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The Og_sﬁ2f excitation in the proton-rich nucled$§Ne has been studied via intermediate energy heavy-ion

scattering with a beam of this radioactive isotope. Th

e obseypvey yields have been combined with coupled

channels calculations of the inelastic scattering reactions to obtain the electromagnetic matrix element
B(E2;0,,—2;). This result is combined with the corresponding results in the mirror nucfédisand the
T=1 states in thé\=Z nucleus'®F as a test of isospin purity.

PACS numbegs): 23.20.Js, 21.10.Hw, 25.60.Dz, 27.200

The degree to which the isospin symmetry is violated inet al. Under the assumption of isospin symmetl, for a

nuclei in the vicinity ofA=18 has been shown to play an
important role in the understanding of Coulomb ener§igs
B-decay matrix elemen{&], and nuclear interaction symme-
tries[3]. Bernstein, Brown, and Madsé#] pointed out that
isospin purity in aT=1 multiplet can be tested by compar-
ing corresponding electromagnetic transitions in three me
bers of the multiplet. A systematic study of 8-2" transi-
tions in theT=1 multiplet of theA= 18 system provides one
example: The isoscalar multipole matrix elem#&hty for this
transition can be obtained from a comparison of the proto
multipole matrix elementd, in the [T,|=1 mirror nuclei
180 and ®Ne. The relationship betweevi , and the reduced
electromagnetic matrix elemeB(E2;0" —2%) is given by
the equation

M,=[B(E2;0"—2")/e?]"2 )
If isospin symmetry is satisfied, then the value M§ ob-
tained via the comparison dfO and *®Ne should be equal
to that extracted from the'0—2* transition betwee =1
states in thel,=0 nucleus™F. An analysis off=1 isospin
multiplets for A=22—42 recently reported by Cottlet al.

transition in one nucleus should be equaMgq for the cor-
responding transition in the mirror nucleus. A comparison of
1Bo(7*,#"") and BO(#~,7~') reactions yieldedM,
=12.4+0.7 fn? for 180 (assuming the “modified collective
model” analysis in Ref[7]). The authors of Refl4] warn

Mthat a comparison ofl,, in 0 andM,, in *®Ne must take

into account that the valence protons'fiNe are less bound
than the valence neutrons #0. They prescribe that for the

0. <—2; transition in¥Ne theM,, value should be adjusted

rb?)ward by 10% before comparison. Nevertheless, the pion
scattering measurement yields a value o ,=13.6
+0.8 fr?  [corresponding to B(E2;0,,—2;)=186
+23e? fm*] for ¥Ne.

To study the isospin purity of th&=18 system and re-
solve the apparent conflict in the experimental results for the
electromagnetic matrix elemei®(E2;0;,—2;) in '*Ne,
we measured this value using a beam of radioactfide
ions in an intermediate energy heavy-ion scattering reaction.
We also measureB(E2;0,,—2;) in the mirror nucleus
180 using the same experimental arrangement so that this
result could be compared with the well-known experimental
value. A review of the experimental technique used in the

[5] found suggestions of strong isospin symmetry breakingbresent study is given in Refi].

in the A=34,38,42 systems.
While the B(E2;0,—2;) value in *%0 is known with

The experiments were performed at the National Super-
conducting Cyclotron Laboratory. The primary beam of 80

considerable precision, the situation is quite different in theyev/nucleon 2Ne was produced with the laboratory’s

mirror nucleus '®Ne. A measurement of th®(E2;0,

—27) electromagnetic matrix element i*®Ne was per-
formed by McDonaldet al. [6] using the Doppler shift at-
tenuation methoddSAM) with the *He(*°0,n) reaction and

