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Cross sections and polarization transfer observables il®®g,p’) reactions at 392 MeV were measured
at several angles betweéh,,=0° and 14°. The non-spin-flipAS=0) and spin-flip AS=1) strengths in
transitions to several discrete states and broad resonand@® iwere extracted using a model-independent
method. The giant resonances in the energy regiok,cf 19—-27 MeV were found to be predominantly
excited byAL =1 transitions. The strength distribution of spin-dipole transitions wii+ 1 andAL=1 were
deduced. The obtained distribution was compared with a recent shell model calculation. Experimental results
are reasonably explained by distorted-wave impulse-approximation calculations with the shell model wave
functions.
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I. INTRODUCTION structure, but also because the relevant operators mediate

o _ L ) _ . B-decay and neutrino capture processes. The cross sections
. Spmqsospm excitation modes in nuclei have begn SIUd'e%f hadronic reactions provide a good measure for the weak
intensively, not only because they are of interest in nucleafnteraction response, which is a key ingredient in studies of

nucleosynthesis. Gamow-Teller resonancesT£1, AS

*Present address: Research Center for Nuclear Physics, Osakal AL=0) mediated by therr operator have been sys-

University, Ibaraki, Osaka 567-0047, Japan. Email addresstematically investigated by charge exchange reactions like

takahiro@rcnp.osaka-u.ac.jp (p,n) and GHe,t) reactions with a selectivity for spin-flip
"Present address: Asaka Technology Development Center, Fujfansitions at intermediate energiés2]. On the other hand,
Photo Film Co., Ltd., Asaka, Saitama 351-8585, Japan. spin-dipole resonancdSDR; AT=1, AS=1, AL=1) me-
*Present address: Department of Physics, Kyushu Universityliated by theo7rY, operator have not been studied in any
Fukuoka 812-8581, Japan. detail although the excitations have recently received atten-
S$Present address: RIKEN he Institute for Physical and Chemi- tion from the viewpoint of detection of supernova neutrinos
cal Research Wako, Saitama 351-0198, Japan. [3-5]. The detailed structure of the SDR remains unclear
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with respect to the three different spin stated®&2", 17, It is well known that the analog states f=Z nuclei can

and 0. be easily observed in charge exchange reactions. Fazely
Transitions to the 1 states can be induced by a probe et al.identified two strong 2 states aE,=0.4 and 7.6 MeV

with spin through the spin-flip and non-spin-flip processesand two broad I states at 9.4 and 11.5 MeV ifF by

with the o7rY, and 7rY, operators. TheTY, operator me- Measuring angular distributions of tHéO(p,n) cross sec-

diates the isovector giant dipole resonar@éGDR; AT tions [15]. In addition, Hickset al. [16] and Merceret al.

—1, AS=0, AL=1), which has the spin parity gF*=1" [17] reported that a sizable amount of thé =1 strength in

16 16 H 6 16,
the same as the SDR. Theoretically, the SDR and IVGDR are F and N was observed in thé®O(p,n) and **O(n,p)

: , . Feactions using a multipole decomposition method. In their
observgd tqgether nptp’) reagtlons because they have themultipole decomposition analyses, spin-flip and non-spin-flip
sameJ™=1" and are located in the same excitation energ

) o . . ) Yeontributions of theAL =1 strength were not distinguished.
region. In fact, it is experimentally confirmed in the pglar- Since the p,n) and (,p) reactions at intermediate energies
ization transfer measuremerit]. The problem concerming  yominantly carry the spin-flip strength at forward angles, the
the coexistence of the SDR and IVGDR was discussed in| —1 strength in the'®O(p,n) and 60(n,p) reactions
Ref. [7]. _ . should include the\S=1 (SDR) components. Watsoet al.

The SDR in theA=12 system has been relatively well performed a high-resolution measurement of #i©(p,n)
studied in the past. Cross sections of the SDR in thgeaction atE,=135 MeV and identified 2, 1~, and 1
'2C(p,n) reaction were measured at various bombarding engransition strengths by measuring cross sections and vertical
ergies and the strength distributions were discussed and COMBolarization transfe(PT) observable$18]. For further clari-
pared with shell model calculations in view of the analogfication of the spin nature of the1transitions, it is, how-
relation inN=Z nuclei[8]. The experimental analysis of the ever, necessary to measure horizontal PT observables, too.
data has led to the conclusion that broad structureg,at There is another important aspect in studying the level
=4.2 and 7.2 MeV in'N consist of mainly 2 and 1", structure of the excited states 0. The nucleud®0 is now
respectively. This conclusion is consistent with the resultgonsidered as a possible neutrino detector to investigate the
obtained from the vertical polarization-transfer measureexplosion mechanism of superno&e19—-23. High energy
ments in the'*C(p,p’) reaction atE,=318 MeV[9]. Re-  neutrinos with an average energy s25 MeV are emitted
cent measurements op{n) and (n,p) reactions supported from the heat bath in a supernova. When a supernova col-
this conclusion[10]. An analysis of the tensor analyzing lapses near our galaxy, it is expected that a sizable flux of
powers measured in th€C(d,”He) reaction resulted in the neutrinos from the neutronization process and the subsequent
contradictory conclusion that the 2transition dominates thermal emission process appears on the earth during a sub-
aroundE,=7.5 MeV in *B, which corresponds to the ex- second period. Such supernova neutrinos can be detected by
citation region around,=7.2 MeV in **N, and the contri- measuring deexcitations of the excited state¥®, 1°F, and
bution from the I transition is small[11]. This “missing %N in large neutrino detectors, e.g., Superkamiokande and
spin-flip 17" result was supported by a shell model study, SNO with a huge number of°O nuclei. The neutrinos pre-
which predicted that the tensor correlation and the mixing odominantly excite 0, 17, and 2 states via neutral and
2p-2h configurations push the spin-flip "1 strength to  charged current reactiorj§]. Many calculations were per-
higher excitation energies and thus quench the strengtformed to estimate the cross sections of neutrino induced
around the giant resonance regidi2]. However, more re- reactions on*é0 [19,21—23. To confirm these calculations,
cent measurements of neutron decay in the SDR region exfneasurements of the strength distributions of @, and
cited via the 1,°He) reaction supported th@(n) and (,p) 2~ states in2®0 are important not only for nuclear physics
results agaif13]. Thus, this problem concerning the spin- but also for the astrophysical application.
parity assignment for the SDR in the=12 system remains ~ Recently, all the PT observables fqr,p’) reactions were
controversial. successfully measured at 0° and were found to be a useful

