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Ground state energy and width of "He from 3Li proton knockout
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The ground state energy and width of “He has been measured with the Modular Neutron Array (MoNA)
and superconducting dipole Sweeper magnet experimental setup at the National Superconducting Cyclotron
Laboratory. "He was produced by proton knockout from a secondary 8Li beam. The measured decay energy
spectrum is compared to simulations based on Breit-Wigner line shape with an energy-dependent width for the
resonant state. The energy of the ground state is found to be 400(10) keV with a full-width at half-maximum of

125(719) keV.
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I. INTRODUCTION

The neutron-rich nucleus ’He is particle unstable and
decays into °He and a neutron. The properties of the 3/2~
"He ground state have been studied extensively [1-30] and the
results are summarized in Table I. Although the publication list
is long, it is interesting to note that only a few articles report
independent measurements of the ground state resonance pa-
rameters. Following the initial transfer-reaction measurements
by Stokes and Young [1,2] there are only three measurements
of the energy [17,20,22] and two of the width [18,26] with
a precision better than 50 keV. The continued interest in

"He is motivated by the search for the missing first excited

%7 state. Two recent measurements [20,27] posited evidence

of a low-lying %7 excited state; however, this finding has
been disputed by other measurements reported in Refs. [21]
and [22].

The previous measurements of "He listed in Table I have
employed 19 different reactions as shown in Fig. 1. Up to now,
"He has not been populated using the proton knockout reaction
from 3Li. In the present work, we report our findings for the
decay energy and resonance width of the ground state of "He
populated with this reaction. The proton knockout reaction
should strongly populate the ground state, but in first order
should not populate the %_ excited state. The measurement
was performed at the National Superconducting Cyclotron
Laboratory (NSCL) with the Modular Neutron Array (MoNA)
[31,32], the high-field superconducting dipole (Sweeper)
magnet [33], and associated charged-particle detectors.
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II. EXPERIMENTAL PROCEDURE

A 8Li beam of 41 MeV/nucleon was produced at the
NSCL by accelerating a primary beam of 80 with the
Coupled Cyclotron Facility to 120 MeV/nucleon. The primary
beam impinged on a 3526 mg/cm?> Be A1900 production
target and the resulting fragments were separated in flight
with the A1900 fragment separator [34]. An 825 mg/cm?
Al achromatic degrader installed at the dispersive plane of
the A1900 enabled the isotopic separation of the secondary
8Li beam. This beam had a magnetic rigidity of 2.4994 Tm
and slits in the A1900 were configured to give a momentum
acceptance of +0.4%. A 254 pm scintillator located just before
the beryllium reaction target served as a timing start detector
for measuring neutron and incident beam time-of-flight (TOF).
While there was a small amount of contamination in the
beam, the results presented here required the proper TOF
between the A1900 and the start detector to ensure only
events involving incident 8Li were included. The position and
direction of each incident particle was tracked with a pair
of high-rate cathode readout drift chambers (CRDCs) located
upstream of the experiment reaction target. The beam was
then focused onto a 192 mg/cm?’Be reaction target with a
superconducting quadrupole triplet lens. Following one-proton
knockout, "He immediately decayed into a *He and a single
neutron.

The neutrons were detected with MoNA [31,32], which was
located 8.2 m from the beryllium reaction target and centered
about 0° relative to the beam direction. The location of the
interaction point of the neutron in MoNA was determined
by the particular detector module that registered the neutron
(for the vertical position and distance along the beam axis)
and by the time difference between the signals from the left
and right photomultiplier tube (PMT) of each module for the
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TABLE L. Summary of previous measurements of "He. All resonance energies and widths are given in keV. In most
cases I" represents the FWHM, although it is sometimes not explicitly stated.

Reference Reaction Ground state 1st Excited state

Eq r E* r
[1] Li(t, *He) 420(60) 170(40) - -
[2] TLi(t, *He) 440(30) 160(30) - -
[3] "Li(n, p) ~400* <200 - -
[4] °Be(°Li, ®B) Observed No resonances <10 MeV
[5] °Be(°Li, *B) Observed No resonances <10 MeV
[5] "Li(’Li, "Be) Observed No resonances <10 MeV
[6] "Li(r~, y) 340(80)° No resonances <15 MeV
[7,8] *Be('*C, 1°0Q)° 500(300) 150(50) 2900(300)¢
[9] 80 fragm. 450° 160° - -
[10,11] °Li(**C, BN) Observed' No resonances <10 MeV
[12] 80 fragm. 450° 160° - -
[13]¢ °Be(N, "F) Observed' 3160(50) 1500(200)
[14,15] p(He, d) 440° 160° 2900(300) 2200(300)
[16] d(°He, p) Observed No resonances <8 MeV
[17] L.I2Be fragm. 450(20) 160° - -
[18] ‘Be("°N, '"F) 440" 140(20) 2950(100) 1900(200)’
[19] 8He n-knockout 440¢° 800(200) 1000(200)
[20] 8He n-knockout 430(20) 150(80) 600(100) 750(80)
[21,22] p(°He, n) IAS 410(30) (~2700) (~8000)
[23] d(°He, p) Observed® 2600 ~2000
[24] "Li(’Li, "Be) Observed” ~2900
[25,26] Lid, 2p) 446 183(22) 1450770 200071999
[27] p(He, d) 360(50) 170(50) 900(500) 1000(900)
[28] Nuclear data eval. 445(30) 150(20) 2920(90) 1990(170)
[29,30] Atomic mass eval. 435(17) 160(30)!

