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We report on the observation of excited states in the neutron-deficient phosphorus isotopes
26:2T:28P via in-beam ~-ray spectroscopy with both high-efficiency and high-resolution detector ar-
rays. In 2P, a previously-unobserved level has been identified at 244(3) keV, two new measurements
of the astrophysically-important 3/27 resonance in 2"P have been performed, v decays have been
assigned to the proton-unbound levels at 2216 keV and 2483 keV in **P, and the ~-ray lineshape
method has been used to make the first determination of the lifetimes of the two lowest-lying ex-
cited states in *®P. The expected Thomas-Ehrman shifts were calculated and applied to levels in
the mirror nuclei. The resulting level energies from this procedure were then compared with the

energies of known states in 26:27:28P,

I. INTRODUCTION

The properties of the neutron-deficient phosphorus iso-
topes have prompted a number of experimental and theo-
retical studies with a focus on both nuclear structure and
nuclear astrophysics. 2P lies very close to the proton
drip line with estimates for its proton separation energy
of 140(200) keV from mass systematics [1], 0(90) keV
from the Coulomb energy difference between the ground
state of 2P and its isobaric analog state in 2°Si [2],
—119(16) keV from the improved Kelson-Garvey mass re-
lation [3], and 85(30) keV from parameters of a fit to ener-
gies of 1s; /5 states in lighter nuclei [4]. The observed nar-
row momentum distribution and enhanced cross section
for one-proton knockout [5] along with significant mirror
asymmetry in 3 decay [6] have provided evidence for 2P
having a proton halo [7-10]. In recent experiments, the
first excited state in 2P was reported by Nishimura et
al. at an energy of 164.4(1) keV with a 120(9) ns half-
life [11] and later confirmed by Pérez-Loureiro et al. at
164.4(3(2)) keV with a 104(14) ns half-life [12] with no
other excited states observed.

Nuclear structure plays a critical role in the rp pro-
cess due to the low ) values of proton-capture reac-
tions near the proton drip line. The structure of the
neighboring phosphorus isotope, 27P, is important for
the 26Si(p,7)?"P reaction rate, which has been investi-
gated for its potential role in the nucleosynthesis of the
astrophysical y-ray emitter 26 Al during explosive hydro-
gen burning [13—-21]. Under typical nova conditions, the
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low-lying 3/27 resonance provides the dominant contri-
bution to the proton-capture rate, which depends expo-
nentially on the resonance energy. This state was first
measured by Caggiano et al. at 1199(19) keV via the
28Si("Li,8He)?"P reaction [19]. Subsequent Coulomb dis-
sociation experiments at incident energies of 54.2 and 500
MeV /u, respectively, yielded energies of 1176(32) keV
[20] and 1137(33) keV [21] for the 3/2" resonance. The
highest-precision measurements of the energy of the 3/2%
resonance are 1120(8) keV from in-beam ~v-ray spec-
troscopy of 2”P produced from one-proton knockout [22]
and 1125(2) keV from S-delayed v rays observed in the
recent $-decay spectroscopy of 27S [23, 24].

Closer to stability, levels in 2®P have been identi-
fied using the reactions 28Si(p,n+v)?*P [25, 26] and
28Gi(3He,t)2®P [27]. Above the proton separation energy,
~ decay has been detected only from the 2104-keV state
[25, 26]. However, in Ref. [25], a 2216-keV ~ ray in coinci-
dence with neutrons from the reaction of 23 MeV protons
on a natural Si target was observed but with unknown
origin. Later, a state in 28P at 2216 keV was found in
28Gi(3He,t)?®P [27]. Furthermore, while upper limits for
the lifetimes of two levels have been extracted using the
Doppler-shift attenuation method [26], no experimental
information is available for the lifetimes of the first two
excited states in 22P.

In this work, we report the observation of = rays
in 26:27.28P from in-beam ~y-ray spectroscopy with both
high-efficiency and high-resolution detector arrays. In
26p ~-ray transitions from a newly-found excited state
above the 164.4-keV level have been detected. In 27P, we
present two new, high-precision measurements of the en-
ergy of the 3/2% resonance important for the 26Si(p,v)?"P
reaction rate. In ?8P, we confirm the 2216-keV ~ ray and
report a new «y ray originating from the decay of a proton-
unbound state. In addition, using the ~-ray lineshape
method, the lifetimes of the first two excited states in
28P have been measured for the first time. Experimental



results are compared to calculations accounting for the
onset of the Thomas-Ehrman effect [28, 29] as the proton
drip line is approached.

II. EXPERIMENT

As described in Ref. [30], three separate experiments
were performed at the National Superconducting Cy-
clotron Laboratory [31] to produce the data sets pre-
sented in this work. In the most recent of these measure-
ments, excited states in 2P and 2”P were populated in
the reactions ?Be(?Si,26P++)X and ?Be(?Si,2"P++)X,
respectively. A secondary beam cocktail including 2¢Si
was produced from fragmentation of a 150 MeV /u 36 Ar
primary beam on a 550 mg/cm? ?Be target at the midac-
ceptance position of the A1900 fragment separator [32]
with a 250 mg/cm?-thick achromatic Al wedge degrader
used for beam purification.