The '°0 nucleus consists of eight protons and eight neuspectroscopic tool to study nuclear structi24,25, because
trons in the 55, 1pz, and Ipy, shell orbitals in a simple  the total spin transfe®=[3—(Dgs+ Dyn+ Dy L)]/4 pro-
independent particle model. Since the SDR excitation injides a clear means to clarify spin-flip or non-spin-flip tran-
p-shell nuclei is described as a coherent sum pflh tran-  sitions [26,27. Thus, measurements of PT observables at
sitions from thep- to the sd-shell orbitals, the SDR excita- forward angles enable us to extract spin-flip transitions. In
tions in 10 are expected to be stronger than thosé4@.  this report, we will present information on the structure of
Djalali et al. identified several 2 and 1 states atE, the SDR in0, which is obtained from measurements of PT
=19-27 MeV in®O by comparing af§,p’) spectrum at observables in proton inelastic scattering at very forward
E,=201 MeV with a (y,n) spectrum[14]. They pointed angles including 0°.
out that the gross structures of the lesonances observed in
(p,p’) and (y,n) reactions are similar. This suggests that the
IVGDR, which is excited through the Coulomb interaction,
is dominant in the proton inelastic scattering at intermediate The experiment was performed at the Research Center for
energies, especially at forward angles. Therefore, spin-fliiNuclear Physic§RCNP), Osaka University by using a 392-
1~ states were not identified in th@,p’) measurement of MeV polarized proton beam accelerated by the coupled cy-
Ref.[14]. clotrons. The proton beam from the polarized ion so(i2&

Il. EXPERIMENTAL PROCEDURE
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ice target gave us the great advantage in obtaining clean
(p,p') spectra since the background events from hydrogen

920 16O(p,p’) SDR contaminations in the target are out of the interested momen-
o 7//////////%//'////////////////; tum region at most of the measurement angles due to the

large difference of kinematic effects between oxygen and
hydrogen. Figure 1 shows the kinematics of protons scattered
from 'H and '°0 as a function of angles. In measurements
for the SDR region E,=19-25 MeV) denoted by the
hatched region in Fig. 1, th&O(p,p’) events are obscured
by the *H(p,p) events atf,,,=12°—14°, but are not dis-
turbed at the other angles.

In order to monitor the target thickness during the mea-

860 | 'H(p,p)

Momentum (MeV/c)
o0
x®
=]

840 -
E =392 MeV

820 r

0 5 10 15 20 25 surement, elastic scattering events from hydrogen were mea-

Scattering angle in lab (degree) sured by the spectrometer LAS2] placed at6,,,=59.5°.

FIG. 1. Momentum of protons scattered frotil and 160 at ~ 1he target thickness was calibrated by using the cross section
E,=392 MeV as a function of angles. The hatched region showdOr proton-proton elastic scattering é,=59.5° calculated
the momentum region of protons exciting the SOI® MeV <E,  Wwith the programsaID [33]. The target thickness was stable

<25 MeV). within the measurement uncertainty ¢f2.5% during the
experiment.

was accelerated to a kinetic energy of 64.2 MeV by khe

=120 MeV AVF (azimuthally varying fieltl cyclotron, and B. Polarization transfer measurements

was further boosted to 392 MeV by tlie=400 MeV ring A proton beam from the AVF cyclotron was vertically
cyclotron. The proton beam extracted from the ring cyclotron, - ri-ed. Two superconducting solenoids between the two
was achromatically transported to the target. The beam inter):;

i i X i th £1-10 nA. Scattered prot yclotrons were used for the purpose of rotating the polar-
\?\;grgr:ngrrr?gnx:rins ;nnal ezgadn%e ?he_hi ht]re.sol(l:ftlioires gcrgc?r?fzation axis of protons from the vertical to the horizontal
y y 9 P direction in measurements with a horizontally polarized

eter Grand RaidefR9]. Trajectories of the scattered protons eam. The two solenoids were located upstream and down-

were determine_d _using_ a focal-plane detector_ SVSFG”.‘ cqnsis tream of bending magnets with a total bending angle of 45°.
Idngteocftévrvso rg:ﬂg\g"rszgt:gtnghva\}gze;gi‘:eglzstt'sceizgt'!?;ggrﬁhis conﬁguration enqble_s us to obtain hqrizontally poIari;ed
angles bétween? —0° and 14°. An energy resolution of B&ams with two polarization axes app_roxmately perpendlgu-
802150 keV/ fullla?/vidth at half maximum. was obtained lar to each other. The beam polarization was 0.6—0.8, which
hich was dominated by the enerav s rea’d of the ¢ clotréwas monitored with an accuracy af0.02 by two sets of
whi y gy sp Y eam-line polarimeters after the ring cyclotron using a poly-

beam. In the measurements at scattering angles between tyrene analyzer target. The direction of the beam polariza-

and 14°, the proton beam_ was s.topped in a Faraday cup fibn was reversed every second to eliminate instrumental
the scattering chamber. Since this Faraday cup reduced ﬂc)fsymmetries

