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Abstract 

The purpose of this work is to study the isoscalar spin excitations in nuclei through the 

polarization transfer measurement in inelastic deuteron scattering at Ed=270 MeV. The 

selective excitation of isoscalar transitions together with the capability of transferring 

spins to the target nucleus should make the reaction as one of the essential probes of the 

isoscalar spin excitations. The measurement of deuteron spin-flip probability 8 1 provides 

a means of disentangling between spin and non-spin excitations, while the measurement 

of deuteron double spin-flip probability 82 provides a possibility of identifying a new class 

of spin excitations with two units of spin-transfer. 

A focal plane deuteron polarimeter DPOL has been developed at RIKEN Accelerator 

Research Facility (RARF) by our group. The polarimeter can determine both the vec­

tor and tensor polarization components of the deuterons by making simultaneous use of 

the a+12 C elastic scattering and the 1H(J: 2p) charge exchange reaction as the analyzer 

reactions. 

We have performed the deuteron polarization transfer measurement by using DPOL 

on 28Si target at Ed=270 MeV for an excitation energy range between 4 and 21 MeV 

and an angular range between 2.50 and 7.50 The deuteron single and double spin-flip • 

probabilities have been extracted. A large 8 1 value of about 0.2 is observed for the 

isoscalar spin-flip 1+ state at 9.50 MeV, while small 8 1 values of around 0.05 are obtained 

for other non-spin-flip states. The 82 values are close to zero over the measured excitation 

energy region. 

Besides we have measured the cross section and analyzing powers Ay and Ayy for 

discrete levels including the ground state (elastic scattering) in 12C and 28Si using the 

(d, d') reaction at Ed=270 MeV. The lneasurement is intended to explore the validity 

of the distorted wave impulse approximation as a reaction model. A deuteron-nucleon 

t-matrix in free space derived from the three-nucleon Faddeev calculations is utilized as 

the projectile-nucleon effective interaction. The agreement between the data and theory 

is found to be well compared to that in the (p, p') reaction at similar incident energies per 

nucleon. 
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Chapter 1 

Introduction 

1.1 Spin Excitations and Nucleon Induced Reactions 

Spin excitations in nuclei have been extensively studied over the past several decades, espe­

cially since 1980's with the advent of intermediate energy accelerator facilities producing 

beams of hadrons and electrons suitable for high resolution nuclear spectroscopy. The 

spin excitations involve a spin transfer to the nucleus and are called magnetic transitions. 

The interest in understanding this basic mode of nuclear excitation is due to its close con­

nection to the properties of nuclear matter in the spin-dependent channels. For instance, 

from the excitation energy systematics one can deduce the strength of spin-dependent 

interactions inside the nucleus. The magnetic strength distributions are sensitive to var­

ious correlation effects and are the testing ground of theoretical models. Furthermore, 

since the spin excitations are truly microscopic excitations of the nucleus involving the 

rearrangement of only a few nucleons, they provide a good opportunity to test various 

microscopic reaction models and spin-dependent projectile-nucleon effective interactions 

when they are probed through hadron induced reactions. 

Most of the recent progress in our understanding of spin excitations comes fronl the 

nucleon charge-exchange and inelastic scattering experiments performed at intermediate 

energy region (100-1000 MeV). These experiments took advantages of the high selectivity 

of spin-flip excitation modes due to the strong spin-dependence of the nucleon-nucleon 

interaction at such energy region. Furthermore, interpretation of the data in terms of 

the distorted wave impulse approximation (DWIA) is expected to be reliable due to the 

simplicity in the reaction mechanism. 

The charge-exchange (p, n) reactions at forward angles have revealed the systenlatic 

presence of the 1+ (L = 0) giant Gamow-Teller (GT) resonance in a wide region of the 

nuclear mass table [1, 2, 3]0 The GT transition is a spin-flip, .6.8=1, and isospin-flip, .6. 

T=l transition. The GT cross section measured in the (p, n) experiments can be cOllverted 

1 



2 	 CHAPTER 1. INTRODUCTION 

into the GT strength. Experimentally only 60 % of the expected total GT strength could 

be found in the GT peak region. Two different mechanisms have been proposed to explain 

the so-called quenching of this GT strength, one is the coupling of the delta-hole (A-h) 

states into the low-lying 1+ states and the other is the configuration mixing due to the 

two-particle-two-hole (2p-2h) states. There has been considerable debate as to the relative 

inlportance of the two mechanisms. 

The giant magnetic dipole (M1) resonance in heavy-mass nuclei was discovered in the 

forward angle (p, p') reactions [4, 5, 6, 7]. The M1 transition is in an analog relation to 

the GT state which has an isospin quantum number T equal to that of the M1 state. 

The measured (p, p') cross sections were compared with theoretical predictions, and again 

evidence was found of substantial quenching for these M1 transitions. 

With the advent of focal plane polarimeters capable of working at intermediate energy 

region, several experiments aiming at measuring the spin-flip probability in the (p, p') 

reaction were carried out [8, 9, 10]. The excitation energy spectrum was separated into 

.6.8=0 and .6.8=1 contributions. An evidence was found of the spin-flip dipole and spin­

flip quadrupole resonances by performing a multipole decomposition of the spin-flip cross 

section [11, 12,13]. A previously unknown strong rise of the .6.8=1 strength relative to the 

.6.8=0 strength as the energy loss increases up to and above 40 MeV was observed in the 

momentum transfer region of around q.~ 100 MeV Ic [14,15, 16,17,18]. The enhancement 

of the relative spin response in the continuulll has been extensively discusses, since it 

provides for the first time a picture of the relative strength of 8=0 and 8=1 correlations 

in nuclei at low mOlnentum transfer. 

1.2 	 Isoscalar Spin Excitations and Deuteron Inelastic Scat­
tering 

The spin transitions excited through nucleon induced reactions, however, are mostly 

isovector .6.T=1 transitions. The charge-exchange reactions exclusively excite isovector 

states. Although the (p, p') reaction can excite isoscalar .6.T=O transitions, the spin-flip 

spectrum is dOlninated by the isovector transitions due to the relative dominance of the 

isovector part of the projectile-nucleon effective interaction in the spin dependent chan­

nel. Therefore, except for a few isolated states mostly in light nuclei, there is only limited 

information on the .6.T=O, .6.8=1 transitions so far by the (p, p') reaction. The primarily 

isoscalar spin transitions that have received most attention are listed in Table 1.1 [18]. 

It is expected that the infonnation on the .6.T=O, .6.8=1 transitions is helpful in 

understanding the quenching mechanism of spin transitions, because the "quenching" 

produced by .6.-h excitations is only effective to the isovector transitions. It should be 



3 1.3. TWO-PHONON SPIN-ISOSPIN STATES AND THE (D, D') REACTION 

Table 1.1: The isoscalar spin transitions that have received most attention in the past [18]. 

nucleus J1I" (Excitation Energy) 
1+ (12.71 MeV), 2- (18.3 MeV), 
Broad resonances in the low energy continuum. 
2- (8.87 MeV), 0- (10.95 MeV), 4- (17.79 MeV), 4- (19.80 MeV). 

sd shell 
nuclei 

Isolated low spin states. 
e.g. 1+ (9.83 and 9.97 MeV) in 24Mg and 1+ (9.50 MeV) in 28Si. 
Stretched states. 
e.g. 6- (11.58 MeV) in 28Si. 
1+ (5.85 MeV). 

also useful in elucidating the problem of the enhancelnent of the relative spin response in 

the continuum found in the (p, p') reaction. 

The polarization transfer measurement in inelastic deuteron scattering should be one 

of the essential probes of the isoscalar spin excitations. Since deuterons have an isospin 

quantum number of T = 0, the conservation of charge places a restriction on the isospin 

of the residual nucleus, which is forced to be equal to that of the target nucleus. Thus the 

reaction is selective of isoscalar ~T=O transitions. The spin S = 1 nature of the deuteron 

allows spin transfer to the target. The measurement of deuteron spin-flip probability will 

provide a means to disentangle between spin and non-spin excitations. Therefore a similar 

polarization technique used to extract information on the spin-dependent structure frOIn 

nucleon scattering may be also exploited for deuteron scattering. This led us to use the 

(d, d') reaction for the study of hitherto rarely observed isoscalar spin excitations. 

1.3 Two-phonon spin-isospin states and the (d, d') reaction 

Another goal of this experiment is related to the search for possible existence of two­

phonon spin-isospin states. Recently double giant resonances have attracted attention. 

The double giant dipole resonances have been identified in experilnents using the pion 

double change exchange reaction [19] and the semi-relativistic heavy ion Coulomb excita­

tion [20, 21]. The double giant quadrupole resonances have been observed in proton decay 

measurements through heavy ion inelastic scattering [22]. The two-phonon excitations of 

such an electric mode are now accepted to be a general feature of nuclei, which persist not 

only in low-lying surface vibrations but also in giant resonances [23]. On the other hand, 

two-phonon spin (magnetic) excitation has been identified neither in low-lying states nor 

in giant resonances up to now. 
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Of particular interest in the two-phonon spin excitation is the proposed double Gamow­

Teller (DGT) states [24, 25J. The DGT states are closely related to the ground-state 

double-beta transitions. The double-beta transitions exhaust only a minor portion of the 

DGT sum rule, while the major part of the DGT strength is expected to be contained in 

high-lying resonances [24J. Revealing the major part of the DGT strength in experiments 

should give constraints on the theoretical calculations of double-beta decay matrix ele­

ments. It would also improve our understanding on the spin-isospin properties of nuclei 

as did the single GT investigations. The double charge exchange reactions involving un­

stable heavy ions and pions, and the (p, ~-) reaction have been suggested as the probe 

of the DGT states [24, 25]. Although an experimental search for the DGT states using 

the double charge exchange reactions of intermediate energy heavy ions has been per­

formed [26], no identification of the DGT states could be obtained. The double charge 

exchange reactions make use of the ~T = 2 selectivity as the signature to identify the 

DGT states. 

The (d, d') reaction should provide an individual and an alternative probe of the DGT 

states since this reaction, by taking full advantages of the variety of spin observables, has 

a possibility of lneasuring the new class of spin excitations with two units of spin-transfer 

(~8=2). As they carry spin by one unit, the inelastic scattering of deuterons is capable 

of exciting ~8=2 transitions through two-step processes involving spin-flip of at least two 

nucleons in the target. We may expect that the deuteron double spin-flip probability has 

possible enhanced sensitivity to the presence of such transitions. 

1.4 Deuteron Spin-Flip Probability 

The observables of interest here are the deuteron single and double spin-flip probabilities, 

8 1 and 8 2 . They are defined as fractions of deuterons undergoing spin-flip by 1 and 2 

units along an axis normal to the reaction plane. Following the notation of Ohlsen [27J 

the deuteron spin-flip probabilities are given in terms of polarization observables by the 

relations (see Appendix C for derivation): 

8 = ~(4 - pylyl A yly/)
1 9 yy 2Kyy , (1.1 ) 

1 , I I

82 = -(4+2PYY +2A -9KY 
I 

+KYY)
, 

(1.2)18 yy y yY' 

The quantities A, P and K refer to the analyzing power, polarizing power and polarization 

transfer coefficient, one (two) indices stand for the vector (tensor) polarization, and lower 

(upper) indices stand for the incident (outgoing) beam. The quantity 8 1 includes the ten­

sor polarizing power pyl y' and the tensor to tensor polarization transfer coefficient K~~Y', 

and thus we must measure the tensor polarization components of scattered deuterons to 
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obtain 8 1. This makes the systematic study of 8 1 much more difficult than in the case 

for nucleon induced reactions, where the spin-flip probability 8nn can be extracted from 

the vector to vector polarization transfer coefficient Kt alone as, 

_ 1 ( y')Snn - 2" 1 - Ky . (1.3) 

To obtain 82, both vector and tensor polarization transfer components of the scattered 

deuterons must be determined. The quantities 81 and 8 2 are expected to provide sensitive 

signatures of spin transfers with 1 and 2 units, respectively. 

It should be stressed here that these spin-flip probabilities represent the projectile 

spin-flip and do not necessarily indicate the target spin-flip [28J. This means that one 

needs to rely on a suitable reaction model in order to understand the llleasured quantities 

in terms of the projectile-nucleon effective interaction and of the structure of the target 

nucleus. 

1.5 Reaction Model for Deuteron Inelastic Scattering 

Owing to the composite nature of the deuteron the reaction mechanism for deuteron­

nucleus scattering is not as well understood as in the case of nucleon-nucleus scattering. 

Recently Wiele et al. [29] have developed a microscopic distorted wave impulse approx­

imation (DWIA) model for the (d, d') reaction at intermediate energies. The model is 

based on the double folding method, where the deuteron-nucleus (dA) transition matrix 

is calculated, first by folding the on-shell N Nt-matrix with the deuteron wave function 

to yield the deuteron-nucleon (dN) t-matrix (folding dN t-matrix), then with the target 

transition density. In a previous application of the model, however, it was pointed out 

that the d + N elastic differential cross section is overestimated in the first folding by a 

factor of 1.2-2.0, which directly leads to too large dA differential cross sections [18]. The 

shortcoming of the folding model was attributed to the break-up effects associated with 

the weakly bound nature of the deuteron [30J. 

Today, three-nucleon Faddeev calculations make it possible to describe the deuteron­

nucleon (dN) scattering processes even at intermediate energies with a reliable accu­

racy [31]. Figure 1.1 compares the J + p elastic scattering data at Ed=270 MeV taken 

at RIKEN [32, 33J with predictions of the folding calculations (dashed lines) and of the 

Faddeev calculations (solid lines). Clearly the data are better reproduced by the Faddeev 

calculations. It is quite conceivable that a more precise DWIA description of the (d, d') 

reaction could be obtained by using the dN t-matrix based on the Faddeev calculations 

(three-body dN t-matrix) as the projectile-nucleon effective interaction. 
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Figure 1.1: Measured J + p elastic scattering data at Ed=270 MeV[32, 33] are compared 
with calculated results using dN t-matrices obtained frorn the folding and Faddeev cal­
culations. 

In a recent work such rigorous three-nucleon amplitudes have been successfully em­

ployed in a PWIA framework [34] for interpreting analyzing power data in the 3He{d~p) 
backward elastic scattering at Ed = 140, 200 and 270 MeV taken at RlKEN [35]. 

1.6 Existing Deuteron Spin-Flip Measurements 

The earliest measurement of 81 is the use of the (d, d' "'() method for the 2+ ( 4.44 MeV) 

and 1+ (12.71 MeV) states in 12C at Ed = 56 MeV [36]. It was shown that the cor­

relation measurements of the scattered deuterons and the emitted ",(-rays could yield 81 

values without llleasuring polarization observables. But this method is applicable only 

for transitions for which "'( decay branch to the 0+ ground state is known. The first di­

rect llleasurement of 8 1 was made using a tensor polarilneter POLDER [37] at Ed=400 

Me V [38]. The limited coverage of the experimental setup, however, confined the mea­

surelnent to be done only for the 1+, T=O (12.71 MeV) state in 12C at 4°, The (d~J) 
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measurements were performed using a vector polarimeter POMME [39] for nuclei cover­

ing a wide mass number region [40, 41, 42, 43]. In these measurements a vector quantity 

S~ was defined and used as the signal for isoscalar spin states. The quantity S~ can be 

obtained by measuring only the vector polarization of the scattered deuterons, 

(1.4) 


This quantity, however, is an approximate one which coincides with SI only when Ayy = 
pyl y' and S2 = O. It has been pointed out that for a complete separation of the AS =0 and 

AS =1 transitions the combination of a tensor polarized beam and a tensor polarimeter 

would be needed [44]. Moreover these measurements provided essentially no information 

on the double spin-flip strengths. 

In a recent work, the first polarization transfer (d, J) measurement with a 270 MeV 

deuteron beam at RIKEN was performed in order to explore the possibility of using 

the deuteron single and double spin-flip probabilities as probes of isoscalar single and 

double spin-flip excitations [45,46]. A focal plane deuteron polarimeter DPOL, capable of 

measuring both vector and tensor polarization components of deuterons, was developed for 

this experiment. The measurement was done on 12C target, as it has well known isoscalar 

1+ (12.71 MeV) and 2- (18.3 MeV) states. The primary result is shown in Fig. 1.2, where 

plotted are (a) the double differential cross section, (b) the cross section multiplied by SI 

and (c) the cross section multiplied by S2 as a function of target excitation energy. The 

apparent enhancement of the spin-flip cross section (Fig. 1.2 (b)) at the energy bin where 

the isoscalar 1+ and 2- states are known clearly derllonstrates the usefulness of SI as a 

tool identifying the presence of isoscalar spin strengths in the spectrum. The measured S2 

values were very close to zero and no appreciable double spin-flip strength was identified. 

The feasibility of rneasuring both SI and S2 at the same time over a wide region of the 

target excitation energy was derllonstrated. 

1.7 Thesis Objective 

The goals of the present thesis are two-folding. Firstly it is intended to extend the previous 

deuteron spin-flip measurement on 12C to a heavier sd-shell nucleus 28Si as a first step 

towards a systematic study of isoscalar single and double spin-flip excitations. The 28Si 

nucleus was chosen as it provides at least one pure isoscalar 1+ state known fronl (p, p') 

studies [47, 48J. A measurement was made on the cross section and eight polarization 
. . y' pyl y' Kyl Kyl Kyl y' d Kyl y'observables WIth respect to the y-aXIS, A y , AYYl P, 'Y' yY' Y au yY' 

for the 28Si{d, J) reaction at Ed=270 MeV. The measured excitation energy range was 

between 4 and 21 MeV and the angular range between 2.50 and 7.50 in the laboratory 
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Figure 1.2: Excitation energy spectra for the 12C(d, (f) reaction at Ed = 270 MeV inte­
grated over 8 lab = 2.5°-7.5 0 [45]. (a) The double differential cross section. (b) The cross 
section multiplied by 81 . (c) The cross section multiplied by 82 . 
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franle. The vector and tensor polarized deuteron beams were incident on a 28Si target and 

the inelastically scattered deuterons were analyzed in momentum by using the lnagnetic 

spectrometer SMART. A focal plane deuteron polarimeter DPOL was used to extract 

the vector and tensor polarization components of the scattered deuterons. The deuteron 

single and double spin-flip probabilities, 81 and 82, were determined as a function of 

excitation energy. 

A second nlOtivation is to investigate the applicability of the DWIA formalism [29] 

for the interpretation of the (d, d') scattering data at Ed=270 MeV. For this purpose 

part of the experinlent was dedicated to an additional angular distribution measurement 

of cross sections and analyzing powers for transitions to low-lying discrete states with 

known nuclear structure in 12C and 28Si. The elastic scattering was also measured to 

determine the optical potentials. At the same time, the DWIA model (T-Inatrix) given 

in Ref. [29] has been extended to accept the three-body dN t-matrix as the projectile 

target-nucleon effective interaction, in addition to the folding dN t-matrix. Up to now 

there have been very few conventional D WIA codes which can calculate microscopically 

the deuteron inelastic scattering at intermediate energy region using a realistic projectile 

target-nuclean effective interaction. By writing a code which is based on the extended 

DWIA T-matrix, a nlethod to analyze the data on the deuteron inelastic scattering has 

been developed. Comparison of the model predictions with the data will give constraints 

on the modeL The model is then applied to interpret the spin-flip probability data for 

selected transitions in 12C and 28Si. 

The experimental consideration concerning the focal plane polarimetry is given in 

Chapter 2. The experimental apparatus is described in Chapter 3, and the data analysis 

procedure in Chapter 4. The experilnental results are described in Chapter 5. Compar­

ison of angular distribution data with DWIA calculations is presented in Chapter 6. A 

conclusion is given in Chapter 7. 



Chapter 2 

Experimental Consideration 

2.1 Experimental Target 28Si 

In this thesis, we investigate the 28Si nucleus. It is an even-even self-conjugate (N =Z) 

nucleus having the ground state spin and parity of JTf 0+ with the isospin of To = O. The 

28Si nucleus has a spin-unsaturated shell configuration which, in a simple jj shell-nlodel 

picture, is characterized by the filled d,~/2 orbit and the empty d3/ 2 orbit. Due to this shell 

configuration it is expected that this nucleus has large M 1 type spin excitation strengths 

concentrated on relatively snlall number of states among the sd shell nuclei. Note that 

the Ml type spin excitation is formed, in a naive picture, by promoting a nucleon fron1 a 

j = l+~ orbit to its spin orbit partner j = l-~. Both T=O (isoscalar) and T=1 (isovector) 

1+ states has been identified by means of the (p, p') reaction perforrned at intermediate 

energy region [47, 48]. The isospin structure of the 1+ states has been discussed by 

comparing high resolution spectra obtained with (p,p') and (~He, t) reactions [49]. In 

the (d, d') reaction only the isoscalar states are excited due to the isospin selection rule. 

The T=O, 1+ states at 9.50 MeV has been established fronl the existing (p, p') and other 

experiments. This state should be helpful in Inaking a calibration of the detection system 

for the (d, d') polarization transfer experilllent. In addition data on such a state together 

with those already acquired for the T=O, spin-flip states in 12C [45] will provide an 

important bases for the systeIllatic study of isoscalar spin-flip transitions probed with the 

(d, d' ) reaction. 

The nucleus 28Si has attracted attention in connection with the quenching phenomena 

of spin excitations [47, 48, 50]. As mentioned above it has both T=O and T=I, 1'+ 

states. The 2p-2h lIlechanisln is COlnnlon to the quenching of both the T=O and T=1 

strengths, while the Ll-h mechanism contributes only to the T=1 strengths. The Ineasured 

cross sections for the T=O and T=I, 1+ states have been cornpared with the theoretical 

ones calculated using the realistic nuclear wave functions. Note that there is no nlOdel 

10 
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independent sum rule for Ml transitions and the total Ml strength depends strongly on 

the properties of the nuclear ground state wave function. In the analysis of the (p, p') data 

the unified 3d shell model wave functions based on the senIi-empirical two-body effective 

interaction of Wildenthal [51, 52] was utilized. This interaction gives excellent fits to the 

binding energies for the ground states and the excited states of the 3d-shell nuclei, Fronl 

the comparison it was found that both isoscalar and isovector 1 + transitions are quenched 

by a similar amount. Based on this observation it was suggested that the ~-h explanation 

of the quenching is not the most important one [47, 48, 50]. 

It is one of the purpose of this work to see whether the reaction mechanism of the 
/(d, d ) reaction at intermediate energy is simple and tractable enough to allow one to use 

this reaction for the study of quenching problem in the same quantitative manner as that 

for the (p, p') reaction at similar incident energies per nucleon. 

2.2 	 Analyzer Reactions for A Focal Plane Deuteron Po­
larimeter 

The polarization transfer observables are determined in an experiment, in which polar­

izations of outgoing particles are measured using a polarimeter after the scattering of 

incident polarized particles by the primary target. In the energy region of interest here 

the polarimeter inevitably relies on certain nuclear reactions (analyzer reactions) capa­

ble of producing aSYllllnetries related to the beanl polarizations. The experiment thus 

involves double scattering. Since in such a double scattering experiment the number of 

incident particles into the polarimeter is less by several orders of magnitude than that 

into the prinlary target, it is indispensable to develop a high efficiency polarilueter. In 

order to improve the perfonuance of the polarimeter, the polarimeter system lllUSt have 

large enough acceptance for suitable analyzer reactions, which should have large cross 

sections and effective analyzing powers for the energy region of interest. In addition, for 

the present particular application aiming at extracting both single and double spin-flip 

probabilities S1 and S2 in inelastic deuteron scattering, it is crucial for the polarilueter to 

have high sensitivity to both vector and tensor components of the deuteron polarization. 

In order to meet the above requirements, a focal plane Deuteron POLarilneter DPOL 

has been developed at RIKEN. It was designed to measure both vector and tensor polar­

ization conlponents by combining two nuclear reactions, 

• The J+ 12C elastic scattering, 

• The 1H(J: 2p) charge exchange reactioll, 
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which show large angular asymmetries depending respectively on the vector and tensor 

cOlnponents of the incident deuterons. Large effective analyzing powers ((Tu) = 0.17 "" 

0.27, (T20)= 0.18 "" 0.19 and (T22)= 0.13 "" 0.18) and high efficiencies (£=1.20",,1.00% 

for vector and £=0.082",,0.090% for tensor) are confirmed in calibration experiments per­

fornled at incident deuteron energies between 230 and 270 Me V, whose results are SUln­

marized in appendix A, Characteristic features of the analyzer reactions and comparison 

in performance with other polarinleters are described below. 

2.2.1 The l+ 12C Elastic Scattering 

At intermediate energy region, the jJ+ 12C inclusive scattering has been in a conventional 

use as a vector polarization analyzer for proton polarimeters. It has been shown that any 

intermediate energy proton polarimeter can easily be transformed into a deuteron vector 

polarilneter by adding an absorber in front of the final particle trigger. The senli-inclusive 

J+ 12C scattering gives a sizeable vector analyzing power provided nlost of the break-up 

protons are elinlinated by the absorber. Other polarinleter systenl based on this reaction, 

POMME [39] has been developed at SATURNE. 

