
ing mass A. The relative population of the 6+1 might
also decrease. We will pick this up when discussing the
population of this state below. Without guidance by the-
ory, it is not clear whether these possible trends for the
partial cross section ratios can be reconciled with a pro-
nounced prolate to oblate shape change between 72Se and
70Se [11, 16], or whether they can be simply attributed
to a changing ground state spin between the Br isotopes.
Theoretical calculations of the partial cross sections using
the eikonal reaction theory with shell-model input, pos-
sibly implementing the full fp shell, the 1g9/2 orbital as
well as the more deeply bound sd orbitals, could be use-
ful. As beyond-mean-field approaches based on nuclear
density functional theory have also provided important
input to understand the structure of these complex nu-
clei in recent years, it might be instructive to calculate
spectroscopic factors needed as input for the reaction cal-
culations from these theoretical approaches, too. We ac-
knowledge that such calculations are challenging at the
moment.

However, available data for excited states of 74Ge pop-
ulated through the 75As(d, 3He)74Ge proton-removal re-
action in normal kinematics [69] suggest indeed that all
of the orbitals mentioned above contribute. We com-
piled this information in Fig. 4. As can be seen, several
states were populated including the 3175-keV, Jπ = 3−

l = 1 l = 3 l = 2 l = 4

0
+
1

2
+
1

2
+
2

 
+
1

(3)+

(2+)

(3,  )+

2+

2+

3−
2+

(3,  )+

(2, 3)+

2+

Figure 4. Spectroscopic factors for excited states of 74Ge
populated through l = 1, 2, 3, 4 proton removal in the
75As(d, 3He)74Ge reaction at Ed = 26MeV [69]. For each
state, the different contributions have been summed up. The
length of the colored bars corresponds to the individual contri-
bution of each orbital, respectively. The larger contribution is
shown on top of the smaller one. The summed spectroscopic
strength for l = 1 and l = 3 is 5.3. The ground state spin-
parity assignment of 75As (Z = 33, N = 42) is Jπ = 3/2−,
i.e., the same as for 75Br (Z = 35, N = 40).

state. The latter can only be populated through pro-
ton removal from orbitals with angular momentum l = 2
or l = 4. Interestingly, at least three other firmly as-
signed 3− states are known below the 3175-keV state
[65]. In the Se isotopes, the 3−1 states were populated
in one-proton removal. In addition, the 3−2 state was
populated in 72Se (see Fig. 2). It seems that the con-
figurations leading to the population of these states can
be found at lower energies in the Se isotopes than in
74Ge. At this moment, it is not clear whether this pos-
sible shift in energy might also contribute to the signif-
icant increase of octupole collectivity observed around
mass A = 72 [27]. The observation appears to be in line
with proton-removal data from even-A to odd-A nuclei
in this mass range though, where the l = 2 and l = 4
strengths were also observed at lower excitation energies
for reactions on Se targets than on Ge targets [70, 71].
In addition, more of the l = 1 and l = 3 strengths were
observed to be concentrated in lower-lying states in the
ASe(d, 3He)A−1As than in the AGe(d, 3He)A−1Ga reac-
tions [70, 71] (see Fig. 5 for the N = 40 isotones 71Ga and
73As). A general shift of the spectroscopic strengths to
lower energies might, thus, explain why we do not observe
higher-lying, positive-parity states in the Se isotopes. In
this context, we want to emphasize that, even though
we cannot fully exclude feeding contributions from unre-
solved excited states at higher energies, we would have
been able to detect the γ decay of states as strongly pop-
ulated as those above 2.5MeV in 74Ge (see Fig. 4) with
GRETINA. In 74Ge, all of these states decay with γ-ray
energies of less than 1.5MeV [65]. The residuals between
the simulated and experimental spectra up to 3MeV sug-
gest that we do not miss significant, additional strength
up to 3MeV (see Fig. 1). It needs to be acknowledged,
however, that the unplaced 2537-keV and 2900-keV tran-
sitions are barely resolved in our present experiment. The
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l = 1 l = 3 l = 2 l = 4

Figure 5. Spectroscopic factors for excited states of the N =
40 isotones 71Ga (top) and 73As (bottom) populated through
l = 1, 2, 3, 4 proton removal in the (d, 3He) reaction at Ed =
26MeV from targets of 72Ge and 74Se, respectively [70, 71].
The l = 1, 3 and 4 strengths shift significantly down in 73As.

determined yields would correspond to partial cross sec-
tions of 2.0(7) and 1.1(6)mb (see footnote of table II),
respectively. They certainly appear to be among the
smaller partial cross sections we determined (see Fig. 2).
We can, thus, justifiably assume that we should have
been able to resolve states with larger cross sections than
these.