?;ceptaéné:? of éhiospe%trometer Grar;dbll?mtc)ienkat an%lefs be'The polarization of protons scattered from the ice target
een 2.o° an and an unacceptable background ofyq e measyred at laboratory angles of 0°, 4°, and 8° by a

edge scattering was produced, a different Faraday cup Wascal plane polarimete(FPB after momentum analysis in

used between the first quadrupole and the sextupole magngis, spectrometer Grand Raiden. The FPP consisted of an

of Grand Raiderj29) at these angles. In the measurement atanalyzer target of a 12-cm-thick carbon slab, four multiwire

0°, the proton beam passed through Grand Raiden and w : e

stopped in another Faraday cup located 12 m downstream opo_rnonal cha}mbers, angffscmtlllator hqdos_cdp@é. The
effective analyzing poweA; ' of the FPP is given by

the focal pland30]. y

inc inc
A. H,0 target f a'"“()A; () cospd

AST= , 1)
Thin H,O ice sheets with various thicknesses of 10—-30
mg/cnt were used as oxygen targets. The ice target system is

described in detail in Ref31]. Here, we briefly describe the
target preparation procedure. Self-supporting ice sheets made _ _
of pure water were mounted in the scattering chamber, whicwhereo'"¢( 6) andA'y“C(a) are the cross section and analyz-
was kept under vacuum lower than 0 Pa without any ing power for inclusive proton scattering from elastic, inelas-
window foil. The ice targets were cooled down to below 140tic, and quasifree processes in the analyzer target of the FPP.
K by liquid nitrogen. The loss of the ice target by sublima- The angular integrations in Eql) are performed over the
tion is negligible at this temperature, since vapor pressure golar angle of 5% #<20° and the azimuthal angle ¢&|

H,O is of the order of 10°® Pa at 140 K and decreases <66.8° for the scattering angles. The inclusive cross section
exponentially at lower temperature. This newly developeds'"°(#) was measured in this experiment. We used the ana-

f a"(9)dQ
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lyzing powerAiy”C(e) given in Ref.[35], which is param-
etrized as a function of the proton energy and scattering
angle.

The PT observabled)|,;) are defined by the following
relation[36,37:

p’s/ 0 DS'S 0 DS’L

p,,\‘/ _; + O DN’N 0

] I PnAN Dis O D

L’ “ ;"-' '," .
Ps f\ :

Lv

o T

x| PN, () . - . . .
FIG. 2. Schematic description of the spin precession of horizon-
PL tally polarized protons in the spectrometer Grand Raiden. Quadru-
pole and sextupole magnets of Grand Raiden are not shown for
The symbolsp, andp,, (I=S, N, L), denote the polariza- Simplicity. For details see text.

tions of the incident and the scattered protons, respectively.

The coordinate system is chosen so thatlthexis is along p's,,= Dggpscosy+Dy/ p.Siny
the beam direction, th&l axis is along the normal to the B )
horizontal plane, and th8 axis is chosen to form a right- =Dsdscosy+Dp.siny. (4b)

handed coordinate systefprojectile helicity framg Simi-
larly, the L’ axis is oriented along the momentum of scat-
tered protons, th&l’ axis is the same as th¢ axis, and the
S’ axis forms a right-handed coordinate systémntgoing
particle helicity framg The symbolsAy andP are analyzing
power and vector polarization, respectively. The off-diagonal
elements of PT observabl®y, ; between the horizontal and . ; -
vertical axes vanish due to parity conservation. with the D,.'s at 0°. .

The proton spin precesses around the vertical axis of the Although the transverse diagonal components of PT ob-

spectrometer. The spin precession anglgith respect to the Zre;(’jvgbIesa:]ea\t/|feeaies(;n;glein[§éaté?§§: t%%'\ééart\/gblyegh?nljt%?s ox-
momentum direction of the proton is described Ky NN P

_ - . . : periment. The reason is that the acceptance of the spectrom-

fag/t(oglﬁeﬁln)ecé 'Qy;h_e(rr:%\gigEf;?meézwg?g/hs Sapil;lgr;TZ eter Grand Raiden is not symmetrical with respect to vertical
—\Up p/!Hpt ] i i i

tor of the proton, which is related to the proton magneticand hc_>r|zc_>ntal directions| ¢, =20 mradi0y|$35 mraod)

moment by, = gy (o is the nuclear magnetpranda and this difference breaks the relatibye=Dyy by =~10%

is the bendi le of th trometer. The vertipal) ~ or oot
is the bending angle of the spectrometer. The vertipgl,X The measurements were repeated using vertically polar-

and horizontal p,s,,) Components of the pOlarization mea- ized (pS: pLZO) and horizonta”y po'arize%:O) beams

The PT observables with nonprimed suffix&s {) in Eq. (4)

are defined in the projectile helicity frame. Ti®;'s are
related to PT observables with primed suffixd3,(;) de-
fined in the projectile helicity frame and the outgoing particle
pelicity frame by a spatial rotation of the coordinate system
of outgoing particles. Th®,;’s naturally become identical

sured by the FPP are given as follows: independently. In the measurements with a vertically polar-
1 ized beam, the analyzing power was deduced from the asym-
' —pl = P+D., , 3 metry of the cross section by reversing the beam polariza-
PP =g pNAN( NP (33 tion. The vector polarizatioR andDy were deduced from
, ) o simultaneous equations abopf,,, which were obtained
Pg = Pg COSY+ P, SiNY from Eq. (3a for each polarizing direction in the reversing
1 process.
= ﬁ[(Ds,sps+ Dy PL)COSY Following Eqs.(/3b) _and (4p), two and fogr independent
PnAN measurements gy, with horizontally polarized beams are
+(DLsps+ Dy pL)]siny. (3b) generally required to obtain all horizontal PT observables at