The secondary beam, which contained 14% 26Si at 118
MeV /u, was impinged on a ?Be secondary target with
287(3) mg/cm? areal density placed at the reaction tar-
get position of the S800 spectrograph [33]. In order to
detect de-excitation ~ rays, the secondary target was
surrounded by CAESAR [34], a high-efficiency array of
192 closely-packed CsI(Na) scintillation crystals covering
nearly 4mw. The spatial granularity of CAESAR, allowed
for event-by-event Doppler reconstruction of the 7 rays
emitted in-flight by reaction residues.

Plastic timing scintillators in the beam line and the
standard set of S800 focal-plane detectors [35] were used
to identify both the incoming projectiles and outgoing
reaction products on an event-by-event basis. The energy
loss versus time of flight particle identification plot for
reaction residues from the 26Si incoming beam is shown
in Fig. 1. For this measurement, the magnetic rigidity of
the S800 spectrograph was set to center the 24Si products
from two-neutron knockout in the focal plane but the
large acceptance of the S800 also allowed detection of
26,27P residues.

The in-beam response of CAESAR after Doppler re-
construction was modeled using GEANT4 simulations
benchmarked against the laboratory-frame energy spec-
tra of various standard calibration sources. The 4.5-keV
standard deviation for energies measured by CAESAR
in-beam compared to energies of known 7y-ray transitions
in 2223Mg (see Fig. 2 of Ref. [30]) was adopted as the
systematic uncertainty in the Doppler-corrected energy
and added in quadrature to the fit uncertainties. For
the spectroscopy of 2627P, a nearest-neighbor addback
procedure was used.

In addition to the data taken with CAESAR, two sets
of high-resolution ~-ray data taken using SeGA [36], an
array of 32-fold segmented HPGe detectors, were ana-
lyzed to study the neutron-deficient phosphorus isotopes.
The experimental schemes for both measurements were
the same as described above except SeGA was used for
~v-ray detection instead of CAESAR. The full technical
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FIG. 1. Particle identification plot for reaction residues pro-
duced from 2Si projectiles impinged on a °Be target for the
experiment using CAESAR for y-ray detection (also provided
in Fig. 1 of Ref. [30]). The S800 ionization chamber was used
to measure the energy loss and plastic scintillators in the beam
line and the back of the S800 focal plane were used to mea-
sure the time of flight. P (red oval) and P (orange oval)
reaction products are cleanly separated and identifiable.

details are available in Refs. [22] and [37, 38] with ad-
ditional discussion in Ref. [30]. For both experiments,
SeGA was arranged in two rings with central angles of
90° and 37° with respect to the beam axis. In Ref. [22],
nine SeGA detectors were located at 90° and seven oc-
cupied the 37° ring while in Refs. [37, 38|, ten SeGA de-
tectors populated the 90° ring with an additional seven
placed in the 37° ring. Doppler correction for each event
was performed using the coordinates of the segment with
the highest energy deposition.

In Ref. [22], the secondary cocktail beam included
289 and its isotone 27P and excited states in the
exotic nucleus 2P were populated in the reactions
9Be(?"P,2°P++)X and °Be(?8S,26P++)X. Furthermore,
in different parts of the experiment described in Refs. [37,
38], secondary beams including 3°S, 2°P and 3*Ar, 33Cl
were utilized, allowing 27?8 P residues produced from sev-
eral reactions to be identified using the S800 spectro-
graph.

III. RESULTS

The Doppler-corrected 7-ray spectra for 26P measured
with SeGA in the experiment described in Ref. [22] and
with CAESAR are provided in Fig. 2. The uncertainty-
weighted average energies of the two peaks visible in both
data sets are 80(3) keV and 244(3) keV. The 164(3)-
keV difference between the observed transitions is in
good agreement with the previously reported energies of
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FIG. 2. Doppler-corrected ~-ray spectra for 2°P measured
with SeGA (top) from the experiment described in Ref. [22]
and CAESAR (bottom). In the SeGA spectrum data from
the two reaction channels specified have been added together.
The red curves are GEANT4 simulations of the observed
peaks with a double exponential background and a low-energy
cutoff to account for detector thresholds.

164.4(1) keV [11] and 164.4(3(2)) keV [12] for the first
excited state in 2P, suggesting a level at 244 keV with
y-decay branches to the (37) ground state and the (1)
first excited state. Since the 164.4-keV level has a half-
life on the order of 100 ns and the velocity of the 26P
projectiles was around 0.4c, the v decay of this state oc-
curred far behind the target on average and could not be
measured in the experiments discussed here.

After correcting for the energy-dependent ~-ray detec-
tion efficiencies and low-energy detection thresholds for
the arrays, the branching ratios for the v decay of the
244-keV state were calculated. For the SeGA data, the
relative y-decay intensity is larger to the first excited
state (100(13)%) than to the ground state (49(13)%).
Although the peak area for the 80-keV transition in the
CAESAR data is comparatively small, accounting for de-
tector thresholds gives results consistent with the SeGA
data: 100(21)% normalized intensity for the decay to the
first excited state compared to 39(21)% for the decay to
the ground state. The combined results for both data
sets are 100(11)% relative branching to the first excited
state compared to 46(11)% to the ground state. The un-
certainties for the reported branching ratios include sta-
tistical, fit, and efficiency uncertainties added in quadra-
ture. The branching ratios obtained using the CAESAR
spectra with and without addback were in agreement.

