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Direct Separation of the Structure Functions of the
Giant Resonance in the 2C(e, ¢’ n)''C Reaction

M. Oikawa *, T. Saito, K. Takahisa | , Y. Suga +, K. Kino,
T. Nakagawa', T. Tohei"®, K. Abe? and H. Ueno?

Laboratory of Nuclear Science, Tohoku University,
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® Department of Nuclear Engineering, Tohoku University,
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Out of plane measurements of the angular correlations for the *C(e, ¢’ n) reaction have
been performed for the first time in the giant resonance region. The cross sections were
directly separated into the longitudinal and transverse, longitudinal-transverse, and
transverse-transverse components. The cross section at the peak of the giant resonance
(@ =22.5MeV) has been found to be almost all longitudinal. It was reproduced by the
multipole expansion with EO and E2 components besides E1. The longitudinal-transverse
might have a maximum around 24 MeV. The transverse-transvsrse is very small over the

giant resonance.

§1. Introduction

The giant resonances in 2C have been studied by photoreactions, inclusive electron
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®Present address : Tohoku Institute of Techonology, Kasumicho, Taihakuku, Sendai 982-
8577, Japan



scattering, and inelastic hadron scattering. Recently, coincidence electron-scattering ex-
periments such as (e, e’ p) and (e, e’ n) have become possible by using high duty factor
electron beams. Such experiments can provide new insights into the decay mechanisms. The
coincidence cross section consists of four structure functions described below. Separation
of each structure function is of crucial importance to study a reaction mechanism in
detail by comparing with a theory. Out of plane measurements provide a direct separation
of the structure function. However, out of plane measurements in the (e, e’ n) reaction
have not been carried out yet because of the difficulty in detecting low energy neutrons in
an environment with a huge 7 -ray and neutron backgrounds. In this paper we report the
first out of plane measurements for the angular correlations of the “*C (e, & n) UC reaction
in the giant resonance at a similar kinematics to the previous in-plane measurements D,
In addition, we will discuss the separated structure functions.
The coincidence (e, & x) cross section can be expressed as > .

d’0/dQ, dw-dQ, = ay{ V, W, + Vi Wyt Vi W1 cos ¢, + Vpr Wy cos 28,1, (1)
where 0, is the Mott cross section for scattering on a point nucleus and V;are the leptonic
kinematic factors. The structure functions have four components : pure longitudinal (W.)
pure transverse ( Wy ), longitudinal-transverse interference ( Wir ), and transverse-trans-
verse interference ( Wy ) terms. The terms VW, and VWrdonot depend on the azimuthal
angle ¢, but the interference terms VorW.r and V- Wz depend on cos ¢ and cos2 @, re-
spectively. From the measurements of at least three different values of ¢, the non-inter-
ference, longitudinal-transverse, and transverse-transverse terms can be separted. The

kinematics of the coincedence (e, e'x) reaction is shown in Fig.1.

Fig. 1. Out of plane kinematics for the coincedence (e, &’ x) reaction.



§2. Experiment

The experiment was performed using the continuous electron beam from the 150-MeV
Tohoku University pulse stretcher ring . A natural carbon target of thickness 105 mg/
cm ? was bombarded with electrons of energy 126 MeV. The scattered electrons were detected
at 6, = 40° by a magnetic spectrometer which has a solid angle of 5 msr and a momentum
resolution of 0.05% within an accepted momentum bite of 5.3%. The emitted neutrons
were detected using ten NE213 liquid scintillator neutron detectors.

Six detectors were placed in the electron as

scattering plane (¢ =180°) at 6, = 0°, 30°, s f_ND 2(30 deg.) { ]

60°, 90°, 150°, and 180°, three detectors were

placed out of the scattering plane (¢ =135°)

Yield ( arb. unit )
i
T

5 I
at 6, = 30°, 60°, 90° , and one detector was osk } H{#I ]
. . : 1 ]
placed out of plane (¢ =90°) at 6, = 30°, o b L R
4 3 -2 -1 0 1 2 3
where 6, is measured from the momentum- Missing Energy (MeV)
transfer vector. Each detector was placed at 2.5 prerrreT e T T
- FND 7 (30, 135 deg. ) ]
1.0 m from thecenterof thescattering chamber § 2t { } .
5 : ]
allowing the neutron energy to be determined S LsE { { { }r ]
by a time-of-flight method. The neutron > I{{ } } P
detectors were shielded with lead, paraffin, 0.5F ‘iﬁ } } I 3
T
and concrete, and lead collimators were placed L
. . . Missing E MeV
in front of 4-cm-thick bismuth plates to issing Energy (MeV)
2.5 e T T T T
absorb scattered electrons and soft 7 -rays z r ND 10 (30,90 deg.) ]
5 2f 7
from the target. The neutron detectors were g
S 1sk h
calibrated using 7 -rays from *Na!¥Cs, *Co, 3 {{H} { ]
> 1 F N
and Am-Be sources. The Compton edge of the E } { {{ H{{ ]
0.5F I 3
B1Cs v -rays was utilized to set the detection ‘ ﬁii‘ !
0 4,,..*3&36?2.“.1‘.L“(l)..ujl‘...;.,..3

threshold. The neutron efficiency for the de- Missing Energy (MeV)

: : 252 N
tectors was determined using a “*Cf source Fig. 2. Missing energy spectra. up : 6, ,
and a Monte Carlo code. The details of ¢;=30 ,0180 , middle : 6, , ¢"°=
30°, 150°, down: 8, ,¢.=30°,
electronics, data acquisition, and detection 90°.
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efficiency are described elsewhere *
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Fig. 3. Angular correlations for the “C(e, e'n)C" reaction at 6, =40°, €; =126 MeV, and
=225, 23.5, 24.5, and 25.5 MeV. The solid circles, open squares, and open triangles
represent in plane (¢ =180°), out of plane (¢ =135°), and out of plane (¢ =90°)
measurements, respectively.

§3. Results and Discussion

3.1 Structure Function

The angular correlations have been measured in the energy-transfer range 22-26 MeV at
an effective momentum transfer of 0.41 fm ~'(for w =22.5 MeV). The missing energy spectra
for the 2C(e, ' n) "C reaction at 6, = 30° and ¢ =180°, 135°, and 90° are shown in Fig.2.

They indicate that the neutrons from the giant resonance decay primarily to the ground

state. The angular correations at 22.5, 23.5, 24.5, and 25.5MeV are shown in Fig.3. The

angular correlation changes from a strong forward-backward asymmetry at 22.5 MeV to

a weak forward-backward one at 25.5MeV. This was also seen in the previous experiment.



A large difference has been observed between the cross sections at ¢ =180° and ¢ =90°
in the excitation energies of 23.5, 24.5, and 25.5 MeV, which indicates an existence of the
longitudinal-transverse interference component.

Separation of the interference and non-interfernce terms has been done by a following
method. If we express the non-interfernce, longitudinal-transverse, and transverse-transverse
components with A, B, and C, respectively, the cross section can be written as

o (¢) = A+Bcos¢+C cos2¢. (2)
From the measurements at ¢ =180°, 135°, and 90°, A, B, and C are obtained as

A = [0(180°) =20 (135°) +0 (90°)]/(2—2)

B = [0 (180°) —20 (135°) +0 (90°)1/(¥2 —1) (3)
C = [0(180°) —y2 0 (135°) + (Y2 —1) 5 (90°)1/(2—2).
The separated structure functions 40

--------- LI e e

obtained from the measurements at 8, =

w
(e}
T

. 2Ce, em)ic k
30° areshown inFig.4.The non-interference E + }
component is seen to decrease with incre- (:ED 20 — ]
asing the excitation energy. The longitu- \;/ 10 %
dinal-transverse component is nearly zero § 0 17 1
at 22.5 MeV, and its maximum might be § 10 ?
suggested to be around 24 MeV although ]
the data arelowstatistics. Thetransverse- —2022 ..... 2I3 o 2]4 ...... 215 ...... 26

) ) Excitation Energy (MeV)
transverse component is very samll in the

Fig.4. Separated cross sections for the “C

(e, € n) "C reaction at 6, =40°, €, =126
3.2 Angular Correlations MeV, and 6, =30°. The solid circles, open
squares, and open diamonds represent
non-interference, longitudinal-transverse,

found to be very small, the separation and transverse-transverse components,
respectively.

giant resonance region as predicted?