*Derived from a proton peak “near” 3.8 MeV.

"Derived from E, =126.73(8) MeV. E,, = 126.6 MeV from Table 6 of Ref. [6] yields Ey; = 470 keV.
°Ref. [8] also observed the ground state in the reactions ’Li(''B, ''C), °Be(''B, *N), and °Be(°Be, ''C).
dRef. [7] quotes 3500(500) keV and 2000(500) keV for the energy and width of the excited state, respectively.

¢Consistent with data, no fit performed.
fResonance parameters taken from literature.
£Preliminary analysis, data also published in Ref. [18].

"Taken from literature, no absolute mass measurement was performed.

i An uncertainty of 300 keV is quoted in the abstract.
JPreliminary analysis, data also published in Ref. [20].

kResonance located at the reaction Q ¢ = —2.669 MeV taken from literature.

!Converted from Tj, = 2.9(5) x 1072!.

horizontal location. The neutron TOF was determined from the
average of the times recorded for the two PMTs at the ends of
the module. The zero point for this time scale was determined
from the known distance between the reaction target and
MoNA and the measured flight time for y rays produced in
the reaction target. The °He were deflected with the Sweeper
magnet [33] into two CRDCs, separated by 1 m, that measured
the trajectories of the particles. The *He then impinged on a set
of thin (5 mm) and thick (15 cm) plastic scintillators, giving
energy loss and total energy, which unambiguously identified
the ®He fragments. The position calibrations (in particular the
drift time, which gives the vertical position) of the CRDCs
were checked regularly throughout the run [35]. A measured
magnetic field map for the Sweeper was used as the input to the
ion optics code COSY [36] to determine a transformation matrix

that converts the positions and angles of the trajectory into
direction and energy of the ®He at the reaction target. While
the standard transformation matrix from COSY is based on an
assumption that all the incident ions impact the reaction target
with no spread in the dispersive plane (identically at x = 0),
the transformation matrix for this work was parametrized to
include the measured position of each incident ion at the
reaction target [37]. The energy was also corrected for energy
loss of the °He through half the beryllium reaction target,
0.85 MeV/u. The depth of the interaction point in the reaction
target is not known, so the He energy was corrected by
assuming all the interactions took place in the center of the
reaction target.

The hardware trigger for the experiment required a charged
particle to register in the thin scintillator within 400 ns of a

044303-2



GROUND STATE ENERGY AND WIDTH OF "He FROM ...

(p,’He), (°Li,°B),
(°Be,"C), (""B,13N),

PHYSICAL REVIEW C 78, 044303 (2008)

fragmentation

FIG. 1. Summary of reactions re-
/ sulting in "He. A small section of
the chart of the nuclei with only

the nuclei of interest is shown. Grey
denotes stable nuclei that were used
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signal from any module in MoNA. Further restrictions were
applied during offline analysis.

The neutron energy and direction are known as are the °He
energy and direction. With this information, the four-vector of
the "He is calculated in the laboratory frame with

E E E,
PHe PéHe Pn

from the laboratory frame four-vectors for the ®He and the
neutron event by event. The invariant mass is found from

mgHe = mﬁzHe + mﬁ + 2(Espe En — psge P €08 0), 2)
which is the result of the square of each side of Eq. (1). The
known mass of the neutron and ®He are then subtracted from
the invariant mass of the system to obtain the decay energy
spectrum of "He.

Edecay = M7He — Moye — Np. 3

In Egs. (1)—(3), m is the rest mass of the respective particle,
E is the total energy, p is the vector three-momentum, p is
the magnitude of the momentum, and 0 is the angle between
the neutron momentum and the fragment momentum in the
laboratory frame.

