aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Spectroscopy of neutron-unbound ~{27,28}F
G. Christian, N. Frank, S. Ash, T. Baumann, P. A. DeYoung, J. E. Finck, A. Gade, G. F.

Grinyer, B. Luther, M. Mosby, S. Mosby, J. K. Smith, J. Snyder, A. Spyrou, M. J. Strongman,
M. Thoennessen, M. Warren, D. Weisshaar, and A. Wersal
Phys. Rev. C 85, 034327 — Published 22 March 2012
DOI: 10.1103/PhysRevC.85.034327


http://dx.doi.org/10.1103/PhysRevC.85.034327

Spectroscopy of Neutron-Unbound 228F

G. Christian®2* N. Frank?® S. Ash? T. Baumanr? P. A. DeYound' J. E. Finck® A. Gadel-2
G. F. Grinyer> T B. Luther® M. Mosby?7 S. Mosby!'2 J. K. Smith!:2 J. Snydef2 A.
Spyroul2 M. J. Strongmart;2 M. Thoennesseh? M. Warren? D. Weisshaaf, and A. Wers&]
1Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
2National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
SDepartment of Physics and Astronomy, Augustana College, Rock Island, llinois 61201, USA
4Department of Physics, Hope College, Holland, Michigan 49423, USA
5Department of Physics, Central Michigan University, Mt. Pleasant, Michigan 48859, USA
6Department of Physics, Concordia College, Moorhead, Minnesota 56562, USA
"Department of Chemistry, Michigan Sate University, East Lansing, Michigan 48824, USA

The ground state &®F has been observed as an unbound resonarcked2above the ground state 9.
Comparison of this result with USDA/USDB shell model preitios leads to the conclusion that & ground
state is primarily dominated bsd-shell configurations. Here we present a detailed reporherexperiment in
which the ground state resonance®8f was first observed. Additionally, we report the first obaéipn of a
neutron-unbound excited state3fF at an excitation energy of 26(220) keV.

PACS numbers: 21.10.Dr, 21.10.Pc

I. INTRODUCTION paper we report the observation of the unbound ground state
of 28F and an unbound excited state’fiir. The results of the

The neutron-rich region aroudi= 20 has been a topic of >°F experiment have been reported in a recent artiile [
active experimental and theoretical research for over 3@sye

owing to the transition from purgl to mixedsd-pf shell con-

figurations first deduced from mass measurements of neutron- Il. EXPERIMENTAL DETAILS

rich sodium isotopesdl] 2]. As the available intensities at rare-

isotope beam facilities have increased, it has becomelgessi

to explore increasingly neutron-rich systems ngat 20, in-
cluding those at and beyond the neutron dripline. ) )
The heavy fluorine isotopes represent some of the most The experiment was performed at the National
neutron-richN ~ 20 systems that can be measured withSuperconducting Cyclotron Laboratory (NSCL) at Michigan
present experimental techniques. A 2004 measurenggnt [ State University. Unbound states #4°°F were populated
reported twoy-ray transitions in each of tH82627F isotopes, Py nucleon removal from a beam &Ne. The®’Ne beam

with the higher-lying?®F transition confirmed in a recent ex- Was produced by first acceleratiffCa™" to 140 MeV/u in

perimentf]. In 27F, a transition was observed at {79 kev  the NSCL coupled cyclotrondf]. The **Ca then impinged

and assigned to the firsy2" excited state. This is in poor UPON a 1316 mg/cf’Be production target. Products of the

agreement with USDH, 6] shell model predictions which calcium on beryllium reaction were sent through_ th_e A1900

place the 12" at 1997 keV. SDPF-M Monte Carlo Shell fragme_nt _separatorl[L], which was tuned to optimize the
are in better agreement with observation, placing tt&'1at ~ achromatic aluminum wedge at its second image point to

1100 keV. This suggests that the firgt excited state i’F ~ disperse fragments accordingAgZ and improve separation.

exhibits significansd-pf configuration mixing. Additionally, ~ After the A1900, a quadrupole triplet magnet focused the