2.2.2 The 1H(J: 2])) Charge Exchange Reaction 

Bugg and Wilkin [53, 54] exalnined the 1H(d, 2p) reaction within a single scattering plane 

wave impulse approximation (PWIA) modeL They predicted large tensor analyzing pow­

ers and sizeable cross sections for deuteron energy range between 200 and 400 MeV, in 

the case where outgoing two protons are detected in the peak of the singlet (180) final 

state interaction. Their predictions were confinned in experiInents performed at Ed=200 

and 350 MeV [55, 56, 57]. In these works, following advantages as a polarization analyzer 

were reported: 

• Large figure of merits for tensor analyzing powers above 200 Me V. 

• Clear event selection due to coincidence detection of two protons. 

• Simple reaction mechanism well described by the impulse approxinlation. 

These properties were also confirmed in experinlents at RIKEN. Figure 2.1 COlnpares 

experimental distributions of various quantities (shaded histograms) for the 1H(d, 2p) 

reaction measured at Ed=270 MeV, (a) the missing mass, (b) the kinetic energy of indi­

vidual protons, (c) half the 2p relative InOlnentum and (d) the momentuln transfer, with 

PWIA model calculations (solid lines) refined by Carbonell et al. [58]. A good agree­

Inent of the data with theory is seen over a large phase space region, The applicability 

http:1.20",,1.00
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of PWIA was helpful for energy interpolation and efficiency correction in data analysis 

procedure. Details on the event selection and model calculations are given in section 4.4 

and appendix B, respectively. The polarimeter POLDER [37] based on this reaction has 
been developed at SATURNE. 
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Figure 2.1: Comparison of the experimental data for the 1H(d, 2p) reaction at Ed=270 
MeV with Monte Carlo predictions using a PWIA model of Carbonell et al. [58]. The 
data (shown as shaded histograms) are obtained after rejection of the background events. 
The predictions (shown as solid lines) are filtered by the experimental setup. The figures 
display spectra on (a) the missing mass Mm , (b) the kinetic energy of individual protons 
Tp , (c) half the 2p relative monlentum k and (d) the momentum transfer q. The range in 
k is restricted below k 0.4 fm -1 except for panel (c). 
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Figure 2.2: Comparison of figures of merit among intennediate energy deuteron polarinle­
ters DPOL~ POMME and POLDER. 

2.2.3 Comparison with Other Polarimeters 

The figure of merit (FOM) of a polarimeter is an iruportant quantity which characterizes 

the performance of the polarimeter. The definition is given in appendix A. It allows one 

to conlpare different apparatus. Figure 2.2 COInpares FOM values of DPOL with those 

of other polarimeters POMME and POLDER. Although the FOM values of DPOL are 

slightly lower that those of the others (this is mostly due to the thickness of the analyzer 

target), DPOL has a characteristic feature with the FOM values which are high enough 

for both vector and tensor analyzing powers. Since the secondary reactions are mea­

sured shnultaneously in a single counter configuration in the DPOL polarimeter systeru, 

one can reduce systematic uncertainties, cornpared to those attainable from sequential 

measurements using different polarimeters. 



Chapter 3 

Experimental Arrangement 

The experiment was performed at the E4 experimental room of RIKEN accelerator re­

search facility (RARF) (see Fig. 3.1). The 270 MeV deuteron beams from the Ring 

Cyclotron polarized normal to the scattering plane with an average current of 10 nA were 

led through a beam twister and a beam swinger onto an experimental target placed in 

a scattering chaInber. The magnitude of the beam polarization was measured using the 

J+ p elastic scattering at 270 Me V. Scattered deuterons were detected using the SMART 

spectrOlneter consisting of three quadrupoles (Q) and two horizontally bending dipoles 

(D) in the QQDQD configuration. It was instrumented with a multiwire drift chalnber 

(MWDC) for track reconstruction and two plastic scintillation detectors (SCI and SC2) 

for triggering. The scat tering plane was perpendicular to the dispersive plane, and the 

beam polarization axis was rotated by using a Wien filter at the ion source. The vector 

and tensor polarizations of outgoing deuterons were Ineasured in a deuteron polarilneter 

DPOL at the focal plane of SMART by using the J + 12C and IH(i 2p) reactions. 

The calibration of the polarimeter was perfonned in a separate measurernent by letting 

direct beams with known polarizations onto the analyzer target of the polarirneter. 

The relevant experinlental setup is described in this chapter. 

3.1 Polarized Deuteron Beam 

3.1.1 Polarized Ion Source 

The vector and tensor polarized deuteron beams were produced with an atomic-bealn­

type RIKEN polarized ion source [59] in the following sequence. Firstly, the deuterium 

nlOlecules were dissociated into atoms with 13.56 MHz radio frequency (RF) discharge in 

the dissociator. Secondly, the nuclear polarization was produced by using two sextupoles, 

where atoms which had electrons with spin up were selected, and three RF transition 

units, where in the presence of magnetic field adiabatic transitions between hyper-fine 

15 
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o m 10 m 20 m 

Figure 3.1: RIKEN Accelerator Research Facility, The experirnent was perfornled at E4 
experimental room.. 

levels took place. Finally, the polarized atoms were ionized by an electron cyclotron 

resonance (ECR) ionizer. The spin states were exchanged at 0.2 Hz. 

3.1.2 Wien Filter 

In order to control the polarization axis of sYlnmetry of the beam into a desired direction, 

a Wien filter was located at the exit of the ion source. It generated a magnetic field and an 

electric field on the beam path perpendicularly to each other. With a suitable adjustment 

of the field strengths, it allowed us to rotate the polarization axis by a certain amount of 

angle while keeping the beam trajectory straight (unchanged). In addition the whole Wien 

filter system was mechanically turnable around the beam path so that we could choose the 

direction in which the polarization axis was tilted. Figure 3.2 shows the transverse vector 

polarization Px measured with the D-room polarimeter (see subsection 3.1.4) plotted as 
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a function of Wien filter rotation angle p. The data points are well fitted by a sine curve. 

3.1.3 Beam Acceleration and Transport 

After pre-acceleration up to 14 MeV with the K70 AVF cyclotron, operated at an RF 

frequency of 16.3 MHz with a harmonic number of 2, the polarized deuteron beam was 

injected into the main K540 Ring cyclotron, operated at an RF frequency of 32.6 MHz 

with a harmonic nunlber of 5, in which the beam was accelerated up to 270 MeV. The 

beam bunch interval was 61.3 ns and the bunch width was less than 1 ns. The single turn 

extraction in both AVF and Ring cyclotrons was maintained during the experiment. It was 

indispensable in attaining arbitrary control of the polarization axis on the experimental 

target using the Wien filter located at the ion source. 

Figure 3.3 shows the beam envelops through the 73 m transport line calculated with the 

TRANSPORT [60]. Following requirements were imposed on the transport parameters: 

(1) the small beam spots at the experimental and polarimeter targets, (2) the beam size 

as small as possible in the SMART beam swinger to prevent producing background beam 

halos and (3) the achromatic focus onto the experimental target. The beam spot size at 
2the experimental target was typically 1.5 (H) x 0.6 (V) mm . 

3.1.4 Beam Line Polarimeter 

Two beam line polarimeters based on the l + p elastic scattering at Ed=270 MeV [32J 

were use to measure the beam polarizations. The D-room polarimeter was composed of 

four pairs (left/right/up/down) of counter telescope, each consisted of a plastic scintillator 

(NE102) directly mounted on a photomultiplier tube (Hamamatsu, Hl161). The counter 

specification is given in Table 3.1. Each pair of telescope detected a scattered deuteron and 

a recoil proton from the CH2 target in coincidence at a center-of-mass (c.m.) scattering 

angle of 86.5°. The anode signals from the "d" and "p" counters were transmitted to 

constant-fraction discriminators (CFDs), which generated 20 ns wide logic pulses. The 

number of coincidence of each pair was counted by CAMAC scalers. By appropriately 

setting the CFD threshold, the coincidence signal became almost corresponding to the 

l+p elastic scattering. The accidental coincidence was taken into account by counting the 

number of coincidence in which one of the logic pulses was delayed by an amount of the 

beam bunch interval. The swinger polarimeter had a similar detector arrangement to the 

D-room polarimeter. The counter specification is given in Table 3.1. It was located 80 cm 

upstream from the experimental target so that it could measure the beam polarization 

on target directly. The swinger polarimeter was used in a frequent check of the bearIl 

polarization during experiment. The effective analyzing powers of these polarinleters are 
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the D-room polarimeter as a function of the Wien filter rotation angle p. 
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summarized in Table 3.2. 

Due to the Larmor precession of the polarization axis inside the beanl swinger, the 

direction of the polarization axis on target at the D-room polarimeter does not coincide 

with that on the experimental target at SMART, except when the bean1 swinger is set at 

zero degree (see section 3.3 for the SMART beam swinger). Figure 3.4 defines the coor­

dinate systems to describe the beam polarizations at the D-room polarimeter and at the 

SMART scattering chamber. Referring to these coordinate systems the polarization vec­

tors PD and PT, which respectively specify the polarization axis at the D-room polarimeter 

and at the SMART scattering chamber, are related by the orthogonal transformation: 

(3.1) 

with 

2-sinasin8sw - cos 0 sin2 
0 cos 8sw cos 0 sin 0(1 - cos 8sw) ) 

Mt = cos8sw -sinosin8sw -cososin8sw, (3.2)
( coso sin 8sw - cos 0 sin 0(1 - cos 8sw ) cos2 0 cos 8sw + sin2 0 

where Ssw is the swinger rotation angle. The angle 0 is the precession angle of the 

polarization axis when the beam is deflected by (Jorb = 90°. It is given by 

(3.3) 


where 9 is the gyrOluagnetic ratio of the deuteron, Md and Mp are the deuteron and proton 

masses and, is the Lorentz factor. For 270 MeV deuterons 0 is calculated to be 75.28°. 

For each setting of the SMART beam swinger the Wien filter parameters (the rotation 

angle and the electric and magnetic field strengths) were adjusted using the relation in 

Eq.(3.1) in such a way that the beam polarization axis on the experiInental target was 

directed toward a certain desired direction. 
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Table 3.1: Counter specification of the beam line polarimeters. 

Polarimeter Ann Lab. angle Size Distance Degrader 

(deg.) (mm3 ) (mm) (nun) 

D-room d 25.5 101' x 20B x 36<t> 515.0 33.5 (AI) 

pol. p 45.0 lOT x 25° x 364> 365.0 32.0 (AI) 

Swinger d 26.2 101' x 8° x 12¢ 155.0 6.0 (Fe) 
43.3 lOT x 8° x 124> 115.0 11.0 

Table 3.2: Effective analyzing powers [61] for the J+p elastic scattering at Ed=270 MeV. 

Polarimeter 
D-room pol. 86.5 0 -0.381 ± 0.006 0.491 ± 0.016 -0.492 ± 0.014 

Swinger pol. 90.0 0 -0.391 ± 0.007 0.478 ± 0.016 -0.450 ± 0.014 


Swinger
D-room polarimeter SMART 

y 
coordinate coordinate 

Target 

To Faraday cup 

Figure 3.4: The coordinate systems which specify the beam polarization at the D-room 
polarimeter and at the SMART scattering chamber. The swinger rotation angle is denoted 
by 8sw. 
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Figure 3.5: A vertical section view of the SMART scattering chamber. 

3.2 Target and Scattering Chamber 

Figure 3.5 shows a vertical section view of the scattering chamber. The silicon target was 

a self supporting foil of natural abundance (92.2 % 28Si) with a thickness of 58.14 ± 0.36 

Ing/cm2. The carbon target was a self supporting foil of natural abundance (98.9 % 12C) 

with a thickness of 31.30 ± 0.06 mg/cm2 • The thicknesses of the targets were chosen so 

that enough scattering yields could be obtained while at the same time a good energy 

resolution is maintained. The estimated energy loss~ root nlean square Coulomb multiple 

scattering angle and energy struggling (in standard deviation) for 270 MeV deuterons is 

summarized in Table 3.3. Both targets had a large areal dimension of 44 InnI (width) x 

26 mm (hight) in order to reduce background due to edge scattering fronI the holder. 

Table 3.3: The estimated energy loss, Coulomb multiple scattering angle and energy 
struggling for 270 MeV deuterons on the experimental target used in this experiInent. 

Target Energy loss Multiple scattering (rms) Energy straggling (a) 
(MeV) (deg.) (MeV) 
0.17 0.03 0.05 
0.28 0.06 0.07 
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Figure 3.6: Layout of the experimental setup. The SMART spectrorneter consists of three 
quadrupoles (Q) and two horizontally bending dipoles (D) in the QQDQD configuration. 
The polarimeter DPOL is placed at the focal plane of SMART. 

The scattering chamber had a cylindrical shape with an inside diameter of q:, = 510 

mm. It had a target holder capable of mounting up to 4 targets. To keep the target 

thickness constant the holder was rotated in such a way that the normal direction to the 

target plane always coincides with the incident beam axis. The solid angle of the scattered 

deuterons was defined with a 5 cm-thick lead collimator located 40 cm downstream from 

the target. For measurements at the swinger angle of 50 a collilnator bored with a wedge 

shaped hole, defining the azimuthal scattering angles within ±12° and the polar angles to 

2.50 7.50 
, was used in order to reduce out-of-plane scattering. The beam was stopped 

by the insulated collimator for measurements with swinger angles less than 130 
, otherwise 

it was stopped by a Faraday cup mounted on a turn table. 

3.3 Magnetic Spectrometer SMART 

The primary scattering was llleasured with a magnetic spectrometer SMART, a Swinger 

and a Magnetic Analyzer with Rotators and Twisters [62). The layout of the spectrometer 

system is shown in Fig. 3.6. 
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Table 3.4: Characteristics of the SMART focal planes. 

focal plane FP-1 FP-2 
Type Q-Q-D Q-Q-D-Q-D 
p/Jp 3000 12000 
Momenturn range 20 % 4% 
Dispersion 3.4 m 7.5 m 

200 nlf~ x 100 mrHMaxiInum aperture 200 nlf~ x 50 nlr~ 
Maximum solid angle 20 msr 10 nlsr 
Mean orbit radius 2.4 m 2.4 In 

Maximum rnagnetic field 1.5 T 1.5 T 
60°-120°Bending angle 60° 
50 cmH x 10 cm\Size of the focal plane 120 cmH x40 cm'" 

perpendicularreaction plane 

3.3.1 SMART Magnetic Analyzer 

The incident deuteron bearn was lead onto the experimental target from various incident 

angles by rotating the beam swinger. The angular distribution measurement was carried 

out without rotating the analyzer magnets. The reaction plane was vertical in this system. 

The beam twister [63] consisted of a septet of quadrapoles mounted on a rigid frame 

turnable around the beam axis. It worked as a beam inverter which could match the 

ion optical symnletry plane of the upper-stream transport systern to that of the beam 

swinger. Using the beam twister the beam spot on target was kept unchanged against 

the swinger rotation. 

The inelastically scattered deuterons were analyzed in momentum with the magnetic 

analyzer consisting of a QQD-QD nlagnet sequence" The system had two focal planes. 

The first three elements QQD dispersed the outgoing particles from the primary target on 

the first focal plane (FP-1)" The last two elements QD further rnagnified a part of inlage 

produced at the FP-1 to give the second focal plane (FP-2), where focal plane detectors 

were placed. Typical characteristics of the SMART two focal planes are sUIllluarized ill 

Table 3.4. 

It was not practical to have elastic and inelastic peaks sinlultaneously in the focal 

plane detectors at FP-2 due to the overwhelmingly large counting rate of the elastic peak 

A movable slit system located at FP-1 was used to cut unwanted peaks. Figure 3.7 shows 

typical excitation energy spectra taken for the 28Si(d, d) reaction at Ed=270 MeV and at 

7° obtained with (hatched region) and without (unhatched region) a cut by tllP8 lab 

slit. By carefully setting the position of the slit the elastic peak could be well suppressed 
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Figure 3.7: The slit system at FP-l is used to suppress the elastic peak without affecting 
other inelastic peaks. The spectra are obtained for the 28Si(d, d) reaction at Ed=270 MeV 
and at Blab = 7° with and without a cut by the slit. 

without affecting other inelastic peaks. This allowed us to take reliable data at angles as 

small as 2.50 and at excitation energies as sInall as 1 MeV. 

Typical first order transfer lnatrix for FP-2 calculated with the code OPTRACE [64) is 

listed in Table 3.5. The horizontal and vertical beanl envelopes through the spectrometer 

are shown in Figs. 3.8 and 3.9, respectively. Point-to-point focusing was obtained in the 

dispersive plane, while the point-to-parallel optics property was achieved in the vertical 

plane. 

Table 3.5: A typical first-order transfer matrix of SMART FP-2 calculated with the code 
OPTRACE [64], x, y and z are expressed in Cln, 0 and 4> in nlrad and 8 in %. 

x' 0.5212 -0.0007 0.0000 0.0000 0.0000 -7.5131 x 
0' 18.8574 1.9009 0.0000 0.0000 0.0000 -38.0819 0 
y' 0.0000 0.0000 -0.8337 -0.0573 0.0000 0.0000 y

= 0.0000 0.0000 16.0780 -0.0946 0.0000 0.00004>' 4> 
z' 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 z 
8' 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 8 
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Figure 3.8: Horizontal beam envelopes through the spectrometer. The lines show hori­
zontal displacements of the rays with horizontal scattering angles of a = ±25, ±12.5 and 
omr, and with mmnentum deviations of 8 = ± 2 and 0 %. 
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Figure 3.9: Vertical beam envelopes through the spectrometer. The lines show vertical 
displaceInents of the rays with vertical scattering angles of {3 = 50, 25 and 0 mr, and with 
momentum deviations of 8 = ± 2 and 0 %. 
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Scattered 
particles 

Figure 3.10: A sieve slit located at a distance of 405 Innl from the target was used to 
investigate the ion optical property of SMART FP-2. 

3.3.2 Optics Study 

The ion optical property of SMART FP-2 was studied prior to measurements. Elastically 

scattered deuterons from an Au strip target (2 nUll wide and 60 J-L m thick) were measured 

at several spectrometer excitations with a 'sieve-slit' having a grid of holes (lmm 4» (see 

Fig. 3.10) to calibrate the trajectory reconstruction coefficients for the scattering angles 

and the nlomentum reconstruction coefficients. The slit was positioned 405 mm behind 

the target. Figure 3.11 shows a two-dimensional plot of the reconstructed image of the 

slit. Also shown in the figure are the projections of the image on both horizontal and 

vertical axes. The angular resolution is found to be better than 3 and 4 mrad in FWHM 

for dispersive (a) and vertical ({3) scattering angles, respectively. The values include 

contributions of 2.4 mrad from the finite size of a hole in the slit, Due to the good 

angular resolution achieved it was possible to subdivide acceptance solid angles of the 

spectrometer by software cuts. 
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Figure 3.11: Reconstructed images of the sieve-slit obtained from the optics study of 
SMART FP-2. The angular resolution of the spectrometer system is estimated to be 
less than 3 and 4 mrad in FWHM for dispersive (a) and vertical ({3) scattering angles, 
respectively. 
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Figure 3.12: A scale drawing of the polarinleter DPOL (side view). 

3.4 Focal Plane Deuteron Polarimeter DPOL 

The focal plane deuteron polarimeter DPOL was located at SMART FP-2. It consisted 

of three parts, amultiwire drift chamber (MWDC), an analyzer target and a counter 

hodoscope system. Schelnatic layouts of the counter configuration are shown in Figs. 3.12 

and 3.13. The deuterons from the primary scattering were incident on the analyzer target 

behind the MWDC. The analyzer target is comprised of two plastic trigger counters, 

SC1 and SC2, equipped with a polyethylene block. The hodoscope system, located 4 m 

behind the analyzer target, was used to detect proton pairs in a 1So state produced by 

the 1H(d. 2p) charge exchange reaction, and deuterons frOID the d+ 12C elastic scattering. 

In order to discriminate between the two analyzer reactions in a trigger decision level the 

hodoscope system is composed of two planes of segmented plastic scintillator array, the 

front plane is named HOD and the rear one CM. 

3.4.1 Multiwire Drift Chamber 

The multiwire drift chamber (MWDC) was used to determine the particle trajectory 

incident on the analyzer target at SMART FP-2. A schematic drawing of the MWDC is 

shown in Fig. 3.14. The characteristics are summarized in Table 3.6. 
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Figure 3.13: A schematic representation of the polarimeter DPOL. 
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Figure 3.14: A cross sectional side view of the focal plane MWDC. 

The MWDC was operated at atmospheric pressure. It was located with its front 

myler window 4 cm behind the rear end of a vacuum flange having a 50 /lm-thick Kapton 

window. It had a sensitive area of 64 crn(W) x 16 cm(H) encompassing the full length 

of FP-2. The chamber had eight layers of sense-wire planes with X-Y-X'-Y'-X'-Y'-X-Y 

configuration, where the coordinates were chosen along the optic axis (Z), parallel to the 

dipole field (Y) and in the dispersive (X) direction. All the sense planes were normal 

to the Z axis and were separated by a distance of 5 cm from each other. In order to 

solve the left-right ambiguity the primed planes were half cell displaced relative to the 

unprimed ones. The sense planes were consisted of alternating anode and potential wires. 

The cathode planes were consisted of equally spaced cathode wires. The anode wires were 

grounded through amplifier/discriminator cards. The cathode and potential wires were 

at negative high voltages. 

A gas mixture was Ar (50 %) + C2H6 (50 %). It was bubbled through iso-propyl alco­

hol which was cooled down to 0° in order to reduce an ageing effect caused by hydrocarbon 

accumulation on wires [651. The gas flow rate was kept at 50 cc/min. 

Typical plateau curves nleasured for 270 Me V deuterons and operation high voltages 

are shown in Fig. 3.15. The overall detection efficiency was more than 99 %. A typical 

intrinsic position resolution was 90 /lm in a for one plane, as shown in Fig. 3.16. The 

figure shows the drift-length sum for pairs of planes half cell displaced to each other, 

where the width of a peak represents v'2 times the intrinsic resolution. 
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Table 3.6: MWDC parameters. 

Parameter X(X') plane Y(Y') plane 
Inside volume x, y, z 80 em x 22 em x 50 em 
Number of planes 8 planes (X,Y,X',Y"X"Y',X,Y) 
Active area 64 em(x) x 16 em(y) 
Separation of XY planes 5em 
Cell size 20 mm x 20 mm 10 mm x 10 mm 
Number of cells 32 cells/plane 16 cells/plane 
Anode wire (tension) ¢ 30 JLm Tungsten (80 g) 
Cathode wire ¢ 100 JLm Cu-Be (120 g) 
Potential wire ¢ 100 JLID Cu-Be (120 g) 
Gas mixture Argon (50%) : Ethane (50%) 
Cathode voltage -3.2 kV -2.4 kV 
Potential voltage -3.2 kV -2.4 kV 
Window material Myler (25 JL m) 
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Figure 3.15: Typical plateau curves and operation high voltages of the MWDC. 

..80 -. 
~ 

>-. 
C) 

.. 
~ 	 60 
Q)

."""
C)

."""'+-I 

'+-I 

!:LI 40 
C)...... 
fIl 
~ .""" 

-+oJ""" 	 20 ~ ....... 


--:+-:- Xl 

~X2 

~X3 

~X4 

MWDC plateau 



32 

147 

CHAPTER 3. EXPERIMENTAL ARRANGEMENT 

~ 

~ 1200 

~ 
0 
\.)1000 

800 


600 


400 


200 


0 


~ 
~2500 
0 
\.) 

2000 


1500 


1000 


500 


0 

~ 
~ 

51000 

\.) 

800 


600 


400 


200 


0 

9 10 II 


ID;;::.146,N=22350 

MWDC_d/:r/+dlx2 (mm) 


~ 
~ 2500

8 


2000 


1500 


1000 


500 


o 
4 
 5 6 


ID=148,N=54480 
MWDC_dlyJ+dly2 (mm) 

~2461 

Willi 

,.Jl,MfH. 
I (,r, 

YiilU 
/lHKI 

11.1344 

10 /I 

ID=147,N=22461 
MWDC_dlx3+dlx4 (111m) 

I/) 

l:;tUrtt',\ 

Mean 
JW.L ..__.. 

/ndf ]70Y 

Can.wlIlII 
Mnm 
.\igmfl 

9 


4 
 5 6 


ID=149,N=54516 
MWDC_dly3+dly4 (mm) 

Figure 3.16: Typical distributions of the drift-length sunl for pairs of planes which are 
displaced by a half cell to each other. The width of a peak represents J2 times the 
intrinsic position resolution, while the position of a peak represents the maximum drift 
length. 
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Table 3.7: The thicknesses of carbon and hydrogen material contained in the scat terer. 

Target Thickness Density HjC H C 
(cm) (gjcm3 ) ratio (gjcm2 ) (gjcm2 ) 

SCI 1.0 1.032 1.104 0.087 0.945 
CH2 2.5 0.944 2.0 0.337 2.023 
SC2 0.5 1.032 1.104 (0.044) 0.473 
total 4.0 0.424 3.440 

3.4.2 Analyzer Target 

Two plastic scintillation counters (Bicron BC-408L SCI and SC2, and a polyethylene 

(CH2 ) block in between was used as an analyzer target (scatterer) (see Fig. 3.14). The 

SCI and SC2 counters had a sanIe areal dimension of 18.0 cnI (height) x 80 cm (widthL 

and thicknesses of 1.0 cm and 0.5 cm, respectively. The CH2 block had a dimension of 15 

cm (hight) x 75 cm (width) x 2.5 cm (thick). The thicknesses of carbon and hydrogen 

nlaterial contained in the scatterer are listed in Table 3.7. 