III. SIMULATION

The decay energy spectrum obtained as described above
contains a peak (or multiple peaks if multiple states exist
and are populated) whose shape is related to the energy and
width of the unbound state. The spectral shape is affected by
many experimental factors such as the detector resolutions and
acceptances so that the energy and width cannot be directly ex-
tracted from the measured decay energy spectrum. Rather than
trying to correct the measured spectrum, a simulation package
was developed to produce data that incorporate information
about the sizes, locations, acceptances, and resolutions of the
detectors; beam properties; and the properties of the decaying
state. The simulated events were then analyzed and sorted in
the same way as the experimental data.

as targets (®*’Li and °Be) or beam
(*80). Open squares near "He denote
unstable isotopes used as beams. The
thick borders indicate the beam and
resulting unstable isotope from this
work.

The simulation included a parametrization of the reaction
mechanism to produce "He in the beryllium reaction target.
The peaks of the velocity (or energy/nucleon) distributions
of the neutrons (see Fig. 2) and the fragments (see Fig. 3)
are higher than those of the beam energy of the incoming
8Li fragments after taking into account the energy losses in
the reaction target. In the fragmentation models based on the
Glauber description the outgoing fragment velocity is typically
equal or smaller than the incoming projectile velocity [38].
Thus we considered the possibility that the two-body reaction
°Be(®Li,’He)!°B could contribute. The pickup of a proton
by the °Be reaction target, which is bound by more than
12 MeV, can occur at beam energies of 40 MeV/nucleon. Thus,
sizable contributions of the two-body reaction mechanism
are not unreasonable. The relative contribution of each of
the two reaction mechanisms was determined by reproducing
the neutron energy, fragment energy, and opening angle
distributions. In addition, a Q value of —8.0 MeV with a
width of 0.275 MeV for the two-body reaction was necessary
to fit these spectra.

700

600

500

400

Counts

300

200

100

0

k

20 20 60 80
Neutron Kinetic Energy (MeV)
FIG. 2. The measured neutron kinetic energy spectrum. The dip
at 40 MeV is due to decays in the "He center-of-mass frame that emit
the neutron and fragment sideways away from the laboratory velocity

resulting in laboratory angles greater than the acceptance of MoNA.
The solid line is the result of simulation.
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FIG. 3. The measured °He kinetic energy spectrum. The solid
line is the result of simulation.

The ’He ground state decay energy distribution is
parametrized as a Breit-Wigner line shape with an energy-
dependent width. The width depends on the partial width of
the resonance, the angular momentum of the resonant state,
and its energy. With only a single decay channel, the partial
and total widths are the same and given by the expression
Iot = 2y2Pi(E,), where y? is the reduced width and P;(E,) is
the penetrability function. The penetrability carries the energy
and angular momentum dependence of the total width, as the
reduced width y? is constant and holds the nuclear structure
information. Specific details of this line shape can be found in
Ref. [39]. The total width in this relationship is not equal to
the full-width at half-maximum (FWHM) of the distribution.
The latter is typically quoted in the literature.

Finally, to determine the resonance energy and width, a
series of simulations was carried out where the energy, width,
reaction-mechanism ratio, and normalization were varied to
minimize the reduced x? for the decay energy spectrum. The
difference between data and simulation for the neutron kinetic
energy distribution, the °He energy spectrum, and the opening
angle spread were not included in the x? calculation but were
used to constrain the range of values as the four simulation
variables were adjusted. The estimated uncertainties for the
energy and width are based on the range of values that
resulted in reasonable overall agreement in all the spectra while
allowing the reduced x? to increase by one. It was observed
that the resonance energy is quite insensitive to most of the
possible systematic errors. Tests were done where MoNA was
artificially shifted to the side, the time offset for the neutron
TOF as shifted, and the positions of the CRDCs were shifted
in the dispersive plane (which affects the fragment energy).
The observed location of the maximum in the decay energy
spectrum changed minimally. The observed width was quite
sensitive in these tests but in each test case the width increased
with the artificial change. Still the quoted uncertainties for the
resonance width do include a component due to this sensitivity.

IV. RESULTS AND DISCUSSION

The kinetic energy spectrum for neutrons detected in
coincidence with a ®He fragment is shown in Fig. 2.

PHYSICAL REVIEW C 78, 044303 (2008)

The distribution is reproduced by simulation (solid line).
The specific shape of the spectrum (two peaks) is related to
the acceptance of MoNA. The higher energies correspond to
"He decays in which the neutron was directed more forward in
the center-of-mass frame while the lower energies correspond
to decays in which the neutron was directed more backward.
Decays in which the neutrons are emitted sideways away from
the beam axis are not registered because the decay energy
is large enough that the neutron will be directed outside the
angular acceptance of MoNA.

The energy spectrum for the °He fragments is shown in
Fig. 3.

