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The giant resonances of spin-isospin flip mode are studied by measuring the energy and angular distributions
of =" electroproduced frorLi and °Be nuclei. Several strong™ groups are found and angular distributions
of these groups are analyzed by distorted-wave impulse approximation calculations using the single particle
shell model. The experimental cross section of the groups corresponds to an order of the charge exchange
single particle transition strength, establishing them as spin-isospin flip giant resonances. The shell model
nature of (y,7") results for Jg, shell nuclei are summarized and presented together with previously pub-
lished data. The obtained results are compared to previously published data for)( (n,p), (e,e’p), and
(p,2p) reactions. Strong transitions consistent with the giant resonance excitations frorsythehell in the
core and from the fi;,, valence shell are observd$0556-28139)03106-4

PACS numbes): 25.20.Lj, 21.10.Jx, 24.30.Cz, 27.2

. INTRODUCTION and °Be. The shell model of these nuclei have been exam-
ined with respect to th® value of the single particle in the
The single particle shell model and the cluster model havehell via (e,e’p) and (p,2p) experiments and with respect to
been applied to the examination of the properties of nucleaghe giant resonance measured by thegy) reaction. These
states and reactions. These models are used in differepgsults will be discussed in comparison with those of the
modes to find an approximation to the solution of the many<y, ") reaction.
nucleon Schrdinger equation, which cannot be solved rig-  In the present paper, the single particle shell model nature
orously. is investigated by examining the character of the single
The 1pg, shell nuclei are often proven to be explained by nucleon interaction in they,7*) reaction for the giant reso-
a cluster model based on thecluster and other clusters nance in D, shell nuclei, which indicate cluster nature. The
formed by some of thed, shell nucleons. For example, the states that can be examined using the®") reaction are
light nuclei with masse®A=4-8 have been very well de- |imited by the selection rule for spin-isospin flip mode of the
scribed mostly by the two body cluster model theory. Nucleisingle particle transition in this reaction. Therefore, the
having masse&>8 become tedious to treat using the clusterpresent study enables to select the states to be examined than
theory, because more than three clusters are concerned. A-the case for theg(e’p), (p,2p) and(n,p) reactions, which
plication of the complete cluster model appears to be insufinclude several overlapping states leading to a broad reso-
ficient in theA>8 nuclei, even in“C and'®0, which some- nance shape. Such selectivity in the,¢*) reaction for
times show cluster construction clearly. The recentshell model nature should provide greater clarity, even in
development of the cluster model is summarized by Lannuclei which are well described by the cluster model.
ganke[1]. The cross sections of the pion photoproduction from nu-
The nuclei®Li and "Li are described by the cluster model clei are given in impulse approximatid8] as
quite well using the most important component|[ef-d],

[*He-t] and [a-t]. These configurations have also been do P L.,

studied using the microscopic cluster model. FBe, the (m _We f 23 +1

cluster model has been partially studied using the cluster (7.m) m '

components of a-«-n] and[°He- a]. A good qualitative . 5
explanation is obtained for the photodisintegrations of this XMEMf ; [(ItM¢|#LFIIM)I% (D)

nucleus, as in the case 8ifi and ‘Li [2].

- 7 .
The shell model nature seems to be obscurfLin Li, wheree?=1/137,2=0.08,k andp are the momenta of the

incident photon and outgoing pion, respectivaly, is the

on rest mass) is the photon polarizationg ., is the pion

i
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order to find various multipole spin-isospin flip transitions.
This is in contrast to thest ™, y) reaction showing the lowest
. - _ multipole spin-isospin flip transition. The results of the
WhereJ5_ is a pseudovector operataf, andk are the_vector 7, ) reaction are compared to the presept#™) results

of+ polarization and momentum of photon, respectively, andsier in the present paper.

7~ Is the isospin raising or lowering operator. The operator ypjike the nucleon, the photon can penetrate into the

Fn is given by various expressions and consists of two terms,clear interior when used to initiate a reaction. The impulse
the Born term describing the nonresonance excitation and thgsroximation for an individual nucleon is much better in the
resonance term describing the excitation. Based on the (v,7+) and () reactions when a short wavelength pho-
theoretical analysis and fitting to the experimental cross seGyy of 100-200 MeV is used than in the photonuclear reac-
tion, the Born term corresponds to the continuous cross segipn when a long wavelength photon of approximately 20
tion and the resonance term is strong in theesonance ey js used. The cluster nature of the nuclei can be studied
region at around _330 MeV. Iq the threshold region less tharﬂjsing the photonuclear reaction and the long wavelength
200 MeV, the main operator is the Born term and the effechoton, which is better matched to the cluster motion during
of the A resonance is very smg]. the nuclear collective motion around the nuclear giant reso-
The interaction operators in the Born term are composeéfiance. The charged photopion production study using the
of the main parts, including the intrinsic nucleon spin operashort wavelength photon give good information on nuclear
tor ¢ leading to the spin flip component and an additionalspe|| model nature, even when the nuclei are well described
small part of the spin nonflip component. The Born term atby the cluster model. The pion produced by the™) re-
around the threshold energy is expressed by the Krollyction interacts with the nucleons inside the nucleus. This

Ruderman termo-&,7~. In the energy region from the effect can be estimated using the optical potential deduced
threshold to about 200 MeV, the nuclear transition in thegqom pion scattering on the nuclei.