0° and at other finite angles, respectively. On the basis of the
In the measurement at 0°, the projectile helicity framemathematical considerations mentioned above, we measured
and the outgoing particle helicity frame are identical. In thiSp’S,, under the two independent conditions with beam polar-
case, off-diagonal components of the PT observables, analyzations perpendicular to each other in the horizontal plane.
ing power, and vector polarization vanisB§, =D s=Ay  |n addition, for the measurements at finite angles, we used a
=P=0) due to the spatial rotational symmetry, and B).  special dipole magnet for spin rotatig®SR) [38] to in-
reduces to crease the number of independent measurements. The DSR
, is a magnet that bends protons By18° or —17° just in
P =DnnPn=DnnPn s (43 front of the focal plane of the spectrometer Grand Raiden as
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/5 L (a) 0=0° (a) 160( ’) 0
S [ E=I5MeV - pp) £ 3
g L % ¢ =4l %w=0" T 1 1l1:
R s s I fET
g : 7 1 1 1
S 1k ) g 10 5 20 25
o C o do/dQ 2 Excitation energy (MeV)
g -(1-%) do/dQ ) [ d’c/dQdE
~ 0 11 | | 111 I 11| | 11 ) | 11 g 9 Z dZG/deE

0 02 04 06 08 E 29f

B(E1) (e*fm?) s %

’:0.2—b)9_4° o i@" Ihl l,%
Z [ - P I R T
2 [o E=ISMev z A W
015 o o 2 3L© [] d’6/dQdE
= C o A =
= ~ (1-T) d>6/dQdE
§ 01F nnu E 2k
2 I, = ;
8005 =L 21} J W
~E » do/dQ = el \\\\
g < (1-3) do/dQ o L b, o A el \\\\\\\\\\\\\\\\\\\\\\\\\\ \N
g . 5 10 15 20 25

>

v v by s Py s 1y Excita[ionenergy(MeV)
0 02 04 06 08

B(E1) (e*fm?) FIG. 4. Double differential cross sections for tH&O(p,p’)
reaction at E,=392 MeV and 0°.(a) 60(p,p’) spectrum
FIG. 3. Two-dimensional scatter plots of cross sectionsg24/dQdE. (b) Spin-flip componentsd2?o/dQdE is compared

[do/dQ, (1-3)do/dQ] at 0° (a) and 4° (b) calculated for I with d2¢/dQdE. (c) Non-spin-flip component (£ 3)d2¢/dQdE
shell model states. The open squares and solid circles indicate crogScompared witrd2o/dQdE.

sections (@o/dQ) and non-spin-flip cross sectiond (1

—3)da/dQ], respectively. The solid lingshown to guide the eye  using the computer codeswBAgs and bweBgs [39]. The

indicate proportional relations betwe&(E1) and (1-3)da/dQ. effective nucleon-nucleon interaction derived by Franey and
Love (FL) [40Q] at 425 MeV was used in the calculations. The

shown in Fig. 2. The bending angles of scattered protons djlobal Dirac optical-model potential was used in the Sehro
the central ray are 180° and 145° for positive and negativ&inger equivalent forni41]. This potential gives a good de-

olarities of the DSR, respectively. Then, the spin precessiofc/Pton for existing experimental data of elastic scattering
gngles of 392-MeV pro?ons inyGrand Raid[()an paYéJr) on %0 at 400 MeV[42]. The one-body transition density

—458° and y\)=369°. The four independent measure- from the shell model calculatidr23] was used in the present

- . L work. This shell model calculation was performed within the
m.ents at finite angleg were achieved by measurlngp'g_ne (0+2)hw and (1+3)Aw configuration spaces for positive
with both beam polarization axes for each DSR polarity. Ingnq negative parity states, respectively, with an interaction
the 0° measurement, the DSR was also used as a steerigdsed on the Warburton-Brown potenidB] and CD Bonn
magnet with a bending angle of 1°—2° in order to correctlystential[44]. The single-particle radial wave functions were
guide the proton beam into the beam dump. In this case, thgnained for a harmonic-oscillator potential with a size pa-
spin precession angle in the spectrometey4s412° deter-  rameter ofw=0.588 fm L. The calculated observables were
mined by the normal bending angle of 162° of Grandaveraged over the acceptance of Grand Raidéf, (

Raiden. |<20 mrad, |6,/<35 mrad) weighted by the calculated
The reliability of our measurements was checked by meagoss sections for comparison with the experimental data.
suring PT observables of proton-proton elastic scattering. We 1o spin-flip cross sectiofda/dQ(AS=1)] and non-

simultaneously measured protons scattered from hydrogegbin_ﬂip cross sectiofido/dQ (AS=0)] can be defined by
and oxygen in the ice target &t,,=6°—12° since the pro-

tons are still within the momentum acceptance of Grand do 3—(DgstDyntDyL) [ do B do
Raiden. The measured PT observables for proton-proton d_Q(ASZ:L): 4 daa /" “\aa/’
elastic scattering agreed well with the result of #2¢D cal- (5a)
culation.
do 1+(Dgst+Dyn+D do
—(AS=O)= ( SS NN LL)(_)
IIl. THEORETICAL CONSIDERATION dQ 4 dQ
Microscopic  distorted-wave  impulse-approximation —(1-3) d_ff (5b)
(DWIA) calculations for p,p') reactions were performed dQ

064316-5
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@ 7 0p.p) @ “Op.p*)
>af E% ;:‘:‘ 7 O = > aff x0.5, B, =8
EQ 'J < g 2 é 2

g 9% : 1"0 05 20 25 g 0 15 20 35

3 Excitation energy (MeV) B Excitation energy (MeV)

2 3[0) [] d*6/dQdE 2 3Lb) [] d*c/dQdE

5 93 zaczc/deE 5 o 35 X0.5! szzc,dng

g2 E32 o

8 4 5 & | i

Dg 3H©) [] d’6/dQdE é NI [ ] d’6/dQdE

- (1-2) d°6/dQdE _ [ <05 (1-3) d°6/dQE
5 10 20 25 15 20 25
Excitation energy (MeV) Excitation energy (MeV)