Ref. [3] reports a low-energy transition not predicted by USDbeam onto a 288 mg/chPBe reaction target. Upstream of

in each of the?>2627F isotopes, speculating that these tran-the target, the beam passed through a pair of positiontzensi

sitions might correspond to/2~ states arising from proton cathode readoutdrift chambers (CRDCs) separated by 227 cm

p-sd cross shell excitations. and a pair of plastic scintillators separated by 1044 cm. The
Until recently only one measurement of neutron-unboundocation of each of these detectors along the beam axis is
states in fluorine isotopes has been reported. A 28 keV resghownin Fig1. The CRDC position measurements were used
nant decay fronf°F was assigned to a/2~ excited state in  tO calculate the beam position on the reaction target by ray
25F at an excitation energy of 4249 ke8][ In the present tracing through the quadrupole triplet. The upstream geint
lator was 101Qum thick, and the downstream (“target”) scin-
tillator was 254um. Each scintillator recorded a time sig-

* Present address: TRIUMF, 4004 Wesbrook Mall, VancouveitisBr n.al’ and these.s.ignals were used tO. cglculate the beam time of
Columbia V6T 2A3, Canada. flight (t,). Additionally, the target scintillator recorded an en-
gchristian@triumf.ca ergy loss signalAEy). As shown in Fig2, the various beam

T Present address: GANIL, CEA/DSM-CNRS/IN2P3, Bvd Henridearel,  components were well separated in energy loss versus time of
14076 Caen, France. flight. The desired®Ne composed approximately 2% of the

A. Setup
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FIG. 1. (color online) Diagram of the experimental setup.
put was indicative of the fragment energy.
20 Due to the size and complexity of the setup, separate
- . data acquisition (DAQ) systems were used for MoONA and
15 b . Sweeper-CAESAR. Events in each DAQ were recorded with

a timestamp, allowing coincidences to be reconstructed off

line. Although run separately, the triggering of each DAGwa
10 controlled by a shared logic module, which allowed for trig-
ger conditions involving both subsystems. To reduce dead-
time, the experiment required coincidences between MoNA
and the 5 mm scintillator located at the back of the Sweeper
box. CAESAR detecteg rays in coincidence, but they were

0 — e not a required trigger condition.
80 85 90 95 100 105 110

ty [ns]

AE,, [arbitrary]
=
I

W
I

FIG. 2. Energy loss versus flight time of the secondary beaows B. DataAnalysis

ing its three components?®Ne, 32Mg, and various lighter species

(“wedge fragments”) produced in the A1900 wedge. 1. Charged Particle Separation

The charged particle measurements allowed for event-by-
beam, and the remainder was compose&hfg (87%) and  event isotope identification after making a variety of cotre
various lighter species produced in the aluminum wedge.  tions to the data. The first step was to identify the various el

A diagram of the experimental setup is shown in Fig. ements reaching the end of the Sweeper using measurements
The experiment consisted of three subsystems, each usedabenergy loss and total energy. Energy I¢A&¢) was ob-
measure a different type of reaction residue potentially retained from the ionization chamber signal. The fragmengtim
sulting from the breakup of neutron-unbound state§’#F:  of flight (t¢) and charge output of the 150 mm scintillat@)
neutronsy rays (from feeding to bound excited states in thewere each used as an independent indicator of total energy.
daughter), and residual charged particles. Neutrons were dFigures3(a) and3(b) show the element separationM¢-Q
tected in the Modular Neutron Array (MoNAXP], which  andAEs-tf, respectively. In the final analysis, events were
measured their time of flight, position, and the amount dftlig required to fulfill conditions in both parameter spaces.
depositedy Rays were detected in the Caesium lodide Array For a given element, isotopes were separated by construct-
(CAESAR) [13], which measured their total energy and time ing a corrected time of flight parametgys) indicative ofA/Z.
of flight. Charged particles were first deflected®48/ the  The corrections to the time of flight accounted for the vary-
Sweeper magnetlfl]. They were then detected in a pair of ing paths taken through the Sweeper, and the primary indica-
CRDCs, an ionization chamber measuring energy loss, anirs of this path length were the dispersive positighgnd
two plastic scintillators. The front face of each scintdla  dispersive angléf,) of the fragment as it exited the magnet.
was 40 cnk 40 cm and each was coupled to four photo-tubes.Additionally, a variety of other parameters (c.f. Tabjlevere
The upstream scintillator was 5 mm thick and recorded a timéound to correlate with the time of flight of a given isotope
signal; this signal was combined with the time output of theand were included in the corrections. Due to the lack of fecus
target scintillator to determine the fragmenttime of flighthe  ing elements, as well as non-homogeneities in the Sweeper’s
downstream scintillator was 150 mm thick, and its charge outmagnetic field, it was necessary to consider three-dimaakio