charged pion photoproduction can be approximated by the The present experiment examines the spin-isospin flip
spin-isospin flip transition. Whegb . is given by the partial  node in the pg, shell nuclei using the single particle shell
wave expansion, the matrix elements in E&). can be ex-  ,qdel by impulse approximation. Previous, &) data
pressed by the multipole transition densities for momentumy,q\y the spin-isospin flip giant resonance leading to the
transfer(j:IZ— p. Therefore, the reaction depends on the

Fo=Js &, exp(ik-F,) 7", (3)

momentum transfer fixed by the photon momentum and the 02 7 (e, %) 19 7
pion momentum on the ejection angle. In the present paper, Ee = 203 MeV

the entire term of the interaction operator is used to analyze o1k ©0=30° i 1
the experimental results. ) 0 T

Similar studies have initially been made by radiative cap-
ture of stoppedr~ by nucleud (=, y) reaction, which is
described similar to Eq91)—(3), as a reaction inverse of
(y,m") process under the limited condition thiatis less
than the threshold valugg~0 and the pion wave function
¢ corresponds to thesland 2 pion orbital momentum in
the pionic atom. Here, momentum transfer of radiative pion
capture is fixed without angular dependence and is approxi-
mately equal to that of they| = ") reaction for arr* ejection
angle of around 30° and a photon energy about 200 MeV.

The results of the present study revealed that the momen-
tum transfer can vary in they, =) reaction by changing the
detection angle, whereas in the{, y) reaction, the momen-
tum transfer is fixed using stoppetl”. The possible varia-
tion in momentum transfer enables the nuclear information
to be examined by measuring the” angular distribution in

TABLE |. Parameters of the experiment.

Target(natural metal Li Be

(nb/sr MeV)

d°Ote.y/ AR dEy

(ARBITRARY UNIT)
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] Ex (MeV)
Target thicknesgmg/cnt) 121-206 129
Electron energyMeV) 203 204 FIG. 1. Energy distribution ofr™ electroproduced froniLi at

«* detection anglédegrees
30, 60, 90, 120, 150

five angles as a function d&, given by E,=Eq— Ereshoid T -
Here, E, is 203 MeV. The sum spectruifat botton) is given by

summation over all angles in order to improve statistics. Vertical

lines showEXi the central energy of the resonance at the residual
state for strong photopion transition determined by it with

the sum spectrum. The solid curves indicate the results by sum of
the spectra for the individual resonances determined byythfit

with Egs. (5)—(8).

20-50
+0.6

22-52
+0.5

Measuredr*t energy(MeV)
" energy uncertainfy(MeV)

&The thickness was changed depending on the detection angle.
bAverage estimation at* energy around 30 MeV, which corre-
sponds to approximately 20 MeV for the residual states.
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the result electroproduced and that photoproduced by brems-
strahlung produced in the target. The bremsstrahlung spectra
corresponding to the present experimental parameters were
calculated using the formula given by Schiff2]. Electro-
production can be described as photoproduction by virtual
photons associated with electrons. The virtual photon spectra
are calculated using the formula by Tiator and Wrigh3]
for pion production. The photon spectf{E,) are then the
summation of the spectra of the virtual photons and the
bremsstrahlung. The latter accounts for less than 10% of the
total photons in the present experiment. The photon spectra
N(E,) are continuous, showing a sudden increase at the end-
point energyE, (the maximumE,) that is equal to the elec-
tron kinetic energy. The absolute value M{E,) was con-
firmed by comparing the measured spectrum of hydrogen
in the LiH target using the known hydrogen cross section.
The energy spectra af* produced by the photon given
by N(E,) can be expressed as a function of the pion energy
as

(nb/sr MeV)

A" Olent) /AN dE,

dZO'(e,ﬂ.)(T,n.) _ fEO dO'(%ﬂ.)(Ey,Ex)

dodT,  Jo do NENME,. @)

(ARBITRARY UNIT)

o

) M T v ] T
0 5 1EO (145 20 25 30 Here, the cross sectian,, (E, ,Ey) is a function of photon
X eV) . 7 Y .

energyE, and residual energk, . As a function ofE, the
cross sections expected to change gradually to zero at the
threshold; however, as a function Bf corresponding to the
nuclear structure of the residual nucleus, the cross section
ﬁhould indicate some resonances and continuums. The pur-
pose here is to investigate thg dependence of they(7 )
Cross section.
Based on the result of the ™ energy distribution in the
,7 ") reaction measured using tagged photon'&® and
13C, the cross sections as a function Bf indicate well
separated groups having FWHMs of about 2 MeV compos-
ing a broad resonance shape centered at about 7 MeV and a
l. EXPERIMENTAL PROCEDURES AND RESULTS FWHM of about 12 MeV on a small continuum cross section

Experiments were conducted using the 300 MeV electron8l- Si_nce th_e energy resolution of the pion detectors in this
linear accelerator at Tohoku University. Electron beams haveXPeriment is about 2 MeV, each group corresponds to a
ing kinetic energies of 203 and 204 MeV and resolutions ofSingle or complex narrow residual state. Thé spectra in
+0.5 MeV irradiated the Li and Be targets, respectively, andne presenté, 7 ") reaction are given by folding of the con-
the produced=® were momentum analyzed by a 169.7° tinuous photon spectrul(E,) on the (y, ") cross section
double-focusing magnetic spectrometer. For theexperi- ~ @s given by Eq(4). SinceN(E,) shows a sudden increase at
ment, the detector system consisted of a 33-channel triplhe endpoint energf, of E,, the breaks in ther™ spectra
coincidence detector array set along the focal pljeFor  reflect the structure of they 7 ") cross section.
the gBe experiment' three |ayers of MWPC were used, Se!: The ’7T+ SpeCtra of the test SampleS arelcalculated by fold-
along the focal plane, followed by a backup counter for paring of the photon spectrum on some typical test cross sec-
ticle |dent|f|cat|on[11] The main parameters of the experi_ tions. These test cross sections are taken as a continuum,
ment are listed in Table |. resonances described by the Lorentz shape at a central en-