Because the transverse-transverse was

of the non-interference and interference
components was done by neglecting the transverse-transverse. In Fig.5, the angular correla-
tions of the separated non-interference and longitudinal-transverse components at 22.5MeV

are compared with the predictions that have been calculated using a self-consistent
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Fig.5. Angular correlations for the separated components for the *C(e, ¢’ n) "'C reaction
at 8, =40°, ¢ =126 MeV, and w =22.5 MeV. The solid circles and solid squares are
non-interference and longitudinal-transverse components deduced from two measure-
ments at ¢ =180° and ¢ =135°. The open circles are in plane data. The solid and

dashed lines are the non-interference and longitudinal-transverse predictions in RPA-
SK3?

random-phase approximation with a Skyrme interaction by Cavinato et al. 2 The kine-
matical condition is the same between the experiment and calculations. In the figure, the
solid circles represent the separated non-interference components. The open circles at 8, =
0°, 150°, and 180° represent in plane data, but the data at 8, =0° and 180° are only the
non-interfernce components. The interference structure functions are zero for parallel kine-
matics in which 8 =0° and 8 =180° because of a sin 8 dependence. Then five data values
at 8, =0°, 30°, 60°, and 90°, and 180° are used as the non-interference component to com-
pare with the calculations. The theoretical angular correlation for the non-interference
component agrees with both the shape and absolute values of the present data at the for-
ward angles. However it shows remarkable difference between the calculation and ex-
periment at the backward angles. The separated longitudinal-transverse component indi-
cates nearly zero. The calculation for this predicts cross sections larger than the data.
The present structure functions are approximated by Legendre polynomials up to third

order :



VW, + VoW, = A [1+b,P, (z,) +0,B, (z,) +b,P, (z,)],
VirWor = Cz[clP11 (xn)+E’21 (1};)"'(3.‘.’,1331 (z,)],
VerWrr = DZPZZ (1',,),

I, = cosf,.

The VprWrr term was neglected in this analysis, since Vp;W;; is smaller than V;W;
in general ®**. The interference terms ¢,P'(x,) and c,P, (z,) were also neglected. These
terms are assumed to be less than the main longitudinal-transverse interference term
C,P,)(x,) , because they involve interference between El and E2 in the longitudinal and
transverse excitation modes. Five parameters, Ao, b1, bi, b3, and C; were used in the
fitting, and the parameters obtined are shown in Fig. 6.

A strong asymmetry of the (e, e no) angular correlation at 22.5MeV is remarkably dif-
ferent from a nearly symmetry of the (e, &’ po) data measured by Calarco et al.®. The
different experimental behavior of the angular correlations for protons and neutrons may
be a result of the isospin of the decay particles as suggested by Saruis ”’. This asymmetry
is considered due to an interference of a transition with the opposite parity to El. This
angular correlation has been analyzed based on a channel spin formalism *. The multipole
states of J* =07, 17, and 27 could be excited under the present conditions of forward scat-
tering (6, =40°, g,; =0.41 fm ™). The decay channel from these states are classified as s
hown in Table I.

Table I Decay channels from the 0 ¥, 1 7, and 2 * states are classified on the basis
of the channel spin formalism.

Channel spin

s S=1 S=2
0+ 3P0

1- ’s,, °D, D,
2+ °P, °F, °P,, °F,

The decay from the 07 state is allowed only through the *P, decay channel as is evident
in TableI . For the 1 “state, the °S, or°D, and’D,, decay channels are possible for the

channel spins S=1 and 2, respectively. As the strong asymmetry of the angular correlation
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is brought about by an interference of E1 with EO, the channel spin S= 1 is suggested.
Also the angular distribution coefficient @, has a vallue of 0 (isotropic), —0.5, and +0.5
for the °S,, °D, and °D, decay channels, respectively. As the experimental a, value in
the (7,n) reactionis —0.2%, it favors the*D, decay channel. Similarly from the com-
parison between the experimental a,/a, ratio and theoretical one, the °F, channel is fa-
vored'®. As a result, we assume that the cross section at 22.5 MeV has only longitudinal
component and the decay channels from the resonance are °P,,°D,, and °F,.

1

Following Kleppinger and Walecka'” , the cross section can be expanded by multipoles

as follows :

d’0/dQ, dw-dQ, = oy V, W, (5)
where

W, = ; AP, (cos 8,) (6)
and

A= ”IZL),S ad; (S;L];LJ)*C(L'S;]). (7)

Here, @ and A;(S;LJ;LJ]’) are kinematical factor and products of 3j simbols, respec-

tively. The Coulomb transition amplitude C (LS;J) is defined as

S L WS G100 ®

The angular correlation was fitted with the parameters C (11 : 0), C (21 : 1), and C

C(S;J) =

(31 : 2) which are the transition amplitudes of the °P, ,°D, ,and °F, channels. The result
is shown in Fig.7. Relative intensity ratio of E0, El, and E2 components were obtained
to be 0.341+0.46, 1.0=0.46, and 0.24£0.44, respectively. This result is consistent with the
calculated cross section around 22.5MeV which is composed of the EO, El, and E2 cross

sections with the strength ration of 0.13, 1.0, and 0.2, respectively'® .

3.8 Longitudinal-transverse Component

As described before, the transverse-transverse of the interference components is nearly
zero in the giant resonance region. Therefore, the other longitudinal-transverse component
obtained by neglecting the transverse-transverse is compared in Fig.8 with that obtained
by a Legendre expansion neglecting the transverse-transverse of the in plane angular corre

lations taken at a close momentum transfer (g,; =0.33fm ~')" . Both data are expressed
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in the ratio of the longitudinal-transverse to
non-interference component. Both results a-
gree well. This indicates that the Legendre
expansion is a reliable method for the
separation of the structure functions. The
transverse component estimated from the
G-T model'® is shown by dashed line. A
maximum might be suggested to be around
24 MeV although the data are low statistics,

but the data are not inconsistent with the G-

T model estimate.

§ 4. Summary

We have performed the first out of
plane measurements of the angular
correlations for the “C (e, ¢'n) C' reaction
in the giant resonance region at an
effective momentum transfer of 0.41
fm~'. The angular correlations were se-
parated into the longitudinal plus
transverse, longitudinal-transverse, and
transverse-transverse components. The
prediction for the longitudinal plus trans-
verse component agrees well with the sep-
arated data at the forward angles, but

it shows a remarkable difference at the

Cross Section (nb/st* MeV)

0 PR B S S | IR T SR | IS W T S L
0 60 12 180
Angle (deg)
Fig.7. Angular correlation in plane for

CJ/A,

the “C(e, ¢’ n) *C reaction at 6, =
40°, €; =126 MeV, and w =22.5 MeV.
The solid line represents a multipole
expansion fit with E0, E1, and E2

components.
1 L T T T
0.5F ]
0F ﬁL
P % - ,%
ost _
-1 ; s PR BRSNS ST ST B s
22 23 24 25 26

Excitation Energy (MeV)

Fig.8. Comparison of the longitudinal-tran-

sverse cross sections (open circles) obta-
ined directly from out of plane measure-
ments with those (solid circles) obtain-
ed from a Legendre polynomial fit of in
plane data®’. The dashed line shows the
prediction of the G-T model®

backward angles. The cross section at the peak of the giant resonance is found to be almost

all longitudinal, which was reproduced by multipole expansion with E0 and E2 components

besides E1. The longitudinal-transverse might have a maximum around 24 MeV although

the data are low statistics. The transverse-transverse is very small over the giant resonance
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§1. Introduction

The *O nucleus is one of the nuclei most studied in the giant dipole resonance (GDR)
region and many efforts to investigate other multipole resonances besides the dipole one
have been done so far with various probes. The isoscaler giant quadrupole resonance (GQR)
which centroides around 21 MeV has been observed in the *O(a, a’a) ” and
the 0 (e, e’ @)? reactions. On the other hand, E2 contributions in the higher excitation en-
ergy region than the GDR have also been shown in the “O (7, n)® and *N @, 7,) * reac-
tions which are sensitive to both of isoscalar (IS) and isovector (IV) excitations.
Therefore, it seems that the isovector E2 strength could be distributed in the higher excita-
tion energy region.