TABLE I. Correction factors used for isotope separation.cétcu-
late the corrected time of flight, we take the sum of each faotdti-
plied by its corresponding parameter and then add this stmTboe
symbolsx(y) and 64(6y) respectively refer to the dispersive (non-
dispersive) position and angle of the charged fragmentesti the
Sweeper. The symbag (Virgt) denotes the beam’s dispersive (non-
dispersive) position on the reaction target. The remaisiymbols
are all introduced in the text.

Parameter Correction Factor
X (mm) —5.0595x% 102
X2 (mm?) —897x10°4
X3 (mm3) —3.0x10°6

6y (mrad) +8.0x1072

62 (mrad’) —1.0x10°°

63 (mrac?) +2.0x10°6
X6 (mm mrad) —15x10°*
x82 (mm mrad) —6.0x10°6
X268 (mm? mrad) —2.0x10°6
X262 (mm? mrad’) +1.4%x1077

y2 (mm?A) +1.0x10°3

6y (mrad) —30x1073
Xtrgt (mm) +1.7x10°2
Yirgt (MmM) +4.0%x10°3

tp (nS) +1.0x10°1
Q(arb.) +1.3x10°3
AE (arb.) +4.0x10°3

correlations between, x, andéy, as well as non-linearities, in
determining the appropriate corrections. Because of super
statistics, the time of flight corrections were determined f
fluorine elements produced from tF&g beam. These same
corrections were then used to separate the isotopes ofstter
fluorines produced frorf®Ne.

As shown in Fig.3(c), a three-dimensional plot @f-x-6x

3

As shown in Fig.3(e), plotting e(x, 6) versust reveals iso-
tope bands in two dimensions. From here, an initial corcecte
time of flight parameter was calculated by projecting onto th
axis perpendicular to the bands. The time of flight corretio
were then further refined by iteratively removing any carel
tions between; and the parameters listed in Talble

The final corrected time of flightc) for fluorines produced
from 2°Ne is shown in Fig3(f). By fitting this spectrum with
the sum of five Gaussians constrained to have equal width,
we determined th&®F-27F cross-contamination to be approxi-
mately 4% The factors used in constructing the corrected time
of flight are listed in Tabld, and it should be noted that the
most important corrections (in addition to those %p6y, and
their higher order combinations) are those)f%)andxtrgt.

2. Decay Energy Calculation

The decay energy of the breakup of unbound states was
calculated using invariant mass analysis. In Euclidianrcoo
dinates, the decay enery is expressed as

Ey— \/m%er%Jrz(EfEn_ PrPncosH) —ms —my,  (3)

wherem; (my), Ef (En), andps (pn) refer to the mass, energy,
and momentum of the charged fragment (neutron), respec-
tively, and®@ is the opening angle between the two decay prod-
ucts. Charged fragment inputs to ERjwere determined us-
ing a partially inverted COSY transformation matribg[ 17],
which operated on the measured position and angle behind the
Sweeper and the position of the beam on target. The trans-
formation returned the energy and angle at the reactioetarg
as well as the track length and the targgbsition.