The results for'Li and °Be are plotted in Figs. 1 and 2, in €rgy Ex_having FWHMs of 4 and 2 MeV and the line shape.
which the abscissas are transformed from pion en&tgyo ~ The two resonances and the line shape are normalized to the
E,=Ep— Ewmresnoig— T COrrected for kinematics, whekg is ~ same integrated cross section and are assumed to be constant
the electron kinetic energy. This is convenient for laterin the region about 25 MeV lower thaB,. For the con-
analysis. For each target, the figure shows the spectra at thi@uum cross section, the integrated cross section within 20
five pion angles, 30°, 60°, 90°, 120° and 150°. The sumMeV in the endpoint energy region is normalized to the
spectra for all of the angles were obtained for improved stavalue for the resonances. The results are shown in Fig. 3.
tistics and in order to determine the most probable resonance Figure 3 shows that the continuum cross section of the
energies and is shown at the bottom of each figure. Théy,7") reaction leads to a gradually changing continuum
results show some breaks as indicated by vertical lines. 7" spectrum. In the case of Lorentz shapg#*) cross

The measured energy distributionsof are the sum of section, ther™ spectra can be approximated using a refer-

FIG. 2. Energy distribution ofr* electroproduced froniBe
(see caption for Fig.)1 Here,E, is 204 MeV.

ground and low lying states and, in some cases, up to hig
lying residual states for the target nucl@ij [4], °Be[5], °C
[6—8], and'3C [8—10]. In the present study, the spin-isospin
flip giant resonances leading to highly excited residual state(s
on ’Li and °Be are studied in order to discuskd transitions Y
in 1ps, shell nuclei.
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K T T " - The spectra for the Lorentz shape resonances in Fig. 3
AT n @ FWHM= 2Mev ] agree well with the reference spectrum in the region far
greater than about 1.5 times the energy of the FWHM from
the central energy. Therefore, a good estimation of the inte-
grated cross section of the resonance will be obtained by
fitting the reference spectrum in this energy region.

In the analysis of ther" spectra for the purpose of inves-
tigating the central energy and integrated cross section of the
PN resonances, approximation is generally performed by fitting
0 5 o0 5 10 15 20 in the region around 5 MeV, far from the break points with
the reference spectrum, which is equivalent to the pattern of
the photon spectrurhi(E,).

When the line shape is applied for the resonances in the
(y,7) cross section, Eq4) is expressed as

(da-(y,ﬂ')(Exi)

d?0e,m(T,) dE,
. q0dT. -~ ao | |NEJgT,| FCTH,

20 (5)

o: CONTINUUM /_" Ey: Ethreshold™ Exi +T,., (6)

1} 2g.-- >

’ Na where subscript indicates the individual residual states and
0= f T T e 20 C(T,) is the continuum part of the pion spectra. The sudden
5 0 increase at energy (i) corresponds to the individual re-

Ex - Ex( (hdev ) . .
sidual energyE, as given by

1
1
1
I
1
1
1
)
1
1
1
1
Y

Seean

(ARBITRARY UNITS)

FIG. 3. Test examples of* spectra calculated by folding of

photon spectrunN(E,) on (y,7") cross sections of two Lorentz Eo=Ethresholat EXi+T7T(i)' (7)
shape resonances having FWHMs of 2 and 4 MeV and a line shape
cross section. The™ spectrum by folding on a continuumy(z™) The =" spectra in Figs. 1 and 2 are plotted as

cross section is also shown. The results are normalized to the sarﬁelzo(e'w)/dﬂd E,) using a function o, , where
integrated ¢, 7*) cross sections. The curves show thg #t*)

cross sectiongbroken line$, =" spectra(solid lineg and thew™" E,=Eo—Enreshod T #- (8)
spectrum with line shape cross sectioeference spectrum; dotted
lines). Here, when sudden increases appear in the specti, at

) . =E,, Eq. (8) is equivalent to Eq(7) for the maximum
ence spectrum given by the line shape resonance. The refer- ™ . S
ence spectrum is equivalent to the pattern of the photon spe Tn.ergyTW(l)_. Thereforg, the spectra indicate the strong tran-
trum N(E,) that shows a sudden increase at the endpoint''onS leaving the residual statesty.

energy. Only the spectra around the endpoint are sensitive to The curves in Figs. 1 and 2 show the results determined
the resonance width. Estimation of the width may be posby a x? fit with Egs. (5)—(8) using the reference spectrum at
sible using the shape of the spectra in this region. Howevel, which is determined from the sum spectra of all of the
using the method to determine the width from the resultyngles. The figures show the spectra by fitting at individual

shown in Figs. 1 and 2 is difficult because the statistics of thg= “3nd the sum of the individual spectra. By this fitting, the

spectrum alone are not sufficient to define the shape in the™i . . .
corresponding region. most probable values of the differential photopion cross sec-