The total thickness of the scatterer was determined so as to have enough reaction 

rates while keeping the multiple Coulomb scattering to an acceptable level. The resulting 

reaction rates were as lnuch as 10-3 and 10-4 per one incident deuteron for the elastic 

scattering and the charge exchange reaction, respectively (see Appendix A). The esti­

mated values on the energy loss, multiple Coulomb scattering and energy straggling for 

270 MeV deuterons are summarized in Table 3.8. Furthermore, the .scatterer must be 

thin enough to ensure 100 % detection efficiency for proton pairs produced by the charge 

exchange reaction within the acceptance of the detector system. This is because large 

systematic errors can be brought about through an unpredictable threshold effect in the 

t20 polarization component, which manifest itself in the change of the overall efficiency of 

the scattering yield. Figure 3.17 compares the velocity distributions of each proton for the 

charge exchange reaction at 270, 250 and 230 MeV with those obtained from the Monte 

Table 3.8: The estimated energy loss, Coulomb rnultiple scattering angle and energy 
struggling for 270 MeV deuterons on the secondary target. 

Energy loss Multiple scattering (rms) Energy straggling (a) 
(MeV) (deg. ) (MeV) 
18.67 0.42 0.57 
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Figure 3.17: Velocity distributions of individual protons produced through the charge 

exchange 1H(d, 2p) reaction at 270, 250 and 230 MeV. The shaded histogralns are ex­

perinlental results, while the solid lines are results of a Monte Carlo siInulation given in 

Appendix B. The thickness of the scatterer in this experiInent ensures 100 % detection 

efficiency for individual protons having velocity above 7 (cln/ns) within the experinumtal 

acceptance. 
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Carlo simulation (see Appendix B). We see that the proton events having velocity below 

7 (cm/ns) suffer from detection losses presumably due to insufficient amount of energies 

deposited in the HOD counter, while those having velocity exceeding 7 (cm/ns) are free 

from such an unwanted threshold effect. 

The SCI and SC2 counters were equipped with photomultipliers (Hanlamatsu Hl161) 

on both ends through fish-tail shaped light guides. They were also used as trigger counters. 

A coincidence signal from SCI and SC2 provided the main trigger. The averaged timing 

of signals from all the four PMTs given by 

TL(SCI) + TR(SC1) + TL(SC2) + TR(SC2)
T(SC) (3.4)

4 

gave time zero for drift time measurement in MWDC and time-of-flight measurenlent of 

the secondary scattering. 

3.4.3 Counter Hodoscope 

The DPOL counter hodoscope was located about 4 m downstream of the scatterer. It 

measured the arrival tiIning and hit position of charged particles produced through the 

secondary reactions. The hodoscope had an areal dimension of about 2 x 2 m2 covering an 

angular region where large figure of merits are ensured for both of the analyzer reactions. 

The front plastic countetwall, HOD, detected both protons and deuterons, while the rear 

wall, CM, having an iron absorber in front of it, was only sensitive to high energy particles 

(nlOstly deuterons). In the off-line analysis, the time-of-flight lneasurement between se 
and HOD offered the finer event selection. The ADC data of HOD and CM were also 

used for particle identification. All counters were arranged symmetrically with respect to 

the dispersive plane. There was no counter placed near the dispersive plane in order to 

reduce hits caused by deuterons without any scattering in the analyzer target. 

Figure 3.18 (a) shows a schelnatic view of the HOD counter, a plastic scintillation 

counter (BC-408) wall comprising twenty-eight independent horizontal segments. Each of 

HOD counter had a size of6.5 cm (height) x 6.5 cnl (thickness) x 220 cm (width), and was 

viewed by Hamamatsu Hl161 photomultiplier tubes (PMTs) at both ends. The PMTs 

were coupled directory to the scintillator by the optical celnent NE581. Seven counters 

were put together into an aluminiurIl box, the innermost two boxes were oriented nonnal to 

the beam axis, while the outermost ones were tilted by so as to reduce subsequent 

hits of adjacent counters caused by a single charged particle. The arrival tiIlling of a 

charged particle at HOD was determined by the averaged tinling of two signals from 

PMTs at both ends. The time-of-flight between SC and HOD was give by 

. F = TL(HOD) + TR(HOD) seT() 2 T( .I). (3.G) 
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Figure 3.19 shows the time-of-flight spectrum measured for the d + C elastic events. 

Typical timing resolution after the slewing correction (see section 4.3) was 220 ps in 

FWHM. With a flight path of 4 m, it corresponds to kinetic energy resolution of 6T/T=l. 7 

% (in FWHM) for 250 MeV deuterons. The d+ C elastic data were used to determine 

timing offset parameters, the fluctuation of which during measurement was corrected for 

run by run in the off-line analysis. The horizontal hit position, Y, was determined by the 

timing difference between two signals from PMTs at both ends given by 

TL(HOD) - TR(HOD)
Y (3.6)Ceff x 2 ' 

where Ceff is the propagation velocity of light within the HOD scintillator. Position calibra­

tion was made off line using radioactive source. The averaged value of Ceff was measured 

to be 15.6 cnl/ns. Typical position resolution in the horizontal direction was 4.0 cm in 

FWHM as shown in Fig. 3.20. The figure shows the hit position difference for a pair 

of adjacent HODs hit by a single charged particle, the width of the spectrunl represents 

v'2 times the intrinsic position resolution. The hit position in the vertical direction was 

determined by identifying the counter that had hit. 

Figure 3.18 (b) shows a schematic view of the CM counter, a plastic scintillation 

counter (BC-408) wall comprising six independent horizontal segments. Each of CM 

counter had a size of 29.0 enl (height) x 1.0 cm (thickness) x 220 cm (width), viewed by 

Hanlamatsu Hl161 photomultiplier tubes (PMTs) at both ends through fish-tail shaped 

light guides. It was used to select high energy deuterons coming froln the J+ C elastic 

scattering. An iron absorber (energy degrader) with a thickness of 13.5 lum in front of 

CM was used to stop break-up protons through range selection. 

3.5 Trigger and Data Acquisition 

The trigger diagralll is shown in Fig. 3.21. The logic was constructed with standard N1M 

modules. Three kinds of trigger were generated. The signals from counters SC 1 and SC2 

were transmit ted to constant fraction discrilninators (CFDs). The coincidence among SC 1 

and SC2 defined the singles (SI) event trigger. This trigger was used to calculate double 

differential cross sections for the prinlary scattering, as well as to record the nUlllber and 

profile of the deuterons incident on the polarimeter before the second scattering. Events 

with this trigger was prescaled with a typical scaling factor of 1/1000 using a rate divider 

(R.D.) before recording in order to reduce the load of data acquisition. The signals from 

counters HOD and CM were transmitted to leading-edge discriminators (Discri.). The 

d+C elastic (EL) event trigger was defined by [HOD(1-12} x CM( 1-3) x SC] or [HOD(17­

28) x CM(4-6) x SC]. This event trigger was also prescaled by afactor of 1/5. The trigger 
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Figure 3.18: Schematic views of the DPOL counter hodoscope, (a) HOD and (b) eM, 



38 CHAPTER3~ EXPERIMENTALARRANGEMENT 

300 

CIl 
o+-J 
J:1 
::l 
0 
u 

200 

100 

r:::;::.. <J 
FWHM 
220ps 

0 ...................L..........I....-:::I=--.I.----L---L.---lJ______-...._--.i--..I 

28 29 30 31 
Time of flight (ns) 
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for the 1H(J: 2p) charge exchange (CE) events was made by a coincidence detection of 

two charged particles within the HOD counters. The CE event trigger was defined by 

[HOD(1-14) x HOD(1-14) x SC] or [HOD(15-28) x HOD(15-28) x SC] or [HOD(1-14) x 

HOD(15-28) x SC]. In order to avoid misidentifying double hits caused by a single charged 

particle as a charge exchange event, those events in which only an adjacent pair of HODs 

had hits were excluded from the trigger. To specify such a coincidence condition Kaizu 

matrix logic units (M.L.U), which had 12 x 12 inputs and 144 dip switches, were used. 

A schematic diagram of the data acquisition system is shown in Fig. 3.22. The timing 

and pulse height signals from the plastic scintillators and the timing signals from MWDC 

were encoded and taken by a CAMAC system. Scalar information was also recorded via 

the CAMAC system, separately for each spin state. The CAMAC ADC, TDC and scalar 

data were read by an auxiliary crate controller (CES 2180 STARBURST J-11), and then 

DMA transfered to a DEC VAX workstation (VAX 4000/106A) and recorded on digital 

data storage (DDS2) tapes by using the RIKEN standard data-acquisition software [66]. 

In a typical experimental condition 250 events per second were acquired with 20 % loss. 
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Figure 3.21: A trigger logic diagram. 
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Chapter 4 

Data Reduction 

The data reduction process required many steps, including an extensive Monte Carlo 

simulation. The subsequent procedures were followed. 

1. Particle identification and kinelnatics reconstruction for the primary scattering. 

2. Timing and position calibration of the DPOL counter hodoscope. 

3. Event selection for the secondary scattering. 

4. Extraction of cross section and polarization observables. 

Details of these procedures are presented in this section. The data reduction of the 

polarimeter for the double scattering was proceeded in the same way as that for the 

calibration data. 

Different coordinate systems used to describe the deuteron polarization at various 

spectrometer positions are shown in Fig. 4.1, 

4.1 Beam Polarization 

The vector and tensor polarization components (Py,Pyy) of the priInary beanl were de­

termined from the coincidence yields for four pairs of (left/right/up/down) scintillator 

telescope in the beam line polarimeter, N'(L), N'(R), N'(U) and N'(D), which are nor­

nlalized by the beam current after subtraction of accidental coincidence, by the relations: 

N'(L) N'(R)
Py (4.1)

3Ay 

N'(L) + N'(R) N'(U) N'(D) 
pyy (4.2)

Ayy - Axx 

where A y, Ayy and Axx are the analyzing powers for the J + p elastic scattering (see 

Table 3.2 ). Figure 4.2 shows a series of polarization values for each bearn spin state 

41 
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Figure 4.1: Definition of different helicity frames to describe deuteron polarization at 
various experimental site. The z-axis is taken to be in the beam direction, the y-axis 
perpendicular to the reaction plane (y kin X kout ) and the x-axis t.o form the right­
handed system. The helicity frame is rotated when passing through the spectrometer. 
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Figure 4.2: Beanl polarization values during experiment, as a function of run number for 
each spin state. Open dianlond (0) represents vector polarization Py; open square (D) 
tensor polarization Pyy. 
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measured during experiment lasted for four days. The beam polarization was stable to 

within 1.7 % and 2.8 % for vector and tensor components, respectively. The average 

Table 4.1: The average values of lneasured bearn polarization for each spin state. The 
ideal values for vector and tensor polarization components are shown in parentheses. 

(0,0) (0,-2) (2/3,0) (-1/3,1) 

Py -0.052 0.459 -0.247 
-0.948 0.067 0.540 
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Figure 4.3: A two-dirnensional histogram of SCI mean ADC versus cyclotron RF timing. 

values, as indicated by solid lines in Fig. 4.2 and listed in Table 4.1 were used in data 

analysis. 

4.2 Analysis in the Primary Scattering 

4.2.1 Particle Identification 

The possible background particles in the priInary scattering were tritons, Figure 4.3 shows 

a two-dhnensional histogram of SCI mean ADC versus cyclotron RF timing nleasllred for 

the 12C(d, d') reaction at a swinger angle of 25° and at Ed=270 MeV, Deuterons and 
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tritons were easily differentiated. In measurements at forward angles below 10° the triton 

events were generally negligible. 
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Figure 4.4: Typical distributions orCa) drift time and (b) drift length within a cell. 

4.2.2 Kinematics Reconstruction 

The polar (8) and aziuluthal (cI» scattering angles and the target excitation energy (E) 

in the primary reaction were obtained from MWDC data and SMART optics infonnation 

as follows. Firstly, the MWDC drift time infornlation was converted to the drift distance 

using empirically determined third order polynomial functions. Typical (a) drift time 

and (b) drift length distributions are shown in Fig. 4.4, Secondly, a straight line track 

was detennined by finding a good combination of hit wires which gave minimum X2 

value in the straight line fiL At least three hits out of four were required in both x and 

y planes. Thirdly, the focal plane positions and angles thus determined were used to 

calculate dispersive and vertical scattering angles Q' and {3 of the primary scattering (see 

Fig. 3.10) using the trajectory reconstruction coefficients, and the momentum PI using 

the momentum reconstruction coefficients. Finally, the kinematics quantities e, cI> and E 

were calculated by the relations: 

cos(8sw + (3)
8 = arccos , (4.3)

Vi + tan2 
Q' cos2 /3 

tan Q' cos (3
cI> arctan (4.4)

sin(8sw + (3)' 

E = j(Ed + Mf - E~)2 -Ipi - P/1 2 M t , (4.5) 
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where 8sw refers to the swinger rotation angle, (Ed,Pi) and (E~,Pf) four-monlenta of 

the incident and scattered deuterons and M t and Md the target and deuteron Inasses. 

(a) w/o 	walk correction (b) W walk correction 

100 -98 -96 -94 -92 
TOFL(HOD)-TOF~XP(HOD) (ns) 

-4 -2 0 2 4 
TOF~orr(HOD)-TOF~XP(HOD) (ns) 

Figure 4.5: Two-dimensional histograms of time-of-flight TOFL(HOD) measured with a 
left PMT of a HOD counter versus corresponding ADC, (a) before the slew correction 
and (b) after the slew correction. Expected TOF values TOFLexp(HOD) are subtracted 
in abscissa. 

The number of events acquired with the singles (SI) event trigger was not only used to 

calculate double differential cross sections and analyzing powers of the primary reaction 

but also gave infornlation on the initial conditions of the incident deuterons on the po­

larimeter (the number of deuterons and their spatial and energy distributions). For each 

beam spin state (i) the number of valid events was stored in a two-dimensional histogram 

N S 
( i) [(8, E). 

4.3 	 Timing and Position Calibration of the Counter Ho­
doscope 

The DPOL counter hodoscope HOD was used as timing as well as position counter for 

the second scattering. Tinling and position calibration was made by using the J + 12C 

elastic scattering with a direct deuteron beam on the scatterer. 

Since the anode signal from the PMT of the counter hodoscope was transnlitted to a 

leading-edge discrinlinator, the timing data TL(R) (HOD) had to be corrected for a shift 

due to pulse hight AL(R) (HOD) variations (slew effect). The slew correction was made by 

the relation: 
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Figure 4.6: Timing shift during experirnent as a function of run number. 

where TL(lf,(HOD) is the corrected TDC value for a left (right) PMT signal and aL(R) 

and bL(R) are adjustable parameters which were detennined by fitting the function to the 

data for the d+ 12C elastic scattering. Figure 4.5 (a) shows a two-dinlensional histogram 

of the timing versus ADC for a particular PMT signal before the slew correction, while 

Figure 4.5 (b) shows the same histogram after the correction. The slew correction was 

made for each PMT of all the HOD counters. The hit position along the HOD scintillator 

Y(HOD) was determined, from the timing difference between signals from left and right 

PMTs (see Eq.(3.6)). The propagation velocity of light within a HOD scintillator Ceff 

was obtained from the position calibration data using a well collimated ,B-radiation from 

a source. Since the adjustable paralneters, aL(R), bL(R) and Ceff, were closely related to 

each other, the timing and position calibration procedures were repeated until sufficiently 

saturated values were obtained for these parameters. 

Once the timing calibration was done, it was possible to know the global timing shift 

run by run during experiment by monitoring the missing mass peak position of the d+ 12C 

elastic scattering. Figure 4.6 shows the timing shift determined by requiring that the 

missing mass peak be located at the correct position. The shift may be caused by changes 

in the signal propagation velocity in cables and electronics circuit due to temperature 

variation. 
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Figure 4.7: The ADC spectrum of SC2 measured with CE event trigger. 

4.4 Event Selection in the Secondary Scattering 

The polarimeter DPOL made use of the l+ 12C elastic scattering (EL) and the 1H(d, 2p) 

charge exchange (CE) reaction to measure both vector and tensor polarization cOInponents 

of the incident deuterons. TiIning and pulse height information as well as constraints on 

kinematics were used to eliminate background contributions. 

4.4.1 The IH(d: 2p) Charge Exchange Reaction 

The IH(d, 2p) CE event trigger was generated by a coincidence detection of two charged 

particles in HOD. Most of the background events recorded by the CE event trigger was 

associated with accidental coincidence in which one of the particles detected was a beam 

deuteron. 

Each of the protons produced by the (d, 2p) reaction had approximately the saIne 

velocity as that of the incident deuteron. Since the energy loss per unit length is propor­

tional to the charge number, the energy deposit of the two protons was about twice as 

large as that of the deuteron. If the reaction occurred in SCI or CH2 block in the scat­

terer, the pulse height measured with SC2 should be twice as high as that of the deuteron. 

Figure 4.7 shows the mean ADC spectrum of SC2 scintillator for events registered by the 

CE event trigger. In the figure the 2p peak is clearly seen at 1120 eh well separated from 

the d peak at 560 ch. Gates were applied on the mean ADC spectrum to select useful CE 

events contained in the 2p peak as shown in Fig. 4.7. The incident energy dependence of 
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the mean ADC value was taken into account in setting the gate position. 

5 10 15 20 
Velocity (cm/ns) 

Figure 4.8: A two-dimensional plot of the velocity (v) versus the Olean ADC value of 
HOD for events registered by the CE event trigger. Proton events enclosed by the solid 
line were selected. 

The flight-path length (FPL) of an outgoing charged particle froIn the scatterer is 

defined as a distance from the intercept of the incident deuteron trajectory with the 

scatterer plane to the hit position in HOD. Using the FPL and TOF values the velocity 

(v) was calculated by taking account of energy losses in the scatterer and in the air. 

Figure 4.8 shows a two-dimensional histogram of the velocity (v) and the mean ADC 

value of HOD for events registered by the CE event trigger. Three pieces of particle, 

proton, deuteron and triton,can be identified in the histogram. Proton events enclosed 

by the solid line were selected. In order to avoid unwanted threshold effects a lower limit 

for the velocity of individual protons was set at 7 (cm/ns) (see subsection 3.4.2 for more 

details). If the total nunlber of proton hit was one or less, the event was rejected. 

The 1H(J: 2p) CE reaction has three body final states, the kineInatics of which is 

completely specified by five independent variables. We chose (q, k, (h, ¢k, ¢) as such vari­

ables, where q(= v-t) is the momentum transfer to the neutron with t being the four 

momentum transfer, 2k the relative mOInentum of the two protons in their rest frame, (h 
and ¢k the polar and azimuthal angles of the relative Inomentum vector 2k with respect 

to the momentum transfer vector, and ¢ the overall azimuthal scattering angle between 

the zx-plane and the reaction plane of the second scattering (see Fig. 4.1). Provided the 

momentum vector of an incident deuteron is given by Pd = (Ed, P d), and the mornentum 
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vectors of outgoing two protons by Pp1 = (Epl' Ppt) and Pp2 = (Ep2' P p2 ), the relevant 

kinematical quantities, the missing mass M m , q, ftck and 1, are calculated by 

Mm = j(Ed + Mp - Epl - Ep2)2 -IPd - P p1 - P p2 1 
2, (4.7) 

q jlPd - P p1 - P p21 2 - (Ed - Epl - Ep2 )2, ( 4.8) 

ftck = JMi~ _M2 (4.9)4 P' 

(ny x P d) . {IPd1 2(P Ip + P2p) [Pd' (PIp + P 2p )]Pd}
cos 1 = (4.10)

liPdl 3 (P lp + P 2p ) - [lPdiPd' (PIp + P 2p )]Pdl 

where Mp is the proton mass, ftc is the conversion constant, ny the unit vector in the y­

direction at the focal plane (perpendicular to the incident ray and lying in the horizontal 

plane (see Fig. 4.1)) and Min the invariant mass of the two protons given by 

(4.11 ) 

The positive sense of 1 is in the sense of a right-handed screw with x going into y in the 

polarimeter helicity frame. I 

Figure 4.9 (a) shows a typical missing mass spectrum. A large neutron peak due to the 

1H(d, 2p) reaction is clearly observed at a correct position. One can see another cluster of 

events on the higher mass side of the neutron peak. Most of the parasitic component in 

this region has its origin in detecting two protons from the 12C(d,2p) reaction. This can 

be understood by looking at Fig. 4.9 (b), where a two-dimensional plot of Mm - Mn and q 

are shown. The solid lines in the figure represent how the quantity, Mm - Mn, is related to 

q for the 12C(d,2p) reaction if the target is intentionally assumed to be a proton. Results 

are shown for several values of the excitation energy (Ex) of the residual nucleus 12B, and 

of the 2p center-of-mass scattering angle (Oc.m.}.The boundary at the lower q side of the 

parasitic cOlnponent is well described by the calculated curve with Oc.m< = 0°. The analysis 

including this parasitic component resulted in lower effective analyzing powers. Thus the 

parasitic events were rejected by a gate set on the missing mass spectruln indicated in 

Fig. 4.9 (a). The position of the gate on the missing mass spectrum is chosen by requiring 

that large enough figure-of-merit (FOM) values are obtained for relevant analyzing powers 

and that the dependence of the FOM values on the gate position is moderate. Although 

some portion of the background component still remains within the accepted region, such 

background is less significant at lower q region due to the large Q-value (=-14.3 MeV) of 

the 12C(d,2p) reaction. 

IThe sign convention of ¢ in the present analysis is different from that of G. Ohlsen [27J but coincides 
with that of W. Haeberli [67]. 
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Figure 4.9: (a) A typical missing mass Mm spectrum and (b) a two-dimensional plot of 
Mm Mn and q for events taken with the CE event trigger. The neutron mass Mn is 
subtracted in abscissa. 
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The width of the missing mass (Mm) peak in Fig~ 4.9 (a) was about 20 MeV in 

FWHM. The ambiguity in the reaction vertex within the scatterer is responsible for this 

large width in Mm. It also resulted in an uncertainty in q of about .6.q = 35 MeV Ic in 

FWHM. Such an ambiguity, however, could be partially removed by looking for a reaction 

point (vertex) in the scatterer along the beam direction in such a way that the correct 

missing mass value was obtained after a suitable energy loss correction. The vertex search 

was possible because (1) six kinematics variables are experimentally determined while five 

variables are sufficient to specify the three body final states (one degrees of freedom was 

overdetermined), (2) the energy loss calculation can be performed with enough accuracy 

and (3) the residual neutron does not have excited states in the energy scale considered 

here. Figure 2.1 (a) shows a missing mass (M~rr) spectrum obtained after the vertex 

search. The search was performed so that the resulting M~rr spectrum follows a normal 

distribution having a width of 3.9 Me V in FWHM estimated by a Monte Carlo simulation. 

Assuming the new vertex all the kinematics parameters were recalculated. With this 

vertex search procedure, the ambiguity in q was reduced to about .6.q = 10 MeVIc. 

The number of CE events was stored in a multidimensional histogram Ng1(8, E, q, ¢), 

by which the events were subdivided, for each (8, E) bin of the primary scattering and 

for each beam spin state (i), into 10 bins in q with an equal width of 30 MeV Ic and into 

12 bins in ¢ with a 30° bin width. Since the large tensor analyzing powers are expected 

only for kinernatical region with small relative momentum 2k of two protons, where the 

singlet eSo) final state interaction is dominant, events with k ::; 0.4 fm -1 were selected. 

Figure 2.1 compares the experiment data (shown as shaded histograms) with predic­

tions of a Monte Carlo simulation (shown as solid lines) on distributions of (a) Inissing 

mass M m , (b) kinetic energy of individual protons Ep , (c) half the 2p relative momentulll 

k and (d) the momentum transfer q for the 1H(d, 2p) reaction at Ed=270 MeV. In the 

simulation charge exchange events appropriately weighted by their reaction cross section 

calculated with a PWIA model of Carbonell et al. [58J were generated over the full ex­

perimental acceptance. Details on the simulation are given in Appendix B. The data 

are well described by the predictions, giving us confidence in the present background re­

jection and data handling. The simulation was used to help deal with differences in the 

efficiency of detecting two protons between the calibration and double scattering exper­

irnents. Such differences could arise from differences in the beam geometry between the 

two experiments. The simulation was also used to make energy interpolation between the 

calibration points. 



52 CHAPTER 4. DATA REDUCTION 

4.4.2 The J+ 12C Elastic Scattering 

The d+ 12C EL event trigger was generated by a consecutive hit of HOD and CM counters. 

Background events due to break-up protons as well as to deuterons originating from the 

1H(d, d) reaction were relnoved with the procedure described below. 

