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Abstract

The deuteron single and double spin-flip probabiliti§g,and So, have been measured for tAéC(d; d) reaction at
E; =270 MeV for an excitation energy range between 4 and 24 MeV and a scattering angular range legtyeef.5°
and 75°. The extracted; exhibits characteristic values depending on the structure of the excited statg, iBreose to zero
over the measured excitation energy range. The SFP angular distribution data forthéMeV) and 1~ (12.71 MeV) states
are well described by the microscopic DWIA calculations.

0 2001 Elsevier Science B.W@pen access under CCBY license.

Studies of polarization phenomena in nucleon in- knowledge on the isoscalar spin excitations by the nu-
duced inelastic scattering at intermediate energies cleon induced reactions as well as by other conven-
(100-1000 MeV) have been one of the active fields tional probes.
of research in nuclear physics. Not only giving an in-  The polarization transfer measurement in inelas-
sight into the reaction mechanisms, the measurementtic deuteron scattering should be one of the essen-
of spin-flip probability (SFP)S,,, in particular, pro- tial probes of the isoscalar spin excitations. Since
vided useful information on the spin-flip modes of nu- deuterons have an isospin quantum numbef ef O,
clear excitation [1]. At the intermediate energy region the reaction is selective of isoscalar transitions. The
the spin transitions are dominated by the isovector spinS = 1 nature of the deuteron allows spin transfer
ones due to the overwhelmingly large vector—isovector to the target. The measurement of deuteron SFP should
component of the effective interaction. Therefore, ex- provide a means to disentangle between spin and non-
cept for a few isolated states [2], there is still limited spin excitations, and one may expect that a similar po-

larization technique used to extract information on the
spin-dependent structure from nucleon scattering may
T E-mail address: ysatou@rarfaxp.riken.gojp (Y. Satou). also be exploited fpr deuteron case. .

1 present address: Soei International Patent Firm, Tokyo 104-  1he deuteron single and double SFPs, defined as

0031, Japan. fractions of deuteron undergoing spin-flip by one and
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two units along an axis normal to the reaction plane, with non-spin-flip collective states, therefore affording
are expressed in terms of polarization observables bya study of AS-dependent features of the deuteron

the relations: SFPs.
1 L " The experiment was performed at RIKEN accelera-
S1= 5(4— PYY — Ay = 2K3y), (1) tor research facility (RARF). The polarized deuteron

1 . ) N beam from the Ring Cyclotron with an energy of
=_—(4+2P"Y +2A,, - 9Ky + K3, ). (2 270 MeV and an average current of 10 nA was led onto

18 a 12C target with a thickness of 87.2 mgm?. The
The quantitiesA, P and K refer to the analyzing  vector and tensor polarizations with maximum values
power, polarizing power and polarization transfer of (Py, Pyy) = (0,0), (0, —2), (2/3,0) and (—1/3, 1)
coefficient, one (two) indices stand for the vector \yere used, the magnitudes were measured using the
(tensor) polarization, and lower (upper) ones the 4 1 , elastic scattering at 270 MeV [13] to be 60—
incident (outgoing) beam. The determinatiorsgfand 70% of the ideal values. Scattered deuterons were de-
S» thus requires vector and tensor polarized beams andiected using the SMART spectrometer [14] consisting
vector and tensor polarimeters. The SFPs, however, of quadrupoles (Q) and horizontally bending dipoles
represent the projectile spin-flip and do not necessarily (D) in the QQDQD configuration. It was instrumented
indicate the target spin-flip [3]. One thus needs to wijth a multiwire drift chamber (MWDC) backed by
rely on a certain reaction model to interpret the SFP two plastic scintillation detectors for track reconstruc-
data in terms of the effective interaction and the target tijon and triggering. It had a solid angle of5msr and
structure. a momentum acceptance of 4%. The polarizations of

The earliest measurement$f utilized the(d, d'y) outgoing deuterons were measured in a deuteron po-
method for states if?C [4]. The correlation mea-  |arimeter DPOL installed in the focal plane. Data were
surements of the scattered deuterons and the emittechcquired at a spectrometer setting 8f 5
y-rays could yieldS; for states with knowny de- Measurements of both vector and tensor compo-
cay branch to the 0 ground state. A direct measure- nents of the outgoing deuterons are crucial in ex-
ment of Sy was made using a tensor polarimeter [5] at tracting S; and S». This was realized by utilizing,
E4 =400 MeV [6]. The limited coverage of the ex- a5 the analyzer reactions, the+ C elastic scat-
perimental setup, however, confined the measurementtering and the'H(d, 2p) charge exchange reaction,