When thew* spectra can be approximately fitted using 10nS @0 (;,»/d(}); are determined. The cross section is ap-
the pattern of the photon spectrum, both the central energfoximated as constant in the photon energy region of sev-
and the integrated cross section of the resonances are esif&l MeV at around the end point enerBy. In the present
mated using the reference spectrum, as shown in Fig. 3. TH&ethod, the average photon enefgyfor the obtained cross
figure shows that this approximation analysis appears to bgection is slightly less thaly, because the photon spectrum
good when the FWHM of the Lorentz shape is smaller tharis zero atE, and moves toward lower energy in the fitting
2 MeV, which is nearly equal to the tagged photon resultsenergy region. The most probable photon energy having suf-
including the detector resolution ofC and **C. For ficient photon number in thg? fit for the cross section is
FWHMs~2 and 4 MeV in the Lorentz shape, the uncertaintyestimated a&,=Eq,—2 MeV; however, the results are not
of the central energy of the resonance determined by thisensitive toE., within several MeV.
fitting may be about 0.5 and 1 MeV, respectively. Other As shown in Figs. 1 and 2, the experimental energy
similar test calculations using Gauss type resonance dfistributions are well fitted to the sum of individual reso-
FWHM~=~4 MeV have also been made, and these calculationsances without continuum spectrum. This shows that the
indicate that the result is similar to that for the Lorentz shapecontribution of the continuumy(, 7 ) cross section appears
of FWHM=~2 MeV rather than 4 MeV, thus a much better to be very small, because such a cross section corresponds to

approximated result is given if the resonance is the Gausa gradually changing:™ spectrum, as shown in Fig. 3. How-
type. ever, such a conclusion may not be valid because the present
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TABLE II. Differential cross sections,7*) on ‘Li and °Be determined by & fit. Due to large
statistical error in the region below 8.5 MeV dhi and below 4.7 MeV or’Be, only average values are

shown.
do/dQ (ub/sn
EXi (MeV) 0 (degrees
30 60 90 120 150
“Li 0 ~0.2 (average
~6 ~0.3 (average
8.5 0.44+0.09 0.47-0.14 0.22-0.11 0.33-0.09 0.270.11
13.0 0.92£0.21 1.40-0.52 1.08-0.43 0.48-0.14 0.43:0.12
19.0 1.53:0.40 2.06:0.40 1.73:0.30 1.15-0.25 0.55-0.12
°Be 0 ~0.2 (average
4.7 0.69-0.24 0.33:0.11 0.11-0.07 0.14-0.08 0.32-0.08
7.3 1.0G6+0.29 0.94-0.17 0.39:0.20 0.34:0.13 0.32:0.12
10.9 0.5-0.9 0.87-0.13 0.86-0.16 0.82-0.18 0.30-0.11
14.6 0.710.24 0.710.20 0.570.23 0.34-0.25 0.35-0.14
17.4 0.6£1.0 0.73:0.26 0.83:0.25 0.54+0.17 0.410.34

analysis is based on the assumption that the resonances aeample, the spectra summed for all resonances should re-
constant in the endpoint region of photon energy extendingjuire an additional continuum cross section to fit the present
up to about (25, ) MeV. If this assumption is not satisfied results. A non-negligible contribution of the continuum cross

and the cross section decreases in smaller photon energy fagction was found for théLi(e, ") result in a previous

1.0 T
[ 1Py~ 25y,

0.1
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1Py7> 14,

=
o
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o
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1.0
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10
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FIG. 4. Angular distribution curves for they(w") reaction on

“Li and °Be calculated using DWIA and the single particle shell
model wave function. Components for the possible multipolarity

due to the transitions from thep},, shell to the 3,,,, 1ds;, or 1ds),
shell and those from thesl,, shell to the b3, or 1py, shell are
shown. Also shown are the sum for the transition groups(s),

1p3p—2sy,; o(d), 1psp—1dspt+1dsn; o(p), 1Sy~ 1psp
+ 1py, and the component sum for three typical separated patterns FIG. 5. Angular distributions of photoproducetl® from “Li.
in o(d):o(d)g, forward group;o(d)s, symmetric groupp(d)g,

backward group.

paper[17].

The photon energy dependence of the resonance cross
sections in the ¢, 7 "), although expected to be small, is not
known. Therefore, the contribution of the continuum cross
section in the ¢, 7 %) reaction is uncertain. In the present
study, the continuum pa€(T,) in Eq. (5) will be neglected.
Even though the information for the continuum cross section
is uncertain, the integrated cross sections of the resonances
are clearly determined because the present analysis is per-
formed by fitting to the reference spectrum at around only
about 5 MeV from the endpoint energy for each resonance.

The results of differential photopion cross sections are
shown in Table Il. In the energy region below 8.5 MeV in

T T T T
5 Li (¥, 10)
Ey = 201 MeV
1T E(=8.5MeV T
05k ;
~01f g
2 5]
g E, =13.0MeV
g T \?
L
o e a
5T E,=19.0MeV
1F 4 1
051 9\
0.1

0 30 60 90 120 150 180
0 (deg)