In order to tentatively assign a spin-parity to the 244-
keV level in 2P, comparisons were made with the ex-
perimental information available on the mirror nucleus,
26Na, and with the results of shell-model calculations.
In the mirror nucleus, the second excited state is at
232.7(6) keV and has a spin-parity of 27. Similarly to
the observed 244-keV state in 0P, the 232.7(6)-keV level
in 25Na ~ decays to the 82.2(6)-keV 17 first excited state
and the 37 ground state with normalized intensities of
75.1% and 100% via mixed M1/E2 transitions [39]. The
next excited state, which also has spin-parity 27T, is at
406.7(5) keV and ~ decays mainly to the ground state
(100%) with smaller branches to the 1T excited state
(14.6%) and to the first 2% excited state (2.8%) [39].
Shell-model calculations were performed in the sd model
space using the USDA and USDB Hamiltonians [40] with
added charge-dependent (CD) parts derived from fits
to isobaric mass multiplet data [41]. USDA+CD and
USDB+CD both predict a 3% ground state and a low-
lying 1" excited state at 32 and 109 keV, respectively.
Using the shell-model B(E2) values and the experimen-
tal level energy of 164.4 keV, the half-life of the 1T state
is predicted to be 128 ns for USDA+CD and 174 ns for
USDB+CD, in broad agreement with the experimental
values of 120(9) ns [11] and 104(14) ns [12]. In both shell-
model predictions for 2P, the second and third excited
states have spin-parity 2%, like in the mirror, and are un-
der 500 keV in excitation energy while the next excited
state is above 1.2 MeV. The first 27 (164 keV) decays
only 3% of the time to the first excited state relative to
the ground state (100%) in USDA+CD and has a lifetime
of 114 ps, while in USDB+CD the first 2% (123 keV) has
a 137-ps lifetime and v decays to the first excited state
with 32% intensity relative to the ground state (100%).
Using the experimental values for the energies (164.4 and
244 keV) and the shell-model values for the transition
strengths (predominantly M1), the lifetimes for the first
27 are lowered to 35 ps in USDA+CD and 22 ps in
USDB+CD. In both USDA+CD and USDB+CD, the
second 27 excited states (423 and 332 keV) have life-
times of around 1 ps and decay mostly to the ground
state (100%) with the remaining relative strength split
between the 11 (19% in USDA+CD, 47% in USDB+CD)
and 2] (15% in USDA+CD, 14% in USDB+CD) excited
states. There is no clear evidence for additional ~y-ray
transitions in Fig. 2. The lifetime of the experimentally
observed state at 244 keV in 2°P could not be deter-
mined using the y-ray lineshape method due to limited
statistics and the low-energy threshold cutting into the
Doppler-reconstructed 80-keV peak for detectors in the
90° ring.

Based on the arguments above, we assign the newly-
observed 244-keV level in 26P a tentative spin-parity of
(21). Estimates for the unmeasured proton separation
energy in 2P include 140(200) keV [1], 0(90) keV [2],
—119(16) keV [3], and 85(30) keV [4]. In the experi-
mental setup discussed here, any proton-decay branch
from the newly-observed 244-keV level could not have



been detected. Furthermore, the experiment did not
allow for discrimination between the direct population
of the isomeric state and the ground state, precluding
the extraction of individual cross sections. According
to USDB+CD, the spectroscopic factors for one-neutron
knockout from the 1/2 ground state of 2"P are 1.665 to
the 3% ground state, 0.058 to the 17 isomeric state, 0.648
to the first 27 state, and 0.717 to the second 27 state
of 26P. If these spectroscopic factors are accurate, then
the absence of other ~-ray transitions in the one-neutron
knockout data in the top panel of Fig. 2 suggests that
the energy of the second 27 level is high enough above
the separation energy that proton decay is its dominant
decay mode.

Displayed in Fig. 3 are the Doppler-corrected ~-ray
spectra for 27P obtained from the CAESAR data and the
SeGA data from the experiment detailed in Refs. [37, 38].
The energies of the peaks visible in both spectra are
1125(6) keV for SeGA and 1119(8) keV for CAESAR.
Although CAESAR has modest resolution conpared to
SeGA, the uncertainties for the reported energies are
similar due to the statsitics advantage of the high-
efficiency array. Both values agree well with the highest-
precision measurements available for the energy of the
astrophysically-important 3/2% resonance, 1120(8) keV
from in-beam ~-ray spectroscopy [22] and 1125(2) keV
from the detection of S-delayed ~ rays following the de-
cay of 27S [23, 24]. The proton separation energy for 27P
deduced in Refs. [23, 24] from the measured ~ and pro-
ton decays of the 3/2% resonance is 807(9) keV and no
~ decay branch from the 5/2% second excited state at
1569(12) keV was observed. In this work, there are also
no clear v-ray transitions corresponding to the decay of
the 5/2% or higher-lying resonances.