Figure 4.10 shows (a) a scatter plot between the velocity (v) and the mean ADC value 

of HOD and (b) its projection onto the horizontal (v) axis, for data taken with the EL 

event trigger. It is clearly seen that the proton events are well suppressed in the region of 

the elastic deuteron events due to the iron absorber in from of the CM counter. Deuteron 

events were selected by a two-dimensional cut shown in Fig. 4.10 (a). 

The missing mass Mm and polar and azimuthal scattering angles (B, ¢) (see Fig. 4.1) 

were calculated from the nlonlentum vectors of incoming and outgoing deuterons. The 

energy loss correction in the scatterer was made by taking account of the effective target 

length leff = lscl cos Btl where lsc is the thickness of the scatterer material Bt the angle 

between the axis normal to the scatterer and the particle trajectory. The reaction vertex 

was assumed to the Iniddle of the scatterer. Figure 4.11 (a) shows a typical missing 

mass (Mm - M12C) spectrum, where M12C denotes the mass of 12C. The width of the 

peak was about 4.2 MeV, which reflects the TOP resolution between SC and HOD (see 

subsection 3.4.3). Figure 4.11 (b) shows a two-dimensional plot of Mm - M12C and B. 

The solid line in the figure shows the kinematics for the 1H(d, d) reaction. The deuteron 

events due to the elastic scattering on 1H can be seen in the spectrum. Those events 

which had missing Inass values of Mm - M12C > 10 MeV were rejected by a cut shown in 

Fig. 4.11 (a). 

The number of EL events was stored in a llluitidinlensional histograln N~l(8, E, B, ¢), 

by which the events were subdivided into 20 bins in B with an equal width of 1° and into 

12 bins in ¢ with a 30° Lin width, for each (8, E) bin of the primary scattering and for 

each beam spin state (i). 

4.5 Cross Section and Analyzing Power 

The differential cross section d~:;E (8, E) and the vector and tensor analyzing powers 

Ay(8, E), Ayy(8, E) for the primary scattering are related to the number of singles events 

N~i)(8, E) by 

N(i) (8 E)Bf , 

x (4.12) 
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Figure 4.10: (a) A two-diInensional plot of the velocity (v) versus the mean ADC value 
of HOD for events registered by the EL event trigger. Deuteron events enclosed by the 
solid line were selected. (b) Projection onto the abscissa (the velocity axis), 
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Here B I(i) , (p~i) ,p~iJ) and LT(i) refer to the number of beam deuterons, the beam polar­

izations and the live time of data taking for each beam spin state (i=0",3). The quantity 

T is the number of target nucleus per unit area, RD is the downscaling factor of the 

singles event (SI) trigger, ~n is the solid angle of SMART and ~E is the bin width of 

the target excitation energy. The differential cross section was calculated by 

d
2 
(j (8 E) _ N~~(8, E) (4.13)

dndE ' - BI(O). LT(O). T· RD· ~n· ~E' 

By defining ratio R}i) (8, E) of the polarized cross section relative to the unpolarized cross 

section by 

N(i)(8 E)BI(O) LT(O)S[ , (4.14) 
N(O) (8 E)BI(i) LT(i) , 

S[ , 

Ay (8, E) and Ayy (8, E) were calculated by, 

= __2 _ (R(2) (8 E) _ R(3) (8 E) - T(23) {R(l) (8 E) - I}) (4.15)Ay(8, E) ( eff) [, [, (1) [, , 
3py 

__ ~(R(1)(8 E)-R(3\8 E)_v:(13){R(2)(8 E)-I}) (4.16)Ayy ((-), E) = (eff) [' [, (2) [' , 
pyy 

.. (eff) d (eff) • bwhere the quantItIes py an pyy were gIven y 

(eff) _ p(2) _ p(3) _ T(23)p(1) (4.17)
Py - y Y (1) Y' 

(4.18)P~e:) = P~~ - P~~ V(~\3)P~~ , 

with 

v:(13) _ (p(l) _ p(3»)/p(2) {4.19}
(2) - y y Y' 

T(23) _ (p(2) _ p(3»)/p(1) ( 4.20) 
( 1) - yy yy yy . 

4.6 Polarizing Power and Polarization Transfer Coefficient 

Polarizing powers, pyl (8, E) and Fyi y' (8, E), and polarization transfer coefficients, K{ (H, E). 

K 
yl (0 E) Kylyl (8 E) and Kylyl (8 E) relate vector and tensor polarizations in the ini­
yy '0, 'y' yy" 

tial (p~i) ,p~~) and final (p;~)(8, E)'P~~~,(8, E)) deuterons as follows, 

(i) R(i) = Fyi + ~p(i) Kyl + ~p(i)Kyl , (4.21 ) 
Py' [ 2 y y 2 YY yy 

') ( ') I I 3 (') I I 1 ( ') I I
( t R l = pY Y + _p l KY Y + _p t KY Y • (4.22)

Py' y' [ 2 Y Y 2 YY YY 
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where the quantities R}i) are defined by Eq.{4.14). In Eqs.(4.21) and (4.22) the dependence 

of all the quantities except for the incident beam polarizations on (8, E) is implicit. By 

solving Eqs.(4.21) and (4.22) following expressions can be obtained for each polarization 

observable: 

pyl = 
(0) 

Pyl' 
(4.23) 

pylyl (0) 
Pylyl' 

(4.24) 

Kyl 
y = 

2 
A(elJ) 

3py 

(2)
Pyl -

(3)
Pyl 

. 
-

t(23) (1) + t(23) (0»)
(1) Pyl (1) Pyl , 

(4.25) 

y'
Kyy = 

2 
A(elJ) 

((1) 
Pyl 

(3) 
- Pyl 

V(13) (2) + ii,(13) (0»)
(2) Pyl (2) Pyl , (4.26) 

pyy 

y'y'
Ky = 

2 
3 A(el J) 

(2) 
Pylyl 

(3) 
- Pylyl 

A (23) (1) - (23) (0) ) 
- T(I) Pylyl + T(I) Pylyl 1 

(4.27) 
py 

y'y'
Kyy 

2 
A(elIf 

((I) 
Pylyl 

(3) 
- Pylyl 

A (13) (2) - (13) (0) ) 
- V(2) Pylyl + V(2) Pylyl , (4.28) 

pyy 

(4.29) 

with 

p~2) pV) (23) p~l)
p~elJ) = ----T 

A 

-	 (4.30)
R(2) R(3) (1) R(I) 1 

[[ / 

(1) (3) (2) 
pyy _ Pyy _ V;(13) pyyp(elJ) 

yy 	 (4.31 ) 
R(l) R(3) (2) R(2) ~ 

,[ [ / 

(1) (3) (2) 
V;(13) ( py py) / (py ) (4.32)(2) = (T) - (3) (2)'

R[ R[ 	 R[ 

(2) (3) (1) 
t(23) ( pyy pyy ) / (pyy ) (4.33)(1) (2) - (3) (iT' 

R/ R/ R/ 

ii,(I3) (13) 1 1 1A 	

(4.34)(2) V(2) R(2) - R(l) + R(3) 
/ [ 	 / 

t(23) (23) 1 1 1A 	

(4.35)(l) 	 T(l) (l) - (2) + ~, . 
R[ R/ R/ 

Since the beam polarization axis was set in the y-direction, the nonnal to the scattering 

plane (see Fig. 4.1), Larmor precession of the y-axis around the spectroIneter dipole field 

took place. Consequently, the y-axis in the outgoing helicity fraIne at the primary scat­

tering did not coincide with that in the belicity frame of the polarimeter. The precession 

angle of the axis relative to the direction of nlOtion is given by [68] 

(4.36) 

http:Eqs.(4.21
http:Eqs.(4.21
http:Eq.{4.14
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where W is the orbital deflection angle, 9 = 0.8574 is deuteron gyromagnetic ratio, Mp 

and Md are the proton and deuteron masses and, = Ed/Md is the Lorentz factor where 

Ed is the total deuteron energy. For the case of 270 MeV deuterons with W = 60° this 

angle is calculated to be 'fJ = -9.82°. The deuteron spherical polarization components in 

the polarimeter helicity frame {t" kq} are related to those in the outgoing helicity frame 

{t~q} using the usual D-function [69] by 

t"kq (4.37) 


Due to the parity conservation only real parts in {t~q} were allowed [27] for primary beams 

with only y-components, while Eq. (4.37) implies that there are imaginary components in 

{t" kq}. 

The yield of each analyzer reaction Ng~(OrEL) (8, E, 0, ¢) for each spin state (i) is 

related to {t"i~(8,E)} by 

= 
N(i)
71S;;' N H(orC) . a(O) . D(O, ¢) 

x {I +2iTl1(O)Re(it,,~i{)cos¢+T2o(O)t"~~ 

+ 2T21(O)[Re(t"~?) cos¢ + 1m(t,,~i{) sin¢] 

+ 2T22 (0) [Re( t" ~~) cos 2¢ + 1m(t" ~~) sin 2¢]}, ( 4.38) 

where N H(orC) is the number of target nuclei per unit area in the scatterer, a(O) is the 

cross section in a bin specified by the angle 0, given by 

(4.39) 


whereJ;dt and ~~ are the unpolarized cross sections for the CE and EL reactions, 

respectively. D is the local detection efficiency of the polarimeter and Tkq are the effective 
. . N(i) N(i) {t"U)} analyzing powers. The dependence on (8,E) 0 f such quantItIes as CE(orEL) , SI' 'kq 

and D, and the incident energy dependence of ~~ and Tkq through (8, E) are inlplicit in 

Eq.(4.38). Since the same acquisition live time factor LT(i) is applied to both N~1(orEL) in 

the 1.h.s. and N~i) in the r.h.s., this factor does not appear in Eq.( 4.38). The same is true 

for the MWDC efficiency. The quantity ~~ and Tkq were obtained frOln the polarimeter 

calibration experiment (see Appendix A). The difference in D between the calibrat.ion 

experiment and the double scattering experiment was estinlated by using the Monte Carlo 

simulation (see Appendix B). The simulation was also used to make energy interpolation 

f dO" 
o dO' 

http:Eq.(4.38
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The procedure to extract scattered deuteron polarization is as follows. Firstly, ratios 

R(i) of the measured yield relative to the yield expected for unpolarized incident beam 

were calculated by 

(i) 
N CE(orEL)(f),4;) . RD _ l. (4.40) 

N1i) . NH(orC) . a(O) . D(O, 4;) 

Secondly, vector R}~ and tensor RTI ratios were calculated by the relations 

R" R(2) R(3) _ T(23) R(1) + t(23) R(O) (4.41 ) 
II II II (1) II (1) II , 

RT - R(I) _ R(3) _ V(I3) R(2) + V(13) R(O) 	 (4.42)
II - II 'II (2) II (2) II . 

It is to be noted that possible false aSYlnmetries, which may conlmonly enter into the ratios 

R}i), irrespective of the beam spin state, such as those arising from lnisalignmellt of the 

detector position and lnisestimation of the unpolarized cross sections by the simulation, 

could cancel out in the ratios R}~ and RT~, because these are defined as differences of the 

ratios R}i). R}~ and RT/ have the form 

R "(orT) T t" \'(orT) + 2{'T 't" V(orT) + T R (t" v'(orT))} A.­
II 20 20 't 11 't 11 21 e 21 cos 0/ 

+ 	 2T21IIn(t" ~~(orT)) sin 4; 

R (t"V(orT)) 2A.- 2T I (t"' '(orT)) . 2A.­+ 2T22 ,e , 22 cos 0/ + 22 m 22 SIn 0/, ( 4.43) 

where the polarization cOlIlponents t" l~ and t"k are related to {t" kq} for each beam spinq 

state by 

(4.44) 

(4.45) 

Finally, using a X2 minitnization procedure, the unknown polarization components t" k~ 

and t"kq were extracted. 

Figure 4.12 shows an example of the vector and tensor ratios in the second scattering 

as a function of azimuthal scattering angle 4;. The solid lines in the figure are the fitted 

results performed over ¢ bins after averaging over 0 bins. Clearly large vector asyuunetry 

is observed in the R}~ ratio for the d+ 12C elastic scattering, while large tensor asymmetry 

is seen in the RT/ ratio for the 1H (d~ 2p) reaction. 

The deuteron polarization cOluponents at the primary target {t~q} were calculated 

from those in the helicity fraIne of the polarimeter {t" kq} through the relations, which 

can be derived from Eq.(4.37): 

it" 11 
= 	 ( 4.46) 

cos rl 

http:Eq.(4.37
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Figure 4.12: A sample of azimuthal distributions of ratios, R}~ and Rib for the d+ 12C EL 
scat tering and for the 1H(d, 2p) CE reaction. Open circles represent the data; solid curves 
are results of the fitting. The figure is for the target excitation energy bin of E = 6.6 - 7.2 
MeV and for the scattering angular bin of e = 4.0 - 6.00 

• 

(2 - sin2 17) t" 20 + v'6sin217Re(t"22) 
(4.47)--~-~ 2(1 - 2sin217) ­

17t" 20 + (3 COS217 - 1)Re( t" 22) 
(4.48)

2(1-2 17) 
(4.49) 

The Cartesian polarization components (Py' , Py' y') are related to the spherical ones by 

2 ., 
Py' y'31, t u 1 	 ( 4.50) 

V3' 1,Py'y' - 3t22 - y'2t20' 	 (4.51) 

These are used in Eqs.(4.25)-(4.28) to calculate polarization transfer coefficients. (Indices 

V and T are omitted in tkq and Py(y) in Eqs.{4.46}-(4.51).) 
, , , . £ hI' d I· R( 0 )In deriving polarizations, py and Py y 1 the ratIo or t e unpo anze )ealn ," was 

0 . 4 '-'--'---'--'-..t........L--'--'--~.I-i.....""-'--'--.L....o.-""" 

o 100 200 300 


¢ (deg.) 

o 


o . 4 r-r---r~""'-'--"''''''''''-'''--r-r---''--'--r-,.-.,--,--" 

http:Eqs.{4.46}-(4.51
http:Eqs.(4.25)-(4.28
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used in the fitting procedure. No cancellation of instrumental asymmetry could be made 

in this case. 

4.7 Error Estimation 

The uncertainty in the absolute cross section measurement with DPOL for the I H(d, 2p) 

reaction is responsible for the errors of the measured t20 component ~t20, because t20 

T20 

is obtained by measuring the variation of the absolute scattering yield. We have the 

following approximate relation on ~t20, 

1 ~a 
~t20~ --, (4.52) 

a 

where a represents the absolute scattering yield for the I H(d, 2p) reaction, and ~a the 

associated error. Figure 4.13 shows the overall efficiency for the I H(d, 2p) reaction mea­

sured in different calibration runs of DPOL at Ed=270, 250 and 230 MeV. We see that 

the cross section is reproduced to within ';(1 ~ 2%. Since the averaged T20 is about 0.2 

(see Appendix A), the systelnatic error in t20 is estimated to be about ±0.10 using the 

Eq.(4.52). 

Once the calibration is completed, the polarimeter is now able to nleasure incident 

beam polarizations. The systematic uncertainties on the other polarization cOlnponents, 

itl1 and t22, are estimated by comparing polarization values deduced by using the beam 

line polarinleter (BLP) with those obtained by DPOL. In detennining the beam polar­

izations with DPOL the efficiency correction is made by using a Monte Carlo simulation 

(see Appendix B). 'Table 4.2 compares the beam polarization conlponents itll, t20, t22 

extracted with the two polarimeters for each spin state. The errors represent statistical 

ones. We estimate the systematic uncertainties in itll and t22 components measured with 

DPOL to be ±0.03 and ±0.05, respectively. 

The polarization transfer coefficients were extracted using differences of double scatter­

ing cross sections obtained with different polarization modes in the incident beam. They 

were almost unaffected by the systematic uncertainties due to the efficiency misestimation 

in the sitnulation. On the other hand, the polarizing powers were extracted froIn double 

scattering cross sections obtained with an unpolarized beam. From the systematic uncer­

tainties in tkq the uncertainties in pyl and pylyl are calculated to be ±0.04 and ±0.16, 

respectively. Since the systematic uncertainty in the analyzing powers are only related 

to the uncertainty in the beam polarization measurement which is expected to be small 

(see below), the analyzing powers can be relatively accurately deternlined. Therefore the 

leading term in the uncertainty in 8 1 and 82 is the uncertainty in pyl y'. The systematic 

uncertainty in pylyl, however, contributed less than ± 0.02 to the uncertainties in 8 1 and 

http:Eq.(4.52
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Figure 4.13: Total efficiency of DPOL for the 1H(d, 2p) reaction measured in different 
calibration runs of DPOL at Ed =270, 250 and 230 MeV. The relative energy range of the 
final two protons is limited to be less than k=O.4 fm-I. The mean value is drawn as solid 
lines with the ±2% dashed lines. 

due to the coefficients which appear in the definition of these spin-flip probabilities 8 2 

(see Eqs.(1.1) and (1.2)). 

The uncertainty in the differential cross section for the primary scattering is estimated 

to be less than 15 % including the uncertainty in the target thickness, charge correction 

and solid angle estimation. 

The uncertainties in the analyzing powers Ay and Ayy are estirnated to be less than 4 

% and 6 %, respectively. 
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Table 4.2: Bealn polarizations Ineasured with the beam line polarirneter (BLP) and DPOL 
at Ed=270 MeV. The errors are statistical ones. 

BLP DPOL
cOllIponent state deuterons 

itll 0 0.0 2.0x 107 -0.01S±0.006 
1 -0.005±0.006 l.Sx107 -0.018±0.006 
2 0.472±0.00S 2.0x 107 0.470±0.006 
3 0.025±0.009 l.8x 107 -0.004±0.006 

t20 0 0.0 l.Ox 108 O.043±0.019 
1 0.4 75±0.006 0.9x 108 0.430±0.019 
2 -0.029±0.006 l.Ox 108 -0.012±0.019 
3 -0.272±0.006 0.9x 108 -O.255±0.021 

t22 0 0.0 l.Ox 108 0.014±0.015 
1 0.582±0.O07 0.9x 108 0.551 ±0.015 
2 -0.036±0.007 LOx 108 -0.025±0.016 
3 -0.332±0.007 0.9x 108 -0.328±0.017 

---------~~-



Chapter 5 

Experimental Results 

The data acquired in this thesis work are classified into two categories: (1) The polariza­

tion transfer observables on 28Si as a function of excitation energy. (2) The cross section 

and analyzing power angular distributions for selected transitions in 12C and 28Si. The 

polarization transfer data and the angular distribution data are presented in section 5.1 

and 5.2, respectively. The angular distribution data for selected transitions with known 

nuclear structure information are conlpared with microscopic distorted wave impulse ap­

proxilnation calculations in the next chapter in order to gain an insight into the reaction 

nlechanism for the deuteron inelastic scattering at 270 MeV. 

5.1 Polarization Transfer Data on 28Si 

The polarization transfer data were obtained on 28Si at a spectrometer angle of 5°, span­

ning an angular range between 2.5° and 7.5° and an excitation energy range between 4 

and 21 MeV. From the polarization observables, the deuteron single and double spin-flip 

probabilities, 81 and 82, are calculated according to Eqs.(1.1) and (1.2). The spectro­

scopic information on the isoscalar spin strengths in 28Si that can be gained from the data 

is presented. 

5.1.1 Excitation Energy Spectrum 

Figure 5.1 shows an excitation energy spectrum of 28Si at Blab = 6.75° The energy 

resolution was about 200 keV. At forward scattering angles the spectrum is dOlninated by 

the ground state due to the elastic scattering and the first excited 2i(1.78 MeV) state. 

Other natural parity states are clearly excited. These include the 4i(4.62 MeV), Ot(4.98 

MeV), 31(6.88 MeV), 2t(7.38 MeV}, 2t(7.42 MeV), 2t(7.93 MeV), 2t(9.48 MeV) and 

32(10.18 MeV) states. Among them a known isoscalar unnatural parity 11'(9.50 MeV) 

state is dearly observed. Pairs of states, the 21 and 2t states and the 2t and It states. 

63 
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Figure 5.1: A typical excitation energy spectrum for the 28Si(d, d') reaction at Ed=270 
MeV and at Slab = 6.750 

• The ground and first excited 2t (1. 78 Me V) states are scaled 
by factors of 1/500 and 1/20. respectively. 

could not be resolved with the present energy resolution and these were analyzed as 

doublets. The 5} (9.72 Me V) state becomes prominent at larger scattering angles. The 

first 1 t state at 8.33 MeV, known from ')'-decay systematics [70], is almost unseen due to 

the weak transition probability from the ground state to this state (see Table 6.12). The 

isovector 1+ states, such as those known at 10.59, 11.45, 12.33, 13.35 and 14.03 MeV, 

which are prominent in the forward angle (p,p') spectra [47, 48], are masked due to the 

isoscalar selectivity of the (d, d') reaction. 

In order to obtain reasonable counting statistics for polarization observables, the exci­

tation energy bins and the scattering angular bins with larger widths were adopted. The 

bin widths were chosen so as to preserve the structure of the spectrum as much as possible. 

The energy and angular bins are given in Tables 5.1 and 5.2, respectively. The excitation 

energy spectrum summed in larger size bins of the excitation energy, and averaged over 
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Table 5.1: Energy bins (in MeV) used in binned spectra. 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 


'--. 

10 
~1 

12 

E 
4.30 - 4.70 
4.70 - 5.10 
5.10 - 6.60 
6.60 - 7.20 
7.20 - 7.60 
7.60 - 8.20 
8.20 - 8.70 
8.70 - 9.30 
9.30 - 9.60 
9.60 - 9.80 

9.80 - 10.05 
10.05 - 10040 

D.E 

0040 
0040 
1.50 
0.60 
0040 
0.60 
0.50 
0.60 
0.30 
0.20 
0.25 
0.35 

States 
4+

1 

ot 

3­
1 

2t,2t 
2t 

11 
1t,2t 

3­
2 

13 10040 - 10.80 0040 
14 10.80-11.50 0.70 

0.5011.50 - 12.0015 
1--­

0.6016 12.00 - 12.60 
004012.60 - 13.0017 

~·1 0.5 MeV bins for 13.0-15.0 MeV 
1 MeV bins for 15.0-21.0 Mev-­22-27 

Table 5.2: Scattering angular bins and corresponding solid angles in the laboratory franle 
used in the analysis. 

No. S (deg) D.f2 (lnsr) 

1 2.5 - 4.0 0.671 
2 4.0 - 6.0 1.340 
3 6.0 - 7.5 1.321 

http:10.80-11.50
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the scattering angles between Blab = 2.5 and 7.50 
, is shown in Fig. 5.2 (a). The cross 

section is calculated in terms of the laboratory solid angle. 

5.1.2 Spectra of Polarization Observables 

The vector and tensor analyzing powers, Ay and Ayy , for each excitation energy bin are 

shown in Figs. 5.2 (b) and (c), respectively. The values are those averaged over the 

scattering angular range between Blab=2.5 and 7.50 
, by weighting with the yield in each 

angular bin. The error bars are statistical ones (the same is true for other polarization 

observables). Calculated curves corresponding to the free deuteron-nucleon scattering at 

the same momentum transfer are presented as dotted lines for reference purpose. Such 

a comparison with the free values has been often done in a discussion on the continuum 

spin response [41, 42]. Below 15 MeV in excitation energy, the Ay spectrum fluctuates at 

around the free values of about 0.2, reflecting the presence of low-lying discrete levels. For 

example, the values of Ay are distinctively lower in the bins where the 31 states at 6.88 

MeV and 10.18 MeV are known. Above 15 MeV in excitation energy, the values of Ay 

decrease smoothly with increasing excitation energy, showing SOIne intriguing departure 

from the free values. The Ayy values are positive and alnlOst constant at the free value of 

0.08 across the spectrum, with some fluctuations seen in the low excitation energy region. 

We see a relatively small value of Ayy at the 9.5 MeV bin where a It state is known. 

The measured pY', Kff' and Kff~ spectra, and the pY'y', Kff'y' and Kff~Y' spectra are 

respectively shown in Figs. 5.3 and 5.4 for completeness. The data are compared to values 

for free deuteron:-nucleon scattering shown as dotted lines. 

5.1.3 Single and Double Spin-Flip Probability Spectra 

The Sl and S2 spectra for angles between 8Iab=2.5 and 7.50 are respectively shown in 

Figs. 5.5 (b) and (c), together with the excitation energy spectrum in Fig. 5.5 (a) shown 

for reference. The largest positive S1 value is obtained at the 9.45 MeV bin which has a 

value of 0.22. This large value of Sl corresponds to the It state at 9.50 MeV. Present 

results provides a direct confirmation of the isoscalar spin-flip nature for this state. Large 

Sl values of the order of 0.1, which are relatively enhanced from values for free deuteron­

nucleon scattering shown as a dotted line in Fig. 5.5 (b), are observed in the energy interval 

between 9.6 and 20 MeV, indicating the presence of isoscalar spin strengths in this energy 

range. For the natural parity ot state at 4.98 MeV, the Sl value is compatible with 

zero, as required from the symlnetry relations which hold generally for the f + 0 ~ f + 0' 

reactions, where 1(1') and 0(0') indicate spin-1 and spin-O particles, respectively [71]. Non 

zero Sl values of around 0.05 for predominantly non-spin-flip natural parity transitions, 
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Figure 5.2: Results for the 288i(d~J) reaction at Ed=270 MeV for angular range between 
8 Iab=2.5 and 7.50 (a) The excitation energy spectrum, (b) the vector analyzing power, • 

Ay and (c) the tensor analyzing power, A yy. Ay and Ayy are compared to values for free 
deuteron-nucleon scattering. 
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Figure 5.3: Results for the 28Si(J: J) reaction at Ed=270 MeV for angular range between 
8Iab=2.5 and 7.50 (a) the vector polarizing power, pY', the polarization transfer coef­• 

ficients (b) K~' and (c) K~~. Polarization observables are compared to values for free 
deuteron-nucleon scattering. 
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Figure 5.4: Results for the 288i(J: J) reaction at Ed=270 MeV for angular range between 
8Iab =2.5 and 7.50 (a) the tensor polarizing power, py'y', the polarization transfer coef­• 

ficients (b) Ktyl and (c) K~~yl. Polarization observables are compared to values for free 
deuteron-nucleon scattering. 
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such as the 4t, 2t, 2t and 31 states, implies that the effects of distortion can not be 

entirely neglected. Note that Sl value is zero within PWIA for non-spin-flip transitions. 