The neutron input to Eg3 was calculated from time of
flight and position measurements in MoNA using relativis-

displays isotope bands. For the purpose of time of flight coryic inematics. The trigger logic was designed such that the
rections, it is useful to reduce e, phase space into a sin-  go for each MoNA time digitizer channel was provided by a

gle “emittance” parametex(x, ), as this will allow for cor-

delayed signal from the target scintillator. Thus the rdedr

rections to the flight time to be made in a straightforward.way ¢jme signals were a measurement of neutron time of flight
To determinee(x, 6), the t;-x-6 scatter-graph was profiled 14 cajibrate the raw digitizer signals, a linear slope arigef
by dividing thex-6, phase space into small regular rectangu~yere applied to each channel. The slopes were determined

lar regions and finding the meanfor each region15]. This
profile plot is shown in Fig3(d), with the grayscale level rep-
resenting meaty. From here, the location @ as a function
of x was fit along the lines of constatit in the profile. As
shown by the curve in Fig3(d), the location of these lines

was well-described by a second order polynomial,

f (x) = ax® 4 bx+ c [mrad,

1)
with a = 0.010391 mragmn? andb = 0.84215 mragmm.

from a pulser run; relative offsets between MoNA bars were
determined from cosmic-ray muon tracks; and an overall off-
set was set from the travel time of promptays. Vertical

and lateral positions in MoNA were assumed to be at the cen-
ter of the interaction bar, and the horizontal position wals ¢
culated from the time difference between signals measured
on either end of the bar. In the case of multiple interactions
within MoNA, the earliest hit with,, > 40 ns was used in the
analysis. The cutoff of 40 ns was chosen to eliminate any ran-
dom first hits that arrived too early to be prompt neutrons.

The final constant can take on any value; it only causes the A plot of the neutron time of flight to the front face of
curve to shift to a different line of constant

Oncef(x) was determinedy(x, 6;) was constructed simply

as

e(X, GX) = 9>< - f(X)

(@)

MoNA is presented in Fig4, for three conditions: ungated
(including all incoming beam componentgfF produced
from 2°Ne, and®’F produced front°Ne. In the ungated plot,
the peaks from prompt neutrons apdays are clearly identi-
fiable on top of a random flat background consisting primar-
ily of room background/ rays and cosmic-ray muons. When
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FIG. 3. a) Element separation xE-E. b) Element separation iAE-t,. Panels (a) and (b) are both gated on inconfitige and have the
fluorine events circled. c) Three-dimensional plotofs. dispersive position and angle after the Sweeper forifladragments produced from
the 32Mg beam. The various bands correspond to different isotopésorine. d) Profile of the three-dimensional plot in (g)cluding the
emittance parametes(x, 6y), that is determined by fitting lines of constagvith a second order polynomial. e) Plot of the, 6¢) parameter
determined in (c) versug, demonstrating isotope bands in two dimensions. f) Finakobed time of fligh(tc) for fluorine elements produced
from the2°Ne beam, witt#8F and?’F indicated.

requiring coincidences witf®2’F, the flat background is es- 3. y-Ray Measurements
sentially eliminated, and the prompt neutron peak domgate
the spectrum. CAESAR was calibrated using a variety of standgnchy

sources 18]. Although a large magnetic shield was placed
between it and the Sweeper, CAESAR was still subject to sig-
nificant fringe fields (on the order of 3 mT) which affected the
response of its photo-tubes. To account for this, the aragy w
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for the correction, the detection point taken as the cerfter o
the first interaction crystal, and the emission point asslime