In the experiment described in Refs. [37, 38], 2P was
produced in several reactions. The top panel of Fig. 4
shows the combined Doppler-corrected 7-ray spectrum
for 28P produced from the removal of multiple nucle-
ons from 3*Ar, 33Cl, and 3°S while the bottom panel
shows 2P produced from one-neutron knockout under
two magnetic field settings of the S800 spectrograph.
The energies for all observed v rays below 2.2 MeV
agree within uncertainties with previously reported tran-
sitions. The 2213(7)-keV and 2488(11)-keV transitions,
which are slightly above the proton separation energy
of 2052.3(12) keV, are not given in the compilation of
Ref. [39]. However, an unplaced 2216-keV ~ ray in coinci-
dence with neutrons from the reaction of 23 MeV protons
on a natural Si target was reported in Ref. [25] and the
energies of these newly-observed peaks match well with
the energies of the 2216(5)-keV and 2483(5)-keV states
measured using 28Si(3He,t)?8P [27]. Therefore, we inter-
pret them as the ground-state v decays of these levels.

Based on comparisons with shell-model calculations
and the mirror nucleus, 22Al, the 2216-keV state, which
has previously been assigned a tentative spin-parity of
(37,4%) with (41) favored [27] is interpreted as the (41).
In both 28Na and the shell model, the first 4T state,
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FIG. 3. Doppler-corrected ~-ray spectra for 2’P measured
with SeGA (top) from the experiment described in Refs. [37,
38] and CAESAR (bottom). The SeGA spectrum includes
data from ?Be(*°S,>"P++)X taken under two S800 magnetic
field settings and *Be(** Ar,>"P++)X. The transition observed
with both arrays is consistent with the « decay of the 3/27"
state reported at 1120(8) keV from the previous in-beam ~y-ray
spectroscopy experiment [22] and at 1125(2) keV in a recent
23S B-decay measurement [23, 24].

which is at 2271.745(19) keV in 2®Al [39] and 2221 keV
in USDB+CD, decays predominantly to the 3% ground
state while the first excited 37 states in the mirror and in
the shell model are close to 3 MeV and have large branch-
ing ratios to several levels. Futhermore, the observed
predominant -y decay of the 2483-keV level to the ground
state supports the (5%) assignment given in Ref. [27].

The observed transitions are summarized in the level
scheme given in Fig. 5. Energy differences and informa-
tion from ~+ coincidences were used to construct the level
scheme, which is in agreement with previous results [39].
The normalized branching ratios for the 1028-keV and
1134-keV v decays from the 1134-keV state extracted in
this work are 61(15)% and 100(15)%, which are in agree-
ment with the known values of 89(16)% and 100(16)%
[25] and 45(23)% and 100(23)% [26] within uncertain-
ties. For the 434-keV and 1207-keV transitions from
the 1313-keV level, relative branching ratios of 96(14)%
and 100(14)% were measured, compared to the previous
values of 100(37)% and 85(37)% [26]. Finally, the rela-
tive intensities for the 1998-keV and 2104-keV ~ decays
from the 2104-keV level were found to be 100(15)% and
54(15)%, which are similar to the 100(24)% and 69(24)%
[25] and 100(26)% and 64(26)% [26] relative intensities



.)(I /L T I T I T I T I T I ] 250
40008 |12 Be(*ArP)X |
L] Wi vic = 0.447
% — °Be(*C1,22p)X 2%
; 3000 ) vic = 0.437 150
— r *Be(%05,28P)X |
g 2000 H =) vic =0.429 100
> L &
o N
O 1000 f 50
ol—L 1 0
B T L T I T I T I T I T I ]
s |e 9Be(P, Bp)X
20000H "~ | | vic=0435 —1000
% I vic=0425 |
15000 750
; - -
‘= 10000 H —500
=)
(@] - i
© 5000 250
0 L| | 1 | 1 | 1 | 1 1
0 500 1000 1500 2000 2500 3000

Energy (keV)

FIG. 4. Doppler-corrected v-ray spectra for °P from multi-
nucleon removal from 3*Ar, *3Cl, and 3°S (top) and one-
neutron knockout using two magnetic-rigidity settings of the
S800 spectrograph (bottom) measured with SeGA in the ex-
periment described in Refs. [37, 38]. The transitions labeled
106* and 773* originate from levels with appreciable lifetimes
(see Fig. 6).

available in the literature.

The lifetimes of the first two excited states in 8P are
long enough to be measured using the 7-ray lineshape
method, as has been done with SeGA arranged in 90°
and 37° rings in previous works, e.g. Refs. [42-49]. At
the beam velocities discussed in this work, a state with
lifetime on the order of 100 ps will 7 decay around 1
cm downstream of the target on average, causing the
Doppler-corrected peak to have a low-energy tail and a
centroid below the correct energy if the mid-target po-
sition and mid-target velocity are used to calculate the
angle of the v ray relative to the beam axis. There-
fore, the lifetime of the state can be extracted by fit-
ting GEANT4 simulations with different lifetimes to the
asymmetric lineshape of the peak observed experimen-
tally.