The angular correlations of decay neutrons from the O nucleus excited by electron
scattering have been studied. It has some advantages compared to the other probes. The
probe which uses real photon is limited only to excite the dipole resonsnce due to its low mo-
mentum transfer. On the other hand, electron scattering can choose independently the mo-
mentum transfer against the excitation energy. Then measurements in a more favorable
condition for E2 excitation can be performed. In addition, it can excite equally the
isoscalar and isovector components while the a-probe experiments can not excite the
isovector one. Angular correlations could provide the information about the multipolarity
of the main resonance, and the existance of other multipole resonances could be also sug-
gested from an interference of these correlations. Isospin nature of these resonances may
appear as differences in the angular shape between the neutron and proton measurements,
if both particles decay directly from states with 1p-1h configurations like the giant
resonances. This is understood by the reason that the spatial wave functions of the AT =

0 excited state is in phase each other for protons and neutrons and they are out of phase

inthe AT =1 case”.

§ 2. Experiment
The experiment has been done at Laboratory of Nuclear Science of Tohoku University.
The 129 MeV continuous electron beam from the SSTR® was used. The duty factor and

beam current were ~80% and ~100nA, respectively. A disk of 100.6 mg/cm? natural Li, O
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(92.5% "Li and 99.8% *O) was used as a target. In order to take into account contamina-
tion from the Li nuclei, several measurements using a natural Li target (90mg/cm?) were
done at the same beam condition.

The scattered electrons were detected and momentum-analyzed by a double-focusing
magnetic spectrometer at a scattering angle of 30°. The solid angle was 2.9 msr and the
momentm acceptance was 5%. The electrons passed through the magnetic field were de-
tected by a VDC (Vertical Drift Chamber) on the focal plane to provide the information of
position and momentum for each electron. Three layers of plastic scintillators with 5, 5
and 8 mm thicknesses located behind the VDC produce fast signals and their coincident sig-
nals were used as a trigger of the electron-arm.

Neutrons were detected by 10 liquid scintillation counters placed surrounding the target
at the distance of 1.05 m on the scattering plane. The angles of these detectors were
49.4°, 69.5°, 89.7°, 112.2°, 133.1°, 155.6°, 208.6°, 228.9°, 249.5° and 269.8° from the beam
direction. Each detector consists of 2.54 litter NE213 and a HAMAMATSU R1250
photomultiprier. The detectors were shielded by lead, paraffin and concrete blocks for huge
7 -ray and neutron backgrounds in the experimental room. The scattered electrons and 7 -
rays from the target direction were absorbed by the 4 or 6 cm thick Bi plates which were
settled in front of the each detector. Absorber Bi is a superior material because of high re-
duction ability for electron and 7 -ray and low absorption rate with less energy dependence

for neutron. In order to remove 7 -ray events we used the PSD (Pulse Shape Discriminator)
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Fig. 1. The n/ 7 discrimination. (a) PSD module, (b) charge comparison method.
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modules and charge comparison method. Figure 1 shows how they worked well. The energy
of neutrons was determined by a TOF method between the target and counters.
The experiment has been done in the excitation energy range from 20 to 30 MeV with a

momentum transfer of 0.33 fm ™!, which covers whole the GDR regién in 0.

§3. Missing energy spectra

Figure 2 shows a typical missing energy spectrum for the **O (e, ' n) O reaction. The
contribution from Li was subtracted using missing energy spectra obtained by Li (e, e’ n)
data taken at the same experimental condition. There are two peaks at 15.7 and 21.8 MeV.
The former corresponds to the neutron decay to the ground state of the O residual nucleus.
The latter is considered to correspond to the neutron decay to the 3rd excited state which is
known to be J*=3/2 ~ witha (1p,s 1pss) configuration. These dominance of two de-
cay channels may show that giant resonances of light nuclei tend to decay directly from
coherent 1p-1h excitation. There are no obvious peaks corresponding to the 1st, 2nd or
4th excited states which have plus parity. This feature is very similar to the **O (e, ¢’ p) re-
sults” which have also shown main decays to the ground and 3rd excited states. The decays
through these channels have been reported in the *O (7 ,p7r) and *O(7y ,n7) reac

tions® .
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Missing Energy(MeV)

Fig. 2. The missing energy distribution. The peak at 15.66 MeV corresponds to the
%0 (e, €' ny) reaction and the another one at 21.84 MeV does to the O
(e, €' ny) reaction. The levels at 20.85 MeV (n,), 20.90 MeV (n,) and 22.45
MeV (n,) were not seen obviously. The neutron of which energy is lower
than 2.5 MeV is excluded in this histogram.
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§4. Angular correlations

The measured angular correlations for the O (e, €'no) reaction are shown in Fig. 3.
The shapes of the angular correlations mean that the excitation would be AL = 1% transi-
tion. It agrees with a low multipole excitation under the present experimental condition
with a low momentum transfer. The forward and backward peaks in the figure are shifted
toward larger angle than the momentum transfer direction and anti-direction, respectively.
If it is excitod purely by the longitudinally polarized virtual photon, these peaks would lo-
cate exactly at the momentum transfer direction and anti-direction® . The excitation by the
absorption of the transversally polarized virtual photon is considered to have the same di-
pole shape distribution, but the peaks would be perpendicular to the momentum transfer di-
rection. The shapes of the present angular correlations may suggest that both excitation
are mixed. Under the present experimental condition, the largest contribution seems to be
the longitudinal component and the second to be the interference one between the longitudi-
nal and transverse. This interference term has an effect to shift the angular correlation to-
ward larger angle.

In the figure, a forward-backward asymetry is seen at all the excitation energy bins.
This would be due to an interference between the GDR and other excitation with even par-
ity. Under the present low momentum transfer (~0.33 fm ™), there are possibilities of the
E0, M1 and E2 excitations. In Fig. 3, no drastic change of these anglar correlations is seen
against the excitation energy. It indicates an existence of a broad excitation structure
which may consist of one or two of the multipoles mentioned above.

The dotted lines in Fig. 3 represent the results of the theoretical calcurations 9 by a
self-consistent RPA. The calculation at 21 MeV does not so well predict the experimental
angular correlation and the predicted backward peak is different from the observed forward
peaking correlation. The predicted large assymetry would be due to an interference between
the GDR and IS-GQR. The experimental result suggests an over-estimation of the IS-GQR
at 21MeV. One of reasons might be that this RPA calcuration does not take account of the
spreading width of the GQR based on more complicated particle-hole configurations than
the 1p-1h configuration. Some RPA calcurations including 2p-2h cnfigulations ' ' have

been performed for the spreading of the IS-GQR in Q. The other possibility might be
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Fig. 3. The **O (e, €' ny) angular correlations. The horizontal axis is taken with re-
spect to the momentum transfer direction. The solid lines are the x *-fit by
the function (eq. (5) in the text). The dotted lines at 21MeV and 30MeV are
the theoretical prediction by the self-consistent RPA. They are normalized
to the experimental value at 12° and 39° , respectively.

due to the effect that the decay mode via alpha particle emission is not included in this RPA

calculation. According to Faessler et al'®

, the decay via alpha particle seems to be favor-
able because of the large overlapping between the GQR in O and the *C + a channel. The
fraction through the proton emission was experimentally found to be small by the **O (a,
a’p) measurement” . It suggests to be the same situation for the neutron decay. The calcu-

lation at 30MeV, which is affected by an interference between the GDR and IV-GQR, agrees
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with the experimental result fairly well.
Figure 4 shows the angular correlations for the 'O (e, ¢’ ns) reaction. They look quite
similar to the **O (e, ¢'n,) reaction. The machanism of the excitation and decay of this

channel seems to be almost the same as in the (e, ¢ ny) channel.
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Fig. 4. The'O (e, ¢'n,) angular correlations. The solid lines were drawn by the
same procedure as in Fig. 3.