The S2 values are found to be close to zero, and the'" presence of double spin-flip 

states such as the double Gamow-Teller states has not been indicated over the measured 

excitation energy and scattering angle region. 

5.1.4 Single and Double Spin-flip Cross Section Spectra 

One way of looking at possible spin-flip strength is to plot the spin".flip cross section 

which is just the product of the measured cross section and the spin-flip probability. 

The spin-flip cross section spectrum is shown in Fig. 5.6 (b). A concentration of spin­

flip strength can be seen between 9.3 and 10.5 MeV. The spin-flip cross section above 

11 MeV fluctuates at around a value of 0.5 mb/sr/MeV. This indicates that there are 

isoscalar spin-flip strengths fragmentary existing in this excitation 'energy region. The 

information on the isoscalar spin strengths is roughly consistent to that obtained by 

Fujita et al. [49], who identified several isoscalar 1+ states in the excitation energy range 

between 9.7 and 16.0 MeV bym,aking level by level comparison of the available spectra 

from the (p, p') and eHe, t) reactions. The present measurement was perfonned at finite 

scattering angles where higher multipoles other than the L = 0 could contribute. More 

quantitative understandings of the isoscalar spin strengths including contributions from 

individuallnultipolarities might be obtained by comparing the present spin-flip spectrum 

with theoretical ones based on realistic nuclear structure and reaction calculations. 

A small spin-flip cross section obtained for the 12.8 MeV bin inlplies that the 12.8 

MeV peak, which is prominent in the cross section spectrum (see Figs. 5.6 (b) and 5.1), 

is predominantly of non-spin'-flip nature. One sees a relatively large spin-flip cross section 

at the 6.9 MeV bin where the 31 state is known. However, this state is known from an 

electron scattering experiment [72) to be almost a pure non-spin-flip transition. Further­

more there is no strong spin state known in this energy bin, Thus it is likely that the 

large spin-flip cross section at the 6.9 MeV bin is reflecting possible sensitivity of S1 for 

natural parity transitions (with L > 0) to distortion effects. 

The double spin-flip cross section is shown in Fig. 5.6 (c). The cross section values 

are consistent with zero over the excitation energy region, and no clear structure is seen 

in the spectrum. 
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Figure 5.5: Excitation energy spectra for the 28Si(d~ J) reaction at Ed = 270 Me V for 
angles between Slab = 2.5°~-7.5°. (a) The double differential cross section. (b) The spin­
flip probability 8 1, (c) The spin-flip probability 82, The 8 1 values are cOlnpared to those 
for free deuteron-nucleon scattering. 
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Figure 5.6: Excitation energy spectra for the 28Si(d, J) reaction at Ed 270 MeV for 

angles between 81ab = 2.5°-7.5°, (a) The double differential cross section. (b) The cross 

section multiplied by 8 t. (c) The cross section rIlultiplied by 82, 
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5.2 Angular Distribution Data for Selected Transition 

The angular distribution data on the cross section and analyzing powers Ay and Ayy 

for the ot (ground), 2t(4.44 MeV), 31(9.64 MeV), It(12.71 MeV) and 22(18.3 MeV) 

states in 12C and for the ot (ground), 2t(1.78 MeV), 31(6.88 MeV), It(9.50 MeV) and 

51(9.72 MeV) states in 28Si are presented in this section. These states are conveniently 

divided into two classes, the natural parity transitions with parity change ~7r=(-I)J and 

the unnatural parity transitions with ~7r=(_I)J+1, which are excited through different 

parts of the projectile-nucleon effective interaction. The angular distribution data on the 

spin-flip probabilities 81 and 82 for transitions to the 2t(4.44 MeV) and It(12.71 MeV) 

states in 12C and to the 31(6.88 MeV) and It(9.5 MeV) states in 28Si are also presented. 

The spin-flip probability data on 12C are from the previous measurement [45]. 

Figure 5.7 shows an excitation energy spectrum of 12C obtained via the (d, dl 
) reaction 

at Ed 270 MeV for an angular range between Slab 4° - 6°. We see that the spin-flip 

It(12.71 MeV) and 22(18.3 MeV) states are clearly excited among other non-spin-flip 

2t(4.44 MeV), 0+(7.65 MeV) and 31(9.64 MeV) states. A well-known isovector It state 

at 15.11 MeV is absent due to the isoscalar nature of the (d, dl 
) reaction. The spectra 

were analyzed by using the program SPECFIT [73] to extract the yield contained in each 

peak. The continuum background and other overlapping states are subtracted in the cross 

section as well as the analyzing power data. 

5.2.1 Elastic Scattering 

The angular distributions of the differential cross section and analyzing powers Ay and 

Ayy for the elastic scattering on 12C and 28Si are shown in Figs. 5.8 and 5.9, respectively. 

The solid lines represent the results of the optical model (OM) calculations described in 

chapter 6. 

5.2.2 Natural Parity Transition 

The angular distributions of the differential cross sections for natural parity transitions to 

the 2t and 31 states in 12C and to the 2t, 31 and 51 states in 28Si are shown in Figs. 5.10 

and 5.11, respectively. We see that the angular distribution shape of the cross section is 

characteristic of the transferred angular momentum ~L, the larger the ~L value the peak 

position occurs at a larger angle. The angular distributions of the analyzing powers Ay 

and Ayy for the same natural parity transitions are shown in Figs. 5.12 and 5.13 for the 

12C and 28Si results, respectively. The curves in the figures are results of the microscopic 

DWIA and PWIA calculations described in chapter 6. 

http:It(12.71
http:It(12.71
http:It(12.71
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Figure 5.7: A typical excitation energy spectrum for the 12C(d, d') reaction at Ed=270 
MeV and at Slab = 4° - 6°. The first excited 2+(4.44 MeV) state is scaled by a factor of 
1/10. 

5.2.3 Unnatural Parity Transition 

The angular distributions of the differential cross sections for unnatural parity transitions 

to the 1t and 22 states in 12C and to the 1t state in 28Si are shown in Fig. 5.14. Again 

we see angular distribution shapes which are characteristic of the transferred angular 

momentum llL. The angular distributions of the analyzing powers Ay and Ayy for the 

saIne unnatural parity transitions are shown in Fig. 5.15. It is interesting to note that Ay 

for these unnatural parity transitions decreases towards negative values with increasing 

scattering angle in the angular range between 3° and 15° (this is not so obvious for Ay 

of the It state in 28Si due to the increasing contribution from the 2t state at larger 

angles). This behavior of Ay for the unnatural parity transitions is quite in contrast to 

that for the natural parity transitions for which a monotonous increase in Ay in the same 
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angular interval is observed. We can also see similar transferred spin 68 dependence in 

the angular distributions of Ayy . 

5.2.4 Spin-Flip Probability 

The angular distributions of the spin-flip probabilities 8 1 and 82 for natural parity tran­

sitions to the 2t state in 12C and to the 31 state 28Si are shown in Fig. 5.161 and those 

for unnatural parity transitions to the 1t state in 12C and to the 1t state 28Si are shown 

in Fig. 5.17. 
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Figure 5.8: The measured elastic scattering cross section and analyzing powers Ay and 
Ayy for 12C at Ed = 270 MeV compared to the optical model calculations (solid lines) 
using the parameters given in Table 6.1. 
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Figure 5.9: The measured elastic scattering cross section and analyzing powers Ay and 
Ayy for 28Si at Ed 270 MeV compared to the optical model calculations (solid lines) 
using the parameters given in Table 6.2. 
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Figure 5.10: Angular distributions of the cross section for the 2i(4.44 MeV) and 31(9.64 
MeV) states in 12C excited via the (d, d') reaction at Ed=270 MeV. The solid and dotted 
lines are results of the DWIA and PWIA calculations using the three-body dN t-matrix 
interaction. The dashed line is a result of the DWIA calculation using t.he folding dN 
t-matrix interaction. 
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Figure 5.11: The same as Fig. 5.10 but for the 2i(1.78 MeV), 3}(6.88 MeV) and 5}(9.72 
MeV) states in 28Si. The calculated curves for the 31 and 51 states are normalized by 
factors 0.50 and 0.39, respectively. 
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Figure 5.12: Angular distributions of the analyzing powers Ay and Ayy for the 2{ (4.44 
MeV) and 3}(9.64 MeV) states in 12C excited via the (d,d') reaction at Ed=270 MeV. 
The solid and dotted lines are results of the DWIA and PWIA calculations using the 
three-body dN t-matrix interaction. The dashed line is a result of the DWIA calculation 
using the folding dN t-matrix interaction. 
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Figure 5.13: The same as Fig. 5.12 but for the 2i(1.78 MeV), 3}(6.88 MeV) and 51(9.72 
MeV) states in 28Si. 
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Figure 5.14: Angular distributions of the cross section for the 1i(12.71 MeV) and 22"(18.3 
MeV) states in 12C and for the 1I(9.50 MeV) state in 28Si excited via the (d, d') reaction at 
Ed=270 MeV. The solid and dotted lines are results of the DWIA and PWIA calculations 
using the three-body dN t-matrix interaction. The dashed line is a result of the DWIA 
calculation using the folding dN t-matrix interaction. The dot-dashed line for the 
state in 28Si represents an estimated contribution from the 2t state. 
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Figure 5.15: Angular distributions of the analyzing powers Ay and Ayy for the (12.71 
MeV) and 22(18.3 MeV) states in 12C and for the 1t(9.50 MeV) state in 28Si excited via 
the (d, d') reaction at Ed=270 MeV. The solid and dotted lines are results of the DWIA 
and PWIA calculations using the three-body dN t-matrix interaction. The dashed line is 
a result of the DWIA calculation using the folding dN t-matrix interaction. 
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Figure 5.16: Angular distributions of the spin-flip probabilities 81 and 82 for natural 
parity transitions to the 2i(4.44 MeV) state in 12C [45] and to the 31(6.88 MeV) state 
in 28Si excited via the (d, d') reaction at Ed=270 MeV. The solid (dotted) lines are the 
DWIA (PWIA) calculations. 
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Figure 5.17: The sanle as Fig. 5.16 but for unnatural parity transitions to the 1i(12.71 
MeV) state in 12C [45] and to the 1t(9.50 MeV) state in 28Si excited via the (d. d') 
reaction at Ed=270 MeV. The solid (dotted) lines are the DWIA (PWIA) cakulations 
The dot-dash lines are the irnpulse approxirnation estinlates for L8.1=(011) 
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Chapter 6 

Theoretical Calculation and 
Discussion 

There are in general three aspects to be considered in the microscopic treatment of a 

nucleus-nucleus inelastic scattering: (1) the structure of the projectile and target, (2) the 

effective interaction and (3) the reaction nlechanism. Before one can use the deuteron in­

elastic scattering as a quantitative tool for spectroscopy, it is important to have an insight 

into the reaction mechanism and the effective interaction. In this chapter we exalnine a 

distorted wave impulse approximation (DWIA) model fornlulated by Wiele et al. [29], and 

modified to accept the deuteron-nucleon t-matrix deduced from the three-nucleon Fad­

deev calculations [31] (the three-body dN interaction) as the projeetile-nucleon effective 

interaction (see Appendix C). The eight transitions chosen arethe 2i (4.44 MeV), 31(9.64 

MeV), li(12.71 MeV) and 22(18.3 MeV) states in 12C and the 2i(1.78 MeV), 31(6.88 

MeV), It(9.50 MeV) and 51(9.70 MeV) states in 28Si, which include transitions differing 

in multi-polarity and spin transfero For these transitions reliable nuclear structure infor­

Ination is available from shell nlodel and other structure calculations. The eventual goal 

is to see whether the DWIA using a consistent set of wave functions for the states involved 

and using a realistic effective projectile-nucleon interaction can provide a simultaneous 

description of the scattering observables obtained in this experiment. It is also intended to 

clarify the role of correlation among the three nucleons in the projectile-nucleon system by 

comparing calculated results using the three-body dN interaction with those obtained by 

the folding dN interaction which is based on the deuteron-nucleon impulse approximation 

calculations [29]. 

The calculations scherne is presented in section 6.1. The calculated cross section and 

analyzing powers are compared with the data for natural and unnatural parity transitions 

in section 6.2 and 6.3, respectively" The DWIA calculations are then applied to make 

interpretation of the spin-flip probability data for transitions to the 2i and It states in 

84 
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85 

12C and to the 31 and It states in 28Si in section 6.4. 

6.1 Microscopic DWIA Calculation 

6.1.1 Transition Matrix 

The transition matrix for the (d, d') reaction within the DWIA [29, 74, 75, 76, 77] is given 
by 

(6.1 ) 

where the distorted waves in the initial and final channels are denoted by X(+)(R) and 

X( - ) (R), the target wave functions by q.A (,0') and q.A" (p'), and the deuteron spinors by 

Xd and Xd', respectively. tdN(q) is the projectile-nucleon effective interaction with q 

being the lllomentum transfer. The integral over q in TfAWIA was carried out over the 

range of q where tdN is known, i.e. qrnax=3.41 and 2.52 fm- 1 for the three-body and 

folding dN interactions, respectively. (See subsection 6.1.3 and appendix C for these 

interactions.) Since the form factor decreases rapidly with q, the results with the three­

body dN interaction did not depend on the choice of the above qrnax values. Details on 

T£~VIA is given in Appendix C. 

6.1.2 Optical Potential 

The distorted waves in the entrance and exit channels were generated by using the optical 

nlOdel (OM) potential paranleters in Tables 6.1 and 6.2 for 12C and 28Si, respectively. The 

OM potential, U (r), was determined by fitting the elastic scattering data using the code 

ECIS79 [78]. In the fitting procedure the elastic scattering data up to about 30° (center of 

mass) were analyzed. The OM potential was parameterized by the volume Wood-Saxon 

real and imaginary terms, VR and WI, the real and imaginary spin-orbit terms, VR80 and 

WI80, and the Coulomb terrn, VCou}, as 

U(r) 

+ (6.2) 

where sand L are the deuteron spin and orbital angular momentulll operators, f(x z) has 

a Woods-Saxon form, f(xi) = f(r;ri,ad = [1 + exp{(r - riA~)lai}]-l, The Coulonlb 
1 

term VCoul(r) is due to a uniformly charged sphere of radius Rc = rcA3. The tensor 

terms in the optical potential are ignored in the present analysis. The OM predictions 

are compared with the data in Figs. 5.8 and 5.9 for 12C and 28Si, respectively. The data 

are well reproduced by the OM calculations. 

http:qrnax=3.41
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Table 6.1: Phenomenological Woods-Saxon optical model parameters for the deuteron 
elastic scattering on 12C at Ed=270 MeV. The Coulomb radius parameter was fixed at 

rc=1.3 fm. 

VR 
(MeV) 
-19.271 

rR 
(fIn) 
10408 

aR 
(fm) 
0.752 

WI 
(MeV) 
-19.644 

rl 
(fm) 
1.081 

al 
(fm) 
0.889 

VRSO 
(MeV) 
-7.196 

rRSO 
(fm) 
0.907 

aRSO 
(fm) 
0.714 

WISO 
(MeV) 
1.637 

rlSO 
(fm) 
0.888 

alSO 
(fm) 
0.708 

Table 6.2: The same as in Table 6.1 hut for 28Si target. 

rR aR 	 rl al 

(MeV) (fIn) (fm) (MeV) (fm) (fm) 
-21.572 1.384 0.806 -20.093 1.044 1.041 


rRSO aRSO rlSO alSO 
(MeV) (fIn) (fm) (MeV) (fm) (fnl) 
-5.466 1.032 0.797 1.582 1.008 0.738 

6.1.3 Effective Interaction 

The projectile-nucleon effective interaction, tdN, is assumed to he the on-shell deuteron­

nucleon (dN) t-matrix. The lnost general form of the scattering matrix allowed for an 

dN (spin-Ion spin- ~) in,teraction that is invariant under parity and time reversal in the 

dN center of mass fraIne is given by [79] 

tdN(q) = a 	+ {3Sn + ,an + JSnan + €Sqaq + (Spap + rJQqq + ~Qpp 
+/1,Qqqan + >.Qppan + fLQnqaq + vQnpap, (6.3) 

where a is Pauli spin matrix, Sand Q deuteron spin operators, and Q, ..• , v are conlplex 

parameters which depend on the incident energy and if. Unit vectors are given by iII Ikin­
kout, i~1I kin X kout and p = it x ij. 

Two different sets of parameters for tdN are examined. The first set is calculated 

by folding the on-shell N Nt-matrix at half the incident deuteron energy with a full 

deuteron wave function as given in the original study by Wiele et at. [29] (the folding dN 

interaction). In the folding dN interaction one of the nucleon in the deuteron is treated 

merely as a spectator. The second set is obtained by solving the 3N Faddeev equations as 
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(a) (b) 
d d d d 

AIA AIA 

Figure 6.1: Diagramatic representations of the deuteron-nucleus (dA) scattering matrix 
in terms of (a) the folding dN interaction and (b) the three-body dN interaction. 

given in Ref. (31) at Ed = 270 MeV (the three-body dN interaction). 1 In the three-body 

dN interaction the multiple scattering, rearrangement and deuteron break-up effects are 

fully included. In both calculations the CD-Bonn potential [80] was used for the N N 

interaction. Diagramatic representations of the deuteron-nucleus (dA) scattering matrix 

in Eq. (6.1) in terms of the folding dN interaction and of the three-body dN interaction 

are given in Figs. 6.1 (a) and (b), respectively. 

Experinlental data for the J + p elastic scattering at 270 Me V are compared with 

theoretical predictions based on the two tdN matrices in Fig. 1.1. It is clearly seen that 

a better description of the data is obtained with the three-body dN interaction. More 

details on the tdN-matrices are given in Appendix C. 

6.1.4 Transition Density 

Other inputs required for the DWIA calculations are the spectroscopic amplitudes and 

transition densities. These are calculated fronl wave functions derived from models appro­

priate for the nuclear levels of interest. The transition densities are presented in terms of 

the coefficients of an expansion in products of single-particle radial wave functions. The 

definitions of the transition densities and spectroscopic amplitudes in this study are given 

respectively in Eqs.(C.12) and (C.14) in Appendix C. 

The spectroscopic amplitudes for positive and negative parity states in 12C were cal­

culated by using the shell model wave functions of Cohen and Kurath (CK) [8l] and of 

Millener and Kurath (MK) [82], respectively. The calculations were carried out by using 

the shell model code OXBASH [83]. The amplitudes are listed in Tables 6.3 and 6.4 for 

IThe three-body dN amplitudes are provided by Dr. Kamada. 

http:Eqs.(C.12
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Table 6.3: Spectroscopic amplitudes Sgo(jJii) for the positive parity 2+(4.44 MeV) and 
1+(12.71 MeV) states in 12C. 

State Ex OP1/2 OP3/2 
O -1 o -1(MeV) P1/2 P1/2 

4.44 0.7594 -0.5014 -0.3101 

12.71 -0.0434 0.7187 0.3544 0.0137 

Table 6.4: Spectroscopic amplitudes Sgo(iJii) for the negative parity states 3-(9.64 MeV) 
and 2- (18.3 MeV) states in 12C. 

State Ex Od3/2 Od3/2 Od5 / 2 Od5 / 2 181/2o -1 o -1 o -1 o -1 o -1(MeV) P1L2 P3L2 PIL2 P3L2 P3L2 
3- 9.64 -0.3209 0.2728 0.5020 
2- 18.3 , -0.0309 0.0899 0.1070 -0.7065 -0.2669 

positive and negative parity states, respectively. The single particle wave functions were 

those of a harmonic oscillator well with a length parameter of b=1.756 fm [84] which is 

consistent with elastic electron scattering data. 

The spectroscopic amplitudes for positive parity states in 28Si were calculated by us­

ing the shell model wave functions of Wildenthal (W) [51]. The amplitudes are listed in 

Tables 6.5 for the 2t state, and in Table 6.6 for the It and It states. The harmonic oscil­

lator length parameter was chosen to be b=1.80 fm on the basis of the electron scattering 

data in Ref. [72]. For negative parity levels in 'l8Si the spectroscopic amplitudes obtained 

from the open-shell random phase approxiInation (OSRPA) of Rowe and Wong [85] were 

used. The OSRPA predictions given in Ref. [72] are listed in Tables 6.7 and 6.8 for the 31 
and 51 states, respectively. The coefficients in Ref. [72] were multiplied by appropriate 

phase factors to agree with the present convention for the spectroscopic amplitude. Based 

on the projected Hartree-Fock prolate ground state and on the Kuo shell nlodel ground 

state, the amplitudes give satisfactory account of the electron form factors in both shape 

and Inagnitude with hannonic oscillator length parameters of b=1.80 and 1.91 fm for the 

31 and 51 states, respectively [72]. 

http:1+(12.71


89 6.1. MICROSCOPIC DWIA CALCULATION 

Table 6.5: Spectroscopic amplitudes S60(jjJi) for the positive parity 2[(1.78 MeV) state 
in 28Si. 

State Ex 

(MeV) 


1.78 -0.1714 0.3835 0.1532 -0.3038 -0.2986 -0.4066 -0.0862 -0.5949 

Table 6.6: Spectroscopic amplitudes S60(jjJi) for the positive parity 1[(8.33 MeV) and 
It (9.50 MeV) states in 28Si. 

State Ex Od3/2 Od3/2 Od3/2 Od5/ 2 Od5/ 2 181/2 181/2 
(MeV) Odin Odsn ls~~ Odin Odsn Odin 18~n 

It 8.33 -0.0314 -0.2963 0.1808 -0.1292 0.0390 0.0928 -0.1311 

It 9.50 -0.0880 0.5563 -0.0548 0.2083 0.0483 -0.0372 -0.0071 


Table 6.7: Spectroscopic amplitudes S60(jjJi) for the negative parity 31(6.88 MeV) state 
in 28Si. 

State Ex Od5/2 Od5/2 Od3/2 017/2 017/2 017/2 015/2 015/2o -1 o -1 o -1 1 -1 1 -1(MeV) P3L2 PIL2 P3L2 Od5L~ Od-;L~ 81L2 Odsi2 81L2 
6.88 0.068 0.099 -0.191 -0.449 -0.173 -0.240 0.165 -0.14131 

015/2 1P3/2 1P3/2 1Pl/2 °P3/2 OPI/2 OP3/2 Od5/2 

OdsL~ Od-;i2 OdsL~ Odsi2 Odsi2 Od-;i2 Od-;i2 017L~ 
0.159 -0.285 -0.181 0.263 0.053 -0.065 0.133 -0.186 

Od3/2 181/2 Od5/2 Od3/2 181/2 Od5/2 Od3/2 OdS/ 2 

1 -1 1 -1 1 -1 017L~ 017L~ 01~~ 01~~ Of0.~ P3L2 P3L2 PIL2 
0.084 -0.154 -0.091 -0.088 -0.106 -0.130 0.090 -0.127 


Table 6.8: Spectroscopic amplitudes Sbo(jjjd for the negative parity 51 (9.70 MeV) state 
in 28Si. 

State Ex Od5 / 2 Od3/2 Od.5/ 2 

(MeV) 017L~ 01ij~ 015/~ 
0.175 0.558 -0.121 0.041 -0.050 0.046 
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Table 6.9: Polarization observables and corresponding spin operators for spin-l deuteron. 

oaobservables 0° 
Ay By 1 
pyl 1 By 
KY'y By By 

Ayy Byy 1 
Py'y' 1 Byy 
Ky'yl Byy ByyyY, 
K~y Byy By 

Kyly' 
y. By Byy 

6.1.5 Observable 

The cross section for the unpolarized bealn is calculated by 

ITDW1A (6.4)AfBmbMAma 12 • 
da 
dO 

Here J..la and ka (J..lb and kb) are the reduced mass and the momentum before (after) the 

collision calculated relativistically. Bd and IA are the spin magnitudes of the deuteron and 

the ground state of the target. In Eq.(6.4) an average over the initial spin orientations 

and a sum over the final spin orientations are taken. The polarization observables are 

given by 

(6.5) 

where oa and Ob are the spin operators for the initial and final deuterons, respectively. 