30 T - to be the center of the reaction target. To reduce background
i i from random coincidences, only events falling within a spe-
— - 8 cific time window were included in the final analysis. Because
S 2 |- _] of electronic effects (walk in the leading-edge discriniama
2 - i used for timing), the time window was implemented as a two-
> i i dimensional cut on time of flight versus Doppler-corrected e
§ 10 } { ergy.
i ] C. Moddingand Simulation
0 PRSI T T T T N ST S SN S AN S S S N
-0 0 50 100 150 200 Resonant states were modeled by a Breit-Wigner line-shape
with an energy dependent width derived fr&Matrix theory
[19). The equation for the line-shape is
0 Fo) ] AT (E;T
- B O—(E;EOJ_O’@) = Z( ,2 O)l 2
i 1 [Eo+A¢(E;To) —E|]"+ 7T (E:To)]
2 0 = 4)
é C ] whereA is an amplitudeEy is the central resonance energy,
2 a0 L b o parameterizes the central resonance widils,the orbital
§ C b angular momentum of the resonance, apendA, are given
© I ] by
20 -
0 : JrN Ny N Sy a0, o . rZ(E):ZPE(E)VCZ) (5)
-50 0 50 100 150 200 A (E)=—[S(E)—S (Eo)] v
TheP, andS functions in Eq5 are related to the spherical
Bessel Functionsl,(p), and their derivatives:
0 EE . 2., 2
- : P=1[p/(FA+G))],_a ©)
5 30k . S= [p (FF/+G(G)) / (F7+G)],_,
= B i
ot ] - _ 1/2 _ ¢ 1/2
2wl ] with F, = (110/2)"23;,1/2(p) and G, = (—1)" (mp/2)"/
ERE ] I (t11/2) (P) -
© C ] In addition to resonant states, a non-resonant backgreund i
10 |~ . expected in thé’F —26 F + n decay energy spectrum, result-
C ] ing from the decay (via emission of a neutron with < 3
om0 oo, . MeV) of high-lying continuum states iR®F to high-lying
250 0 50 100 150 200 states in’’F that subsequently feed the ground state%t
¢, [ns] The 25F fragment can then be detected in coincidence with

the first neutron, giving rise to the background distribatio
This background was modeled as a Maxwellian distribution

FIG. 4. Neutron time of flight to the front face of MoNA, for the of beam velocity neutrons,

following conditions: a) ungated; b) in coincidence wHiF; c) in
coincidence witl?’F.
f(£;0)=A/g/0% ¢/°, 7)

calibrated with the Sweeper set to the rigidity at which tke e with the temperatur® a free parameter. This model provides
periment was performed. Furthermore, to account for potena good fit to the observed non-resonant data and has been em-
tial hysteresis effects, a recalibration run usin¢é source  ployed in number of other invariant mass measurements, for
was taken any time the field of the Sweeper was changed duexample R0-24].
ing the experiment. Broadening due to experimental resolution and acceptance
For y-ray events depositing light in multiple crystals, the was accounted for in a Monte Carlo simulation of the exper-
total deposited energy was calculated using an “add-backiiment. In the simulation, the kinetic energy of the incoming
technique 13]. The in-beam data were Doppler corrected;?°Ne beam was modeled as a Gaussian Witk= 62.1 MeV/u



andog = 1.72 MeV/u, clipped aE < 64.5 MeV/u. The beam
angle and position were also modeled as Gaussianayith

11 mm, ggy = 4.0 mrad,oy = 9.0 mm, andogy = 1.1 mrad. 60
Additionally, the dispersive angle and position were gigen
correlation of6s/x = 0.0741 mrad/mm. The angle and po-

104 F\ 26-1] /3
< 103 \ lo ;
S 102t \ /

sition of the incoming beam were determined from position 1 | NA|
measurements in the two CRDC detectors upstream of the re 020304050.6
action target. The beam energy was determined by comparin E; [MeV]

measured and simulated distributions in the two downstrean 20
CRDC detectors for runs where the reaction target was re:
moved. The’Be(*°Ne,2"28F) reactions were treated in the
Goldhaber ModelZ5] including a small friction termZ6] to 0
degrade the beam energy by%. The transport of charged
fragments through the Sweeper was simulated using a thir
order COSY transformation matrix, produced from measure-
ments of the Sweeper’s magnetic fieR¥]. FIG. 5. (color online) Measured relative energy spectrun?f6+n
The resolution of charged particle position and angle meacoincidences. The filled squares with error bars are thergwpa-
surements was modeled as Gaussian, @it = 1.3 mm and ta}I datq, the dashed red curve is .the r(?sult qf a 380 keV .rBSOna
Oang = 0.8 mrad. These resolutions were determined fromsmulatlon, the shaded grey curve is a simulation of the Malkan
data taken with a tungsten mask shadowing the CRDC gdon-resonant backgroun® & 1.48 MeV), and the solid black curve
tectors. The primary acceptance cut concerning the chargelhs the sum of Fhe resonant and.non-r.esonant models, Wlthoa res
. . nt/total fraction of 33%. The inset is a plot of the negafivg-
particles Was,the requirement that they pass throqu&tﬁe, likelihood as a function of central decay energy, with eaaifjmin-
+150 mm active area of the downstream CRDC. Neutron tim&nized with respect to all other free parameters.
of flight resolution was modeled as Gaussian vath: 0.3 ns,