The angular correlations were fit with Legendre polynomials as described below in or-
der to compare with the **0 (e, ¢'p) and ®O (7, n) results. The (e, &' x) cross section is rep-
resented as follows :

d°
mqa = Opou{ Vi Wy + Ve W+ Vo r W7 cos ¢+ Vir Wrp cos 2}, (1

where L and T represent the polarization direction of virtual photons. Here Vs are the
kinematical factors defined by the incident and scattered electrons and ¢ is the angle be-
tween the scattering and reaction planes. Ws are the nuclear structure functions. We as-
sumed that W; and Wy, are negligible because the transverse transition probability is
smaller than the longitudinal one from Siegert’s theorem'? under this experimental condi-

tion. Using Legendre function and its derivative, W, and W, ; can be expanded under the
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assumption of the maximum excitation multipolarity up to 2.

4

Wy = EO b, P(cos6,), (2
4

W, = El ¢, P'(cosb,). 3)

Here, P, (x) and B' (x) are Legendre polinomial and its associated polinomial, respec-
tively, and b and c are fitting parameters. In order to reduce the number of parameters, we
assumed that main contribution to the cross section is 1™ and other multipole excitation is
much smaller than it. This is confirmed by the cross sections measured by electron scatter-
ing"™ . Under this assumption, the parameters b, and b, are exausted by 1~ completely. b,
and b3 are the additional terms representing interferences between 1~ and 0% or 27,
and b4 becomes negligible. Concerned about W, 4, only the ¢, term can not be negligible. c,

can be related to b, by Siegert’s theorem'® in the long wave limit approximation as

w
02 = _?bz. (4)

Finally including the kinematical factors V, in new parameters, we get the following repre-
sentation for the angular correlations.

d’o Ver.

do0.a, = AT b R(@) 40, B(2) b Bz) +7 %bzP;(x)}» )

= cos(6,).
The solid lines in Figs. 3 and 4 are the results of the least-qsuared fitting with the above

equation for data points.

§5. Comparison with the O (e, ¢ p) reaction

Figure 5 shows a comparison between the '*O (e, ¢’ n) and O (e, ¢ p) ” reactions. The
main two peaks at ~22 and ~24 MeV in the cross section are observed in both reactions.
They are well known GDR structures in O which have mainly the (dsp.,p3h) and
(dys, ps3) configurations, respectively. The O (e, ¢’ p) measurements have been performed
with a larger momentum transfer (q ~105MeV/c) than our measurements (q ~65MeV/c),
however both measurements excite mainly the E 1 resonance.

The b, and b; parameters reflect the interferences between the 1 and 0%, 1or 2% ex-

citations. The b, parameter for (e, e n,) and (e, e’ n,) are almost flat, whereas it for
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Fig. 5. Comparison between the®O (e, €' n) and O (e, ¢’ p) reactions for the form
factor and the angular correlations coefficients &,, b, and b..

(e, €' po) is flat at lower energy but has a drastic change at ~22MeV and increases to larger
value than (e, ¢'n). In the paper of O (e, €' p) ™ this drastic change has been interpreted as
the effect that the direct-knockout process below 22MeV is prevented by the process of the
a -clusterization of the '®O nucleus and the high proton separation energy. The absence of
drastic change at 22MeV in the present reaction would be reasonable because the direct

knockout process is considered to be much smaller than in the case of proton.
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The b; parameter reflects an interference between the 1~ and 2" excitations under the
assumption of the low multipole excitation. The b; parameters for the neutron and proton
decays have nearly the similar absolute values over all the excitation energy but the sign is
opposite. Together with the result that the sign of the b, parameter below 22 MeV is oppo-
site between neutron and proton, an existence of a broad isoscalar 2 resonance in the GDR
region may be suggested.

The b, parameter has a tendency similar to the b, parameter.

§6. Comparison with the O (7, n) reaction

In order to compare *O (e, ¢'n) with *O (7 ,n), the ®*O(7,n,) cross section'® has
been transformed by the following way. We assumed that the *O (7, no) cross sections are
exhausted almost by the transverse E 1 transition at first. They were transformed to the
longitudinal E1 transition strength using the Siegert’s theorem at the photon point. Then
we got the form factors at ¢ =0.33fm™" by the g-dependence calculated using the
Goldhaber-Teller (G-T) model™ . The result is shown in the top in Fig. 6. Both the O (e,
e'ng) and "*O (7, ny) cross sections agree well in not only strength but also GDR fine struc-
tures. It implies that the (e, €' ny) cross section is almost due to the GDR and it does not
contradict the nearly symmetrical angular correlations.

The angular correlation parameters a,, @, and a; which are used commonly in
photoreaction analysis can be related to the parameters b,, b, and b3 for coincidence elec-
tron scattering'” . Using the j, (gR) amd j, (¢R) dependencies of the form factors for the
GDR and GQR, respectively, under the assumption of the G-T and Tassie models'® , the re-

lation is given as follows :

3 w
a, = _‘f?bl : (6)
1
a, = ?bz , (7)
1 .
a3 = —'E %bs . (8)

The b, parameters for electron scattering and photoreaction agree well in the absolute

value and their monotonous shapes. However, the (e, ¢’ n) behavior of the b; parameter
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Fig. 6. Comparison between the **O (e, e'n,) and *O (7, n,) reaction about the
same quantities as in Fig. 5.

which describes the interference between 1~ and 27 is different from the photoreaction
data. No drastic fluctuations like the photoreaction are seen in (e, ¢’ n) although the energy
resolution is not enough. The less structure of (e, e’ n) is rather similar to the *O (p, 7,)

data® , although the sign of the b; parameter is opposite.
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§7. Summary

The O (e, €' n) reaction has been studied in the excitation energy range of 20~31 MeV
at a momentum transfer of 0.33 fm™. The “O(e,e' n,) and “O(e,e’ n3) angular
correlations were obtained, which indicates a dominance of the GDR component. Legendre
polynomial coefficients obtained from fitting the data are compared with those from the
(e, € p) and photoreactions. The coefficient b, for (e, € po) increases with the excitation en-
ergy from around 23 MeV than that for (e, e’ ny), which might be due to the direct knockout
process in (e, & po). The non-zero values of b; for O (e, ¢ ny) and O (e, €' n;) support an
existence of a broad 2" resonance over the GDR region. The isoscalar nature of this reso-
nance was suggested by the opposite signs of the b, and b; between the (e,e n,) and
(e, €' po) reactions. The good agreement between the (7 ,1n,) and (e, e’ n,) cross sections
also means GDR dominance in this energy region. The b, and b, coefficients agree well,