Comparison is performed using the DWIA calculation results
shown in Fig. 4 by multiplying probable factors given in Table III.
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L. T tial sum distribution in a group having three typical angular
5 Be_(“() ] distribution patterns for all of the components ofd):
Ey =202 MeV o(d)g, forward group;o(d)s, symmetric group;o(d)g,
1} Exfh.7MeV 1 backward group, as shown in Fig. 4.
05F I b The experimental angular distributionsd,,, ., /d€); for
?\ — the strong groups of photoproduced are plotted in Figs. 5
01 /{_ . and 6 (hereafter,do/dQ) denotes o, ,/d); and E,
’ denotesE, ) and compared to the DWIA calculations. Since
: ;E = —7.\3¢Mev _' the residual states &, observed in the present experiment
= 05f \\ are probably a complex of states within the energy resolu-
Q f ‘f\%— tion, some ambiguity is encountered in comparing the ex-
e o1k E, =10.9Mev i perimental results and DWIA calculations. In order to obtain
e Tl 7 reasonable fit to the experimental results, the distributions
g ! 5 RN ] shown in Fig. 4 were selected and summed using the scaling
5 05F= ? 1 factors to reproduce the experimental pattern. The most
o ~ probable scaling factors are listed in Table Ill, and the results
01 7 are shown in Figs. 5 and 6. For the group Bt=0 in
o 1 %Be(y, "), the large scaling factor in Table Ill is obtained
Ey =146 MeV . 4 )
1+ b from a previous study5], which suggested that the magni-
05— ?\ + T tude of the factor may be due to the improper nuclear wave
Ex=17.4MeV i\ . - .
o.} 2 i 3 TABLE Ill. Scaling factor; to be multlplled by the DWIA smgle_
05— + \+ i ] pgrtlc_le shell model calculations to fit the experimental angular dis-
U tributions.
" 1 .\ .
1530 60 90 120 150 180 Coefficients
8 (deg) ExMeV)  o(s)® o(d)® [o(d)e® o(d)s’ o(d)s®] o(p)
FIG. 6. Angular distributions of photoproducetl® from °Be.  'Li 0 (=1 of 1p3;;—1pgy, transition
Comparison is performed using the DWIA calculation res(dee ~6 ~0.16
caption for Fig. 3. For E,=10.9 MeV, the solid curve and the 85 0.60 0.12
broken curve show 0.3 p) and o(d)+0.240(p), respectively. 13.0 0.23 0.20
19.0 0.75
’Li and below 4.7 MeV in’Be, the quoted cross sections are Sum 0.60 ~0.51 0.95
the average values over all angles, because the small couiBe 0 (= 1 of 1pg,— 1pgy, transitiond
ing rates at each individual angle does not allow the extrac- 47 0.80 0.20
tion of a statistically significant differential cross section. 7.3 0.45 0.27
Determination of the widths is impossible because the statis- 10.9" 0 0.35
tical error of the present data is not adequate for such analy- 1 0.24
sis, as mentioned previously. 14.6 0.30
17.4 0.32
l1l. DISCUSSION OF RESULTS sunf' 1080 0.65 0 027 0.97
0.80 0.65 1 027 0.86

Angular distributions of photoproduced® were calcu-
lated using the DWIA code written by Ohtsupibd]. For the  ac;5s™ section summed over all transitions on p{d
T-matrix element in the DWIA calculation, the eIementaryHZSllz)(EHMz).
amplitudeJs given by the expression of Chew-Goldberger-°Cross section summed over all transitions on p4i
Low-Nambu(CGLN) [15] was used. The distorted wave of — 1ds) &1+ ma+ s+ may+ (LPaz— 1032 o+ E1+ M2+ E3) -
emitted pions was obtained by solving the Klein-GordoncCross section sum of the components having a forward pattern in
equation, with the energy-dependent optical potential paraman angular distribution given by b,— 1ds:)e1+m2)+ (1Par2
eter set E given by Carr, McManus, and Stricar-Bué]. ~ —1dy,) gy -

For the charge exchange nucleon transition’lin and  dCross section sum of the components having an approximately
°Be, single particle wave functions were used for bothsymmetric pattern in an angular distribution given byp{a
the initial states in the (s, and 1s,/, shells, and the final —1dg) g3+ (1Pa— 1d31) Mo+ m2) -
states in the fi3;,, 1py, ands-d shells. The results of the °Cross section sum of the components having a backward pattern in
calculations for the angular distribution are approximatelyan angular distribution given by (h,—1ds;) may+ (1P
equal in both nuclei, as shown in Fig. 4, in which all of the —1d3,) s, -
allowed multipolarities for each nucleon transition areCross section summed over all transitions on sl
shown. Also shown are the sum distributions for each the-1ps.) g1+ m2)+ (1812~ 1P12) Mo+ 1) -
components: o(s), 1pao—2S1p; o(d), 1pszo,—1ds,  YSee Ref[5].
+1d3p; o(p), 11— 1Pzt 1py,, and the classified par- "Two similar sets of coefficients are possible for the same resullt.
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TABLE IV. The excitation energ¥, of the major spin-isospin flip giant resonance states examined using
the single nucleon transitions iny(m*) reaction on pg, shell nuclei. Spin and parity]™, are given in
parenthesis when determined.

Target nucleus BLi(1™)  TLi(3/27)  %Be(3/2))  MB(3/2) 2c(o™) Be(/2)
Lowest energy of
T. state(MeV) 3.56 11.24 14.39 12.56 15.11 15.11
Residual nucleus SHe He oL 1Be 2B 58
Transition E, (MeV)
0(0%)2 0(1%)¢
1o 1Pszt Pz gphya  O(32)°  0(312)° o2yt 0G32)°
7 ~6° 4.7 0(1/2)9 35
2.7 [2- 6.4
2]
5.2
o 6.8 7.0[2" 9.0
1p3/2—>S-d 9_49 {7 9{1_} [9 g(
8.8 7.2 12.00
1 16.4 10¢ 13¢
17.9
_ 13
13.6 13.0" 10.9
‘ 13.0" 10.9
181,—1pgpt 1Py 17-? 19.0° 14.8
24.0 17.4
aSee Ref[4].

bPresent results; see Table III.

’See Ref[5].

dSee Refs[6,3].