In Table 6.9 the correspondence between the polarization observables X(a, b) and the 

associated operators is shown. The Cartesian operators By and Byy (= P yy) are given in 

appendix C. The calculations were lnade by using the code DWUCK4 [86] after a suitable 

modification. 

6.2 Comparison with Data for Natural Parity Transition 

We first consider cross section and analyzing powers for transitions to the natural par­

ity 2t and 31 states in 12C and to the 2t, 31 and 51 states in 28Si. The excitations 

of these states are almost 6.B=O transitions which proceed predominantly through the 
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Table 6.10: Comparison of theoretical and experimental transition probability for the 
natural parity states in 12C and 28Si. The B(ELt) values are in units of e2fm2L . 

Nucleus State Ex B(ELt)th. B(ELt)exp. 

12C 2+1 

(MeV) 
4.44 23.3 38.7±2.1a 

3­1 9.64 246.7 746.3±5.0a 
28Si 2+1 1.78 111.8 332.5±6.3b 

3­1 6.88 3194.6 4529.1±51.4b 

a) Ref. [87]. 


b) Ref. [88]. 


spin-independent parts of the projectile-nucleon interaction. For each transition two cal­

culations, PWIA and DWIA calculations, were made with the three-body dN interaction 

in order to see the effects of distortion. The results of these calculations are shown as 

dotted and full lines. The DWIA calculations using the folding dN interaction were also 

performed, and the results are shown as dashed lines. The DWIA calculations with the 

two interactions utilized the identical N N potential as input. Therefore the differences 

between the solid and dashed lines can be attributed to correlation among the three 

nucleons in the pro jectile-nucleon system (the three-nucleon correlation). 

Table 6.10 surnmarizes the current information on the electromagnetic transition rates 

for the natural parity states in 12C and 28Si. 

6.2.1 Cross Section 

The calculated cross sections for the natural parity transitions in 12C and 28Si are com­

pared with the data .in Figs. 5.10 and 5.11, respectively. The curves for the 31 and 51 

states in 28Si are scaled in such a way that the DWIA curves using the three-body dN 

interaction agree with the data near the cross section nlaxima. The resultant scale factors 

are 0.50 and 0.39 for the 31 and 51 states, respectively. Comparison of the dotted and 

solid lines shows that the effects of distortion substantially improve the fit to the angular 

distribution shapes of the cross section, although some discrepancy between the data and 

theory still remains at backward scattering angles. Comparison of the solid and dashed 

lines shows that the three-nucleon correlation has an effect to reduce the calculated cross 

sections near the peak. The DWIA cross sections with the two dN interactions at the 

cross section maxima are shown in the columns 4 and 5 of Table 6.11. We see that the 

reduction in the calculated cross sections due to the three-nucleon correlation amounts to 

19 ~ 34%. 
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Table 6.11: Calculated and experimental differential cross sections at the peak position 
for natural parity transitions. Also shown are the normalization factors (N) which would 
be required for the DWIA cross sections (with the three-body dN interactions) to fit the 
experimental values when the transition densities are normalized to the electric measure­

ments. 
dO" )Fold dO")3N dO" ) NNucleus State ec.m. m tho m tho m expo 

(deg.) (mb/sr) (mb/sr) (mb/sr) 
12C 2+ 9.0 25.6 20.5 18.9 0.54a1 

3- 4.6 3.5 3.2 0.31a11.01 
28Si 2+ 7.5 66.3 53.7 51.7 0.32a1 

3- 9.0 26.7 21.1 10.6 0.50b 
1 

5- 13.0 1.28 0.84 0.33 0.39b 
1 

a) N= [~~)exp. B(ELthh] /[~~)~~ B(ELt)exp.] 


b) N= ~~ )exp. /~~ )~l~ 


The shell model calculations do not describe the absolute magnitudes of the experimen­

tal electric .transition probabilities due to the core polarization effect [89]. The theoretical 

and experimental electric transition probabilities, B(ELt)th, and B(ELt)exp., for the 2t 
and 31 states in 12C and for the 2t state in 28Si are listed in Table 6.10. If the theoretical 

(d, d') cross sections (calculated with the three-body dN interaction) are adjusted with 

the factors B(ELt)exp./ B(ELt)th.,2 they would require normalization factors to fit the 

data as listed in the column 7 of Table 6.11, where the aforenlentioned scale factors for 

the 31 and 51 states are also listed. We see that DWIA cross sections must be multiplied 

by factors 0.31 '" 0.54 to obtain correct magnitudes when the nuclear transition densities 

are nornlalized to reproduce the electric transition probabilities, 

The problem in nonnalization of the calculated cross sections for the natural parity 

transitions as seen in the present DWIA analysis has been noted in analyses of the (p,p') 

reaction at comparable incident energies per nucleon using an effective interaction based 

on free nucleon-nucleon scattering [90, 91]. Comfort et al. made DWIA calculations for 

transitions to the 21 state excited via the 12C(p, p') reaction at Ep=120 MeV [90], and 

to the 2t and 31 states in 12C at Ep=200 MeV [91]. Their calculations made use of the 

Love and Franey effective interaction [92], and the same shell nlode} wave functions used 

here with the same norlnalization procedure. To obtain correct peak cross sections the 

calculated values needed to be multiplied by 0.59 for the 2t state at 120 MeV and 0.53 

and 0.45 respectively for the 2t and 31 states at 200 Me V. The required normalization 

renormalizations have not been included in thf' curves for the 2t and 31 states in Fig. 5.10 and 
the 2{ state in Fig. 5.11. 



6.3. COMPARISON WITH DATA FOR UNNATURAL PARITY TRANSITION 93 

factors are very close to those found in the present (d, d' ) analysis. This indicates that the 

failure in the present DWIA analysis to reproduce the cross section magnitude for ~T=O, 
~S=O transitions arises from failures in some features of the effective interaction or the 

reaction mechanism, which are common to the usual DWIA analysis of the (p, p') reactions, 

rather than from reaction mechanism uncertainties related to the composite nature of the 

deuteron projectile. It has been suggested that Pauli blocking correction to the isoscalar 

spin independent central component of the effective interaction is important in obtaining 

qualitative description of scattering observables for natural parity transitions in the (p, p') 

reactions in the incident energy range between 100 and 200 MeV [93, 94, 95, 96]. 

6.2.2 	 Analyzing Power 

The measured vector and tensor analyzing powers for the natural parity transitions in 12C 

and 28Si are compared with the calculations in Figs. 5.12 and 5.13, respectively. DWIA 

calculations with the folding dN interaction generally give results which differ only in 

details frOIn those with the three-body dN interaction. Comparison of PWIA and DWIA 

curves indicates that the effect of distortion is minor below 15° while it becomes large at 

larger angles. The Ay data for the 2t state in 12C and for the 2t and 31 states in 28Si 

exhibit weakly oscillating structure, and approach unity at larger angles. By completely 

missing the oscillation pattern, the DWIA calculations give only qualitative description 

of Ay data for these states. The Ay angular distributions for the 31 state in 12C and for 

the 51 state in 28Si exhibit a general trend of positive values at small scattering angles, 

followed by a decrease towards negative values with increasing scattering angle. In the 

region beyond 15° somewhat better results could be obtained by the PWIA calculations. 

For these states the DWIA calculations with the folding dN interaction give better account 

of the Ay data beyond 15° than those with the three-body dN interaction, indicating the 

sensitivity to the choice of the effective interaction. 

The effect of distortion is not significant for Ayy for the natural parity transitions. 

The DWIA calculations provide reasonable description of the Ayy data over the angular 

range up to 30°. 

6.3 	 Comparison with Data for Unnatural Parity Transi­
tion 

We then consider unnatural parity transitions to the It and 22 states in 12C and to the 

It state in 28Si. The excitations of these states are ~S=l transitions, which proceed only 

through the spin-dependent parts of the projectile-nucleon effective interaction. For each 

transition, calculations were nlade within PWIA and DWIA franleworks as in the sanIe 
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Table 6.12: Comparison of theoretical and experimental transition probability for the 
8 • • f 2 f 2L-2

unnatural parity states in 12C and 2 Si. The B(MLt) values are In unlts 0 IlN m . 
The discrepancy in the theoretical and experimental values of B(MLt) for the T=O, 
1+ transition in 12C is most likely due to small isospin mixing between T=O and T=1 

levels [97,98]. 

Nucleus State Ex B(ELthh. B(ELt)exp. 
(MeV) 

12C 1+1 12.7 0.014 0.044±0.006a 

28Si 
2­

1 
1+

1 
1+2 

18.3 
8.33 
9.50 

45.5 
0.0079 

0.031 
0.0004±0.0003b 

0.024±0.010b 

a) Ref. [87]. 

b) Ref. [88]. 

manner for the natural parity transitions. 

The 9.5 MeV peak in 28Si is a doublet state consisting of the It(9.50 MeV) and 

2t (9.48 MeV) states. In a multipole analysis of the data, following three points were 

assumed: (1) The angular distribution shape of the 2t state follows the prediction of a 

macroscopic DWBA calculation. (2) The strength of the DWBA cross section is deter­

mined by using the proportionality relation expected to hold among transition rates for 

low-lying 2+ states obtained from the present (d, d') measurelnent and those obtained 

from other measurements (see Appendix D for details). (3) The spin observables for the 

2t state are replaced with those for the 2t state calculated using the wave functions 

listed in Table 6.5. For the 9.5 MeV double state the calculated cross sections are given 

by the sum of the individual cross sections, and the polarization observables by the nlean 

weighted by the calculated cross sections. 

Table 6.12 sumlnarizes the current information on the electromagnetic transition rates 

for the unnatural parity states in l2C and 28Si. 

6.3.1 Cross Section 

The calculated cross sections for the unnatural parity transitions are compared with the 

data in Fig. 5.14. The calculations are shown without any normalizations. In the cross 

section figure for the It state in 28Si the estimated contribution from the 2t state is 

shown as a dot-dashed line. Comparison of the DWIA (solid) and PWIA (dotted) curves 

shows that the distortion effects again substantially improve the fit to the cross section 

angular distributions. Comparison of the solid and dashed lines shows that the three­

nucleon correlation has an effect to reduce cross sections near the peak as in the case for 
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Table 6.13: Calcu.lated an~ ~xperimental differential cross sections at representative angles 
for unnatural panty transItIons. The normalization factors (N) required for DWIA results 
with the three-body dN interaction to fit the experimental values are also shown. 

Nucleus State ec.m. du )Fold dU)3N du) NadO tho dO tho dO expo 
(deg.) (mb/sr) (mb/sr) (mb/sr)

12C 1+1 5.0 0.91 0.72 0.84 1.17 
10.0 0.41 0.28 0.28 1.01 

2­2 8.0 2.81 2.12 2.75 1.30 
2SSi 1+2 5.0 1.52 1.21 1.46 1.21 

a) N- do-) / dO" )3N- dO expo an tho 

the natural parity transitions. The DWIA cross sections with the folding and three-body 

dN interactions at representative angles are shown in the columns 4 and 5 of Table 6.13. 

We see that the three-nucleon correlation has an effect to reduce DWIA cross sections by 

20 "'" 33%. It is to be noted that the problem of the cross section overestimation with 

the folding dN interaction could previously be identified only in the AS=O channel [18], 

while the present analysis suggests that it persists in the AS=l channel as well. 

Due to the strong sensitivity to admixture of the isovector components in the wave 

functions, the electron scattering is generally of little help to normalize the shell model 

wave functions for isoscalar spin-flip states. At the representative angles the ratios of 

the experimental cross sections relative to the DWIA values calculated using the three­

body dN interaction are deduced (see column 7 of Table 6.13). It is found that DWIA 

calculations using the free dN interaction reproduce the cross section data for the spin 

transitions with normalization factors close to unity. 

In the incident energy range between 100 and 200 MeV, the theoretical (p,pl) cross 

sections for the isoscalar spin-flip transition are known to depend sensitively on the choice 

of the effective interaction. Comfort et al. made DWIA analysis for transitions to the 

It state in 12C excited via the (p,pl) reaction at Ep=120 MeV [90] and to the It and 

22 states in 12C at Ep=200 MeV [91]. Their calculations made use of the Love and 

Franey effective interaction [92], and the same shell model wave functions as employed 

here. The calculations over-predicted the data by a factor of about 2 at forward angles. 

Willis et al. [99] made DWIA calculations for the It state in 28Si and for the It state 

in 12C excited via the (p,pl) reaction at Ep=200 MeV using the nucleon-nucleon (NN) 

t-matrix generated directly from the N N phase shifts as the effective interaction, and the 

same shell model wave functions as employed here. The calculations reproduced the cross 

section data at forward angles without any normalizations, in agreement with the present 
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(d, d') analysis. 

In the 12C(d, d') study at Ed=400 MeV [29,42], it has been pointed out that the DWIA 

cross section using the folding dN interaction for the 1+ states at 12.71 MeV was larger 

than the data by about a factor of 1.5 at forward angles. It is interesting to see whether 

or not the three-body dN interaction at 400 MeV would reduce the DWIA cross section, 

as in the present 270 Me V· case, so that it might in fact come close to the experiment. 

The spectroscopic information that is gained from the present comparison of the cross 

section data with the calculated results using the realistic projectile-nucleon effective in­

teraction is that there is essentially no quenching observed for the isoscalar spin transitions 

in 12C and 28Si. The result indicates that the ,6.-h explanation, which is responsible only 

for isovector transitions but not for isoscalar transitions, could not be entirely excluded as 

the quenching mechanism for spin transitions, contrary to the conclusion given in Ref. [48]. 

In order to further pin down the origin of the quenching mechanism for the M1-type 

transitions, however, it would be important to see whether the strength for the T=l spin 

transitions is more quenched than that for the T=O spin transitions. It is preferable to 

use the same deuteron induced reaction to reduced systelnatic uncertainty due to pos­

sible reaction mechanism ambiguities. The deuteron charge exchange (d, 2He) reaction 

has been established as a probe for the T=l spin transitions [100]. Since the realistic 

deuteron-nucleon charge exchange amplitudes are available from the three-nucleon Fad­

deev calculations [31], 3 and the impulse approximation is expected to be applicable, the 

charge exchange reaction will provide a good way to examine the degree of quenching 

in the T=l channel. The advantage of using deuteron induced reactions for the study 

of quenching for spin transitions is that the reactions often show stringent selectivity in 

isospin transfer so that they can separate isoscalar and isovector transitions experimen­

tally even for N:f.Z target nuclei, for which the (p, p') reaction can not distinguish between 

the two types of the transition. 

6.3.2 Analyzing Power 

The experimental analyzing powers Ay and Ayy for the unnatural parity transitions are 

compared with calculated results in Fig. 5.15. The DWIA calculations with the three­

body and folding dN interactions give results which are dose to each other. The DWIA 

calculations well describe the analyzing power data, with a possible exception for Ay below 

5° for the 1+ states where the predictions strongly underestimate the data. 

3St rictly speaking the current framework of the Faddeev calculations do not take into account the 
Coulomb interaction in an exact manner above the deuteron break-up threshold. The Coulomb repulsion 
in the final state di-proton system eRe) in the deuteron-nucleon charge exchange amplitudes must be 
incorporated in an approximate manner. 
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The agreement between the data and theory is more satisfactory for the unnatural 

parity transitions than for the natural parity transitions. 

6.4 Single Spin-Flip Probability 

6.4.1 Natural Parity Transition 

The angular distributions of the single spin-flip probability 81 for the 2t state in 12C and 

for the 31 state in 28Si are compared with calculations in Fig. 5.16. These natural parity 

states are dominated by the A8=0 transition. The 8 1 value for the A8=0 transition is 

constrained to be zero within PWIA [79]. Thus the PWIA predictions (dotted lines) of 81 

for these transitions are almost consistent with zero. The DWIA curve (solid line) of 8 1 for 

the 2t state slightly deviates from zero. For the 31 state, the DWIA curve becomes large 

at forward angles. These finite DWIA values of 81 are due to the spin-orbit distortion in 

the optical potential. We see that the effect of distortion can be somewhat substantial 

and cannot be entirely ignored. The data are well described by the DWIA calculations. 

6.4.2 Unnatural Parity Transition 

The experimental angular distributions of 81 for the 1+ states in 12C and 28Si are com­

pared with PWIA and DWIA calculations (dotted and solid lines) using the three-body 

dN interaction in Fig. 5.17. The calculated 81 values are large at small scattering angles 

and decreases with increasing scattering angle up to about 10°. The data points at 5.4° 

and 7.3° are in good agreement with the calculation, while the 3.5° data points are slightly 

overestimated. It is to be noted that a similar discrepancy has been reported for 8nn at 

forward angles for a transition to the isoscalar 1+ state in 12C excited via the (p,p') reac­

tion at E p =397 MeV [8]. The differences between PWIA and DWIA calculations below 

10° are relatively small, showing the minor importance of the effects of distortion on 8 1 in 

this angular range. The dot-dashed lines for 81 in Fig. 5.17 represent theoretical curves 

corresponding to the transferred orbital, spin and total angular momenta of L8J = (011), 

calculated using the impulse approximation amplitudes as give by the relation [79]: 

21£1 2 + 21(12 + 211-£1 2 + 21 vl2 

where the coefficients 0, ... , v are defined in Eq.(6.3) and'ljJ (I'\: + ),,)/3. This simple IA 

estimate is seen to produce essentially the same 8} values below 10° as does the DWIA 

calculation with the full CK and W wave functions. Thus it seems that the 8} values 

for the A8 = 1 transitions are also insensitive to details of the transition density in this 

angular region, instead it is mainly determined by the relative strengths of different parts 

of the dN impulse approximation amplitudes. 

(6.6) 
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Figure 6.2: The sensitivities of the cross section and spin-flip probability for the 1+ 
transitions in 12C and 28Si to various parts of the dN t-matrix interaction. 

The contribution of each term in the dN t-matrix interaction to the cross section and 

81 for the 1+ states in 12C and 28Si is shown in Fig. 6.2. The curves were calculated 

within DWIA by using the three-body dN interaction. In the cross section, spin-orbit like 

, term contributes significantly. Since the, term produces very small 8 1 values, the 8 1 

curves with no , term (dashed lines) are enhanced relative to the full interaction (solid 

lines) by more than a factor of two over most of the angular range. The spin-transverse 

fJ term produces a similar effect to the, term but to a lesser extent. On the other hand, 

when the spin-longitudinal f and spin-transverse ( terms are ignored, the values of 8 1 are 

reduced. When the higher order terms with respect to the spin transfer to the deuteron 

are neglected (not shown in the figure), the effect is negligible. The contribution from 

the fJ and f terms to 8 1 at forward angles are similar in magnitude and are oppositely 

signed. Therefore 8 1 is primarily sensitive to the relative strengths of the, and ( terms 

of the dN interaction. The discrepancy between the data and the prediction at the 3.50 

points in both 12C and 28Si nuclei therefore indicates that there might be problems with 

the momentum transfer dependence of the strengths of the, term relative to the ( term, 

the, term is too small relative to the ( term at 3.50 
• 
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In-medium enhancement of the spin-orbit part of the N N interaction has been sug­

gested by Hoffmann et al. [101]' who by arbitrarily increasing the imaginary spin-orbit 

term for momentum transfer region below 0.75 fm- 1 have obtained an improved impulse 

approximation description of the forward angle analyzing power data for proton elastic 

scattering at 500 and 800 MeV. Fayache et al. [102J have studied the effects of varying 

various components of a realistic N N interaction on Ml transition rates for nuclei in 

the Op and Is-0d shells in large model space structure calculations. For most of the nu­

clei a much better agreement with the experimental B(M1) rates could be achieved by 

increasing the strength of the spin-orbit interaction relative to the free value. 

6.5 Double Spin-Flip Probability 

Figure 5.16 compares the measured angular distributions of the double spin-flip probabil­

ity 8 2 for the 2t state in 12C and for the 31 state in 28Si with calculated results. The 82 
value for A8=0 transition is not constrained to be zero even within PWIA. However, due 

to the relative unimportance of the double spin-flip components of the projectile-nucleon 

interaction at low momentum transfer region (See Fig. C.3 for momentum transfer de­

pendence of individual components of the three-body dN t-matrix), PWIA values of 82 

are consistent with zero below 15°. Comparison of PWIA and DWIA curves shows that 

the effects of distortion are very small in this angular range, leading to the DWIA values 

of 82 which are compatible with zero. The data are well described by the calculations. 

Figure 5.17 compares the experimental angular distributions of 82 for the 1+ states 

in 12C and 28Si with PWIA and DWIA calculations using the three-body dN interaction. 

The calculated 82 values below 15° are consistent with zen? in both PWIA and DWIA in 

agreement with the data. 

It is found that for both A8=0 and A8=1 transitions the predicted 82 values are 

consistent with zero below 15° within the present reaction model framework. This indi­

cates that any non-zero 82 values which would be present in this angular range would 

have to be explained by a certain reaction mechanism beyond the present one based on 

the one-step impulse approximation. 

Experimentally we observed 82 values which are close to zero across the excitation 

energy region below 21 MeV. Since one expects that the double spin-flip strengths are 

high up in the excitation energy, the present result on 82 for low excitation energy region 

may be regarded as an indicator for the reliability of the present measurement and the 

data reduction procedure. Using the methodology developed and calibrated in this work, 

experiments in search for the double spin-flip strengths in the high excitation energy 

region are expected to be performed in the future work. 



Chapter 7 

Conclusion 

The differential cross section and the eight polarization observables concerning the y-axis 
y' pylyl Kyl Kyl Kylyl Kylyl) £ h d . I t' tt'(i.e. Ay , Ayy, P, 'Y' yY' Y , yy or t e euteron lne as IC sca enng on 

28Si at Ed=270 MeV have been measured over the target excitation energy range between 

4 and 21 MeV and the scattering angular range between 81ab =2.5 and 7.50 in the search 

for isoscalar spin excitation strengths in 28Si. The experiment has been performed by 

means of the double scattering technique using a deuteron polarimeter DPOL developed 

at the focal plane of the RlKEN magnetic spectrometer SMART. 

The polarimeter system DPOL involves a CH2 scatterer and a large areal and highly 

segmented plastic counter hodoscope. The simultaneous measurement of both vector and 

tensor polarization components is realized by utilizing two nuclear reactions, the J+ 12C 

elastic scattering and the 1 H(d, 2p) charge exchange reaction. This feature, together with 

the large acceptance encompassing the focal plane, permits the extraction of all the eight 

polarization observables as a function of the target excitation energy. In order to extract 

the unpolarized cross sections and the effective analyzing powers the polarimeter system 

bas been calibrated at three incident deuteron energies, 270, 250 and 230 MeV, prior to 

the double scattering measurement. 

The deuteron single and double spin-flip probabilities 8} and 82 in the 28Si(d~ J) 
reaction have been determined from the eight polarization observables. Exhibiting a large 

81 value of about 0.2 for an isoscalar spin-flip 1+ state know at 9.50 MeV, and small 81 

values of around 0.05 for non-spin-flip states such as the 3- state at 6.88 MeV, the quantity 

8 1 is shown to be closely related to the spin-transfer in inelastic deuteron scattering. This 

confirms the usefulness of 81 as a signature for isoscalar spin-flip transitions. Relatively 

large 81 values of the order of 0.1 have been observed in the excitation energy range 

between 9.6 and 20 MeV suggesting the presence of isoscalar spin-flip strengths in this 

region. The 82 values are close to zero over the measured excitation energies, and no 

indication has been obtained for the excitation of the double spin-flip transitions such as 

100 
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the double Gamow-Teller state. 

In order to look insight into the reaction m~chanism for the deuteron inelastic scatter­

ing at 270 MeV, the angular distributions of the cross section and analyzing powers Ay 

and Ayy leading to the Ot(ground), 2t(4.44 MeV), 31(9.64 MeV), It(12.71 MeV) and 

22(18.3 MeV) states in 12C and to the Ot(ground), 2t(1.78 MeV), 31(6.88 MeV), It(9.50 

MeV) and 51(9.70 MeV) states in 28Si have been measured. The elastic scattering data 

are used to extract optical model potential parameters. The data are compared with 

microscopic DWIA calculations. The calculations utilize the free deuteron-nucleon (dN) 

t-matrix derived from the three-nucleon Faddeev calculations as the projectile-nucleon 

effective interaction, and the realistic transition densities. It is found that the DWIA 

calculations give reasonably good account of the data. Especially for the unnatural par­

ity transitions the cross sections are reproduced by the calculations with normalization 

factors close to unity, and no notable quenching of the isoscalar spin strengths is found in 

both 12C and 28Si. In order to identify the effect of correlation among the three nucleons 

in the projectile-nucleon system, the calculated results are compared to those obtained by 

using the simple folding dN interaction. It is found that for both natural and unnatural 

parity transitions the three-nucleon correlation effect reduces the calculated cross sections 

near the peak by about 20-35%. 

The DWIA method is used to interpret the observed spin-flip probabilities 8 1 and 

82 for transitions to the 2t and It states in 12C and to the 31 and It states in 28Si. 