and the neutrom-position resolution was modeled as a sum

of two Laplacian functions: bution and ar? = 2 Breit-Wigner resonance, using the tech-
nigue outlined in SectioH C. In the fit, the resonance energy

: (8) Ep, resonance widtlh g, Maxwellian temperatur®, and res-
onant/total fractiorf, were all allowed to vary freely. In order
to extractey, the parameter of interest, a profile log-likelihood
was constructed by scanning a rang&gfalues and plotting
the negative log-likelihood—In[L]) minimized with respect

Mo the other free parameteiSy( ©, and f). This profile like-

Counts / (270 keV)
S
(=]

| . I N P

0 0.5 1 1.5 2 2.5 3
Decay Energy [MeV]

e

e x/01] e [x/02]
+(1—p1)-

P1-

207 207

with 01 = 16.2 cm 0, = 2.33 cm and p; = 53.4%. The
form of Eq. 8 and the parameters;, 0, and p; were de-
termined from shadow bar measurements and GEANT3 si
ulations Pg|. As mentioned, the neutropandz positions inq04 curve is displayed in the inset of Fig.and it reaches
were assumed to be at the center of the detection bar, resul{-.|aar minimum aE, — 380 keV. Theno confidence inter-
ing in a uniform uncertainty o£-5 cm. The overall resolution o\ \were determined from the|lmnax /L] > n?/2 limits. As
e 27 > .

gnd accepta?c((je _fOI;chf(; deczytthF into ='F + g_has ﬁlready indicated on the figure, thealand 2 confidence intervals

een presented in Ref9][ and the corresponding shapes 8"®\were+60 keV andf% keV, respectively. The best-fit values

esgir:e“glzwgﬁ)r\]/\tllcs:z:\tligttizg g? ;ee%;fesbe:ﬁ? Id(:\tpa set, an unbinne0 the other parameters were determined td be= 10 ke,
P ’ = 1.48 MeV, andf = 33% The simulated best fit curves

maximurm “ke“.hOOd teghnlq_ue was used.for parameter eStIélre superimposed on the data in Fsg.with the dashed red
mation 29]. This technique involves forming a small range,

R.. around each experimental data point and then s mm.ncurve representing the 380 keV resonance, the shaded grey
’ u Xper point  SUMMING, e the Maxwellian background, and the solid black curve
the number of weighted Monte Carlo points that lie within

the volume. To marainalize svstematic errors resultinanfro their sum. A comparison between simulation and data is also
: 9 ySter I L onf shown for selected intermediate parameters (neutron time o
Monte Carlo fluctuations and non-linearities within fRethe

flight, fragment kinetic energy, neutron-fragment operang
enerated model sets were made larg@® (& 10° events), and ' L S
tghe volume size was chosen to be err?aI(?(@MeV). ) gle, and neutron-fragment relative velocity) in F&g.