€See Refs[8,9].

MTransition modes have not yet been studied thoroughly; however, the present mode is assumed based on
strength consideration. See REE7].

9See Ref[18].

"See Refs[8,10.

iSee Refs[7,8].

isee Ref[17].

KSee Ref[8].

'Present transition mode is assumed by angular distribution. Se¢&Ref.

MPresent result, see Table IIl, 0.23(zh— 1ds/,+ 1d3;,) + 0.20(1S;/,— 1Ppap+ 1Pp1s) -

"Present result, see Table Ill, 0.35(4— 1pgpt1py), OF (1Ppgp— 1dsp)Es)+ (1Pae— 1d3) (Mo+m2)
+0.24(1s1/5— 1p3t 1pas) -

function for the residual ground state. Thi( y,7 "), a simi- The result of the angular distribution agrees with the fact
lar conclusion can be obtained for the groupEat=0, and  that the single particle transitions from ths), shell lead
the group aE,~6 MeV is compared tar(d), which corre- mainly to the lower and middle energy groups of the residual
sponds to the low excited states. states, whereas those from the; 4 shell in the nuclear core
As seen in Table llI, the total of the experimental ™) lead predominantly to the higher energy group of the residual
cross section &k, is approximately equal to half of the sum states. This conclusion is consistent with the systematics for
of the DWIA result for the single nucleon transitions. Note energy of the single particle shell models as discussed below.
that part of strength, which is fragmented over the entire Major spin-isospin flip giant resonance states observed in
energy region of the experiment, does not appear as obserthe (y,7") reaction on b, shell nuclei and the corre-
able peaks in the experiment. If these missing strengths wergponding single nucleon transitions are summarized, together
added, the complete* yields would be closer to the theo- with results of previous studies, in Table IV. The states at 7,
retical estimates. Therefore, the total experimental cross se®; and 12 MeV in®He have not been reported for other
tion of the (y,m") groups are expected to satisfy the sumreactions[19] and the transition modes have not been thor-
rule for the spin-isospin flip giant resonance. oughly in previous studies; however, these states might be
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TABLE V. Separation energieg;;(1s) and E;(1p), and widths for the 4, and Ipg, shell nucleons
obtained from the &,e’p) and (p,2p) experiments. Th& value of these reactions and the estimates of the
difference energieAE;_,=E;(1s)—E;(1p) are shown. Energy is given in MeV.

Nucleus BLi Li °Be 11 e
Q (MeV) —4.59 —-9.98 —-16.89 -11.23 —-15.96
(e,e'p) Ref.[24] Ref. [24] Ref.[24] Ref.[25]
Ei(1s) 22.6+0.2 26.0-0.2 27.1+0.4 36.9+0.3
[37.5¢ 0.4
Width? 18.4+0.6 20.3-0.6 8.7+0.6 19.8+0.5
[15.& 1.0
Ei(1p) 45+0.2 10.1:0.2 18.1:0.2 15.5-0.1
Width 8.2+0.3 7.7+0.3 9.8-0.5 6.9-0.1
AEs,p 18.1+0.3 15.9+0.3 14.2 21.4+0.3
Width 20.1 21.7 ~22 21.0
Ref.[26] Ref.[27]
E(1s) 32+1 38.1+1.0
Width o ~20
Ei(1p) 18.0+0.3 7.5+0.4
Width smalf smalf
AEg , 14+1 20.6-1
Width 9 ~20
Mean value
AES,p 18.1+0.3 15.9+0.3 14 21.30%
Width 20.1 21.7 ~21
(p,2p) Ref.[28] Ref.[28] Ref.[28] Ref.[28] Ref.[29]
Ei(1s) 22.7+0.3 25.5-0.4 25.4-0.5 35.5-1.0
Width 4.0 5.9 6.3 10.9+0.4 13
Ei(1p) 4.9+0.3 11.8-0.3 16.4-0.3 {14,&0_5 15+0.5
Width 3.3 5.3 4.0 21.2+0.5 4
AES,p 17.8-0.4 13.#0.5 9.0+ 0.6 20.5-1.1
Width 5.2 7.9 7.4 15
Ref.[30] Ref. [30] Ref.[30]
AEs 16.7 13.4+0.5 9
15.3+0.3 [16
Width 6
E
Mean value
AEg 17.3 13.6-0.4° 9 20.5t1.1
Width (5.2 (7.9 7 15

8All widths are shown in FWHM.

Sum of the two % groups.

‘Width estimated from data in reference.
YWeighted mean.

®Lowest difference energy.

seen in the spectra of ther(,y) [20,21, (n,p [22] or  WhereE; is the separation energy of the initial shell stdig,
(y,m*) reactiong17]. For these states,ph;,—s-d was as- is the t_)inding energy of tr_le final shell state ahd is_ the.
sumed based on transition strength. The resonance statesCgfrection energy for particle-hole interaction, etc. in giant
7.0 and 7.5 MeV in?B are the €,7 ") result and the tagged reésonance¢23]. _ _

photon result, respectively. The result of 7.0 MeV may be The separation energi&s of a nucleon in the shell model
the same resonance at 7.5 MeV, because the error of ﬁttin?r bits have been examined experimentally usimg2y),

of the reference curve to them*) spectra may be about (&:€'P), and other reactions. The resultsiffor 1s,, and

0.5 MeV, as shown in Fig. 3. The same situation also appliedPs2 Shell nucleons obtained by thee,'p) and (p,2p)
to the 9.0 and 9.5 MeV states ifB. experiments are listed in Table V. Also shown in the table is