Additionally, it must be mentioned that, as Wimmer
et al. [15], we cannot entirely exclude that some compo-
nent of the incoming secondary beam was in an isomeric
state. However, in all three cases, the half-lives of the
known isomers are less than 40 ns [65]. Consequently, a
significant fraction of this possible isomeric component
should have decayed when reaching the reaction target.
Nonetheless, both 71Br and 73Br have very low lying ex-
cited states at 9.9 and 26.9 keV, respectively, with un-
known lifetimes, which we need to consider. If we as-
sume that the B(E2; 5/2− → 1/2−) ≈ 3.8W.u. as in
71Se [65], then a lifetime on the order of 800 ns would
be expected for the 27-keV state in 73Br. An isomeric
state with such a lifetime could contribute to the incom-
ing secondary beam. Thus, we want to point out again
that the inclusive cross sections for 72Se and 74Se are
identical within uncertainties. Furthermore, the general
partial cross section pattern is very similar both in cross
section fragmentation as well as in absolute magnitude
(see Fig. 2). Based on these observations and on the fact
that 75Br does not have such a low lying isomeric state
[65], we claim that the influence of a possible isomeric
component of the beam is likely minor. It is, therefore,
surprising that the 6+ state was populated with an ap-
preciable cross section in both proton removal from 73Br
and 75Br, for which the ground-state spins are known
to be J < 5/2. Direct proton knockout from the 1f7/2
orbital could explain the population of the 6+ state in

72,74Se if the ground-state spin of the corresponding Br
isotope was J = 5/2 as seems to be the case in 71Br. We
mentioned earlier that the 6+1 → 4+1 transition of 70Se
could possibly not be resolved in Ref. [15]. In our case, we
even observe the weak population of an excited 7− state
in 74Se and of the probably first 8+ state in 72Se. The
population of these comparably high-J states might indi-
cate that multi-step processes contribute. The possibility
that such processes could contribute to nucleon-removal
reactions at intermediate energies was also discussed in,
e.g., Refs. [72]. Since excited states belonging to rota-
tional bands in both the Br and Se isotopes are connected
through collective E2 matrix elements [65], states could
be populated to some extent through two-step processes.
The degree of quadrupole deformation, β2, decreases by
74(3)% from 74Se to 72Se [73]. Thus, one might expect
that two-step processes are weaker in the proton removal
from 73Br to 72Se. Coincidently, the partial cross sec-
tion ratio σ(6+1 )72Se/σ(6

+
1 )74Se is 68(11)%. At the mo-

ment, such indirect contributions are out of the scope
of the eikonal reaction theory. We can, thus, not con-
clude whether there is a connection even though the ra-
tios are the same within uncertainties. Further reaction
theory developments along the lines of Ref. [72] would
be needed. For completeness, we note that indirect pro-
cesses contributed significantly to the population of ex-
cited states of the strongly deformed nuclei 168Er and
240Pu in the (p, t) reaction at 25MeV [74, 75]. Contribu-
tions of multi-step processes to proton knockout on nu-
clear targets were also discussed in, e.g., Refs. [49, 76, 77].

IV. SUMMARY

We performed proton-removal experiments on 73,75Br
secondary beams populating excited states of 72,74Se.
The inclusive cross sections for both Se isotopes agree
within uncertainties. This could suggest that the same
single-particle orbitals contribute to the proton-removal
reaction. However, without detailed theoretical struc-
ture and reaction calculations this statement cannot be
backed up. Using the high-resolution GRETINA γ-ray
tracking array, several excited states could be identi-
fied. We discussed the fragmentation of the partial cross
section among these excited states. But without guid-
ance by theory, it is not clear whether possible trends
of the cross-section ratios originate from a pronounced
prolate to oblate shape change between 72Se and 70Se,
or whether they can be simply attributed to a chang-
ing ground state spin between the Br isotopes. We, thus,
call for combined and detailed structure and reaction cal-
culations. Such calculations are challenging at the mo-
ment and, possibly, further theoretical developments are
needed. A comparison to proton-removal data available
from (d, 3He) reactions on stable isotopes suggests, how-
ever, that a significant fraction of the l = 1, 2, 3 and 4
spectroscopic strengths might be found at lower ener-
gies in the neutron-deficient Se isotopes than the Ge iso-
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topes. The situation might be further complicated since
we presented some evidence that, in these collective nu-
clei, multi-step processes contribute to the population of
excited states through proton removal on nucleon targets
at intermediate energies. At the moment, such multi-step
contributions are out of the scope of the eikonal reaction
theory. Further reaction theory developments along the
lines of Ref. [72] seem instructive as many of the heavier
nuclei, which will become accessible for experiments at
the Facility for Rare Isotope Beams (FRIB), will proba-
bly be deformed. It is likely that nucleon-removal exper-
iments will be performed with both nucleon and nuclear
targets. Extending the studies of Refs. [78, 79] to heavier
systems might, thus, be instructive.
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[8] P. E. Garrett, M. Zielińska, and E. Clément, Progress in
Particle and Nuclear Physics 124, 103931 (2022).

[9] A. Gade, D. Bazin, A. Becerril, C. M. Campbell, J. M.
Cook, D. J. Dean, D.-C. Dinca, T. Glasmacher, G. W.
Hitt, M. E. Howard, W. F. Mueller, H. Olliver, J. R.
Terry, and K. Yoneda, Phys. Rev. Lett. 95, 022502
(2005).

[10] E. Clément, A. Görgen, W. Korten, E. Bouchez,
A. Chatillon, J.-P. Delaroche, M. Girod, H. Goutte,
A. Hürstel, Y. L. Coz, A. Obertelli, S. Péru, C. Theisen,
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son, P. Thöle, T. Thomas, J. Van de Walle, P. Van Dup-
pen, M. Vermeulen, D. Voulot, R. Wadsworth, F. We-
nander, K. Wimmer, K. Zell, and M. Zielinska, Nuclear
Physics A 899, 1 (2013).

[23] S. Chen, P. Doornenbal, A. Obertelli, T. R. Rodŕıguez,
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