FIG. 5. Same as Fig. 4, but at a laboratory angle of 4°. The FIG. 6. Same as Fig. 4, but at a laboratory angle of 8°. The
bumps aE,=19.0, 20.4, 20.9, 22.1, and 24.0 MeV are identified to spectra belovE,=14.4 MeV are scaled down by a factor of 0.5.
be due tcAL =1 transitions. Note that the bump at 23.0 MeV seen
in Fig. 4 is missing. shown in Fig. 8b). However, the correlation between non-

spin-flip cross sections ar8i(E1)’s is still linear. Thus, we

whereda/d() is a differential cross section. PT observablesconclude that the transition strengths are reasonably sepa-
in Eq. (5) are defined in the projectile helicity frame. It is rated into the spin-flip and non-spin-flip components by us-
known that theX, value in Eq.(5) is unity for spin-flip tran- ing S even at 4°.
sitions and zero for non-spin-flip transitions at forward scat-
tering angles where the spin-orbit interaction is negligible
[24,26]. This rule is well established for unnatural isovector
transitions. For natural parity transitions, it is valid within ~ The double differential cross sectionséat,=0°, 4°, and
5% accuracy fom<5°. 8° for the '°O(p,p’) reaction atE,=392 MeV are shown

To verify the applicability of this ruledo/dQ and (1  in Figs. 4, 5, and 6, respectively. At 8°, th€O(p,p’) spec-
—3)do/dQ were calculated by DWIA for isovector 1 tra are obscured in the energy regiorE=6—-11 MeV due
states generated in the shell model space and were comparedthe large background originating from hydrogen in the ice
with the calculated3(E1) values, which are good measurestarget. Therefore, the spectra in Fig. 6 are only shown for the
for non-spin-flip transition strengths. The IVGDR is strongly energy region oE,=11.2—29 MeV.
excited by the Coulomb interaction at 0°. The/d() in All low-lying discrete peaks observed between 6.05 MeV
Coulomb excitation decreases with increasing excitation enand 13.09 MeV have been identified as those of known tran-
ergy since the virtual photon flux during the collision be- sitions[45]. Table | lists the 0° cross sections in the center of
comes rapidly small as a function of energy. Therefore, alinass system for these known discrete states. In the measure-
the calculations were performed at an excitation energy ofment where the central ray is set at 0°, the average angle of
E,=15 MeV in order to fix the kinematic conditions. acceptance of the spectrometer is 1.2°. The cross sections

The results are shown in the scatter plots of Fig. 3. Thavere obtained by fitting thé°0O(p,p’) spectrum at 0°. In the
non-spin-flip strengths are dominant compared to the spinfitting procedure, Lorentzian functions with central energies
flip strengths at 0° due to the Coulomb excitation of theand widths taken from Ref45] were used. The Lorentzian
IVGDR. Therefore, the strong linear correlation in the scatterfunctions were folded by using a peak shape taken from the
plots atd=0° [shown in Fig. 8a)] is interpreted as an indi- narrow states aE,=6.92 and 7.12 MeV. Although broad
cation that the cross sections observed at 0° are nearly proesonance states &,=9.59, 11.26, and 11.60 MeV were
portional to theE1l transition strengths. The non-spin-flip taken into account to improve the fit, cross sections of the
cross sections are quenched at backward angles due to ttransitions to these states are not shown in Table | because of
destructive interference effect between the Coulorh) ( the large uncertainties in the fit. Since the peaks of the broad
and isovector Y ,) interactions. Non-spin-flip cross sections states are relatively small, the inclusion of the broad states
have values much smaller than the cross sectiofs-at° as into the fit gives no significant influence in estimating

IV. RESULTS AND DISCUSSION
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TABLE |. Discrete levels observed in th€O(p,p’) reaction at (@) ph b . }
E,=392 MeV. Excitation energiesE(), spin parities §7), iso- 30 | oto-absorption
spins (T), widths (I'), and level half-lives ¢,,,) are taken from +++++ ++ m
Ref.[45]. Cross sections in the center of mass system were obtained ié\ ++++ t +++ !
by fitting the 10O(p,p’) spectrum at 0{see text g 20 | | +++++
E (MeV) T T I or 7, do]dQ(0%) e, E ” "t
(e bisr) é ol . ++ »:w:
6.05 0*; 0 T1p=67%5 ps 10=1 © o +++++ " +++++*+++++
6.13 37,0 71,=184%05 ps 23+1 ++++++++ oot
6.92 2750 1p,=47%013 fs 249+7 045 20 25
7.12 17;0 7p=83%05 fs 19+1 Photon energy (MeV)
8.87 27;0 Tp=125%11 fs 12+1 s [© °O(p.p")
9.59 1750 I'=420*+20 keV s Ep= 392 MeV
9.85 27,0 '=0.62+0.1 keV 64+2 R :
10.36 4%;0 I'=26%3 keV 11+1 ;% 1
10.96 0750 Tp=55+35 fs 22+2 =
11.08 350 I'<12 keV } 242 gé
11.10 47,0  T'=028%0.05 keV =505
11.26 0750 =25 MeV Z
11.52 2750 =713 keV 137+5 5 +
11.60 37;0 I'=800=100 keV 0 i 2‘0 2‘5
12.05 07;0 I'=15%05 keV 72+3 Excitation energy (MeV)
12.44 1750 I'=91%x6 keV 36x2
12.53 27:0 T=111%=1 eV 57+2 FIG. 7. (8 The photoabsorption spectrum from R48]. (b)
12.80 01 T=40+4 keV 24+ (?omparison of the non-spin-ﬂibGO(p,p’) spectrum at .O°(solid
12.97 2701 '=134%004 keV 176+6 Ilneg) a_nd the corresponding (_:onverted photoabsorption spectrum
v (solid circleg. See text for details. Measurement errors for the non-
13.02 27,0 I'=150=10 keV . . - . -
_ } 498+ 14 spin-flip spectrum are not shown in this figure for simplicity.
13.09 171 I'=130=5 keV