For the ~S=O transitions the small but non-zero values of 81 can be explained by the 

effects of distortion due to the optical potential. The sensitivity of 81 for the 1+ states to 

the relative strengths of different parts of the dN effective interaction at low momentum 

transfer is noted. The 8 1 angular distribution data are well reproduced by the DWIA 

calculations, except for the most forward angle data points where they are overestimated 

by the calculations. Considering the insensitivity of 81 at low momentum transfer to the 

distortion effects and to the transition density, the discrepancy is likely to indicate the 

inaccuracy in relative strengths of the spin-orbit like I term and other tensor terms. The 

82 values within the present DWIA calculations are extremely insensitive to distortion ef­

fects below 8 c.m . = 15°, where the calculated values are consistent with zero in agreement 

with the data. 

With the demonstrated availability of the polarization technique, including the polar­

ized beam and the focal plane polarimetry, and the applicability of a DWIA method which 

can yield quantitative description of scattering observables in a level well compared to that 

for the (p, pI) reactions at similar incident energies per nucleon, the polarization transfer 

measurement in inelastic deuteron scattering at intermediate energy region provides an 

important probe of nuclear structure in the iso8calar spin dependent channel. 

http:It(12.71
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Appendix A 

Calibration Results of DPOL 
Polarimeter 

The calibration of the focal plane polarimeter DPOL was performed in order to determine 

the unpolarized cross section and effective analyzing powers of the analyzer reactions 

before being used in the double scattering experiment. In the calibration experiment 

direct polarized beams with known polarizations at Ed=270, 250 and 230 MeV, whose 

polarization axis was set in the y or xz direction in the helicity frame of the polarimeter, 

was lead onto the the scatterer. The 1H(J: 2p) charge exchange reaction (CE) and the 

d+ 12C elastic scattering (EL) were measured. Events of these reactions were classified 

according to the polar and azimuthal scattering angles. For measurements at 250 and 230 

MeV, the beams were energy degraded by letting pass through aluminium plates located at 

the target position of the spectrometer. The depolarization due to the energy degradation 

is expected to be negligible small [103]. The derivation of the unpolarized cross section 

and effective analyzing powers from the stored number of events in the polarimeter is 

presented along with the obtained results. 

A.I Unpolarized Cross Section and Analyzing Powers 

Figure A.I shows the coordinate system relevant for the calibration of the polarimeter. 

In the figure Band ¢ refer to the polar and azimuthal scattering angles, and Q and j3 

specify the direction of beam polarization axis of symmetry. Denoting the magnitudes 

of the vector and tensor polarization of the bealn by (p~i) ,p~~), the yield Ng1(orEL)(B, ¢) 

measured in the (B, ¢) bin can be expressed as: 

N(i) 


= Rfy' N H(orC) , a(B) . D(B, ¢) 


x {I + V3pysinj3iTl1(B) cos(¢ - a) 
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Dispersive plane 
of the spectrometer 

Polarization axis 

of symmetry 


Double scattering target 

Figure A.I: The direction of the polarization axis of sYlnmetry for deuteron beams incident 
on the polarimeter are specified by angles a and {3. The angles 8 and 4> are the polar and 
azimuthal scattering angles. 

1 2+ mPyy (3 cos (3 - 1)T2o(8)
2v 2 

.../3pyy sin {3 cos (3T21 (8) sin( 4> - a) 

V;Pyy sin2 ,6T22{B) cos{2¢> - 2or)}, (A.I) 

where N H(orC) is the number of target nuclei per unit area in the scatterer, a(8) is the 

cross section in a bin specified by the angle 8. D is the local detection efficiency of the 

polarimeteL The effective analyzing powers are denoted by Tkq' The data taking live 

time factor does not appear in Eq. (A.I). In the measurement of iTll, T20 and T22 the 

polarization axis was directed in the y-direction specified by (0, (3)=(O, ~), while in the 

measurement ofT21 it was set in the xz-direction specified by (a,{3)=(~, 3;). In the latter 

measurement two spin-states of the beam, #0 and # 1, were used. 

Given the yield N~~(orEL) (8,4» in the polarimeter, the unpolarized cross section is 

calculated by 

(A.2) 
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for the charge exchange reaction, and 

(A.3) 


for the elastic scattering. 

The effective analyzing powers were determined as follows. Firstly, the ratio of the 

polarized cross section to the unpolarized cross section was calculated by 

N(i) . N(O) 

R(i)(B,</J) = 7~(OrEL) ~:)' (A.4) 
NCE(orEL) . NSf 

It depends only on the number of counts. Secondly, with this ratio and the known beam 

polarizations, p~i) and p~iJ, the vector Rv and two tensor RT and RT21 asymmetries were 

constructed using Eq.(A.1) 

(2) 
= R(2) - 1 - pyy (R(I) R(3)), (A.5)

(1) (3) 
pyy - pyy 

(1) (3) 
R(I) - R(3) - py ~iY (R(2) 1),RT(B, </J) (A.6) 

py 

R(4) 1 + /[iTll (0) sin q,p£4) 

1 (4) v'3 (4)
--T20(B)p - -T22(B)p cos 2</J. (A.7)4V2 yy 4 yy 

Here the fourth spin state #4 is introduced to describe the scattering with beams whose 

polarization axis in the xz direction. These asymmetries are related to the analyzing 

powers through: 

Rv(B, </J) = V3iTII (B)p~ff cos </J, (A.8) 

1 ( ) eff V3 () eff (A.9)RT(B, </J) - tilT20 B Pyy -T22 B Pyy cos 2</J,
2v 2 2 

V3- 2 T21 (B)p~V cos </J, (A.10) 

with 

eyff (2) _ p~~ (pV) p~3)) (A.11)P py (1) (3) 
pyy - pyy 

eff = p(l) (3) _ p~~(p~l) _ p~3)) (A.12)Pyy yy Pyy (2) 
py 

Finally, a X2 minimization procedure was used to calculate the analyzing powers fronl 

Eqs.{A.8)-(A.10) for each B bin. Typical fitting results are shown in Figs. A.2 and A.3 for 

the CE reaction and the EL scattering, respectively. 

http:Eqs.{A.8)-(A.10
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q=10 (MeV/c) q=70 (MeV/c) q=130 (MeV/c) q=190 (MeV/c) 
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Figure A.2: Typical fitting results of the asymmetries, Rv, RT and RT21, observed with 
DPOL for the IH(J: 2p) reaction at Ed = 270 MeV. 
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Figure A.3: Typical fitting results of the asymmetries, Rv, RT and RT21, observed with 
DPOL for the a+12C elastic scattering at Ed = 270 MeV. 
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A.2 Calibration Results 

A.2.1 The 1H(J: 2p) Charge Exchange Reaction 

Figures Ao4-A.6 shows the experimental results for the CE reaction at the three incident 

beam energies, 270, 250 and 230 Me V. The results shown are those obtained with a cut on 

final two proton relative momentum of k < 004 fm -1. Error bars are statistical ones only. 

The effective cross sections are not corrected for the geometrical detection efficiency. The 

integrated CE cross section over k up to 004 fm- 1 and q up to 210 MeV Ic amounted to 

0.31 fm2 at 270 MeV. The cross section decreases rapidly for q greater that 200 MeV Ic. 
The iT11 analyzing power is almost consistent with zero. Large values are obtained for all 

the tensor analyzing powers T20, T21 and T22. The T20 analyzing power shows rather flat 

angular distribution up to 150 MeV I c and crosses zero around 200 MeV I c. The T22 and 

T21 analyzing powers are positive below 200 MeV Ic. Present data reproduce the general 

trends of reported analyzing powers for the calibration of POLDER polarimeter [37] based 

on t he same 1H ( d~ 2p) react ion. 1 

Solid lines in Figs. Ao4-A.6 are predictions of a Monte Carlo simulation using the 

impulse approximation model of Carbonell et.al. [58] and described in Appendix B. The 

calculation reproduces the experimental cross sections to within a relative error of about 

±10% over the q range between 0 and 215 MeV Ic and over all the measured incident 

deuteron energies. The dashed lines in Figs. Ao4-A.6 are calculated cross sections without 

taking account of detection losses caused by finite detector geometry. The ratio of the cross 

section shown by the solid line (for which geometrical effects are taken into account) to 

the cross section shown by the dashed line represents the geometrical detection efficiency. 

The ratio is found to remain at about 0.5 up to q=165 MeVIc at 270 MeV. The analyzing 

powers are qualitatively well reproduced by the calculations. 

Table A.1 summarizes the calibration results for the CE reaction on the efficiency f, 

the figure of merit Fkq and the average effective analyzing power (Tkq ) defined by the 

relations, 

f = 
number of useful event 

total number of incident deuterons 
(A.13) 

Ffq = / f((}, ¢) . Tfq . dO (A.14) 

(Tkq) = 
Fkq 

JE' 
(A.15) 

IThe sign of T21 analyzing power in Ref. [37] seems to be erroneously reported (See also Ref. [104]). 
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A.2.2 The d+ 12C Elastic Scattering 

Figures A.7-A.9 shows the experimental results for the EL scattering at three incident 

beam energies, 270, 250 and 230 Me V. The main features obtained from the calibration 

data are the following: the vector analyzing power iT11 exhibits positive large values for all 

the measured incident energies. It becomes almost as large as 0.6 at backward scattering 

angles around 15°, but it has values exceeding 0.1 even at the smallest angle of 3.5°. The 

tensor analyzing powers are very small except for T22 at 270 Me V at large angles, where 

negative nloderately large values are observed. 

Table A.2 summarizes the calibration results on the efficiency c, the figure of merit Fkq 

and the average effective analyzing power (Tkq) for the EL scattering. Slight deterioration 

of the efficiency and corresponding Fll values were found for the 230 MeV result. This 

was partly due to the present somewhat inadequate setting of the iron absorber thickness 

(13.5 mm), which was too thick to allow all the elastically scattered deuterons to pass 

through the absorber at 230 Me V. Therefore data on the 230 Me V beam energy are shown 

only for reference purpose. 

A.3 Summary of the Calibration 

In summary, a calibration experiment was performed in the deuteron energy range between 

230 and 270 MeV. It confirmed large vector analyzing power iTll for the a+12C elastic 

scattering, and large tensor analyzing powers T20, T21 and T22 for the 1H(J., 2p) reaction. 

By using these reactions for polarimetry the polarimeter DPOL can be used as a vector and 

tensor polarimeter." Angular distributions of these analyzing powers and the llnpolarized 

cross sections (or efficiency) were determined from the calibration experiment. 
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Figure A.4: Effective unpolarized cross section and spherical analyzing powers for the 
IH(J: 2p) reaction measured with DPOL at 270 MeV. The range in relative momentum 
of the final two protons is k = 0 - 0.4 fm-I. The solid lines represent the Monte Carlo 
predictions, which is based on the impulse approximation (IA) model [58], and takes into 
account full geometry of the detector system. The dashed line is the same prediction but 
without taking into account the effect of detection loss due to the finite detector geometry. 
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Figure A.5: Same as Fig. A.4 but at 250 MeV. 
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Figure A.6: Same as Fig. A.4 but at 230 MeV. 

Table A.1: Summary of the DPOL calibration experiment for the 1H(J: 2p) reaction. The 
range in relative momentum of the final two protons is k = 0 0.4 fm-I. 

Ed E Fll F20 F2I F22 (Tll) (T20) (T2I ) (T22) 
(MeV) (%) x10-3 x10-3 x10-3 x10-3 

270 0.082 0.44 5.47 3.58 5.11 0.02 0.19 0.13 0.18 
250 0.087 0.60 5.38 3.64 4.46 0.02 0.18 0.12 0.15 
230 0.090 0.57 5.50 3.67 3.98 0.02 0.18 0.12 0.13 
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Figure A.7: Unpolarized efficiency c and spherical analyzing powers for the d+ 12C elastic 
scattering measured with DPOL polarimeter at 270 MeV. 
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Figure A.9: Same as Fig. A.7 but at 230 MeV. 

Table A.2: Summary of the DPOL calibration experiment for the d+ 12C Elastic Scatter­
ing. 

Ed E Fll F20 F21 F22 (TIl) (T20 ) (T21) (T22 ) 
(MeV) (%) x10-2 x10-3 x10- 3 x10-3 

270 1.20 2.94 4.86 1.62 4.41 0.27 0.04 0.02 0.04 
250 1.33 2.71 4.63 1.99 3.82 0.24 0.04 0.02 0.03 
230 1.00 1.73 2.89 1.62 2.65 0.17 0.03 0.02 0.03 



Appendix B 

Monte Carlo Simulation of the 
1H(d, 2p) Reaction 

A Monte Carlo simulation program was written to simulate unpolarized cross section for 

the 1H(d, 2p) reaction. The program was used in the data analysis to correct for various 

effects which arise from possible differences in beam geometry between the calibration and 

double scattering experiments. The ability for the Monte Carlo simulation to reproduce 

experirnental differential cross sections provides a test of the computer code and our 

know ledge on the polarirneter response. After a brief description of the physics model used 

to calculate the cross section for the 1H(d, 2p) reaction, and of the simulation formalism, 

the experimental distributions with respect to the momentum transfer q and the di-proton 

relative momentum k are compared with theoretical ones. 

B.l The PWIA Model and Calculation Scheme 

The plane wave impulse approximation (PWIA) model of Carbonell [58] was used to 

calculate five dimensional differential cross sections, dt~:;d¢' for the 1H(d, 2p) reaction. 

In this model the impulse approximation amplitude is evaluated in the Breit frame (see 

Fig. B.l), where the average of the initial and final nucleon mOlnenta is perpendicular to 

the momentum transfer. The scattering amplitude is given by 

(B.l) 

Here W~;!kS (T) describes the outgoing pp wave function with relative momentum 2k and 

total spin S (=0 or 1). <Pd(T) is the initial deuteron wave function. The nucleon-nucleon 

(NN) charge exchange amplitude fce is given in the N N Breit frame by 

(B.2) 
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Figure B.1: Impulse approxilnation diagram of the IH(d,2p) reaction, indicating the 
particle identification and kinematics in the deuteron Breit frame. The nucleon-nucleon 
change exchange amplitude is evaluated at p/=0. 

where a is the Pauli matrix and unit vectors are given by q/ /P3 - p~, it/ /iJ.J x p~ and 

fi it x q. The amplitude is normalized as 

(B.3) 

In the present calculation, the pp wave function was generated using the Reid soft core 

N N potential [105] with Coulomb force. The total angular momenta of the pp system up 

to J =2 were taken into account. Both Sand D-state cornponents of the deuteron wave 

function were incorporated using the Paris parameterization [106]. The Fermi motion of a 

nucleon in the deuteron was neglected. The N N charge exchange amplitude in the Breit 

frame was obtained from that in the N N center of mass (c.m.) frame at the same invariant 

energy y'S, by making a Lorentz boost along the average momentum of the initial and final 

nucleon. The Wigner rotation in the spinor space [107, 108] was also taken into account, 

although it produced only minor effects at Ed=270 MeV. The N N c.m. amplitude was the 

SM97 solution of Arndt [109] extracted from the phase shift analysis program SAID [110]. 

The cross section and analyzing powers are given by 

~~Tr{FFt} (BA)
627r ' 

Tr{FflkqFt} /Tr{F Ft}, (B.5) 
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where nkq are deuteron spin operators (see Appendix C). In the present case where there 

is no information on polarizations concerning final protons, the S = 0 (spin singlet) and 

S = 1 (spin triplet) amplitudes in Eq.(B.1) contribute incoherently to the cross section 

and polarization observables. 

Given a theoretical differential cross section, dt~;kd¢' Met~opolis Monte Carlo integra­

tion [111] is used to evaluate the integral: 

(B.6) 


where I Beam represents the constraint imposed on the integral over the initial phase space 

by the beam spread in direction, position and energy at the secondary target. The cor­

relation between position and angle within the dispersive plane was taken into account. 

IHodo represents the restriction imposed on the integral over the final phase space by the 

polarimeter counter hodoscope. The position and timing resolution of the hodoscope was 

taken into account. In addition, effects such as energy loss, multiple scattering and energy 

straggling in the analyzer target, air, window and counter material were also taken into 

account, as well as the reaction loss in the analyzer target, which was incorporated assum­

ing the following values for the total and elastic cross sections, a~~c=760 mb, a~~p=85 mb 

and ad~c=140 mb. The simulation was perfornled separately for each excitation energy 

and scattering angle bin (Ex, 8) of the primary scattering. 

B.2 Comparison with Experiment 

Figure B.2 compares data on k-distribution, (~k)' obtained at incident deuteron energies 

Ed of 270, 250 and 230 MeV (shown by open circle) with the calculations. The solid 

histograms represent simulation results obtained with full 2p wave functions, while the 

dot dashed histograms results obtained with only the triplet final states in the di-proton 

system. In both calculations full detector geometry was incorporated. It is seen that 

the full calculations give a good account of the experimental incident energy and relative 

momentum k dependence without introducing any artificial normalizations. It is also 

clearly seen that the singlet final states dominate the spectra at small k, while the triplet 

final states become important as k increases. Since deuteron tensor polarizations for 

the triplet final states are oppositely signed to those for singlet final states [54], it was 

preferable to reduce contributions from the triplet final states so as not to deteriorate 

tensor signals. This was done by selecting events having k values less than OA fIn-I as 

indicated in Fig. B.2. The uncertainty in k at k=OA fm- 1 is estimated to be about 0.05 

fm-1 in FWHM from the simulation. 
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Figure B.3 compares data on q-distribution, (~:), at Ed= 270, 250 and 230 MeV 

(shown by open circle) with the calculations. The solid and dashed histograms represent 

simulated results with and without the constraint on the final phase space due to the 

detector geometry, respectively. The dot dashed histograms show contributions from 

triplet final states in the di-proton system (with full detector geometry). The 2p relative 

momentum was restricted below 0.4 fm- 1 with a cut on the k distribution (see Fig. B.2). 

The experimental differential cross sections are well reproduced by the solid histograms 

in both shape and magnitude over all the incident deuteron energies. The experimental 

cross section at the smallest q bin, where contributions of other parasitic reactions are 

expected to be small, increased as decreasing the incident deuteron energy, the value at 

Ed=230 MeV was 16.9 % larger than that at Ed=270 MeV. The increase in the theoretical 

cross section at the corresponding q bin between Ed=270 MeV and 230 MeV was 13.1 %, 
in reasonable agreement with the experiment. This shows that the energy dependence of 

the theoretical cross section is adequately evaluated in the present calculation. The dot 

dashed histograms show that contributions from triplet final states in the 2p system can 

not be neglected at all. It is of particular importance to reproduce the experimental q­

distribution by the simulation, because the polarization response due to the t20 component 

manifests itself in changes in the measured q-distribution. The ratio of the experimental 

cross section to the calculated one was found to have a tendency to increase with q by at 

most 15 % in the q range of 0-210 MeV Ic. Considering the situation that the 12C(d,2p) 

reaction could not be entirely eliminated with the cut applied on the neutron missing 

mass spectrum, and that it kinematically overlaps with the IH(d,2p) reaction at large q, 

this rise in the ratio at large q may be attributed primarily to the detection of two protons 

from 12C in the analyzer target. In order to account for such contributions, the simulated 

unpolarized cross section was multiplied by the ratio interpolated with respect to q and 

Ed· 
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Figure B.2: The measured differential cross section ~k in the 1H(d, 2p) reaction at Ed= 
270, 250 and 230 MeV is plotted versus k and is shown by the open circles. The solid 
histograms represent simulation results obtained with full 2p wave functions, while the dot 
dashed histograms results with triplet final states in the di-proton system. Full detector 
geometry is incorporated in both calculations. 
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Figure B.3: The lneasured differential cross section ~: for the 1H(d, 2p) reaction at Ed= 
270, 250 and 230 Me V is plotted versus q and is shown by the open circles. The solid 
and dashed histograms are the Monte Carlo predictions taking into account. and neglect­
ing the polarimeter detector geometry, respectively. The dot dashed histograms show 
contributions from triplet final states in the di-proton system, obtained with the Monte 
Carlo simulation taking account of full detector geometry. The 2p relative momentum k 
is restricted below 0.4 fm-I. 



Appendix C 

Distorted Wave Impulse 
Approximation Model 

A microscopic distorted wave impulse approximation (D WIA) model for the deuteron­

nucleus scattering is presented. It is based on a model recently proposed by Wiele et 

ai. [29], in which the deuteron-nucleus (dA) scattering matrix is constructed by making 

a double folding of the free nucleon-nucleon (NN) t-matrix with the target transition 

density and with the deuteron ground state density (folding model dN t-matrix). How­

ever, considering the recent availability of rigorous three-nucleon Faddeev calculations at 

intermediate energy region [31], which yield more precise deuteron-nucleon (dN) t-matrix 

than the folding one (three-body dN t-matrix), it was felt advantageous to construct the 

dA scattering Inatrix by starting from the general form of the deuteron-nucleon scatter­

ing matrix. The model of Wiele et ai. [29] was modified accordingly and presented in 

section C.l. The model is primarily based on the following assumptions: 

1. 	 The kinetic energy of the incident deuteron is much higher than the binding energy 

of the struck nucleon in the nucleus so that the collision between these particles is 

approximately the same as the collision between two free particles. 

2. 	 The deuteron makes a single collision with the target, and two step processes involv­

ing more than one nucleon in the target are not considered. This does not necessarily 

exclude the situation in which two nucleons in the deuteron interact with a single 

nucleon in the target. 

A description of making the folding and three-body dN t-matrices are given in sec­

tion C.2, where contributions of individual components of the dN t-matrices to the d +P 

elastic cross section at Ed=270 MeV are presented. The relationship between the Carte­

sian and spherical representations of the dN t-matrix is also presented. 

119 
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A 

Figure C.1: Various coordinates used to describe the deuteron-nucleus scattering within 
DWIA. The relative distance between the center of mass of the target nucleus and the 
projectile deuteron is denotes by raA, the position of the i-th single nucleon from the 
nucleus center of mass by Pi. The spin variables of the deuteron, the i-th single particle 
and the core nucleus (A-I) are denoted as ed, ei and eA-1, respectively. 

C.l The DWIA T-matrix 

The dA T-matrix is given within DWIA [29,74,75, 76, 77] by 

TMBmbMAma = (X(-)(R)Xdl<P A* (P) ItdN(q)eiq.{p-R) IX{+)(R)Xd<P A(P)) 
A 

NKL L / d3pid3raAdeA_ld3qae:ded 
i=l m~mb 

(C.I) 

where the distorted waves in the initial and final channels are denoted by X~+) and 

X~-), the target wave functions by WA and WB, and the deuteron spinors by Xa and 

Xb, respectively. if = ka kb is the momentum transfer, where ka and kb represent the 

incident and outgoing deuteron momenta. The spin and spatial coordinates of relevant 

particles are shown in Fig. C.l. The projectile-nucleon effective interaction is taken to 

be the on-shell dN t-matrix tdN (see Eqn. 6.3). The dN t-matrix is related to the dN 

scattering amplitude MdN by 

(C.2) 
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with 

(nc)2 EJ + EJv
N 	 (C.3)

(211" )2 EJEJv ' 

where EJ and EJv are the total energies of colliding deuteron and nucleon in their center 

of mass frame, respectively. The dN t-matrix can be expressed in terms of the deuteron 

and nucleon spin operators in spherical basis n.x and a.x' as 

tdN(q) 	 L e~~: (q)n~a~;, (C.4) 
.x.x' 
vv' 

where,X (,x') represents the magnitude of spin transferred to the projectile (target nucleon), 

and v (v') its projection onto a certain quantization axis (z-axis). Coefficients e~~: are 

related with 0, ... in Eq.{6.3) as described in subsection C.2.4. The factor K in Eq.(C.1) 

accounts for the mass-number-dependent kinematic effect [92, 112]. This is given by 

K - (MJ + M~ + 2EdMA) (MJ + EdMN) (MN + Ed) (C.5) 
- (MJ + MJv + 2EdMN )(MJ + EdMA)(MA + Ed)' 

where Ed refers to the laboratory deuteron total energy, Md, MN and MA the deuteron, 

nucleon and target masses, respectively. 

By choosing the z-axis along the incident beam direction, the initial and final distorted 

waves are written as [113] 

411" 1 

jaLaMLa 

where i = J2L + 1. The time reversal invariance relates initial and final distorted waves 

as 

(-)*( .... ;:"\ )m'-m (+) ( .... ;:"\X mm, k, T, = (-1 X_m -m' -k, T,. 	 (C.8), 

Without distortion effects, the distorted waves become plane waves as follows 

exp(if . T)c5mm,. 	 (C.9) 

The integration over the nuclear coordinates in Eq.(C.1) can be performed with the 

aid of Reyleigh's formula [114] 

exp(iq· Pi) = 411" 2: ljl,(qPi)yztm,(q)Yz'm'{Pi), 	 (C.10) 
I'm' 
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to obtain 

l'm' jcmc 
(C.11) 


Here .Jl,>.' jc (q) is the Fourier transform of the nuclear transition density defined by 

(C.12) 

where l' and jc are the orbital and total angular momenta transferred to the target. The 

reduced matrix element convention is that of Edmonds [115]. In the general case where the 

nuclear wave functions are written in the particle-hole (ph) formalism [116] the transition 

density .Jl,>.' jc (q) can be expanded as 

"'"' ·lhole- l ' -lpart _1_ )part)hole)ci'ihole ).' (l Ol'Oll 0)
L..t '/, r,;;" " hole part 

. . y7r JBTB 
JpartJhoie 

sjc (. . )
X t,mt Jpart, Jhole 

lhole l'
{ lpart

X 1 1 ).'
2 2" }

jpart Jhole Jc 

x 10
00 

p2j d qPi) 'Rnp.,tlpa")P.,t (p)'Rnhol. l holeihal. (p)dp 

xGcm(q). (C.13) 

Here the spectroscopic amplitude st;mt (jpart, jhole) is given by 

(C.14) 

where ajm,1/2v is the particle creation operator and ajm,1/2v (= (-1)j+m+l/2+vaj_m,1/2_V) 

is the adjoint of the annihilation operator ajm,1/2v- The spherical harmonics function Yl 
associated with the nuclear wave function is assumed to be carrying a phase factor il. 