but b3 shows quite difference in the both reactions.
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BHOWHZHMICRT A, —HEREKOMIKEICHET 2 /v — 71, BSOS R R
WRETFERTEVHOMESREI TV S, £, (p, p) RIETS, BEFO V- FITHIG
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TRICE D DDIEWT ZMNENSH D, 22T, (e, p) RIGTRAETEDEEHVTWVS,
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N2y v 94 6Thb, JITRZOHRIIOVTHRET 5,
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AEOEBRTIE, MPTELLEREMAE IR, BTHMEIIZ200~400nA (FETE
3uA) Thoteo 1HEIHZD 1 HOREEBTOMONEDOFETH - 728, & — LHEEH
WMHIFEDH1/10TH 0T, 1HMe OB TR2ERELL S, Fig, TOTFA MK
BRI, fIOBEOF A PEROESLEVD T LT, APERERMEO T R FERRTRIEWID,
EHEETONERES T 5 ICEBESATSTH -7 UL, Ny 7 75 Y FHEIOVT,
KEIPIKEOERTRIAVBLE L BbN 20 2D OFEWMNBE SNl
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BohtAE-E (2EBE 3BHOD SSD) 0BREHE1IKICRT, AL -T Ny 775
VRSP RRD, F2RKCR, 2TOAFEICOVWTOME L 57 TDC AT FVEIRT,
CHLORD S, FMEREPLDSSEIICRZZN, ThRKREITEXONE LI, K
HARBT TRV, ERFEIN@)IT, Ny 7 7T v FELERO MG > v 7 VG AR
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F2KDTDC AR7 b kb, REEREIPBDHEEICEICORR S, BBFE2X
5 HOAETOMEL 72 bDTH S, COPT, BTFONENENL SVrERES-T
Blo BAETOAEE XY VAN Y 775 v FEBONIBERERENEL, KD O
SDDANE-EZR7 b VAERLE, BTFEEbOZMBROEFEOH Y oI, TOF%E
4RICRT, COXTERITFHREINZETOAEEMBRTS 3, HIfICO > TV 2ER I
BTV, TokHKR, BTFoONERTEIAKLEI KDL, F2NOEHEROKIES
BEERBTF TR, HoERI £ 2 BRREHTSH 5 500 -1,
F2NTRAZMARKABORERDO 1 2L LTEX 50501, BFE— 42 LDM 2 ¥
CHEEL 0L I IcHEL, ZOBET & OBARRMGEMSE Ui Thd 5, BEOHE
BEMob T}, BAAE QI0B, AHFEFE-—LIIW L) ICHXTHAAE (408)
KHESNIRIBROF BNy 7 75 Y FHEZVETFRENE, BIKTOLrELIIL, O
ERTREBEFAEOENB NNy 7 75V FBE VLSRR %, INbE—ARKEMNBELIBLWVT
LERLTVE LI IEDbNS, LrLAEOT 2 FERTIE, ENESLTOERETIEL
TIORRNEZEITERT 5 7120 OBERMRBEL, B-230 LBEREES 2 & 3HEREH» -
7o

SEIOERTIE, E— s@ENHL, LrSEERMSEROATHI I, BFORMELE
BRI R =7 b VEBS T &R - 7288, L UERAR O ERE R 5 0 R % iRk
FThiZ (EHEhVWIRE—-ATIY), HEFICRFE Ly - 2BELAERBTHS BN E
L BIEASTIRETH B & T & A5 > 12

e % X 2
1) K. Shoda : Phys. Reports 53 (1979) 341;
J. Uegaki and K. Shoda: Nucl. Phys. A294 (1978) 141.
2) T. Tadokoro et al. :Nucl. Phys. A575 (1994) 333.
3) T. Hotta et al.: Nucl. Phys. A645 (1999) 492.
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77 LBREETOY S Y, 27V =9 s0&BHEELE LT, KEK» D OBMRIC & B EE
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ORELY 27 L DOFIFZEHED TV B,

SBOSEES L OREENCERICIIERBE D 5 OB A £ VAV SN B, Thida
oy VR A VEROEEEPEBA A VICK DD LTORB LI EAFIHLTWS, TV F
= F(IV) D6, B CLEDEMRIZS 4 Y #R An(NOy)¢?” (An: 77 F = F) 2T 3
EVWHREEBET L, HMBREEEZHVEZAVPERN TH S, PL—F—BOT 27 F=FAV)
DIEBIKIER D> 6 DA 4 v RERIE I 2 R K, 13, ThV I L TczhFh K=
5x10" ([HNO4] =4M), 2.2x10% (6 M), UV izt LT K, =102 (4 M), Np(IV)izsd L
TK >0 (AMBXU6M) EHEXNTVEY, EEE, PThit L—H—0B8licizc ok
ERHVLN B,

BREB MV —BP OV FLRBIAT— VT v TENDE, A4 VS 5 LDOEET
HREWSESIEAPEE R & 3 OB I NV, RIS, 1 & B IT 0 2 EE o)
EHERFRIFRCBEHT 257 CEpoNTED, o0k S HBAEFNKETE, HREK
DY, HRBESIOEI ORI E, # 5 LHROFLELTHSNBERMEL 2, Lh
LIEAS, 15 ARIM-> EEEROBIICOLWTOERREILLTWEWEDD, 7548
DOEFEREIC LRI N 7 2 LU EERDP SHET 2 ER3RETH S, O LN, WHED
RRICHBIK I o= b 757 4 — %S CEEH L SETV S,

Fxid, Oy R T ARRICHBERRT AT oo, NIEA 5 2 2HWET 7 5=
FAVBEA £ VIR OBEEERIC S LW TERMKRF £21T> TV 3, AT ML —¥—BIcH
O B EHBT ) ERE R MRS E LT, 75 AARMERE /NS 2 — 5 — & L BERHREEICE
T ERENCOVWTHET B,
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§2. % B

21 PL—H—0DBE

HAL A4S BRI R R BRI R SRE T 5 PAch oD I vF v 7tk ) #'Th
AR A TR U, 70, BHLAFEREIIEAL BRI © LINAC I & b HIBY A I
BBtk ERE b L—y 2RI L, RRY 5 vRILOHBIKHERSFIc LY, (v, n)
USRI TS 3 20 &, U OBDREEM TH 5588 b L —+— ("Co, ®Zr, *Ce, ""Rh,
WRLY ZEIE L, 7, B{b= v 7 VORIEHUNEREIC LY TCo ABE L 12,

BEEAECAVON y B3 VFE -1, LIFTO@BY TH5, #Th (t1,, = 18.7d) : 256.2
keV (abundance = 6.7%) ; *Ra (11.4d) : 154.18keV (5.6%) ; ®'U (6.75d) : 59.5keV
(32.8%) : "Co ( 271d) : 122.1keV (85.6%) ; “Ce (1.38d) : 293.3keV (42.0%) ; "“Rh
(1.47d) : 319.2keV (19.0%) ; ®Zr (64.0d) : 756.7 keV (54.5%) ; “*Ba (12.8d) : 537.3keV
(24.4%).
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HEEHS0mm Ta 4 )WRIC 6 EEE BRHEBERKR LV — 70K S D=9%4.2cm),

BRI L D NIRD SN/ £ D Rk & N RIS ORI ffi foo MCA 2 —3E

DHRIERHE (AT=10min) 2%

ELT,

YTRRARY PIVEBROELUEIEL 12, BEIHHOEKEE
Zv mlmin &4, ATORICRHEZERT 3BKHS 3 vAT (ml] THD,

-
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DIEKEBARDOERIL DS/ v [min] ORI FBREHORICHAET 5, OBEKRTITBIT S
METAA VOO RE R c & L, REIBERELV— 7T 2P BE c= 1041 4 v h

SRELND v MOFHEE 7 LN,

AESNBFEIE ncATDS L3 D BEIMH O i v 1T

WELBW, TR, 757vavav s d—2H0WT, FHRLEEEHEE :: ORBvAT
(ml] O#%# % DS/ v [min] OREFRHTHHE LI L EHMTH 3,
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mm, BEFE : 6 M HNO,,
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23 PUDLIV)DRAF VBRI OT TS T 4 —

2T (RAFAIC S B O PTh A INA THAK L7 5 ml © 6 M ARR/KIAK &8 Amii e L
Fro BELI MY Y AR, 5 LARHERICHT 2AM, THbEH T AQMIA A ISk

l T T T l T ‘ 1 30
100 |- G-ncannn..
<_~.‘_~_*\‘
00 — 20 -
> Re u
= N Y
E 50| 3
> A0
._-. _________ .— . '
0 l | | | | | | | | | 0
107 10® 10® 10* 102 10°
My,/m,