K1200 cyclotron. The secondary beams were made via frag-
mentation of the primary beam in a 202 mgfctBe pro-
duction target located at the mid-acceptance target position
of the A1200 fragment separat®@]. The ®Ne and*®0 sec-

the *He implanted in a nickel foil. They arrived at a result of ondary beams had energies of 65 and 50 MeV/nucleon, re-
B(E2;0y,—2;)=260+25¢" fm* (M,=16.1+0.8 fn?).  spectively. Separation of beam isotopes was enhanced with a
However, results from pion scattering measurements®én 130 mg/cm /Al achromatic wedge placed at the second
[7] appear to disagree with the conclusion of McDonalddispersive image of the A1200. The momentum acceptance
of the A1200 was limited to 0.5% by slits located at the first
dispersive image.
*Present address: Mississippi School for Mathematics and Sci- A 350 mg/cnt 1%’Au foil was used as the secondary tar-
ence, P.O. Box W-1627, Columbus, MS 39701. get. The secondary beams slowed significantly in this target,
Present address: Max-Planck-Institit Kernphysik, Postfach 10 and the mid-target beam energies #8Ne and®0 were 60
39 80, D-69029 Heidelberg, Germany. and 46 MeV/nucleon, respectively. The secondary beams
0556-2813/2000/63)/0343066)/$15.00
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' ] 2, state at 3613 keV is significantly populated in the present
180 (@) ] scattering reaction since the corresponding Sate in the
Lab Frame mirror nucleus*®0 is strongly populated in proton and neu-
tron scattering reactiorfd 1], in electron scatterinfl2], and
in pion scatterind7]. In addition, 91-2% of they decays

from the 3613 keV state in®Ne deexcite to the P state via
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EZOOZ ' ' ' ' . ' (t'))_- ot ' .' _ ' (;): a 1726 keV trar_lsitior[13]_. However, the 1726 k_e\/y_—ray
o Projectile J 4000 Projectile 4 cannot be seen in the projectile frame spectrum in Fig. 1. We
%1500— Frame - [ Frame studied the projectile frame spectrum using the computer
g 1000k ] soo0l simulation codesEANT [14] to determine an upper limit on
3 sool ] the production cross section for the 1726 keMray. The
o I ] GEANT simulation of the response of the Nal) array took
402;_1 __ 500+t into account the observed cross section for the 1887 keV
ol Residual E i Residual transition and an exponential backglround extrapolated from
3 o 10001 . the background observed at energies above the 1887 keV
200f 3 i 1 peak. We obtained an upper limit of 10 mb for the cross
sok 1 s . section for producing the 1726 keV peak. When this is com-
: 1 7 T bined with the observed cross section of4% mb for pro-
0 500 7000 7800 2000 2500 56570007800 2000 2500 ducing the 1887 keVy ray, we arrive at a cross section of
Energy (keV) 40=11 mb for directly populating the 2 state.

To analyze the scattering cross sections while accounting
FIG. 1. In-beam photon spectrum gated e (left) and*®0  for poth the Coulomb and nuclear contributions to the reac-
(right). The top panels show the spectra without Doppler correctiortions, we used the coupled channels cadesss[15]. The
as measured in the laboratory with the 7/23/2* transition in the analyses were performed assuming the midtarget beam ener-
gold target visible as a peak. The center panels show the spect@es_ We do not have elastic scattering data for the present
after event-by-event Doppler correction in the projectile frame. Th_ereaction, so we adopted optical model parameters determined
bottom pa’.‘e's ShOW the D(?ppler corrected spectra after SUbtraCt'Olﬂ other studies of intermediate energy heavy-ion scattering.
of GEANT simulations described in the text. . . .
In particular, we analyzed our data using the optical model
parameters of Mermaet al. [16] from their study of the
cattering of'®0 from 2%%Pb at a laboratory energy of 49.5
eV/nucleon, and the parameters of Barredtel. [17] ob-
tained for the scattering of’O from 2%Ppb at a laboratory
nergy of 84 MeV/nucleon. A comparison of the results we
tained using these two parameters sets provides some un-
erstanding of their model dependence. The standard vibra-
tional form factor was used. Cross sections for multiple ex-
«<itations in intermediate energy heavy-ion scattering are
i_generally negligiblg 8], so we only considered single-step
excitations here.
There are two coupling strengtlidynamic deformation
parametersinvolved in the ECIS calculations. The first, the
“Coulomb deformation” B¢, reflects the deformation of the

were stopped in a cylindrical fast/slow plastic phoswich de
tector located at zero degrees. Both energy loss in th
phoswich detector and time of flight relative to the cyclotron
RF signal were used for particle identification. The zero de
gree detector subtended the scattering angles of 0° to 4° g
the laboratory. The beam rates recorded in the zero degr
detector for both'®Ne and'®0 beams were 20 000 particles
per second.