The v/c values used in the Doppler reconstruction
were determined from measuring the parallel momentum
distribution in the S800 spectrograph and extrapolating
back to the mid-target velocity using the ATIMA stop-
ping powers [50] implemented in LISE++ [51]. While the
geometric description of the array is accurate to the or-
der of millimeters, the sensitivity of Doppler reconstruc-
tion to detector position could be exploited to further
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FIG. 5. ?8P level scheme including the -ray transitions ob-
served in this work. The energies for transitions and states
are taken from Ref. [39]. The 2216-keV and 2483-keV transi-
tions have been assigned as the ground-state decays of known
states. The placement of the other transitions is the same as
in previous experiments.

refine the detector locations. The positions of the SeGA
detectors along the beam axis with respect to the tar-
get were adjusted individually by aligning high-statistics
peaks with known short lifetimes to their known Doppler-
corrected energies. As a test of the method, the lifetime
of the 780.8-keV level in 27Si, which was determined pre-
viously to be 50(6) ps using the recoil-distance method
[52], was measured.

In this work, 27Si produced from one-neutron knock-
out was studied using two magnetic-rigidity settings of
the S800 spectrograph, one centered on ?Be(3°S,29S++)X
and the other centered on Be(*’S,28S++)X. The top
panel of Fig. 6 shows the v-ray spectra for 27Si for the
9Be(3°S,29S+7)X setting with GEANT4 simulations of
the observed peaks. Laboratory-frame background lines
from electron-positron annihilation and neutron-induced
reactions in the Ge detectors and Al beam pipe, which
have been smeared due to the Doppler correction of the
in-flight + rays, were also included. The effect of the life-
time of the 780.8-keV state on the 37° and 90° spectra
is clear in juxtaposition with the 957.3-keV transition,
which originates from a level with a comparatively short
lifetime of 1.73(12) ps [39]. The best fit for the lifetime
of the 780.8-keV level was found using x? minimization.
The fit region used was from 650 to 850 keV with the
exponential background and contribution of other tran-
sitions fixed from fits in the range shown in the top panel
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FIG. 6. Doppler-corrected ~-ray spectra showing the ef-

fect of level lifetimes on the 780.8-keV transition in 27Si
(top), the 773-keV transition in **P (middle), and the 105.64-
keV transition in ?®P (bottom) as measured with SeGA in
the experiment described in Refs. [37, 38] for data from
the S800 spectrograph magnetic-rigidity setting centered on
9Be(®°S,29S+v)X. The insets show the combined x? distribu-
tions of the lifetime fits for the 37° and 90° data for both
settings, “Be(3°S,2°S++)X and *Be(*°S,?#S++)X.

of Fig. 6. Only the scaling factor of the GEANT4 sim-
ulation for each lifetime was allowed to vary. The inset
of the top panel in Fig. 6 shows the reduced 2 plot for
all 27Si data (37° and 90° rings for both S800 spectro-
graph magnetic-rigidity settings). Results for both rings
in both settings were consistent within uncertainties.

The statistical uncertainty for the lifetime derived from
all data was taken from the 95% confidence interval
(X%, +4) to be 3 ps. In order to estimate systematic un-
certainties, the effects of varying the v/c used in Doppler
reconstruction and the offsets of the SeGA detectors on
the extracted lifetime of the 780.8-keV state were ex-
plored. The offsets used in the geometry of the setup
and the choice of v/c provided 8% and 4% uncertainty,
respectively. Smaller systematic uncertainties (less than
2% each) included the choice of bin size, the functional
form used to determine the minimum x2 value, the fit
range and background used, and indirect feeding of the
780.8-keV level. Adding all statistical and systematic un-
certainties in quadrature, we report a lifetime of 51(6) ps
for the 780.8-keV state in 27Si, in excellent agreement
with the previous value of 50(6) ps [52].

The same procedure was then applied to the 773(3)-
keV transition from the 877(2)-keV state to the
105.64(10)-keV level in 28P. The energies and uncer-
tainties for the transition and levels were taken from the
literature values [39]. The middle panel of Fig. 6 shows
the 434-keV peak, which originates from a level with an
expected lifetime of around 0.5 ps from shell-model calcu-
lations and comparison with the mirror nucleus, and the
773-keV peak, which is not aligned in the 37° and 90° de-
tectors due to the long lifetime of the 877-keV state. The
best-fit lifetimes for the 37° and 90° data sets taken with
the two different magnetic rigidities of the S800 spectro-
graph were in agreement within uncertainties. Using the
statistical uncertainty of T3} ps derived from the fit to
the summed Y2 plot shown in the inset and the same
systematic uncertainties as for 27Si, the lifetime of the
877-keV level is 117(30) ps, where the lower bound for
the uncertainty was increased since the 877-keV level is
fed strongly by the 434-keV transition.

As visible in the bottom panel of Fig. 6, the 773-
keV transition feeds the long-lived 105.64-keV level. In
order to determine the lifetime of this state, the peak
corresponding to the 105.64-keV transition was fit with
GEANT4 simulations that included feeding effects. Cor-
rected for efficiency, the 105.64-keV state was fed 13(3)%
of the time by the 773-keV transition. The lifetimes of the
105.64-keV and 773-keV transitions were varied simulta-
neously in the fits. Other transitions to the 105.64-keV
level were assumed to have negligible lifetimes, consistent
with their alignment in the 37° and 90° detectors. The
systematic uncertainty for the two extracted lifetimes was
found from the extrema of the projections of the x2. +4
contour shown in red in the inset of Fig. 6. This plot con-
tains the summed y? values of the fits to both the 37°
and 90° detectors in both S800 spectrograph magnetic-
rigidity settings with the fits performed between 80 and
130 keV. Furthermore, the feeding percentage was varied
within its uncertainties to quantify its effect on the ex-
tracted lifetimes. From these results, an additional 15%
uncertainty was added in quadrature to the systematic
uncertainties established from the 27Si data. From these
fits, the lifetime for the 105.64-keV state is 55(10) ps and



the lifetime for the 877-keV state is 132(35) ps, in agree-
ment with the result of the direct fit to the 773-keV tran-
sition, 117(30) ps. We recommend adopting 117(30) ps
for the lifetime of the 877-keV state because the feeding
percentage used in the simultaneous fit was determined
by the direct fit to the 773-keV transition.