The energies of the residual states for the giant resot-he residual energy after the transit_ion .Of a nucleor_l from the
nancesEg, are given by 1s4s, shell to the D4, shell, which is given approximately
’ by the difference energyAE;_,=E;(1s)—E;(1p). The
Er=E;+E;+AE, (99  mean values oAE;_, and the widths of each energy are
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FIG. 7. Energy scheme of the spin-isospin flip giant resonancep4p &hell nuclei. Thick horizontal lines show the residual states or
resonances iny, ") reactions, as shown in Table IV. The result at 7.0 MeV¥B and 9.0 MeV in**B may be the same resonance at 7.5
and 9.5 MeV, respectively, considering the error in the present fitting method. The region contributed by the same main transition of nucleon
in the single particle shell model is shown by a broken line between nuclei indicated by the main transition. Open circles and closed circles
are the mean energy of}, hole states determined bg,e’p) and (p,2p) data, respectively, as given in Table V.

given when possible. The widths of the separation energy ar€able VI also shows the theoretical results of the energy for
very large, as shown in the table; therefakdss_, gives the  the residual states as calculated by the shell model. The the-
mean energy of thesl, hole residual states. oretical cross sections for the strong transition pfit*) are

The energy scheme of the spin-isospin flip giant resogiven atd=90° on®Li [35], 1°C, 13C [14,36 and for that of
nances in P, shell nuclei are summarized in Fig. 7 for the (= ,7) on ’Li, °Be, B [37]. In Table VI, the states are
systematic study. Thick horizontal lines show the residuakhown by the main transitions qf shell—p shell, p shell
states in the ¢,7") reaction given in Table IV. The region —s—d shell andsshell—p shell. The distribution of states
contributed by the main transition of the nucleon in theare reasonable in these reactions.
single particle shell model is connected between nucleus by The (7~ ,v) reaction by stoppedr~ is the inverse reac-
broken lines indicated bp— p for the 1p;,— 1psp+1py,  tion of the (y,7") reaction, as mentioned previously. The
transition,p—s-d for the 1p,;,—s—d transition ands—p interaction is similar, except for the photon and pion energy.
for the 1sy,—1psp+1py, transition. Open circles and The momentum transfer is fixed in ther(,y) reaction, in
closed circles show the mean energy of;,4 hole states contrast that in the ¢,7") reaction, in which momentum
AEg_, determined by theg,e’p) and (p,2p) reactions, re- transfer is variable. Ther~ in the (7", 7y) reaction is cap-
spectively, as given in Table V. tured from the & or 2p state of atomic orbit, but the* in

As shown in Fig. 7, the lowest states, except for the caséhe (y,7 ") reaction is emitted along with some energy due
of 11Be, are described well by the main transition within theto interaction with nucleons inside the nucleus, which is de-
1p shell. In the case of'Be, J™ of the ground state is 172 scribed by the optical potential. Therefor¢® is quite dif-
and this state is attributed to the main transition @31  ferent in both reactions. The photon energy is less than the
—2Sy;,. The Ipg,—s—d transition contributes to the threshold energy in the ,v) reaction and near 200 MeV
middle energy region of the spin-isospin flip giant reso-in the present ¢,7") reaction. These differences influence
nances in°He, "He, and®Li, and to almost all of the reso- the components of the elementary operafgr, which is
nances in''Be, and'®B and 3B except the lowest energy given by similar expressions in both reactions.
region. The transition of the core nucleors;3— 1psp The photon spectra measured by the (y) experiments
+1py,, appears in the high energy region only%de, 'He,  directly indicate the resonance structure; however, #ffe
and®Li. These highly excited states are included in the broadspectra obtained in they(7*) experiments through electron
energy region around thesj, hole state shown by the bombardment are folded by the continuous photon spectra,
circles for mean energy. The core transition mode is not seewhich show the indirect resonance structure.
for 'Be, ¥?B, and'®B. This is because thes],, hole energy Comparison of the results of ther(',y) experiments and
is too high to be observed, as shown by the dat&®f and  the present ¢,7") results atd=30° reveals that the mo-
also because theplshell, which is the final state for one mentum transfers of these two reactions are nearly equal.
harmonic transition from the core, are mostly blocked. The photon spectra of~,y) on Li and °Be [21,23 large

The data obtained by reactions similar tg,¢ ") are  continuums are estimated and fitted to the results; however,
listed in Table VI. The table shows the states or groups clarithe present ¢,7") results on these nuclei do not indicate
fied by the ¢r—,y) experiments ofiLi [20,21,31, 'Li, °Be,  any large contributions of the continuum.
1B [21,31], *2C [20,31,33, and*C [33], and from the(n,p) The continuum cross sections and background are esti-
experiments orfLi, ‘Li [22], and!2C [34]. In addition, the mated by taggedy, =) experiments or?’C and*3C. The
resonance widths are shown when estimation is possibleontinuum cross sections are not large in comparison with
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TABLE VI. Comparison of the energ, (in MeV) of the residual states and/or groups in giant reso-
nances examined in they(7*), (7~,¥), and(n,p) reaction experiments and by the theoretical calculations
using the shell model omy(7*) and (7, ) reactions. When states in more than three groups are distrib-
uted, the energy region of the groups is shown. Nonexistent states are indicated by a hyphen. When the
transition mode is not estimated, the energy is shown in parenthesis and is included in the probable transition