The y rays were detected in an angular range of 56.5
—123.5° in the laboratory by an array of ten position sens
tive Nal(Tl) detectors. A description of the array and details
of the analysis ofy-ray spectra can be found in R¢f0].
The y-ray spectrum measured in coincidence with beam par
ticles identified as®Ne in the zero degree detector appear in L
Fig. 1. In Fig. 1), the laboratory frame spectrufoncor- proton flmd in .the nucleus an.d +(:orre.ipond:s to the .e'Iectro-
rected for the Doppler shift of the projectile, which has magn.etﬁ: mat+r|x eIemenIB(EZ,Og_S,—>'21). The qgantltles
=0.34) is shown. The 547 keV 7/2-3/2; y-ray in the B(E2;04s—2;) and B¢ are related via the equatigt8]
197au target nucleus appears strongly in this spectrum. The 4
Doppler-correctedprojectile-frame spectrum is shown in _am A+ 1 a21102
Fig. 1(b). The 1887 keV 2—0, transition in **Ne is Be 3ZR§[B(E2’OQ'S'_>21)/e] ’ @
clearly evident. No other discernible peaks appear in this
spectrum. where the radiu®, is given byR,=r,AY® and we take

A cross sectior(integrated over the scattering angles 0° =1.20 fm.
to 4 °) of 45-6 mb is obtained for producing the 1887 keV  The second deformation parameter in the calculation is
y ray in '®Ne, assuming a-ray angular distribution corre- the “nuclear deformation parametery. While the Cou-
sponding to a pur&2 transition. It is important to note that |omb deformation parameter is used to calculate the electro-
this y-ray production cross section may not be identical tomagnetic interaction between target and projectile, the
the cross section for directly exciting the 2state in the nuclear deformation parameter is used in the nuclear poten-
scattering reaction, since this state can be fedybyecays tial to determine the matter interaction. To g& for the
from higher-lying states. In particular, it is possible that theECIS calculation, we adopt the prescription of REI9]
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which takes into account not only the difference between the_,21+) in Ne. If we repeat the analysis assuming that
charge and matter deformations but also the sensitivity of thes7 , is an isoscalar probebE/bF=1) then the result for

. . . . _ p 1
particular probe used in the measurement. In this preSC”pB(EZ:Og_SaZI) in 1%Ne increases by 0.4%.

tion, the deformation lengtld-= B8R for an experimental W : 50 t th
probeF (whereR is the nuclear radiuR=r,A'®) is given Yve now examine our measur%men 0 assess the
by reliability of th_e_ pr(_asent _study ot®Ne. The energy of_ the
2, — 0y transition in*®0 is 1982.1 keV, and the peak in the
5= 1+(b5/bE)(M, /M) 180 y-ray spectrum at that enerdig. 1(e)] yields a cross
5= - , (3)  section of 25 mb. However, as in the case &iNe the
P 1+ (by/bp)(N/Z) 2] state in 80 is fed by higher lying 2 states that are
populated strongly in other scattering reactions. A careful
study of the'®0 y-ray spectrum usinGEANT reveals peaks

where bﬁ(p) is the external field interaction strength of the

robeF with neutrongprotons in the nucl tudied. . L .
SVEZ‘?] Eis anegle%tipngnstic prgbeuctﬁzsrfﬁg‘/ebii%ed corresponding to transitions deexciting the &nd 2 states.
L p 1

since the probe is sensitive only to the charge density and nétoth these_ states deexciite to the Qate, so the Cross section
to the neutron density. For low-energy proton scattering©r Producing the 2 —0g ¥ ray must be adjusted for feed-
(<50 MeV), brf/b;:;:, and for low-energy neutron scat- ing to obtain the cross section for direct excitation of the 2
tering by /b, =1/3 [19]. In the present case, the probeis  State. In particular, the cross sections +f0f producingays
197Au, which contains both protons and neutrons. To extrac€orresponding to the2—2; and % —2; transitions must

bf/bf for 197Au, we start from the assumption that be subtracted from the;2-0, ¢ cross section.
When an exponential background and a simulated 1982
bﬁ(p)=ZFbﬁ(p)+ NebR(p) » (4) keV peak are subtracted from the projectile-frameay