The presumption of = 2 decay is based on a pure single-
particle model in which the least-bound neutron residelén t
0d3/> shell. In reality, configuration mixing and shell evolu-
tion could lead to significant contributions from decay with
”7 ) other orbital angular momenta. Separate analyses dsing

A. “'F Excited State and/ = 3 resonances yield results that do not differ signifi-
cantly from the/ = 2 case. The lack of sensitivity toval-

The black squares in Fig show the measured decay en- ues is largely due to experimental resolution, which is lim-
ergy spectrum of®F + n coincidences. As mentioned previ- ited primarily by uncertainty of the reaction position with
ously, we expect a non-resonant contribution in e+ n  the °Be target. The width of the measured resonance is al-
data, so they were fit with the sum of a Maxwellian distri- most completely determined by experimental response; over

I11.  RESULTSAND DISCUSSION
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FIG. 7. Summary of experimentally known levelsZ¥’F, includ-

ing the present observation of an unbound excited st&téiat 2500
keV, decaying to the ground state #fF. The shaded grey boxes
around the various levels indicate the total uncertainth@ir place-
ment relative to thé’F ground state. The dashed lines surrounding
the presently observed 2500 keV level represent the uricsrtan

the decay energy only, and the total uncertainty also iredubtat of
the2’F 1n separation energy. All bound excited information is from
[3], ground state energies are froB0], and ground staté” are from
[31].

shadowing any differences that might arise from varying the
¢ value. Contribution fronf = 0 decays might also be possi-
ble, but such decays cannot be separated from the Maxwellian
background since the resolved lineshape of the two models
is very similar for small absolute scattering lengtfes|(< 5

fm). A scattering state near threshold (lar¢gey) is clearly

not present since the data display no enhancement at low de-
cay energy.

Only two counts were observed in CAESAR in coincidence
with 26F +n (E, = 760 and 1180 keV). In the case of 100%
branching to a bound excited state?fifr, roughly 50 counts
would be expected in CAESAR, based on the approxirpate
ray detection efficiency of 30%lB]. Thus the observation
of only two y rays in CAESAR indicates that the presently
observed decays feed the ground stat€%f allowing for
an unambiguous assignment of the observed resonance to an
excited state irf’F. The most recent mass measurements of
2627F [30)] place the®F ground state 21%210) keV above
the ground state of’F, so we assign the presently observed
380(60) keV resonance to a 28(R20) keV excited level in
2F. Fig.7 presents this newly observed level along with the
other measured states3#?’F [3, 4, 30, 31].

To interpret our observations, we have performed shell
model calculations using the USDA and USDB interactions
[32, which operate in the traditionatl model space (@,
1s;/,, and @3, for both protons and neutrons). The calcula-
tion results are compared with experiment in FgAs seen
in the figure, each calculation predicts three or more siates
the same energy region as our observation. Extending the cal
culations to includepf shell components would only compli-
cate the situation since opening up the model space in@ease
the available number of excited state configurations. The as
signment of the observed resonance to a specific state is not
possible because the reactiorp{In removal) does not pref-
erentially populate one state over the others.
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FIG. 9. (color online) Relative energy spectrum fF + n coinci- 0 10
dences. The filled squares with error bars are the experahéata,
the dashed red curve is the the 220 keV resonance simulatidrthe
dotted blue curve is the 810 keV simulation. The solid blagkve T ‘ T
is the sum of the 220 keV and 810 keV resonances, with thewelat = ]
contribution of the 220 keV resonance at 28Phe inset shows the § 20 —
profile log-likelihood as function of the lower resonancereyy. 5 ]
S ]
- > 10 ]
B. 28F Binding Energy = 1
e ]
As discussed in Ref.9], the measured®F decay energy 0 |
is best described as a sum of two independent2 Breit-
Wigner resonances, with the lower resonance 8{2» keV v, - v [em/ns]

(Fo = 10 keV), the upper resonance at 810 kd\4 € 100

keV), and the lower resonance composing 28% of the total

area. As with?’F, the width of each measured resonance wag&!G. 10. (color online) Comparison 8fF + n simulation and data
dominated by experimental resolution, making sensititaty for a) neutron time of flight; b) charged fragment kinetic yye c)

the resonancévalue minimal. An/ = 0 scattering state was ”e“trﬁ”';rlﬁ%”;)‘?mlfpe”ing a”g'e;hd) “e”tron'fragr:je”“"iailolcé
; R . ity. The filled black squares are the experimental data, bedoli
excluded based on incompatibility with the measured datab ack, dashed red, and dotted blue curves depict the saméasion

and a non-resonant Maxwellian background was not expecte e
since?8F was populated directly by ong-proton knockoutﬁ‘)rom mponents as in Fg.
29Ne. The measuretfF decay energy spectrum is presented
in Fig. 9, along with the best fit two-resonance simulation
and the profile log-likelihood curve. Additionally, Fig.0
shows a data-simulation comparison for neutron time offfligh