18.79 MeV observed in electron scatteridg] are also seen

in the spin-flip spectra. The 14-MeV state, which has been

the peak area of the extracted states. The 11'10'MeYentatively assigned as'lor 0* in Ref.[14], has no spin-flip
state was not separated from the neighboring state at 11'%%rength at 0°. Thus. this state is inferred to betadd 1~

MeV. Similarly, the 13.09 MeV state was not separated fromnatural arity state. Most probably. this state could corre-
the 13.02-MeV state. Therefore, the summed values og party ) b Y,

h . for th iahbori h ond to the O state reported in the electron scattering ex-
Eraeblc(:artl)ss sections for these neighboring states are shown ngiment by Hyde-Wrighf47].

It is known that low-lying states are mostly non-spin-flip
states, called natural parity states. Therefore, these states are
only observed in our non-spin-flip spectrunj (1 Four broad resonance states at 20.9, 22.1, 23.0, and 24.0
—3,)d%0/dQdE]. Excitations of the isovector states O MeV are observed in the non-spin-flip spectrum at 0°. The
begin withE,=12.8 MeV. The spin-flip states observed at cross sections of these non-spin-flip states are forward
0° above the threshold energf,(=12.8 MeV) are ex- peaked, which could be characterized as IVGDRAGr=0
pected to be mainly due to the isovector transitions, since thgansitions. The IVGDR in‘®0 has been already well studied
isovector spin term\(,,,) in the effective interaction is much with electromagnetic probes. The total photoabsorption cross
stronger than the isoscalar spin term,f at small momen- sections from Ref[48] are shown in Fig. @) as a function
tum transfer. In fact, the spin-flip spectrum at 0° shown inof photon energy. The relation between photoabsorption
Fig. 4b) is quite similar to the high-resolutiod®0(p,n) cross sections and the reduded transition matrix element
spectra near 0° reported in Refd5,19 if the threshold B(E1) is given by Ref[49],
energy for the isovector transitions is taken into account.

A state atE,~13 MeV is strongly excited with both
spin-flip and non-spin-flip components at 0°. The spin-flip
component of this state significantly increases at 4° as 3
shown in Fig. Bb). We conclude that this state consists of the _ 16m
mixing of three discrete states; an isovectordtate at 13.09 9%hc
MeV, which is strongly excited by the Coulomb interaction
at 0°, an isoscalar 2 state at 13.02 MeV, and an isovector whereS(E1) is the first energy moment of ti&{E1) value.
2~ state at 12.97 MeV. Three'1states at 16.22, 17.14, and By using Eq.(6) and assuming the linear proportionality be-

A. Non-spin-flip transitions

1673
J TapdE= 57—~ S(E1)

> (Ea—Eo)B(E1;0—a), (6)
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15[ @ °0(p,p*) . @ %0(p.p")
g - E_=392MeV -3 E_ =392 MeV
S ep -0 E ’; = €
Q ~ lab 279 2L elb=4e
2% 1| 4= !
£2 T
e o2
=g ==
é VO 5 - .E
£ 0. = | O o ™
3 5 -
P | 1 B P L 1 | U e P e | 1
Q [ (h 1 I R w7 e
= o el g F(® S.M. Calculation
L (b) i E ~ | — Sum
. 2f Shell Model Calculation § % 2, T
= i A --- =
9 [ — Sum g % 0.5 LT=l
2 S15p 2, T=0 as
£ ---1,T=1 =&
5% ’ &
R 5 |
£ 0
o
7 051 500
= (c) 160 >
S - e,e
“ N S g 400 (ee’)
0 10 15 20 25 N‘:;L
Excitation energy (MeV) = 300F
g 200
FIG. 8. (@) Measured non-spin-flip spectrum in th€O(p,p’) §
reaction at 0°. The dashed and dotted lines show an empirical esti- 100
mation of the quasifree continuufsee text (b) Calculated non- |
| Y

spin-flip spectra obtained from the shell model calculaf2si. The 0——5 1 15 20 ':'2'5
solid line shows the sum of all the transitions upMd= 4, although Excitation energy (MeV)

the contributions from\J=0, 3, and 4 are small.
FIG. 9. (a) Measured spin-flip spectrum in tH8O(p,p’) reac-