%3 N5 nA F VRBEER (MK 3 Th#E AR (np ) OLEZILS €756 O RRF
KR V' (Th) L ERBH 12 0 & & (HETP) D% Ato

F1E FrYoaV), v v (V) OMBERICBY 14 YR}/ u< 757 4 KR

Manav) = s Ve (An) HETP
RUN E&AWE /Am‘: 715 LY BERE R/ 1 K, o /ml N V

m mm
Thl Th(IV) 1.7x107° ¢l ml 1222 99.1 248.7 24.1 6.5
Th2 Th(IV) 1x107* cl ml 977.2 79.3 211.3 21.4 7.3
Th3 Th(IV) 1x1073 cl ml 973.9 79.0 223.3 19.0 8.3
Th4 Th(IV) 1x107°? cl ml 798.2 64.7 211.2 14.3 11.0
Thb Th(IV) 5x1072 cl ml 542.1 44.0 _® 24.8 _®
Th6 Th(IV) 1x1073 c2 ml 267.6 92.1 458 34.2 1.1
U1 uav) 1x1073 c2 m2 810.5  278.9 101.3 64.0 0.6
(IV), ¥'Co,
U2 11;21]%?1 ;;Sz(ie, 1x107% ¢l m2 _9 _9 _9 _9 _9

a) cl:Dowex MSA-1(# — 5 x#), 100-200mesh, ¢ 10x157mm, V,=12.3ml, V,=26.5ml;
¢2:Dowex MSA-1(E— 35 2%, 200-400mesh, ¢10x37mm, V,=2.91ml, V,=10.1ml

b) ml:6M HNO;, ##1-2mlmin~* em™?:m2:6M HNO;+0.2M & F 5 Y ¥ +0.1M = ¥ 7/
Yy b, F#0.5mlmin~! cm™?

c) UUV) &#ET 2 b v —H—DAHAE

d) AR OEA DK E VI D FHEARE
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TE5A4 4 VBB m, [mol] &3 Y v A& my [moll] Demy / m, TEEIN B,
H 5 ARBERBICHT BEMELT, bL—HF—B»Smp/ m=5x10"2 (5%) ¥TZE
fbas¥ (B 1%), 100-200mesh, ¢10x157mm O# 5 %W, HEARSmlEESEL,
BE#E (6 M HNO;) i<k b V=3000ml 2R & CIABEL /oo T D%, 2M HCl TR
EWRT A LICLD, RBEHERREL
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F4K ThA & v OEHMR, (@) mp /m.=1.7x10"" (tracer scale), (b) 1x107*, (¢)
1x107%, (@) 1x107%, (e) 5x107% R IIMEIUERIS, #4540 12 [EINRI8 I DKk itE
ZRT o

24 95V (N)OBAF/RBIDTNTST 4 —

FIBE IR 21T - KR Y 5 VR L% 6 M RSEE CTIAR LIRIEBIRZ TR L1, 2o ®U
RIFFEBICEY LR O U Z2NA 12 6 MIBRKAREERBKRE LI, 95 Y (VDD 6 MY
BKAKRICH LT, ERSYVE0LM, orvH )y bE20IMERBEIICMATY 5 v (IV)
DERIBRZABIL 72, 200-400mesh, ¢10x37mm O 7 2%V, HEHAK S5 ml 2&E& L,
BHE (6MHNO; +02MEFSY Y +01IMu Y HY o b) LD V=2000ml EEF T
BHE LT, Tk, 2MHCl CRAeRBHERRT 2 Licky, 2AHBERE L,
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DOEERIZL %2 RT,

KOHMT, RLA 722, BCAWEDO MY Y 2OV EERL, 70< b7 57 4 —%H
'ﬁ%ﬁ‘?f:o

§3. BRLEBE

31 PUDL(V)DHSLDEOEFEKGFHE

FY YAV OEMEEES ELERORMAE EBRRICOVTE L RITIRT, H1XIC
AR X 2 REER O L 2R T,

BHlEA 5 & Otz ORIEICB T B0 5 2WHEICE VT, BHEA 4 VIcBT 2 MHEPEHIIR
Kckshz,

_ - 2
dacC udC+] 8dq_Dd_C_'

dt e dz e dt < d2? M

T, CRBEMHICH T BEEA 4 v ORE, ulcm min™'] EBEFHEE, ¢lmol ml™']
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RIS OEELZEE, ¢ 347 5 AFEHOZEREK, D IR OIERE TS %,
@ﬁ®ﬁ%ﬁétf,%E%ﬁ®%§%ﬁﬁb,ﬁE%ﬁKf=ﬁjﬁﬁuﬁOj0iﬁﬁ
HAEIREEAET B, 7 7 AWEEAZEET I EIckD, Frv—9—BickF3EARA»nE

5N b,

Ve= V.t V.K, 2)

Ve ZIRFFHARE, V, 37 5 AERIARE, V, JEEHORETH 5, V, OFFEE, A 4 v
R IC RS SNV PRa OREARE, S, 75 2HOLSKREHBAVOET TOF 2 —7
NOBFBRAREIC L AHBEEEZLGIK CEIRE DTk 52 EKTKEINIBLVA A+ VS
B sh2 V, »5, ThigBHROY—7 V, TCOBBHBREIERFERE (V= Ve — V,
=VK) EFEEN, ZOREIRBEA 4 v DA 4 VARSI T 2 HEEREIC AT 3,

5 LRHWARICHT B Th BMEMSEAT 2 IC/Y, EREEE (V) WhEB5E
L b, HEIEORFEASENS, VS 20DRMAR SIS, BEiEST 1Y v %
~g T &, Th (NOs) e OBFHRIH T 2EEHNOAHOFRES A TH LI LER
BLTW3®, ‘

br—+—8 (RUN: Th1) i A8 SETH S W 2 SEEHIE1.0x10°TH b,
XEMEY D1 2REOMETH B, TOXIITNSBHRBHEMSESNEBERE L TR, uv=1-
2mlmin~!em™? &V I BEHEE AP PHET E, BSENEHEIATHTH D T L0 ER
LTEZDONS, IETH~<B RUN : Th6 TR, u=05ml min'em™? &V LD/h&
BEHEE TEREITV, KOREBKBEOSATVWE LS ENTF SRS, LIL,
6] U B BRI I E & N7 REEAIEER (RUN : Th1-Thb) Q&N TR, MIRE
T&E5LEEZ SN S,

pa<trs7 (- omEomincy magEN= (Y1) 550 umegs o Es
HETP =% (L: 5 5 8R&) #9EBE LTV 5 N5, RRFHR (V) & HETP 0%k
ZHEINICRT, CORICBWVWTH, AMNEOHAL L BICHETPBRKELBEEVI NS
LNROBDHHE LTV B, Guichon Hic &N, TOLS BBEMKEICST BH 5 LR
DRV IBESEROFERIRETEELELTVE Y, - T, BElROFANC 3RS
FRBOBEHEBMESLE L B,

3.2 U35 (IV)DAHkR

SR OMBKER TRy 7 v (V) BRESICEILEh 519, HRRICETZ9 5 v IV)D
AF VR a< 757 4 —EROMEIREWY, LbL, 27Y =9 a2E10ML2LED
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BEOWBARTTONVHCHARTEXZ0T, v 7 VI20THEVHRERICE T 2 RETH
YEht,

FEEERICINIE, 6MHNO; icBW Ty 5 v(V)OFMEEHOHN T Y A v + %
FIF T2 &m0t (EERD. v # Yy b U (VDIEBERICIA 72840 T, &
FEaic U (VDISELEh, 70< 757 4 —FRBRICET 240K O], IVARRES R
thd, CORERERIC, v3v(IV)DOs o< b5 7 4 —HBRETHOBOBEMHEELT, o
YHY v F0IM, EFIYY02MAEEL6MHNO; Bk EHWA I L L L,