IV. CONCLUSIONSAND OUTLOOK

1.5
- USDB In conclusion, we have used the technique of invariant mass
spectroscopy to make the first determination of4febind-

ing energy at 1860 200) keV. Additionally, we have ob-
served a neutron-unbound excited state in neighbcfRg
A \ P S with 2500(220) keV excitation energy.

Interpretation of thé’F state in terms of shell model pre-
dictions is difficult due to the large number of levels preeic
near 2500 keV and uncertainty in the reaction mechanism
used to populaté’F*. The level structure of’F is relevant
9 10 11 12 13 14 15 16 17 to a varie_t_y of open questions.in nuclear physics, inclluding
the transition from pured to mixedsd-pf neutron config-
urations and its associated consequences (such as the large

FIG. 11. (color online) Difference between experimental treoret- oxyge_)n-fluorl_ne dripline shift of six or more neutrorg).
ical (USDA, USDB) binding energies fdd = 19 isotones, & Z < Additionally, it has been suggeste8, 35 that protonp-sd
17. The error bars on the data points represent experimentaiserr Cr0ss-shell excitations could play a role in the structure o
only. The blue dotted and red dashed bands represent trectivep  [0W-lying 2’F excited states, possibly in tandem wtih f p
170 and 130 keV RMS deviations of USDA and USDB interactions.shell breaking on the neutron side. As such, it would be inter
Experimental values, save fé@r= 9 which is from the present work, esting to revisit unbound excited stateg{f experimentally,
are taken from 30] if reported there; otherwise they are from the using a direct reaction mechanism that can selectively pop-
2003 Atomic Mass EvaluatiorB|. Figure reproduced from Ref. yjate specific states. Possible reactions include one- @r tw
(9l proton knockout (front®Ne or?°Na) and?®F(d, p) in inverse
kinematics.
The measureéfF binding energy indicates a lo&bound-
ary of the island of inversion & = 19. It would be interesting
to further explore this mass region to see if this trend con-
tinues. Extension of the present technique to ligiNer 19
isotones Z < 8) would be very difficult, if not impossible,
since they are all unbound by three or more neutr@ts [

fragment kinetic energy, neutron-fragment opening aragid, 40]. However, a sir_nilar t_echnique cogld potgntially be used
neutron-fragment relative velocity. Norays were recorded N theN = 20 isotonic chain by performing a direct mass mea-
in CAESAR in coincidence witR’F +n, and around 30 would  Surement of bounéF. For this purpose, the precision obtain-
be expected in the case of 100% branching to exéfedThis able with time-of-flight techniques at current in-flight realc-

indicates that the observed resonances feed#eground tive beam facilities would likely be sufficient. Such a mea-
state. surement would be particularly interesting since the SIMPF-

Monte Carlo Shell Model predicfF to have a very large in-
truder occupation of 95% (627% two-particle, two-hole ex-
citation and 28% four-particle, four-hole)41]. Measuring
The present observation of theSF ground state as a its mass would provide the first experimental date? ¥ for
220(50) keV unbound resonance can be combined with thecomparison with theory and help to better explain the evo-
2'F mass measurement of Re®([ (*/F atomic mass excess lution of shell structure in the low (< 10) region around
equal to 24668(190) keV) to calculate thé®F binding energy N = 20.
as 18608(200) keV. By comparing measured binding ener-
gies with the predictions of the UDSA/USDB shell model,
which does not allow for mixing betweed andpf shell con- ACKNOWLEDGMENTS
figurations, it is possible to qualitatively determine tloatri-
bution of pf shell “intruder” components in the ground state  The authors thank the NSCL operations staff for provid-
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