spectrum for®0 [Fig. 1(f)], two peaks become apparent.
whereZr andN are the proton and neutron numbers of theThe first is the 1938.4 keV 2—2] y-ray. The analysis of
probeF, respectively. This assumption gives this peak leads to a cross section of 4M6 mb for produc-
ing it. The second peak is the 1334.4 keY-2 2, y ray, for

by, _ Zebh+Ngbp which the production cross section is £.8.3 mb. We need

b_g B ZebP+ NFbB, ®) the cross section for the 3272.7 ke\zg'zfy ray, which is
not observed because of the low efficiency of the detector
which yieldsbﬁ/bg=0.820 for 197A. system at that energy, to complete the feeding analysis for

+ . . - .
The ECIS analysis of the SQ_—>21+ excitation in 18Ne  the 2 state. We can obtain that cross section with previ-

includes two parameterg. and 8. However, we can use ously measured branch ratip3] for the 2; state and the
the results of a recent measurement of low energy protoRs —2, y-ray cross section reported here. With the 55.9
scattering ont®Ne in inverse kinematicg0,21 to constrain  =1.0% branch for the 2—2; transition and the 8.7
the value off3y for the present experiment so that there is+0.4% branch for the 2— 2, transition, we obtain a cross
only one free parameter to fi3c. The coupled channels section of 9.6-2.2 mb for the g — 27 y-ray. Adjusting the
analysis of the'®Ne(p,p’) data using the standard vibra- 2, — 0,4y ray cross section for feeding, we arrive at a result
tional form factor [20] yielded B, ,1=0.46-0.04 and of 16+5 mb for direct population of the 2 state.
Sppy=1.3350.12 fm. If the ratio b;/b;=3 for low- We can compare our measured cross section for directly
energy proton scattering is used in &8}, then the value of populating the 2 state in®0 to values calculated using the
B for the present heavy ion reaction can be calculated fromesylts of a pion scattering study dfO [7] and the two
Bp.py and an assumed value @fc. This technique then optical model parameter sets adopted here. In the pion scat-
gives us a way to perform a fit to the present cross sectiofering study, comparisons of the cross sections for exciting
data that has only one paramet@g . Wlth_ the optical the 2 state in thelso(w+,7_r+') and 180(77—,777’) reac-
TOdel parameteis of l\iermaat al, we optam,BC:O.450 tions at 164 MeV yielded values d¥1, and M, for the
+0.036 (and By=0.481+0.039). With this result forBc Og_s_—>2f excitation; here we adopt thel, and M, results

; ; .0t +y

ind 2equ4at|on 1, we abiain B(Esz-Sﬁzrrl]z)_ll3 obtained in Ref[7] using the “modified collective model”

+18e .fm . corresponding toMp=10.6_0_9 f .' ['_I'he analysis. With the optical model parameter set of Mermaz

uncerta|+nty |n+theﬁ(p,p,) value gives an uncertainty in the et al, we obtainoc=22+3 mb; for the Barretteet al. pa-

B(E2;0 .sﬁzi) result of only 2.4%. Hence, the meter set, we calculate @ mb. Our measured result,

B(E2;045—21) uncertainty is dominated by the other 15+ 5 mp, is consistent with both calculated values. Hence,

sources of errdr Using the optical model parameters of Bar- ine measurement o0 supports the reliability of out®Ne

rette etal. instead, we obtainB:=0.496-0.040 By  result.

=0.503+0.040), giving B(E2;0y,—2;)=137+22" It is important to assess the relative roles of the nuclear

fm*, corresponding t,=11.7+0.9 fn?. and Coulomb forces in the present reaction. The magnitudes
While we have set the value of /by, for *’Au using a  of the nuclear and Coulomb contributions to the scattering

simple algorithm, uncertainties in this parameter introduceprocess depend on both the energy of the beam and the mass

only small uncertainties in the final result f(B(EZ:OJ_S_ of the scattered particle. For masse#\ef 40 and above, the
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Coulomb interaction is so dominant at energies near 50 @T,—+1 M T,-0
MeV/nucleon that the nuclear interaction can be neglected in
analyses such as the one performed here. However, at lower 10