U5 vV LY YAV KO REBHEEBERF O Lo, BHPETTHETITLD
REBBHHEEESLEE T 5, £IT, ERIFHZEL L, BEEREEZ/ NS CFBHNT,
INSTEH 5 A EHVWTEREZT-72 RUN:Ul)e v 35 vk LTSN ERERR %
FEOXITRT, V.V, =300 (HEDBE#Y — 7 L0 DR WEBRAETHT 2 5 V2R
EAETRBWI EDDS, H5athToy 5 Vv (IV)DOBLIZEHETE S, 75 v (V) DIFfERIC
BIBEA X R/ o< 7574 —EBDPARETH B LIRS N, v 5 v (IV)BX
UHBD7-HI2iT> 7 b ) o & (V) OEEREM L EITFER%EZ, 51RO RUN : Th6I1ZRd,

10 | ] T | T 3
10" =
: :
g1 E
10° -
10" { i ]

0 100 200 300 400 500 600

V/Vs

FeX BHEmy,/m=1x10°1c8F3 U1 4 OB HlifR. #7574 : Dowex MSA-1
200-400mesh, ¢ 10x37mm, #&HH: 6 M HNO; + 0.2M e K5 Y v +0.1M o v i
Yy b, & :0.5ml min~! cm™%

TTISIHETHRRTVABED, M)y A(V)A v ONEFRB K, ic>W\WTid, BILAEMNE
D RUN : Th3(0.1%) &b RELHRBHK,BESNTVWE, BENY FOLEMAD o [ml]
SRHSHEI/NEWRUN : Th6 OFMIZBPIT/NSWEE L > TV B,
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25 v (IN)A A4 Y ONBFREE, PV Y Aa(IVICHRTHI[/RELBMEELELE>TWVWS, 4M
HNO; icxtd 2 kil K, = 102 SR LT, 6 M HNO; o9 2B & L TIIZYISENRT
ENTVW3, LM LEAS, ARREREZIEIHREERLTED, 14 v RERIENEER
THREEICH B T EDSHEIRE N B,

3.3 Kok

Np(IV) OfERITI1E, Np(IV) OAEEHSTE S W AP L0 b REWV, #-T, HIIK
SO, BRERSERE Lo TAMYE & OREMRMCESETE 20 1KEFT %,
77 F= KV A A v ONERGEHOKNBIHEREZRET 5 &, Np(IVISK 3 5 +53 18 BEi S
i3, ThAV)iTxd 254 LTRETTE 5,

Th&ESEE AL B GaoLEHRE (E3X) <iF, AmEOHARI L b2 TR
MVONSOWERIZY 7 bERT, —EDEUNEREZEST S &, AT IAMKERIAN
DR & & BITEDT 5o 72 E 21, 95% D Th BN A FHET 5 &, AR %3t L T30V,
LR TERBWI EDBGH, 5,

JABBER, TAAVER - TN IERRE, Ty, Aok Yva=va
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Beam Commissioning of the Stretcher-Booster Ring
in Tohoku University

F. Hinode, H. Hama, J. Kasagi, M. Kawabata, O. Konno, A. Kurihara,
A. Miyamoto, M. Mutoh, M. Nanao, M. Oyamada, Y. Shibasaki, S. Takahashi,

T. Tamae, T. Terasawa and H. Yamazaki

Laboratory of Nuclear Science, Tohoku University,

Mikamine, Taihaku-ku, Sendai 982-0826, Japan

The 1.2 GeV Stretcher-Booster Ring was constructed at Laboratory of Nuclear Science
(LNS) in Tohoku University. This ring has three operational modes ; the pulse stretcher
mode, booster mode and storage mode. Beam commissioning of the ring has been carried
out since November, 1997. This report describes the present status of the beam commission-

ing.

§1. Introduction

In 1981, the first pulse stretcher ring (SSTR'’) was constructed in Tohoku University and
had been supplying continuous electron beams for nuclear experiments with the beam energy
of 150 MeV. To meet the requirement of the higher energy beam,the construction of the 1.2
GeV Stretcher-Booster Ring (STB*®) was started in 1995. Since thé first beam commission-
ing of the STB in November, 1997, the beam operation is continued up to now.

The STB has three functions such as the pulse stretcher, booster and storage ring. In the
pulse stretcher mdde, the STB converts a pulsed beam accelerated by a LINAC to a continu-
ous beam, which is utilized for coincidence experiments in nuclear physics. In the booster
mode, the beam is ramped up to 1.2 GeV with RF acceleration in 1 second after the beam
injection, and then injected to a proposed synchrotron-light facility. In the storage mode,
the accelerated 1.2 GeV beam is utilized for internal target experiments and high energy
tagged photon experiments.

A schematic layout of the accelerator in LNS is shown in Fig.l. It consists of a 300
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Spectrometer the 1st Experimental Hall

=¥

Klystron Gallery

Fig.1. A schematic layout of the accelerator at LNS in Tohoku University.

MeV S-band LINAC, an injection line, a 1.2 GeV STB ring and transport lines. In the
LINAC, there are 20 accelerating structures, and 5 klystrons to feed power to those struc-
tures.

The main parameters of the STB are listed in Table I . The design detail is given by the
Ref(3). The STB ring consists of 8 bending magnets and 20 quadrupole magnets, and has
four straight sections of 3.125 m for injection, extraction, RF acceleration and internal tar-
get experiments. The circumference is 49.751 m. It is desirable tc have a large circumference
with respect to an intense extracted beam, however, the whole size was restricted by the
limited space in the experimental hall. RF acceleration is done by a single-cell cavity which
had been originally used at Photon Factory in KEK. The RF frequency is 500.144 MHz, cor-
responds to a harmonic number of 83. Vacuum chambers are made of stainless steel to sup-
press eddy currents on the booster operation. The beam monitor system consists of 5 wire
monitors, 9 button-type BPMs, a DCCT and an SR monitor port. The read-out electronics
of the BPM uses super heterodyne methods. The BPM can measure the closed orbit for the
storage mode, but not be used for the stretcher mode. Two wire monitors were temporarily
replaced by screen profile monitors. In addition to the above monitors, some loss monitors
were placed along the beam lines. The STB control system*’ was constructed using personal
computers with commercially available application softwares. Programmable Logic

Controllers, PLCs, are used as the device controller. In the beam injection line, a beam
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collimator is installed at the just upstream of injection septum magnets. And also, 3 beam

collimators are installed in the transport line, in order to eliminate the beam halo. In both

beam lines, the beam positions and the shapes are monitored by screen profile monitors.

Vacuum chambers are made of aluminum alloy, whose inner diameters are ¢ 50~80mm.

Table 1 : Main parameters of the STB ring.

Circumference
Revolution Frequency
Lattice
Super-periodicity
Betatron Frequency

Moment. Comp. Factor
Chromaticity

Circulating Beam Current
Beam Injection

49.7512 [m]
6.026 [MHz]
DBA

4

v, =3.30

v, =1.20

a =0.03777

Ov, / 86 =—5.7861
Ov, /06 =—4.9791
300 [mA] (max)

three-turn injection

Stretcher Mode
Beam Energy
Rep. Rate
Extracted Beam Current
Duty Factor
Beam Extraction

300 [MeV] (max)
300 [pps]

10 [u Al

90%

third-integer resonance

Booster-Storage Mode
Accelerated Beam Energy
Harmonic Number
RF Frequency
Radiation Loss,/turn
Damping Time

1.2 [GeV]

83

500.144 [MHz]
61.2 [keV]

7, =8.0 [msec]
7, =6.5 [msec]
7, =3.0 [msec]

§2. Beam Commissioning

2.1 Stretcher Mode

The machine time of the STB has been mainly consumed in the stretcher mode up to now.