group.
Target nucleus BLi Li Be ) 2c Bc
Residual nucleus He He oLi HBe ez 3
p shell-p shell transition
Experiment
(y,m+)?2 0,18 0 0 - 0-0.95 0
(7 ,7) 0, 1.8 o 0, 2.6 o 0-2.8 o°
(n,p) 0,1.¢ o 0, 0.9%
Theory
(y,7") 0,18 09N o
(77,7) 0-7 0 0 - 0
p shell-s-d shell transition
Experiment
(y,7H)2 7-13.6 ~6-13 4.7-10.9 0-17.5 4.5-13 3.5-13
(7 ,7) 5, 14.% 8, 12 42,7 (0-12 4.2-8 3.5-16
Width 25,6 55,15 ~0, 8 ~0-16 1.5,1.5 0-4
(n.p (7, 15.5° 6° 4.4-95
Width 4,6 6
Theory
(y,7%) 9-15.% 1-9 3-1%
(7,7) 9-14 1-13 4-11, 15-24  0-12 3-20
s shell—p shell transition
Experiment
(y,m+)?2 17.7, 24 13-19 10.9-17.4 - - -
(7,7) 228 19 17.8 - - <
Width 6 6 12
(n.p 254 20° B
Width 8 9
Theory
(y,7") 13-29 -9 -9
(7 ,y) 14-30 15.5-20.5 13.7 = !

fSee Ref[35].
9See Ref[36].
"See Ref[14].
'See Ref[37].
ISee Ref[21].

8References are shown in Table IV.
bSee Ref[31].
‘See Ref[33].
dSee Ref[22].
€See Ref[34].

resonance structu8]. Previous studies have revealed thatsubtraction of the large continuum in the highly excited en-
the =" total yields produced from thee(w*) reaction are ergy region of the £, y) results difficult. Under the uncer-
approximately an order smaller than theoretical estimateainty of the results for both reactions, the resonances of the
found using the Fermi gas modg8-40. Since the cross ’Li(y,#") reaction atE,=8.5, 13, and 10 MeMrelative
section of the resonance peaks are as large as the spin-isosptrengths are 0.4, 0.9, and 1.5, respectivalypear to corre-
flip giant resonance estimates, a reduction of the continuurspond to the photon spectra from tHei( 7~ ,7y) result
in the (y,7*) reaction appears to occur. The difference be{21,31], except atE,=13MeV, where two Separate reso-
tween the continuums of they(#") and (7 ~,y) reactions nances appear to exist around 13 MeV. The resonances of
may depend on the different energies of the correspondinthe 9Be(y,7r+) reaction att,=4.7, 7.3, 10.9, 14.6, and 17.4
photon and pion. MeV (relative strengths are 0.7, 1.0, 0.5, 0.7, and 0.6, respec-
The resonance energies in the present resultd.oand tively) do not contradict théBe(w~, ) result[21,3]] if the
%Be at #9=30° are compared to the photon spectra of theresult is smeared after the subtraction of large continuums.
(7, y) reaction having nearly the same momentum transferAlthough the experimental and theoretical results are not al-
and a similar nuclear response is expected. Statistical uncerays in agreement, similarity of the distribution of the reso-
tainty appears to make finding the resonance structure afterances can be expected.
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The results of thegn,p) reactions may be similar to the statistics experiments using tagged photons should give more
photonuclear reactions in the giant resonance energy regioprecise information for the spin-isospin flip giant resonance.
The DWBA analysis of thén,p) reactions orfLi and "Li in The light nuclei discussed for shell dependence in the
Ref. [22] shows that the strong broad resonances are spipresent paper are described by cluster model as well. The
nonflip giant dipole resonances. The analysis of'f@n,p) clqster model_o_f7Li was examined thoroughly together with
reaction indicates that both spin flip and nonflip transitionsLi by phatodisintegration and other reactions. The clusters
contribute to the energy regiof84]. The measured reso- for “Be were not discussed in detail due to the complexity
nance spectra appear to be equivalent for thg) and  involved, but a recent qualitative study on photodisintegra-
(7~ ,) experiments ofiLi and “Li. Since the ¢r~,7) reac- tion has clar|.f|ed the cluster natujr2)]. The interplay of both
tion typically depends on spin flip transition, the resonancéN0dels elucidated by photonuclear giant resonance and by
mode for (n,p) and that obtained from them( ,y) and _photoplon production should provide important information
(y,7*) results are different. This may be a result of the!" the study of nuclear structure.

considerable difference in interacting energies. Thus, the re- AN important extension of the present experimental
sults show reasonable agreement among the various re iethod and analysis is suggested for application to study for
tions examined. the states of the hypernuclei by selectively detecKrigpro-

The systematics for spin-isospin flip mode giant reso-duced from nuclei by electron or bremsstrahlung bombard-

nances was examined in the present study by comparatiV8ent:
analysis of ¢, 7%) data with other charge exchange reac-
tions, as shown in Table VI. The DWIA analysis using the
single particle shell model gives reasonable results for the The authors would like to thank the photopion group and
(y,7") reaction on the fa3, shell nuclei. Extraction of spin- machine crew of the Laboratory of Nuclear Science, and the
isospin flip giant resonance and analysis of their configuratate Professor T. Yamaya, Department of Physics, Tohoku
tions appears to be a promising application of then*) University, for their help during the experiment. The authors
experiment. Since the main source of ambiguity in the analyare also very grateful to Professor K. Min, Department of
sis of thewr™ electroproduction experiments arises from thePhysics, Rensselaer Polytechnic Institute, for his careful
fitting procedure for continuous photon spectra, improvedproofreading of the manuscript.
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