masses the nuclear force must be included in the andfgsis ot

example, see Ref22]). The relative roles of Coulomb and 8k

nuclear interactions in the present experiment wifiNe ~l ‘* ¢
were investigated by performing ECIS calculations in which 2

only the nuclear interaction was used. A calculation using <7
the optical model parameters of Mermetzal. in which the =
Coulomb interaction is turned off@-=0) yields a cross
section of 17 mb, which is 42% of the cross section with the
Coulomb interaction included (40 mb). The corresponding
nuclear interaction-only calculation with the optical model
parameters of Barrettet al. yields a cross section of 11 mb,
which is 27% of the cross section including the nuclear in-
teraction. It seems clear that the nuclear interaction plays an
important role in the present reaction, unlike the situation at FIG. 2. A comparison of isoscalar multipole matrix elements
higher masses. In addition, calculations of the size of the rol&o extracted from the comparison bf, values for §s—2; tran-
of the nuclear interaction depend significantly on the opticafitions inT=1 nuclei to theM, values taken from transitions be-
model parameters adopted. _tweer_1T= 1 states inr,=0 nuclei. This comparison allows a test of
The present results fol®Ne are significantly different 'SOSPIN purity inA=4n-2 systems. Threé=18T,=*1 values
from the previous experimental result of McDonaldal. [6] are shown, corre§pond|ng to the results obtained in the present work
(M,=16.1=0.8 fir?). It should be noted that their experi- with the two optical model parameter sets and the result of Mc-
me|F’)1t was quite difficult, having a large background in theDonaIdet al.6l.
y-ray spectrum generated by neutrons since tlyeiay de- _ _
tector was positioned at 0 ° with respect to the beam direc- Mo(T2)=Mp(T2) + Mp(=To). ©)
tion. In addition, the detector they used, a 19% efficient According to Eq(g), the Corresponding transition be-

Gle), was much less efficient for detection of 2 Me»(/ tweenT=1 states in érzzo nucleus satisfies
rays than the large volume intrinsic Ge detectors available

for similar experiments today. For this reason, it would seem My(T,=0)=My(T=1)/2. (10
prudent to repeat the DSAM experiment in a way which _ _ ) ) o

would decrease the neutron background in fhey spec- That is, the hypothesis of isospin punty |mpI|e$ that the
trum and take advantage of the high efficiencies of moderyalué ofMq extracted from theéM, values in two mirrorT,

Ge detectors. The present result is also significantly below~ =1 nuclei should be equal to the valié,=2M, ob-
the value forM, in ®Ne extracted from pion scattering tained for the §_,—2r_, transition in theT,=0 nucleus.
(13.6+0.8 fn?), although the pion scattering value also dis-According to Ref.[4], this comparison provides an experi-

-l | b

"
°

°

-
°

OMP Set 1

McDonald et al.
HlH

OMP Set 2

O - N W & O
T

p 4
.
®

A=22 A=26 A=30 A=34 A=38 A=42

agrees with the DSAM result. mental test of isospin purity foA=4n+2 multiplets.
The present result for thesttate in ®Ne provides the For A= 18, the results obtained with the parameter sets of
opportunity to examine isospin symmetry in the= 18 mul- Mermazet al. (2.84+0.23 single particle units, or SB@nd

tiplet. If isospin symmetry is satisfied within a mass multip- Barretteet al. (3.13+0.20 SPU) for*®Ne, when taken with
let, then the matrix elements of the corresponding electrothe corresponding value fdfO from the compilation of Ref.
magnetic transitions in each isobar are related in 423], M,=1.82-0.02 SPU, vyield M;=4.66+0.23 SPU
straightforward way. The relationship between multipole ma-and 4.95-0.25 SPU, respectively. In tie,=0 nucleus'F,

trix elements in the neutron/proton and isospin representdheT=10" and 2" states are located at 1042 and 3062 keV,

tions yields[4] respectively. The 3062 keV state decays predominantly to
the T=0 states at 0 keVJ"=1") and 937 keV §"=3%)
M (T, =(12[Mg(T,) = My(T,)], (6)  Vvia M1 transitions. Only 0.1£0.03% of the decays of the