For the present, it is mostly operated at 200 MeV, where the highest extracted current is ex-

pected. In the stretcher mode, the ring is operated with a repetition rate of 300pps.
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To match the injection beam parameters to those of the STB ring, six quadrupole mag-
nets are used in the injection line. First, beam profiles observed by CCD cameras are auto-
matically processed by a personal computer in order to get horizontal and vertical beam
sizes®. Such beam sizes are measured with varying the field strength of an adequate
quadrupole magnet, and fitted with a parabola. The emittance and Twiss parameters of the
injected beam are determined using three sets of parabola parameters obtained with vary-
ing three quadrupole magnets. Then the strength of the quadrupole magnets are optimized
to match the injected beam to the ring. Figures 2 and 3 show an example of such a measure-
ment. This procedure is executed manually for the present, however, it will be sophisticated
so as to reach to a computer controlled operation. The injected beam orbit is adjusted by
two septum magnets and three kicker magnets. The field strength of the kicker magnets are
adjusted so that the injected beam has a betatron oscillation amplitude suitable for beam
extraction. The magnets are operated with time intervals equal to the transit time of an
electron between them. For the horizontal tune measurement, the radiation from a wire
monitor inserted in the ring to disturb circulating beam is detected by a beam loss monitor

which consists of a plastic scintillator and a photomultiplier. For the vertical tune meas-

25
C 04-Sep-99 Emittance(Y) = 0436
L 20:15:51 Alpha(Y) - 1469
- Beta(Y) = 6795
20— f Coeff. = 1981
1
NE B \\
5 C ’
" 15 — {\ h;
L Al ’
L N .
N ¢
10 | K
C N +
C ', ; .
s X
- 4 ¥
- e ¥
u —
—l 1 l 11 1 I 11 | I | - - I 111 I - - I | I l 11

0 02 04 06 08 1 1.2

IQ4 Qaurr/Coeff

Fig.2. An example of the parabola fitting to determine the beam parameters.
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Ewittance(X)= 0284 1= 0.63 &

Alpha(X) = -1.252 Q2= 0.20 &

Beta{X)= 4567 Q3= 083 &

04-5‘,@}.-99 Emittance(¥) = 0436 Q4= 1.03 &

Alpha(Y)= 1469 m5= 1774

20:17:58 Beta(Y) = 6.795 Mé= 1.25 &
Coeff.= 1981

g oongnr [

Beam Size (cm)

Path Length (m)

Fig.3. An example of the fitted result after the injection matching.

urement, the synchrotron radiation is monitored by a photomultiplier with a horizontal
slit. In the latter case, the beam orbit is distorted in the injection line, so that amplitude of
the betatron oscillation is large enough. Both signals are recorded in an oscilloscope, and
then their time spectra are transformed into frequencies with FFT analysis by a personal
computer. This tentative tune monitor system is not enough to measure the tunes stably
and should be improved. At the present, the maximum circulating beam current is about 80
mA at the injection. However, the current is usually reduced to 20~30mA (preliminary), by
a process to stabilize the beam condition as described below.

Beam extraction from the ring is accomplished by inducing a third-integer resonance in
the horizontal plane. The pulse stretcher must keep the intensity of the extracted current
constant during the extraction time. This demand is satisfied by monochromatic extraction
under 250MeV. Achromatic extraction will be also used over 250MeV in the next stage. In

the monochromatic extraction, the energy spread of the injected beam is chosen to be equal
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to the energy loss that occurs between two successive injections, and the betatron tune is ad-
justed so that the resonance condition occurs at the lowest energy of the injected beam. The
amplitude of the third order betatron oscillation is also adjusted by a sextupole magnet, so
that the efficiency of beam extraction is optimized. Thus the lowest energy part of the
stored beam is extracted first, and then finally the highest part is extracted just before the
next injection starts. Figure 4 shows the example of the stored current (DCCT) and the ex-
tracted beam observed by a spill monitor placed near the spectrometer. Extracted continu-

ous beam current is around 1.2 £ A with duty factor of 70~80%.

Fig.4. An example of the beam operation in the stretcher mode, upper : the circulationg
beam current measured by DCCT (10mA_~div), lower : the extracted beam observed
by a spill monitor placed near the spectrometer.

2.2 Booster Mode

Since it had been succeeded to accelerate the beam up to 1.2GeV in the last year, enough
machine time had not been assigned for the booster mode by some reasons. One reason was
caused by a tuning work on the power supply for bending magnets. In the past months, the
magnetic field was ramped up with a ramping time of 6 seconds. The power supply has been
recently remodeled, so that the ramping time has become 1 second as designed. Thus the ma-

chine study with the booster mode will be restarted soon. According to the preliminary
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results of the machine study, the stored beam current is about 5mA after acceleration up to

1.2GeV.

§3. Discussion

There have been a lot of problems in the STB operation up to now. Above all, the prob-
lems of radiation shield and beam stabilization are serious. In the early time of the commis-
sioning, many instruments, such as power supplies and those controllers, monitor control
system etc., were near the STB ring in the experimental hall. As the circulating beam cur-
rent increased, magnet power sources and beam monitors were sometimes interrupted from
a normal operation due to a heavy radiation. Although a lot of concrete shield blocks were
placed, such efforts did not bring critical effect. In the middle of this year, many modules
of the control system were moved out from the experimental hall, so that the frequency of
the failure in control was reduced. However, many electronics devices are still placed in the
experimental hall, therefore we have to cope with the radiation problem.

Another serious problem is an unstable beam feature in the stretcher mode. At the 300
pps operation, six kinds of pulses, which are repeated with 50 pps, are observed in several
places. For example, the DCCT signal shows a different time structure and beam current
for each of six successive pulses. Such difference is not observed at the 50pps operation. It
seems to be caused by the LINAC. When the LINAC is carefully tuned, the difference of six
pulses becomes small, as shown in figure 4. But this operation reduces the circulating beam
current in general. This phenomenon, the so-called hexacolor beam, is discussed in

elsewhere®.

§4. Conclusion

The beam commissioning of the 1.2GeV Stretcher-Booster Ring has been carried out at
LNS in Tohoku University. Up to now, the machine time of the STB has been mainly con-
sumed in the stretcher mode with continuing some remodeling work. An extracted continu-
ous beam current is around 1.2 u A with a duty factor of 70~80%. The beam commissioning

for the booster mode with ramping time of 1 second will be started soon.
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Target holder: hole diameter 40mm, thickness 3mm
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1/2BUTIcT 3 EWTHETH %,

BlfeLt7o 74 VE=Y R, 0BLUTORET, ¥4 X2RETE S,
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rONH B, TOFERER, FTHELTHDEEY, BLAERLL TP 72T EAREL
TW5,

3) E— 4R EIREMS

EREERAT 4- 5 BICRT . ORI T BIERITH T 5,
0.05

Signal Amplitude (arb.units)

0 L | ! |
0 1 2
Spill time ( psec)

FA4-5K E—szENTA LRER,

4) WA R r—Fv 7 —RKROE=5 &L LTORIT

FROMEZRETE 51X 61, HERHUBRIFTIHGZ oNLBE (2 Vv¥F—EK) %
RETHIENTES, BETREEPTY+7—%2RITDT, TOY+7—DBEZBNG%
BRIT2I LIk Y+ 7 —DKRERZ CEDTRETH 0, FREMITT 52 & T, AFH
FEEET S EDBHRETDH B,

ATERERICE S &, 200 MeV OBEFE—41F, At EOx 2 V¥ —BESTENTH D,
BEBOEMSDIE, €= a9 4 XBELMIEL, H95% DR T EhIICHEET 5, WA I
B CRRE S N EFERIEER R, E— Al Er SRELERERET B LB, -
AR IR SRR T 2B SO RTOMNEE4-6 IR, 272, COBD
E— LA AO T X VF ROV 2 I v—va VOREREE4-TRICTR T, NI ERE
RERCELTVE I ICRZ B,



108

Signal Amplitude (arb.units)
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