The 780.8(2)-keV transition from the first 1/27" state
to the 5/2% ground state in 27Si is predominately of
E2 character. Using a lifetime of 50.5(35) ps, the
B(E2) strength is 55.5(40) e*fm*. For this transition,
USDB-+CD predicts a B(E2) of 81.0 e*fm* giving a ra-
tio of experiment to shell model of 0.69(5). In the mir-
ror nucleus 27Al, the B(FE2) for the analog transition is
38.0(11) e*fm* experimentally compared to 52.8 e*fm*
as calculated by USDB+CD for a ratio of 0.72(2). Al-
though the predictions for the B(E2) strengths are larger
than the observed values, these ratios show that the pro-
portionate change in B(E2) from 27Al to ?7Si is well-
reproduced by the shell model.

In 28P, the 105.64(10)-keV decay from the first (27)
level to the 3% ground state is predicted to be M1
by shell-model calculations and in the mirror nucleus,
the analog transition has ¢ = +0.001(6) [39]. Assum-
ing no mixing and using 55(10) ps for the lifetime, the
B(M1) strength is 0.877(160) u% compared to 0.688 u%
as predicted by USDB+CD. In 2®Al, the experimental
B(M1) strength is 0.662(16) u% while USDB+CD gives
0.546 p%;. In this case, the shell-model predictions for the
strengths are smaller than the observed values. However,
the experiment-to-shell-model ratio of 1.27(23) for 2P is
similar to the value of 1.21(3) for 28Al.

Using 117(30) ps for the lifetime of the (0T) state
in 2P at 877 keV, which decays to the (2%) state at
105.64 keV via a 773(3)-keV ~-ray, the B(FE2) strength
is 25.2(65) e?fm* while the USDB+CD prediction is
40.1 e*fm* for a ratio of 0.63(16). In the mirror nu-
cleus, the experimental and shell-model B(FE2) values are
23.1(14) and 29.3 e*fm*, respectively, giving a ratio of
0.79(5). Although the ratio for 28Al is larger than for
28P, the values are consistent within uncertainties and
are similar to the ratios found for the B(E2) strengths
in 27Si and 27Al above.

IV. DISCUSSION

The lowering of the proton separation energy in nu-
clei as the proton drip line is approached can greatly
affect nuclear structure properties. For weakly-bound
protons in the 1s; /o orbital, the lack of angular momen-
tum barrier causes an extension of the wavefunction in
the radial direction compared to that of the mirror nu-
cleus and leads to an asymmetry in the energies of analog
states known as the Thomas-Ehrman shift [28, 29]. For
26,27,28p  shell-model calculations predict that the spec-
troscopic factors for the one proton 1s;/, overlaps with
25,26,27Gi  respectively, are larger for the ground state
than for the excited states (see Table I). Here, we use

shell-model spectroscopic factors to calculate theoretical
Thomas-Ehrman shifts and compare the results to the
observed values.

The predicted Thomas-Ehrman shift for the proton
1sy /o orbital as a function of the proton separation energy
(Sp) was calculated using a Woods-Saxon potential with
a 28Si core. The Thomas-Ehrman shift was tabulated as
the difference in proton and neutron 1s; s, single-particle
energies relative to the difference in proton and neutron
0ds /o single-particle energies. The inital parameters for
the Woods-Saxon potential were taken from Ref. [53].
The radius and potential depth of the central potential
were then varied in order to reproduce the rms charge
radii of ?8Si and 3'P.

For the central and spin-orbit potentials, rg= 1.25 fm,
rso=1.27 fm, and ap=a.,=0.67 fm were used. In the
Coulomb term, the radius was taken as r.=1.20 fm. The
spin-orbit potential strength V,, was fixed at 22 MeV.
Using these parameters at a central potential depth of
Vo=—55.6 MeV, the calculated rms charge radii for 28Si
and 3'P are 3.1408 fm and 3.1775 fm compared to the
experimental values of 3.1224(24) fm and 3.1889(19) fm
[54], respectively. In addition, the proton separation
energies calculated for 22Si and 3!'P, 11.863 MeV and
7.308 MeV, are in broad agreement with the literature
values of 11.58502(10) MeV and 7.29655(2) MeV [39].

As shown in Fig. 7, Vo was varied to examine the
Thomas-Ehrman shift at different values of the proton
separation energy. Increasing ro by 0.02 fm causes the
magnitude of the Thomas-Ehrman shift to increase by
about 23 keV while decreasing ro by 0.02 fm decreases
the magnitude of the Thomas-Ehrman shift by around
24 keV.