The solid line is the result of simulation. Unlike the neutron
energy spectrum, only a single peak is seen in this spectrum due
to the large fragment mass resulting in smaller changes to the
mean energy and the double-peak nature is not resolved. The
calibration of the fragment energy was checked with beams
of known energy and the neutron energy calibration (Fig. 2)
was determined from y rays from the target and a precision
time calibrator. The small discrepancies between data and
simulation could result from uncertainty about the production
mechanism of "He in the simulation.

An important parameter for the calculation [Eq. (2)] of the
decay energy is the opening angle between the neutron and the
fragment. The results for this quantity are shown in Fig. 4.

The solid line is the result of simulation with parameters
that best reproduce the decay energy spectrum.

The decay energy spectrum and adopted simulation result
are shown in Fig. 5.

The simulation shown (solid line) is based on a reso-
nance energy of 400(10) keV and a resonance width of
160(1“112) keV assuming that the "He ground state is an
[ =1 state. This resonance width translates into a FWHM
of 125(f‘1“5)) for the decay energy distribution (before any
resolution broadening or detector acceptance cuts are applied).
The FWHM is the value typically quoted in the literature.
The quoted uncertainties are derived from the range of
fit parameter variation and systematic uncertainty (due to
uncertainties in detector positions and magnetic field strength).
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FIG. 4. The measured distribution of opening angles between the
neutron and ®He. The solid line is the result of simulation.
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FIG. 5. The measured "He decay energy spectrum. The solid line
is the result of simulation with only a single resonance (energy of
400 keV and width of 160 keV). The dashed line includes a second
resonance (energy of 600 keV and width of 750 keV) [20] in the
simulation.

The uncertainties also reflect the variation observed with
different decay energy parametrizations and reaction models.

Although on the low side, the extracted width of
125(f‘1“5)) keV agrees well with the previous measurements
and the presently adapted value of the nuclear data evaluations
(150(20) keV [28]) and atomic mass evaluations (160(30) keV
[29,30]). The resonance energy of 400(10) keV is apparently
lower than the adapted values of 445(30) keV and 435(17) keV
of the nuclear data and atomic mass evaluation, respectively.
However, if one examines the individual measurements listed
in Table I, our measurement agrees with every independently
determined previous measurement with the exception of those
reported in Ref. [17]. Most notably it agrees with the most
recent and most accurate results of 430(20) keV from Ref. [20]
and of 410(30) keV from Refs. [21] and [22]. Our result
indicates that the resonance energy is indeed lower than
the currently adapted values. These values might have been
influenced by the numerous experiments quoting 440 or
450 keV based on the second measurement by Stokes and
Young [2], but which did not determine the resonance
independently.

The excellent fit of the decay energy shown in Fig. 5 shows
that there is no evidence for an excited state. The ground state
of 8Li is a 27 state formed by coupling the p3/» proton with
either a p3 )2 or a py 2 neutron. Knocking out a proton from 8Li
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could populate either the 3/27 ground state or the 1/27 first
excited state in "He. With the Warburton-Brown WBT p-shell
Interaction [40], neutron occupations of 2.6 and 0.4 may be
calculated for the p3/, and py; states, respectively [41]. Thus,
in the reaction the first excited state of "He should at most be
populated on the order of 10%.

To search for evidence for the first excited state we included
such a contribution to our simulation with the resonance
parameters taken from Ref. [20] as an energy of 600 keV and
a width of 750 keV. The detection efficiency for the present
setup decreases quickly with increasing decay energy so that
it is not very sensitive to a small contribution from a state at
higher energy. The contribution from this broad state is barely
visible on the tail of the ground state distribution (dashed line
in Fig. 5) but the reduced x? increases slightly from 0.91 to
0.93. Though we found no evidence for the presence of a strong
1/2~ first excited state, we cannot rule it out assuming that the
state is populated with less than about 20% of the strength of
the ground state because of the large width of the state and the
efficiency of MoNA at the resonance energy.

We note that calculations with a standard Breit-Wigner
resonance shape underpredict the decay energy spectrum in
the 500-800 keV region of the spectrum and would have led
to an erroneous conclusion about the strength of an excited
state.

V. SUMMARY AND CONCLUSIONS

The decay energy of the resonant ground state of “He has
been found to be 400(10) keV with a FWHM of 125(*19) keV.
No strong evidence for other resonant states is observed. The
extracted width is consistent with the published results listed in
Table I and the accepted values. Although the resonance energy
agrees essentially with all independently determined results,
it is lower than the values quoted in the evaluations. Together
with other more recent results our experiment suggests that
the resonance energy of the "He ground state is lower than the
currently accepted values.
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