S2

to be done only for the ™ (1271 MeV) state in'*C which show large angular asymmetries depending, re-
at 4. Using a vector polarimeter [7] the/, d’) mea-  gpectively, on the vector and tensor components. The
surements were performed on a wide range of nuclei deuterons from the primary scattering were incident
[8-10]. The vector quantit;Sj = % + %Ayy — 2Ky on the analyzer target consisting of.&m thick CH

was used as the signal for the isoscalar spin states. Thisblock bracketed by the trigger counters. A counter ho-
guantity, however, is an approximate one, which co- doscope consisting of two layers of plastic scintilla-
incides with S; only whenA,, = PYY and S, = 0. tion counter array HOD and CN~ 2 x 2 m?) was
In further pursuing a systematic study of the isoscalar located 4 m behind the analyzer target. It was used to
spin-flip transitions it is therefore important to develop detect deuterons from the+ C elastic scattering and
an experimental technique to measueover an ex- pairs of protons produced through thid (d, 2p) re-
tended range of the excitation energy. Furthermore, action with small relative momenta. An iron absorber
it is fascinating to see if the intriguing existence of between HOD and CM was used to discriminate be-
AS = 2 states, such as the proposed double GT statetween deuterons and protons. In off-line analysis the
[11,12], could be revealed through as the probe. analyzer reactions were separated from other parasitic
In this Letter we report on a measurement of the ones, such as thé+ p and2C(d, 2p) reactions, us-
deuteron single and double SPFs using a focal planeing cuts on missing-mass spectra. The calibration of
deuteron polarimeter specifically designed to measure DPOL was done in the energy range between 230 and
both vector and tensor polarization components of 270 MeV [15].
deuterons. Thé2C target was chosen as it providesa  The analysis of the polarimeter has been proceeded
typical isoscalar spin-flip 1 state at 171 MeV along in the same way as that in the calibration analysis. The
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cross section for spin-1 deuterons is given b 10 T ! T T
P Jvendy e & 120(d,d') E,=270 MeV  (a)
0 (0. 9) = 00(0)[ 1+ i111711(0) COS$) + 120T20(0) 22 [ Orop =2.5°—7.57
) L
+ 221T51(0) COS@) + 2122Tp2(0) cOK29)].  (3) L& °

o]

where op is the cross section for the unpolarized g E

deuterons7y, the analyzing powersy, the polariza-
tion components of the deuterosand¢ the polar
and azimuthal scattering angles. For each angular and
excitation energy bin in the primary scatterimg,and

T4 Were calculated by interpolating the calibration re-
sults with respect to the incident deuteron energy. Pos-
sible differences in beam geometry between the cal-
ibration and this experiment could result in different
detection efficiencies, which is implicit isig. Correc-

S,xd%¢/d0dw
(mb/sr/MeV)

3
tions for the geometrical effects were made by using g %
a Monte Carlo simulation [16]. The polarization com- Q 3 gi
ponentsy, were extracted through@ minimization ) Q i
procedure using the measured angular distributions of Z .g X
the analyzer reactions. After a small correction for spin 3~ 0 °

1 |

precession inside the spectrometerq8°), the polar- I
10 15 20

ization observables were deduced by using the relation

given in Ref. [17].
Since the polarization transfer coefficients were ex-

tracted using differences of cross sections in the sec-

ondary scattering obtained with different polarization
modes, they were unaffected by the uncertaintiegin

Excitation energy (MeV)

Fig. 1. Excitation energy spectra for tHéC(d, d’) reaction at
E4 =270 MeV integrated ove®; = 2.5°—-7.5°. (a) An excitation
energy spectrum. (b) The spectrum multiplied By. (c) The
spectrum multiplied bys,.

On the other hand, the polarizing powéts and P>’
were extracted from double scattering cross sections
obtained with an unpolarized beam. The systematic that the measurement ¢ in the (d,d') reaction
uncertainties inP” and P>’ are estimated frommea-  shows promise of becoming a useful tool in search
surements of elastically scattered deuterons to be lessfor the isoscalar spin strength in heavier nuclei. The
than Q12 and 020, respectively. The uncertainty for state at 18 MeV has been assigned &$™,T) =
PYY' contributed less than.02 to the uncertainties (27,0) from the S,, measurement in(p, p’) [18].
in S1 andSo. The present result, which exhibits a larg§estrength
Fig. 1(a) shows the double differential cross sec- for this state, shows consistency with its identification
tions as a function of thé?C excitation energy. as an isoscalar spin-flip transition. Fig. 1(c) plots the
The well known isoscalar™1 (1271 MeV) state is cross section multiplied by,. The values are consis-
clearly excited along with the other natural parity 2  tent with zero over the measured excitation energy re-
(4.44 MeV), 0" (7.65 MeV) and 3 (9.64 MeV) gion, and no clear indication of theS = 2 states has
states. Isovector states such as tHestate at 151 been obtained from the present measurement.
MeV are absent due to the isospin selection rule. Fig. 2(a) and (b) show the angular distributions of
Fig. 1(b) shows the cross section multiplied By. the SPFs for the 2 and 1" states, respectively. The
The error bars represent the statistical and system-$; values for the 2 state are close to zero, while
atic errors added in quadrature. We see that the 1 those for the 1 state are large at small scattering
AS =1 transition is strongly enhanced, while for the angles. TheS, data points are consistent with zero
other AS = 0 natural parity transitions the strengths for both transitions. The results of the microscopic
are suppressed. ThisS dependence of; indicates DWIA calculations are shown as solid lines in Fig. 2.
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2" (4.44 MeV) 1% (12.71 MeV) (011 calculated by the relation [21]:

(=) S1= (2lel?+2¢ 2+ 21l + 21v]?)

x (3ly 1242181 + 2le[> + 2/ > + | |* + A
-1
— e+ 212734 [+ of?) (5)

. s ! | | | The close agreement between the DWIA and this sim-
ple IA estimate below 10indicates thatS; for the
1+ state in this angular region is relatively insensi-
S ‘ tive to distortion effects as well as to details of the
transition density, instead it is mainly determined by
0.0F wee—9 00} oo == the relative strengths of various parts of the 1A ampli-
0 E‘) 1'0 1'5 0 5‘) 1'0 1'5 tudes. This characteristic behavior$ifat forward an-
) gles is similar to that reported fd¥,,, in (p, p’) [23].
c.m. scattering angle (deg) The calculatedS, values for both 2 and 1" states
Fig. 2. The angular distributions of; and S, for (a) the 2 are consistent with zero below 10Since the effec-
(4.44 MeV) state and (b) thetl (1271 MeV) state. The solid tive interaction used in the present calculations ade-
(dashed) line is the DWIA (PWIA) calculations. The dot-dashed line quately takes into account correlation effects among
for §1 for the 1t state is an estimate using the IA amplitudes for the projectile—nucleon system, the calculated results
LSJ=(01D. ;
suggest that any possible non-zero values Sprat
forward angles would have to be explained by reac-
tion mechanisms which are not included in the present
calculation, such as two-step processes involving spin-
flip of two target nucleons, and tensor terms in the op-
tical potential.

In summary, we have succeeded in measuring the
single and double spin-flip probabilities through di-
rect observation of polarization transfer in inelastic
deuteron scattering of¥C at E; = 270 MeV. The fo-
cal plane polarimeter, which utilized the+ C elas-

0.0

Details of the calculation formalism can be found
in Ref. [19]. The one-body transition densities were
obtained using the /1 shell wave functions of Cohen
and Kurath [20]. The optical potential was determined
by fitting the elastic scattering data. The projectile—
nucleon effective interaction was taken to be the on-
shell deuteron—nucleaamatrix given by [21]

tq . . 3
N (q) tic scattering and théH(d, 2p) charge exchange re-
=+ BSu+yon+38S.0m action, allowed all the polarization components of the
+ €804+ £Spop +1Qgq +EQpp scattered deuterons to be measured simultaneously

over a wide excitation energy range (4 and 24 MeV).
The S1 value is large for the spin-flip™.(12.71 MeV)
(4) state, while it is close to zero for other non-spin-flip
The amplitudes throughv were determined fromthe  states, such as the firstt2(4.44 MeV) state. The
three-nucleon Faddeev calculations [22]. The PWIA S> values are consistent with zero for all the mea-
results obtained by turning off the optical potential are sured excitation energy range. The overall trends of

+KQqq0n +)\Qpp0—n + ILanUq + VanUp-

also shown as dashed lines in Fig. 2. the SFP angular distributions for the And 2" states
As shown in Fig. 2 the overall features of the are well described by the microscopic DWIA calcu-
experimental angular distributions ¢f for the 2+ lations. The demonstrated feasibility of measuring the
and 1" states are reasonably described by the presentdeuteron SFPs as well as the capability of the DWIA
calculations. Small but finite DWIA values ¢ for theory to reproduce the data will add a new and an
the 2" state is due to the spin—orbit distortion in the alternative probe of nuclear structure. Further experi-
optical potential. The dot-dashed line 68f for the ments are planed in search for theS = 1 and 2 tran-

1t state represents an IA prediction for transferred sitions in higher excitation energy regionfC and in
orbital, spin and total angular momenta b&J = other nuclei.
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