Since the mass of 2P has not been measured, the
proton separation energy shown in Fig. 7 and used in
the calculations below for 26P is 10.5 keV, the midpoint
of the two extreme predictions of 140(200) keV [1] and
—119(16) keV [3]. The error bars in Fig. 7 extend from
—119 to 140 keV. The proton separation energies and
uncertainties for 272P were taken from Ref. [39)].

The calculated Thomas-Ehrman shifts relative to the
ground state were then applied to the known experimen-
tal energies (Emirror) for levels in the mirror nuclei, 26Na,
2"Mg, and 28Al, to determine the predicted energies of
the states in 26:2728P (Eirror+TE) Using the equation:

Emirror + TE(Sp - Emirror+TE) X Czs(l = 07 E*>
_TE(SP) X CQS(Z = 07 gS) = Emirror+TE'

Values of the Thomas-Ehrman (TE) shift for unbound
states were extrapolated from Fig. 7. Spectroscopic fac-
tors for the proton 1s; 5 overlaps with states in the Si iso-
topes for the P ground states (C2S(l = 0,gs)) and excited
states (C2S(l = 0,E*)) were calculated using the USDB
interaction. USDB was used rather than USDB+CD
since the charge-dependent part already includes some
Thomas-Ehrman shift. The spectroscopic factors calcu-
lated using USDA were comparable. For 26:27:28P the
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FIG. 7. Thomas-Ehrman shift as a function of proton sepa-
ration energy calculated using a Woods-Saxon potential with
several values of r9. The ground-state proton separation en-
ergies for 26:27:28P are labeled.

sum of spectroscopic factors for the proton 1s;/, over-

lap with all shell-model levels under 4 MeV in excitation
. 25,26,27Q; . .

energy in Si, respectively, was considered.

The results are summarized in Table I. Based on this
calculation, the 244-keV level in 26P observed in this work
is more likely to be the first 2 state than the second.
The rms deviation in the experimental energies for mir-
ror states in 2P and 2%Na is 59 keV. After applying the
calculated Thomas-Ehrman shift, the deviation between
the predicted and experimental level energies in 26P is
lower at 28 keV. Similarly, for 27P and ?"Mg, the rms
deviation for mirror energies is 119 keV and the rms de-
viation is lowered to 76 keV when accounting for the
Thomas-Ehrman effect. However, although including the
Thomas-Ehrman shift using this method improves agree-
ment for the first three excited states in 2®P, the 80-
keV rms deviation in mirror energies for 22P and 28Al is
smaller than the 97-keV rms difference between predicted
and experimental energies for all excited states in Table I
because the calculated excitation energies for the higher-
lying levels in 2P are systematically larger than the ex-
perimentally observed values by about 110 keV. Here, the
mirror energies with no shift are already higher than the
experimental energies and including the Thomas-Ehrman
effect generally increases the excitation energies further
because the Thomas-Ehrman shift is larger in magnitude
for the ground state than for nearly all of these excited
states, as seen in Table 1.

The same analysis was then repeated for the neigh-
boring sd-shell nuclei 2°Si, 28S, and 2°S. For these nu-
clei, the |=0 proton overlaps with excited states below
4 MeV in 2%Al, 2"P, and ?®P calculatd using USDB were
considered. Unlike in 26:27:28P above, the summed spec-
troscopic factor for the one-proton 1ls;,, overlaps with
the ground state of 2°Si, which has a proton separation

TABLE I. Thomas-Ehrman (TE) shifts from Fig. 7 multiplied
by the proton 1s;,, spectroscopic factors (C?8) and added to
the energies of states in the mirror nuclei (Emirror) compared
to the experimental results (Eexp) for 29272P. Epiror en-
ergies for all mirror nuclei and Ecxp energies for 28P were
taken from Ref. [39]. Ecxp energies for 2P were taken from
Refs. [23, 24]. Emirror+TE energies are reported relative to the
ground state.

AZ J7 C2S TEXCQS Emirror Emirror+TE Eexp
keV keV keV keV
#6p 3t 0.6257  -254 0 0 0
1t 0.4002  -171 82.2 165 164.4
2T 04589  -203 232.7 284 244

2T 05636  -259 406.7 402
P o1/2% 05271 -169 0 0 0
3/27  0.0956 -42 984.9 1112 1125
5/2% 0.3337 177 1698.5 1691 1569
5/2% 03517 -201 1940.2 1908 1861
Bp 3t 0.5345  -129 0 0 0
2t 0.3450 -85 30.6 75 105.6
0F 0.4977  -150 972.4 951 877
3T 0.0483 -15 1013.6 1127 1134
1T 0.2895 -98 1372.9 1404 1313
1™ 0.2634 -96 1620.3 1654 1567
2t 02956  -107 1622.9 1645 1516
2t 0.1755 74 2138.9 2194 2104
1+ 0.0750 -33 2201.4 2298 2143
4+ 0.1985 -87 2271.7 2313 2216
2T 0.1798 -85 2486.2 2530 2406

5+ 0.2933 -140 2581.8 2571 2483

energy of 3414(10) keV [39], is smaller or similar in mag-
nitude to the spectroscopic factors for the excited states.
As seen in Table I, the levels in 2°Na are 267 keV higher
than their analog states in 2°Si on average. After apply-
ing the calculated Thomas-Ehrman shift to the levels in
the mirror nucleus, the excitation energies are still higher
than the experimental values by an average of 183 keV. In
this case, the applied Thomas-Ehrman shift is not large
enough to fully account for the mirror energy differences.
Conversely, for the higher-lying states in 28P discussed
above, the applied Thomas-Ehrman shift is too large in
magnitude.