N . tion at 6,,,=4°. The dashed and dotted lines show empirical esti-
tv!een theB(E1) value a_nd non-spin-flip cross sections al hations of the guasifree continuufsee text (b) Calculated spin-
0°, our resuIFs can be_dlrectly compared t(_) those from th?lip spectra obtained from the shell model calculati@3]. The
photoabsorption experiment. The conversion factors fromygjig jine shows the sum of all the transitions upAd=4. (c)
B(E1) to non-spin-flip cross sections were deduced fromyieasuredvi2 strength distribution if°0 from Ref.[46]. The state
DWIA calculations at each excitation energy to correct kine-at ,=23.5 MeV (dashed linfwas tentatively assigned as an
matic effects. Non-spin-flip 1 transitions were assumed in Refs.[52,54.
the calculation. Their wave functions were obtained from a
normal-mode procedure using the computer cadamop  spectrum for the non-spin-flip cross sections at 0° is com-
[50]. After multiplying the converted photon absorption pared with those estimated from the DWIA calculation. The
spectrum by a factor of 1.3, the converted spectrum agreegyoss structure of the calculated spectrum was found to be
well with the non-spin-flip spectrum from th@(p’) experi-  Similar to the observed one. The excitation energies of the
ment as seen in Fig.(). Contributions from the quasifree discrete isovector 1 state atE,=13.09 MeV and the
process and the monopole resonance have to be considerddGDR located in the region dE,=20.9-24 MeV are well
since they might reduce the difference of the excitationexplained. The IVGDR exhausts most of the non-spin-flip
strengths between thgp’) results and the calculation that transition strengths in the calculation, while contributions
includes only theE1 transitions. The continuum due to the from AL=0 transitions discussed above are small. Recently,
quasifree scattering and the isoscalar giant monopole resui et al. identified significant isoscalaEQ strengths ex-
nance(ISGMR; AT=0, AS=0, AL=0) are expected at the hausting (48+10)% of the energy-weighted sum rule
same energy region as the IVGDR in the,it’) spectrum. (EWSR in the region ofE,=11-40 MeV by using the
However, the bumps due to the IVGDR are still observed in*®0(a,a') reaction[51]. The shell model calculatiof23]
the residual spectrum after the calculated cross sections apgedicts isoscalar 0 strengths with 39.6% of the EWSR in
subtracted from the non-spin-flip cross sections without anghe same energy region. Nevertheless, the summep')
normalization factor. Thus, the normalization factor of 1.3 iscross section for the Ostates is less than 7% of that for the
required to explain the shape of the spectra. It is not clealwWGDR at 0° in our calculation. One of the reasons why the
why this normalization factor is needed. isoscalar 0 excitations are weak is that the isoscalar spin

We performed DWIA calculations using the shell modelindependent termV, in the effective interaction becomes
wave functions of Ref[23] and the FL interaction of Ref. small arounde,=400 MeV.
[40]. The calculated non-spin-flip cross sections were folded The summed value of the calculated non-spin-flip cross
by assuming that each shell model state has a Lorentziasections up t&E,=29 MeV is 7.57 mb/sr in the laboratory
shape with a width of 1.0 MeV. In Fig. 8, the measuredframe, while the experimental value is 948.04 mb/sr. It
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TABLE 1l. Comparison of the measured cross sectiods/@dQ2)., and spin-flip cross sectionsfa/dQ). . with those from the
DWIA calculation based on the shell model wave functi¢p®3] for discreteAL=1 transitions observed in th®O(p,p’) reaction at
0. m=4.4°. Shell model states weaker than 0.01 mb/sr are not shown. Spin-flip cross sectibps fot2 MeV and 10.96 MeV are not
shown because of large uncertainties of the PT observables.

Experiment Theory
E, JT T do . do . E, J T do . do
m(44 )c.m. Em(44 )c.m. m(44 )c.m. 2m(“"él'o)c.m.

(MeV) (ubfsr) (ubfsr) (MeV) (pbfsr) (pb/sr)

7.12 17;0 48+2 6.04 1,0 41 18

8.87 27;0 25+1 19£2 7.28 27;0 38 27

10.96 07;0 25+2 9.84 07;0 32 32

12.44 17;0 37+6 164+12 11.38 1,0 10 5

12.53 27;0 179+30 11.84 27;0 189 131

12.80 07 ;1 42+2 600+ 24 12.90 07;1 26 26

12.97 271 534+ 15 12.94 271 545 544
13.12 27;0 39 25

+.
13.02 250 490+ 15 34220
13.09 1751 13.21 1751 174 167

should be noted that the experimental value includes a corj52,54. Our assignment for the SDR (2 is consistent with
tribution from the quasifree process. If we tentatively assumehe result from the electron scattering experiments, but it is
that a smooth continuum due to the quasifree process beginather difficult to get a clear one-to-one correspondence for
with the neutron emission threshold and increases with excithe 2~ states at 16.82, 17.78, 18.50, and 23.5 MeV in the
tation energy as shown by a dashed line in Fita)8the  present experiment. The ratio of the strength of the 20.4-
non-spin-flip cross section of the quasifree procgss_is estivev and 19.0-MeV resonance is quite different from the
mated to be 3.35 mb/sr and the rest of the non-spin-flip Crosggyit obtained in electron scattering. This difference might
section due to the resonant processes is 6.12 mb/sr, which i, e to the contribution of the orbital part in the electro-
smaller by 20% than the predicted value. In the case Wheg,,qnetic interaction, which does not give a sizable effect in
the magnitude of the quasifree continuum is multiplied by a(p,p’) scattering at small momentum transfer.

factor of 0.6 as shown by the dotted line in Figag the The spin-flip spectrum from the DWIA calculation de-

experimental cross section for the resonant process becomes . . - .
very close to the theoretical one. SCribed above is presented in FigbPp Similarly to the non-

spin-flip case, it is assumed that each shell model state has a
o N Lorentzian shape with a width of 1.0 MeV. The calculation
B. Spin-flip transitions predicts a concentration of discrete spin-flip strengthg,at