3062 keV state populate the 1042 keV state. Whk decays
cause the lifetime of the 3062 keV to be quite short, and only
an upper limit(the mean lifer<1.2 fs) has been determined
{13]. The measurement of the branch ratio and the upper
limit of the lifetime allow a lower limit on the reduced ma-
trix elementB(E2;0" —2%)>5.8 SPU to be obtainedhis
@) value is calculated with the lowerollimit, 0.08%, of the
measured branch rajioThis, in turn, givesM ,>2.40 SPU
andM,>4.80 SPU. Hence, the values Mf, obtained from

where My(T,) and M4(T,) are the isoscalar and isovector
multipole matrix elements, respectively. With the assump
tion of isospin conservation, the matrix elements in differen
isobars are related by

Mo(T2)=Mo(T,),

My (T)=My(T)HT/T,. (8) 180 and the present results fdfNe are consistent with the
lower limit extracted from the available data dfF. There-
If two nuclei are mirrors, the,=—T, and fore, the data on thesef0, — 27_, transitions are consistent
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with the assumption of isospin purity. This conclusion isaccumulated in these experiments are impressive, and it is
valid for both sets of optical model parameters adopted heraot clear that moderry-ray detectors would provide a sig-
It is worth noting that the!®Ne result of McDonalcet al.[6] ~ nificant advantage in repeating these measurements.
gives M,=4.30=0.20 SPU yielding a*®0/**NeM, result Comparisons betweeM , values taken fronT,=+1 nu-
of 6.12+0.20 SPU. clei and theT=0 states of thel,=0 isobars for é+2

To refine this test of isospin purity in the= 18 system, at huclei in the mass ranga=18—42 are shown in Fig. 2
least two experimental issues must be addressed. First, tt@ata are taken from Ref$5,26] and the present wojk
discrepancy between the present heavy-ion scattering expef¢ottie et al. [5] noted that the error bars for the,=0 and
ment and the previous DSAM measurementB{E2;0; ¢ T,==1M, values do not overlap in the cases/t 34,38,
—27) in ®Ne must be resolved, as discussed above. Se@nd 42, suggesting the possibility of measurable isospin pu-
ond, the existing result foB(E2;0¢_,—27_,) in 1 must rity violation in these nuclei. These cases merit further stL_de,
be improved, although doing so will be quite difficult be- as does the case 8f=22, where the experimental uncertain-

e - ies f hT,= T,=+1M I I .
cause of the short lifetime of thef2, state. The upper limit ties for bothT, =0 andT, d h° va ue+s are 'arge.. h
on the lifetime of the 2_, state was set in DSAM measure- In sumrTary,lwesgeasure t é’!-d 21 ex0|tat|orr]1 In the
= . roton-rich nucleus®Ne via intermediate ener eavy-ion
ments of the*He(*%0,p)®F reaction reported by Ba#t al. b gy heavy

) . . ing. Th I i f h Its i
in 1982[24]. In these measurements, the centroid shift of the[sﬁ : t_';_er:mg 1 nS\éllgiv?%e;n%bigll\lneeo;réorcnort] sgt'zer:‘tas\/bji:rs\ It?] e
2020 keVy ray was measured in targets in which thide Iowerzlin;t on M, set with theB(E2:0F_,—27_,) result
; ; ; i 0 1UT=1 T=1
was implanted in three hostaluminum, niobium, and gojd

— 18 3 P
with different stopping powers. The measured energy of thérom theTZ_ 0. hucleus™F, as would be expected if isospin
centroid did not Fc)jgpegnrc)i on stopping power, and &?aﬁ/m. purity exists in theA=18 system. We propose that the

were only able to set an upper limit on the lifetime on this PSAM measurement of the,Q—2; transition in *Ne be
basis. It might be possible to improve this measurement by peateq with a lower neutron background and the presgnt
using the more efficienty-ray detectors now available to generation of high volume Ge detectors to resolve the dis-
improve the measured line shapes and, thus, to measure thEEPancy between the presetiNe result and the previous
centroids more precisely in the three target hosts. The brandh>AM measurement of McDonalet al. [6]

ratio of the Z_, state to the ¢_, state (0.130.03%) was  This work was supported by the National Science Founda-
measured by Rolfs in 19725] using the’N(«,y)'® and  tion through Grants No. PHY-9528844 and PHY-9523974,
0(p, y) 1¥F reactions at resonance energies. The statisticand the State of Florida.
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