In USDB calculations for ?*S and ?S, the proton 1s;
overlaps with states below 4 MeV in 2P and 2%P, re-
spectively, are larger for the ground states than for the
excited states, as was true for 2627:28P.  The proton
separation energies in 28S and 2°S are 2490(160) keV
and 3300(50) keV [39]. For 285, applying the Thomas-
Ehrman shift calculation yields an excitation energy for
the 27 state that is 53 keV below the experimental value
while the mirror energy difference is within 34 keV, as
shown in Table II. On the other hand, the states in 2°Al
are 126 keV higher in energy than the corresponding lev-
els in 2S on average and including the Thomas-Ehrman
shift gives predicted energies that are 98 keV higher than
the literature values. Therefore, for 2°S, the magnitude



TABLE II. Thomas-Ehrman (TE) shifts from Fig. 7 mul-
tiplied by the proton 1s;,» spectroscopic factors (C*S) and
added to the energies of states in the mirror nuclei (Emirror)
compared to the experimental results (Eexp) for 2°Si and
28299 Eirror energies for 28Mg and 2°Al and Eexp ener-
gies for 2829 were taken from Ref. [39]. Eexp energies for
25Si and Emirror energies for 25Na are the same as those used

in Ref. [30]. Emirror+TE energies are reported relative to the
ground state.
Az T C?S  TEXC?S Emiror Emirror+TE  Eexp
keV keV keV keV
28 5/2T 0.3088 -55 0 0 0
3/2%  0.2635 -48 89.5 97 45
1/2% 04780  -107 1069.3 1018 870
3/27 0.3613 -105 2202 2152 1961
9/2%  0.2592 -80 2416 2391 2365
7/2%  0.7042  -230 2788 2614 2380
5/2%  0.4634  -159 2914 2810 2585
7/2T 0.2447 -97 3353 3312 3160
9/2% 0.3988  -159 3455 3351 3035
9/2% 04324  -201 3995 3849 3695
1/27 04095  -210 4289 4135 3802
B3 0 0.8588  -187 0 0 0
2T 0.6724  -207 1473.5 1454 1507
28 5/2T 0.9049  -166 0 0 0
/2% 07650  -190 1398.1 1374 1222
7/2%  0.6077  -165 1754.3 1755 1727
5/2% 0.6036  -225 3061.8 3002 2887

of the Thomas-Ehrman shift would need to be increased
to improve agreement further, similar to the case of 2°Si
discussed previously.

An explanation for the remaining discrepancies in the
mirror energy shifts may be that the overall rms charge
radii of the states gradually increases with excitation en-
ergy. For example, the total energy difference between
2P and 28Al is 11.3 MeV [39]. Since the Coulomb en-
ergy goes as 1/R, a 1% radius increase would reduce the
Coulomb energy by about 110 keV. This increase may
be related to the increased occupancy of the 1s;,5 orbit
as a function of excitation energy. The 1s;,5 orbit adds
density to the nuclear interior, and as a consequence the
nucleus slightly expands in order to keep the interior nu-
clear saturation density closer to the saturation value of
0.16 nucleons/fm3. For the excited states in Tables I and
I1, there is moderate correlation (correlation constant of
0.74) between the remaining mirror energy difference af-

ter the Thomas-Ehrman shift is applied and the summed
1s1/2 occupancy for protons and neutrons relative to the
ground state.

V. SUMMARY

In-beam ~-ray spectroscopy experiments using the
high-efficiency detector array CAESAR and the high-
resolution detector array SeGA were performed to mea-
sure excited states in the neutron-deficient phosphorus
isotopes 26:2728P. A level with 244(3)-keV and 80(3)-keV
transitions to the ground state and first excited state of
the drip-line nucleus 2P, respectively, was observed for
the first time. Two new measurements of the energy
of the 3/2T state, which is the dominant resonance in
26Si(p,y)?"P reaction-rate calculations, were made with
the results of 1125(6) keV and 1119(8) keV. In 2P, + rays
from states above the proton separation energy were ob-
served and the lifetimes of the first two excited states
were extracted using the ~v-ray lineshape method. The
lifetime of the 105.64-keV level was found to be 55(10) ps
and the lifetime of the 877-keV level was found to be
117(30) ps. The expected Thomas-Ehrman shifts for
states in 26:2728P were calculated and applied to known
experimental energies in the mirror nuclei. For 2627P, the
rms deviation between mirror energies decreased when in-
cluding the Thomas-Ehrman effect. However, for higher-
lying states in 28P, the calculated energies are systemat-
ically higher than the known energies and no Thomas-
Ehrman shift is required. Conversely, for the neighbor-
ing nuclei 2°Si and 2°S, a larger Thomas-Ehrman shift is
needed to better match the experimental data.
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