In the spin-flip spectra shown in Figsb} and §b), broad ~ ~13 MeV, which is consistent with the experimental result.
bumps withAL=1 were observed &,= 19.0, 20.4, 20.9, The theoretical and the experimental cross sectiong at
22.1, and 24.0 MeV. Since the bumps at 19.0 and 20.4 Me\+4.4° (corresponding td,,,=4°) for the discreteAL=1
are not seen in the non-spin-flip spedisee Figs. &) and  transitions are summarized in Table Il. The two bumps ob-
5(c)], they are inferred to be excited by unnatural parity tran-served aE,~13 MeV [see Fig. 9a)] are mainly due to the
sitions, and correspond to the SDR (2reported in electron threeAL =1 states, i.e., the isoscalar &tate at 12.53 MeV,
scatterind 46,52,53. The other resonances at 20.9, 22.1, andhe isovector 2 at 12.97 MeV, and the isovector lat 13.09
24.0 MeV, which are seen in both the spin-flip and non-spiniMeV. The spin-flip cross sections for several weak states are
flip spectra, could be due to lexcitations with a mixture of not deduced separately since the PT observables for these
spin-flip and non-spin-flip characters. The resonance at 20.States could not be extracted reliably. Their contributions are
MeV was assigned as 2in Ref.[14], but our result favors included in the values for the neighboring strong states. The
the conclusion reported by R¢b3] that the 20.9-MeV state theoretical calculation explains the cross sectias/())
is 17. A bump due to the excitation of a~"1resonance at and the spin-flip cross section® do/dQ) for the discrete
E,=23.0 MeV is clearly seen in Fig.(d). However, the AL=1 states quite well with the exception of the underesti-
corresponding bump is not observed in the spin-flip spectrunmated strengths of the isovector ktate at 13.09 MeV and
at 4° [see Fig. ®o)]. Thus, we conclude that the ltransi-  the isoscalar 1 state at 12.44 MeV.
tion to the 23.0-MeV resonance is dominated by a non-spin- In the region of giant resonances, the calculation repro-
flip component. duces the experimental result that the &trength concen-

In Figs. 9a) and 9c¢), the spin-flip spectrum af,,,=4° trates at an excitation energy below the 4trength. ThisAJ
is compared with the results of electron scattering experisplitting is expected due to the spin-orbit interaction, sup-
ments of Ref.[46]. The spin parity of the state &,  porting the validity of the present calculations. The strong
=23.5 MeV was tentatively assigned d§=2" in Refs. resonance at 20.4 MeV is predominantly due to atéansi-
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tion, while the 22.1 MeV is due to both™2and 1™ transi- from the ISGMR are rather small according to the calcula-
tions according to the calculation. In addition, the shelltion.

model calculation predicts a considerable @trength at Spin-flip strengths observed in the same energy region
higher excitation energies. However, such a 6trength  With the IVGDR are found to be excited withL =1 angular
could not be separated reliably from the quasifree backmomentum transfer. The resonances observef,at20.9,
ground. It is noteworthy to mention that a simpl@-1h ~ 22.1, and 24.0 MeV carry both IVGDR and SDR (1
shell model calculation by Picklesimer and Walkgb] has ~ Strengths. The resonances B{=19.0 and 20.4 MeV are
predicted the gross structure of the SDR similar to the recerfRPServed only in the spin-flip spectra and are, therefore, as-
sophisticated calculatiof23], although the quenching prob- Signed to be 2 states. The energies of strong Ztates
lem for spin excitations was not seriously discussed befor@2Served in the presenp(p’) experiment agree well with
the 1980s. those of the Z states att,=12.53, 12.97, 19.0, and 20.3

- o : V reported in electron scattering studi¢46,52—54.
The sum of the experimental spin-flip cross sections up t € .
E.=29 MeV, which includes the continuum, is 9.10 owever, the strength ratios of the 19.0- and 20.4-MeV

. . states are different. This may be attributed to the intrinsic
+0.03 mb/sr in the laboratory frame, while that of the Cal'contribution of the orbital part in electron scattering. We ob-

culation is 7.99 mb/sr. Assuming a smooth quasifree CONgerved that the major part of the SDR (Pstrength in0 is
tinuum as shown in Fig. (&) by the dashed line, the spin-flip |ocateq at excitation energies below the SDR ) &s seen in
cross section due to the resonant processes is 5.06 mb/gie A= 12 systeni8,10,13. This result is consistent with the
ThIS is smaller than the 7.99 mb/sr value_from the CalCUIa'expeCtation that the three spin components of the SDR split
tion. The best agreement between experimental and calcy; * excitation energy in the order oE,(27)<E(1°)
lated values is obtained if the estimated quasifree continuur- E,(07). The shell model calculatiof23] reproduces well

is multiplied by a factor of 0.3 shown as a dotted line in Fig. 1 distribution of the 2 and 1 spin-flip strengths int%0

9@ measured in this study. This calculation predicts the exis-
tence of the O transition at high excitation energies of about
V. SUMMARY AND CONCLUSION 27 MeV. However, not enough evidence to identify the 0
strength could be found in the experiment because of its

In the present'®O(p,p’) experiment, spin-flip and non- X - . :
spin-flip transitions were separated by measuring the p0|a|r_elat|vely weak excitation and the surrounding quasifree

ization transfer(PT) observables. Strong peaks dueMd. ~ Packground. The experimental result from the prespr)
transitions were observed & =16.22. 17.14. and 18.77 Study will be useful in estimating the neutrino absorption
X . ) . I .

MeV. The 14.0-MeV state, which was previously suggested:_ross sections by®0 in the supernova neutrino observato-
to be excited by aM1 transition, is found to have a non- €S
spin-flip nature.

Non-spin-flip transitions with forward peaked cross sec-
tions were observed at excitation energies between 20 MeV The authors would like to thank Professor J. Raynal, Pro-
and 27 MeV. These transitions are well reproduced by a calfessor K. Amos, Professor S. Karataglidis, and Professor S.
culation in which the excitation strengths are converted fronv. van der Werf for valuable discussions of theoretical cal-
the photoabsorption cross sections with a normalization faceulations. We gratefully acknowledge the outstanding effort
tor of 1.3. Therefore, we conclude that the major part of theof the RCNP cyclotron staff for providing the clean stable
IVGDR strength is exhausted in the resonance regioR,0of beam. This research program was supported in part by the
=20-27 MeV. The recent shell model calculati@8] also  Research Fellowships of the Japan Society for the Promotion
supports this conclusion. One may address a question thatad Science(JSP$ for Young Scientists, the U.S.-Japan Co-
significant strength due to the*Oexcitation could, in prin- operative Science Program of the JSPS, and NSF Grant No.
ciple, exist in the IVGDR region. However, the contributions PHY-007911.
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