The function R(p) in Eq.(C.13) represents the single-particle radial wave function with p 

being the single particle radial coordinate. In the present application it was normalized 

to be positive at infinity. In the case where the shell model wave functions are employed 

as the nuclear wave functions, the radial coordinate is usually given as that measured 

from the center of the potential well, i.e. the wave functions do not have their center of 

mass motion removed, while the transition density is to be calculated using the radial 

http:Eq.(C.13
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coordinate p measured from the center of mass of the nucleus. In order to correct for 

the center of mass motion the factor Gcm(q) is introduced in Eq.(C.13). For a harmonic 

oscillator well this is given by [117] 

(C.15) 


where A is the mass number, and b(= Jh/Mpw) the oscillator length parameter where 

Mp denotes the proton mass and hw the energy quantum of the harmonic oscillator. 

U sing the plane wave expansion 

exp(-iij· faA) = 47r L (_i)LtrjLtr(qraA)YLtrMtr(Q)YLtrAltr(raA), (C.16) 
LtrMtr 

and inserting Eqs.(CA), (C.6), (C.7) and (C.11) into Eq.(C.1), angular integrations on 

raA and ij are carried out to yield the deuteron-nucleus T-matrix: 

TMBmbMAma = 47rK: L L L L LL8l',Ltr8m',-1\htr 
iaLa ibLb I'm' LtrMLtr itr >.>.' 

icmc vv' 

x (JAMAjcmcIJBMB)8TATB8MTA MTB iLa-Lb-Ltr 

X (LaOSdmaliamia)(LbMLbSdmbljbmib)y::Lb (kb) 
A A A A A "2 

X LtrLbjaLaSdjtr(LbOLtrOILaO) 

LtrLa Lb} 
X ~d ~ ~d (LtrMLtrjtrmitr lAY)

{ 
Ja Jtr Jb 

X (jamiajtrmitr Ijbmib) 

X (-l)Ltr+itr->'(l'm'A'Y'ljcmc) 

(47r)2 f 
X kakb draAXibLbSd(kb, raA)XiaLaSd(ka, raA) 

>.>.'
X q jLtr(qraA)evv,(q)Jl')..'ic(q)dq. (C.17)f 2 

By choosing ka X kb as y-axis (z-axis is along ka as noted above), we have 

(C.18) 

where 8 is the center of mass scattering angle. 

Starting from the 0+ target the residual nucleus necessarily has JB = Je. In this 

case the natural parity transition (~7r (-1 )ic ) is mediated with an angular momentum 

transfer value of l' = jc while two spin transfers to the target of A' = 0 and 1 are allowed~ 

except for the 0+ ---+ 0+ transition for which no spin transfer is allowed. On the other 

hand the unnatural parity transition (~7r (_1)ic+ 1) necessarily involves spin transfer 

of A' 1 with two possible l' values, l' jc - 1 and l' jc + 1, except for the 0-+ ---+ 0-­

transition for which only l' = jc + 1 is allowed. 

http:Eq.(C.13
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C.2 The dN i-matrix Interactions 

C.2.1 Folding dN t-matrix 

In the folding model the dN t-matrix is given by 

fi ld' IS -1 -­12Q rtJN l:~mbJLama NNNICNN(ipdxNlf e - lipdXN), 

= NNNICNN / d3rdeddeNip~b*(r,ed)X~(eN) 
x fISei~q-fip~a (r, ed)X'i; (eN), (C.19) 

with NNN -2(hc)2/(27r)2Ec where Ec is the total energy of the nucleon in the NN 

center of mass system, XN the nucleon spinor and ij kin - kout the momentum transfer, 

where kin and kout are the incident and outgoing momenta of the deuteron in the dN center 

of mass system. fIS 3/411 + 1/410 is the isoscalar nucleon-nucleon (NN) scattering 

amplitude, where 11 and 10 represent isospin triplet and singlet N N scattering amplitudes, 

respectively_ The deuteron wave function ipd is written by 

ip~(r, ~d) = L iLUL(r) [YL(f) ® Xl(ed)]~ X3(~d), (C.20) 
L=0,2 

where Xl and Xo refer to the spin and isospin spinors, respectively. The radial wave 

function UL(r) consists of S-state (L = 0) and D-state (L = 2) cOlllponents, which can 

be expresses using the U and W radial wave functions [106] by 

Uo(r) = U(r)/r, U2(r) = -W(r)/r. (C.21) 

The factor ICNN acc.ounts for the mass-number-dependent kinematic effect [92, 112]. It is 

given by 

(MJ + MJv + 2EdA1N)(2MN + TN) 
(C.22)

(MN + Ed)(MJ + EdMN) 

where Ed refers to the laboratory deuteron total energy, Md and NtN the deuteron and 

nucleon masses and TN the nucleon laboratory kinetic energy for the N N scattering. The 

dN t-matrix in Eq.(C.19) can be expanded as follows 

tfolding ICNN L L L 4J7[( -1)A+jp)pisdAA'S/(ASd; 00) dN JLbmbJLama 
AN lm jpmp 
vv' 

x (Sd1najpmjpISdmb) (lmAvljpmjp) (~J.taA'v'l ~J.tb) 

L' l L} x L iL-L'-lL(LOlOIL'O) 1 A 1{LL' Sd jp Sd 

x d~~:(q)Ylm*(q) / UL'(r)UL(r)jl(~qr)r2dr, (C.23) 

http:Eq.(C.19
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where lAjp refer to the orbital, spin and total angular momenta transferred to the deuteron, 

A' the transferred spin to the target nucleon. d~~: (q) refer to the spherical components of 

the N Nt-matrix. 1 Using the reduced matrix element in the convention of Edmonds [115], 

the projectile spectroscopic amplitude S'(ssa; tta) [118] is defined by 

(C.24) 

where st refer to the transferred spin and isospin to the projectile and sata the projectile 

spin and isospin, respectively. For the assumption of S-wave deuteron, we have 

S'(AS . 00) = A = 0 (C.25){J3 for 
d, V2 for A = 1. 

By choosing kin as z-axis, and kin X kout as y-axis, we have 

(l-Im!)! nlml( ) {(_l)m m ~ 0 (C.26)(l + Iml)!.r, cos X x 1 m < 0, 

where X = ~ - ~ with () being the center of mass scattering angle. The CD-Bonn poten­

tial [80] was used to calculate f I S at half the incident deuteron energy and the deuteron 

wave function q»d. 

C.2.2 Three-body dN t-matrix 

The three-body dN t-matrix was obtained by solving the three-nucleon (3N) Faddeev 

equation as given in Ref. [31] at Ed=270 MeV. 2 The multiple scattering series for three 

nucleons interacting through pairwise forces and propagating freely in between is summed 

up into the Faddeev equation for a T operator given by 

T = tP + tPGoT. (C.27) 

Equation (C.27) is solved numerically for any given N N force which generates the two­

nucleon off-shell t-matrix, t. Go is the 3N free propagator. The identity of the nucleons is 

accounted for by the permutation operator P whose two parts, a cyclic and an anti-cyclic 

permutation, are responsible for the respective exchanges of the nucleons. The matrix 

elements of (1 + P)T between the incoming and outgoing states I¢), which is composed 

of the deuteron wave function and the momentum eigenstate of the free nucleon-deuteron 

motion, give the three-body dN t-matrix, t~F1deev. The total angular momenta of the two 

nucleon system up to j=5 were taken into account. The CD-Bonn potential [80] was used 

for the N N interaction. 

IThe coefficients d~~: (q) in Eq.(C.23) are N'N N times those in Ref. [29] 

2The three-body dN amplitudes are provided by Dr. Kamada. 


http:Eq.(C.23
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C.2.3 Comparison with Experiment 

Given the dN t-matrix, tdN, the cross section and analyzing powers were calculated using 

the formulae, 

da 1 (27r)4 E~EN 2 t 
(C.2S)dO = 6" (nc)4 (E~ + EN) Tr{ tdNtdN }, 

Tkq = Tr{tdNOkqt~N} jTr{tdNt~N}' (C.29) 

where Okq are the deuteron spin operators (see Appendix C), E~ and EN refer to the 

total energies of the deuteron and the nucleon in their center of mass system. 

Figure 1.1 presents the J + p elastic scattering data at Ed=270 MeV on ~g, A y , Ayy , 

Axx and Axz [32, 33] as a function of the scattering angle 8 c.rn. (shown by open circles). 

The solid lines represent the theoretical curves base on tdN derived from the Faddeev 

calculations. Good agreement is found between the data and the calculations for all 

observables almost on the entire angular range. The dashed lines represent the results 

of the folding model calculations. In this model the calculations could be performed up 

to 8 c.rn.=95° (qrnax=2.52 fm- 1), where the on-shell N N amplitudes fIS are known. One 

can see that the folding model prediction overestimates the experimental cross section. 

For instance, the calculated value is about 1.5 times larger than the experimental one at 

8 c .rn.=500 This cross section overestimation with the folding dN interaction confirms • 

the finding reported in Ref. [IS]. Below 8 c.rn.=50° calculated analyzing powers using the 

folding model agree well with the Faddeev calculations, whereas a serious discrepancy is 

observed beyond this angle. Such a deviation as well as the cross section overestimation 

with the folding niodel may be related to various processes, such as the multiple scattering, 

rearrangement and deuteron break-up, neglected in the folding lnodel. The three-body dN 

t-matrix, which includes these 3N correlations, removes reaction mechanism ambiguities 

as far as the" elementary" d + N scattering is concerned. Thus it should provides a more 

realistic projectile-nucleon effective interaction in the DWIA description of the deuteron­

nucleus (dA) scattering processes. 

It would be instructive to examine individual contributions of the dN t-matrix compo­

nents to the cross section separately. These are illustrated as a function of the momentum 

transfer q in Figs. C.2 and C.3 respectively for the folding and three-body dN t-matrices, 

separately for the )..' = 0 and )..' 1 channels ()..' is the transferred spin to the target nu­

cleon). Also shown in these figures are the d+p cross section data at Ed=270 MeV [32, 33]. 

In the )..' 0 channel one notable feature is the strong dominance of the a term at low q. 

Contribution from this term decreases rapidly with q producing a minimum near q = 1.9 

fm- 1 , which is more prOlninently seen in Fig. C.3. The minimum may be related to the 

onset of the short-range repulsion in the N N interaction[30], At this minimum and be­

http:qrnax=2.52
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yond relative importance of the other terms increases in Fig. C.3. In the)..' 1 channel 

the, term has the strongest contribution at q '" 0.8 fm- 1, although contributions from 

the 8, t and ( terms can also be important. Comparison of Figs. C.2 and C.3 shows that 

these terms are influenced differently by the 3N correlation. For instance, the forward 

values of the Q, /3, , and ( terms are damped by the correlation, while the 8 and t tenllS 

are enhanced. The second order terms in the deuteron spin operators (double spin-flip 

terms) are totally enhanced in both spin channels. 

C.2.4 	 The dN i-matrix in the Madison Convention 

The spherical representation of the dN t-matrix in the deuteron-nucleus (dA) center of 

mass system, needed in the DWIA framework given in Appendix C, is presented below. 

The rotation of spinor due to the boost of reference frame is ignored. Following the 

Madison conventions [119] the z-axis is taken to be parallel to kin, the y-axis parallel to 

kin X kout and the x-axis to form a right-handed coordinate system, where vectors kin and 

kout refer to incident and outgoing beam momenta in the dA center of mass system. The 

dN t-matrix referring to the dA center of mass system can be written as 

tdN(q) 	 = Q + f3Sy + ,ay + 8Syay 

+ 	 t[- cos ~ Sx + sin ~Sz][- cos ~ax + sin ~az] 
[. ()S ()SH' () ()]+ 	 (sIn2" x+cos2" z_ sIn2"ax+cos2"az 

[2()Q . () ()Q . 2()Q ]
+ 	 1/ cos 2" xx - 2 SIn 2" cos 2" xz + SIn 2" zz 

.2() . () ()Q 2()]
+ 	 ~[sln 2"Qxx + 2 SIn 2 cos 2, xz + cos 2"Qzz (C.30) 

2() . () () .2()) 
+ 	 J1:[cos 2"Qxx - 2 SIn 2 cos 2"Qxz + SIn 2,Qzz ay 

.2() . () () 2()] 
+ .:\[sin 2"Qxx + 2 SIn 2 cos 2"Qxz + cos 2"Qzz ay 

+ ,,[- cos ~QyX + sin ~Qyz][- cos ~ax + sin ~azl 
.() () _.f) f) 

+ v[sin 2QXY + cos 2Qzy][sin 2"ax + cos 2"az), 

where a is the usual Pauli spin operator, S the Cartesian spin operator of rank 1 for the 

spin-1 particle [119] and Q the Cartesian spin operator of rank 2 given by [79] 

(C.31) 
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Figure C.2: The individual contributions of components of the dN i-matrix in Eq.(6.3) 
based on the folding model to the cross section are shown separately for the transferred 
spin to the target nucleon A' 0 and A' = 1. Also shown are the d + p elastic scattering 
data at Ed=270 MeV[32, 33]. 
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Figure C.3: The same as Fig.C.2 but for the dN i-matrix based on the Faddeev calcula­
tions. 



129 C.2. THE DN T-MATRIX INTERACTIONS 

where I denotes 3x 3 unit matrix. The angle () is the scattering angle in the dA center 

of mass system given by 

(C.32)() = 2arcsin C~iJ ' 
where q is the momentum transfer. Defining new coefficients A through P by 

A = Q, B = {3, C " D = 8, 
2(} .2(}

E = E cos 2 + 'sIn '2' 

F = (' - E) cos ~ sin ~, 
G = E sin2 ~ + , cos 2 ~, 

2(} .2(}
H = 'f/ cos '2 + eSIn '2' 

I = 2(e - 'f/) cos : sin ~, 	 (C.33) 

2
J 'f/ sin

2 ~ + ecos ~ 
K = K, cos2 ~ + Asin2 ~, 

L = 2(A - K,) cos : sin ~, 
2M = I<sin

2 ~ + ACOS : 

2(} .2(}
N = J.l cos '2 + l/ SIn 2' 

(}.()o 	 (l/ - J.l) cos '2 SIn 2 ' 

.2(} 2(}
P J.l SIn '2 + l/ COS 2' 

the dN t-matrix in Eq.(C.30) can be written as 

+ HQxx + IQxz + JQzz + KQxxay + LQxzay + MQzzay (C.34) 

+ NQyxax + O(Qxyaz + Qzyax) + PQyzaz. 

By using the relation between the Cartesian and spherical representations of spin op­

erators, the coefficients e~~: can be expressed in terms of coefficients A through P as 

sumIIlarized in Table C.l. 

The set of Cartesian operators for spin-1 deuteron is given by 

I = (~~ ~),
001 

http:Eq.(C.30
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1 10)Sx = o 1 , 

= 'C 
1 

-1 
0 

0)
U 


Sy z 	 1 o -1 , 
0 1 0 

Sz o 0CO ~1 ).
o 0 

-1 )Pxy = Z 	 0 0 o , (C.35)3'C 0 

2 1 0 0 

1 
Pxz 03C 

-1 
~1 ),2V2 ~ 

Pyz = Z 1 03' C-1 

0 -1 ~) , 
= 

(-1 0 ~ ),1 0Pxx 	 2 
2 3 0 -1 

-3 )1 ( 1 0 
Pyy 	 2 o ,2 0 

-3 0 -1 

Pzz = 	 -200 n,
0 

The set of spherical operators for spin-l deuteron is given by 

0 00 I, 

Oll - - 0 0 
200 

OlO = ~"2,Sz = ~C"2, 0 00 0)0 , 

= -V; (Sx + iSy) ~Cl n' 
o 0 -1 

0 1- 1 T(Sx - iSy) = ~COO)1 0V3 "2, 0 , 
010 
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C01)
f222 = v'3(Pxx - Pyy + 2iPxy ) = v'3 0 o 0 , (C.36)123 0 o 0 

f221 = 1 ~Cl ~1 ),- v'3(Pxz + iPyz ) = - 2" . ~ ~ 

1 1 (1 o 0)
f220 = -2 0 ,J2(1'zz) = J2 ~ 

o

U
1 

1 
f22- 1 0v'3(Pxz i1'yz ) = ~ 

-1 

0 

n' 
1 hU o 0)

f22--2 = v'3(Pxx - Pyy 2iPxy ) o 0 . 
2 3 o 0 

The Cartesian operators are expressed in terms of the spherical operators as follows: 

-1 
Sx = v'3(f2 11 - f2 1-d, 

Sy 
'I, 

(f211 + f2 1-d, 

Sz ~f!1O' 
-iV3

Pxy = 2 (f222 - f22-2), 

v'3
Pxz = 2 (f221 f22-J), (C.37) 

iv'3
Pyz = -2-(f221 + f2 2- 1), 

v'3 1
Pxx = 2 (f222 + f22- 2) - y'2f220' 

y3 1 
Pyy -T(f222 + f22- 2) j2f220' 

Pzz v'2f220 . 
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Table C.1: Relation between coefficients e~~; in Eq.(CA) and coefficients A through P in 
Eq.(C.34). 

A v A' Vi Xxe,nl 
0 0 0 0 A (A + A' 0) 
1 1 0 0 .i3B 
1 0 0 0 0 
1 -1 0 0 ~B 
0 0 1 1 ~C (A + A' = 1) 

0 0 1 0 0 
0 0 1 -1 ~C 
1 

1 

1 

0 

1 

1 

1 

1 

~(-D+E) 

JaF 
1 

1 

1 

1 

-1 

1 

0 
-1 

1 

1 

1 

1 

1 

0 

0 

0 

.l{-D - E)
v'6 -.IFv'3 

/[a
JaF 

1 

1 

1 

2 

2 

1 

0 
-1 

2 

1 

1 

1 

1 

0 

0 

-1 

-1 

-1 

0 

0 

.l{-D - E)
v'6 

JaF 
.l{-D + E)v'6 

2~H 
2~I 

(A + X = 2) 

2 0 0 0 1 H V2J-3V2 + 3 
2 

2 

-1 

-2 

0 

0 

0 

0 
2~I 
2:nH 

2 
2 

2 
2 

2 

2 

2 

1 

0 
-1 

-2 

2 

1 

1 

1 
1 

1 

1 

1 

1 

1 
1 

1 

0 

2~(K + N) 
_1:(-L-O)
2~ . 
-Y:..K+Y:..M6 3 
2~{L 0) 

2~CE~ - N) 

-2~0 
2 

2 
1 

0 

1 

1 

0 

0 
2~P 

0 
(A + A' = 3) 

2 

2 

2 

2 

2 
2 

2 

-1 

-2 

2 

1 

0 
-1 

-2 

1 

1 

1 

1 

1 
1 

1 

0 

0 

-1 

-1 

-1 
-1 

-1 

2~P 
. 2~0 

2/6{K ­ N) 

2~{-L~0) 
-Y:..K+Y:..M6 3 

2~{L + 0) 
2Jg{K + N) 

http:Eq.(C.34
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C.3 The Deuteron Spin-Flip (Transfer) Probability 

Here we consider the expression of the deuteron spin-flip (transfer) probability in terms 

of the polarization observables. Let PSm' the projection operator on the spin state ISm') 

of the beam particle: 

Psm,ISm) = {Jmm'ISm') ifm::s;.S, (C.38)o otherwIse. 

By using Psm ' the cross section associated with the reaction in which the projectile is in 

the state ISama) and the ejectile in the state ISbmb) ~~ (Sama -+ Sbmb) is written by 

(C.39) 

The spin transfer probability of IAI units along a projection axis is then given by 

EmambTr(TPSamaTt PSbmb)8mbma±IAI 
(CAO)SIAl = t·

Emamb Tr(TPSama T PSbmb ) 

In the case of the deuteron scattering, the projection operators on the z-axis are related 

to the Cartesian spin operators: 

Po (CAl) 

(C.42) 

The projection operators on the y-axis are expressed in terrns of Sy and Syy by similar 

relations as above in which z is replaced by y. The spin transfer probability in Eq.(CAO) 

can then be written using the Cartesian polarization observables as 

1 , ff

So - (2 + 3KY + KY Y ) (CA3)6 Y YY' 
1 , , fI 

S1 -(4 - pY Y - A - 2KY Y ) (CA4)9 YY YY' 
1 I' ,f f

S2 = -(4+2pYY +2A -9KY +KYY) (C.45)18 YY Y YY' 
(CA6) 

where the definition of the polarization observables is given in Table 6.9. 



Appendix D 

Macroscopic Model Analysis 

Collective macroscopic lllodel DWBA calculations were performed for low-lying natural 

parity states in 28Si. Comparisons of experimental data with macroscopic model calcula­

tions are expected to provide important clues for a more microscopic description of the 

interaction and nuclear wave functions. Another motivation was to establish a way to 

evaluate the cross section for the 2t state at 9.48 MeV, which is almost degenerate with 

the It state at 9.50 MeV. This may be possible by using the proportionality relation, 

expected to hold among low-lying 2+ states, between transition rates from the (d, d') 

reaction and those from other measurements. 

D.l The macroscopic DWBA model 

In the macroscopic collective model, the optical potential is assuilled to follow the shape 

of the nucleus and becomes non-spherical. To lowest order in the deformation the non­

spherical parts induces excitations. The central part of the inelastic transition potential 

is given for L ~ 2 by 

(D.l) 

where the f3L is the 2L pole defonnation parailleter. The Coulomb part has the form 

c _ { (3ZZ'e2(3L)/(2L + l)(rL)/(R~+l) r < Re 
(D.2)

FL (r) - (3ZZ'e2(3L)/(2L + I)(R~)/(rL+l) r ~ Re. 

In addition, a deformed spin-orbit potential of the full Thomas form [120] was incorporated 

in the present analysis. The radial shape of the transition potential is just the radial 

derivative of the optical potential, and the inelastic angular distribution is independent of 

f3L. The magnitude of the cross section is proportional to the square of the deformation 

parameter, 131, which was obtained by using the relationship 

(D.3) 

134 
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In the present analysis, the deformation length ((3iRi) was kept constant throughout all 

terms of the optical potential according to Ref. [121]. 

Following Bernstein [122] the deformation length can be converted to the isoscalar 

transition rate according to 

(D.4) 

where Ru = 1.2A1/3 fm is the equivalent radius for a uniform mass distribution, and the 

quantity C is a correction factor for a more realistic Fermi-mass distribution, which has 

been tabulated in Ref. [122]. Expressed in single-particle units the transition rate becomes 

B(IS,O -+ L)
G(IS,O -+ L) (D.5)

Bs.p.(O -+ L) , 

with 

Bs.p.(O -+ L) = (2L + 1)/41r [3/(3 + L)f R~L. (D.6) 

The calculations were performed with the EelS [78] code in a one phonon vibrational 

model framework. 

D.2 Comparison with Experiment 

The angular distributions of the differential cross section for states in the excitation en­

ergy range below 10.9 MeV and for those between 10.9 and 19 MeV are shown in Figs. D.1 

and D.2, respectively. The error bars shown are statistical ones. Solid lines represent the­

oretical predictions of the collective model. The angular distributions are well described 

by the calculations, especially near the cross section maxima for the lowest-lying 2i (1.78 

MeV), 31"(6.88 MeV), 4i(4.62 MeV) and 51(5.70 MeV) states. 

The extracted deformation lengths ((3R) and isoscalar transition rates (G(IS)(d,d'») 

are summarized in Tables D.1 and D.2, where the G(IS)(d,d') values are compared with 

G(IS)(o:,o:') values obtained from an (a, a') experiment at 120 MeV [123], and with G(EM) 

values from the compilation of Endt [88]. It can be seen that the present G(IS)(d,d') 

values are 30 70% smaller than the G(EM) values. The similar reduced values for 

the isoscalar transition rate have been obtained in proton inelastic scattering for 208Pb at 

Ep = 200 MeV [124, 125]. This, however, disagrees with the conclusions in Ref. [126J. The 

G(IS)cd,d') also has values smaller than G(IS)(o:,o:')' Despite the disagreement in absolute 

values among the transition rates, we can see good proportionality relations, for several 

of low-lying 2+ states, between G(IS)(d,d') and G(IS)(o:,o:') (see Fig. D.3 (a)), and between 

G(IS)(d,d') and G(EM) (see Fig. D.3 (b)). Using the relations the G(IS)(d,d' ) value for the 

http:31"(6.88
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Figure D.1: The differential cross sections for states in 28Si in the excitation energy range 
below 10.9 MeV excited via the (d, d') reaction at Ed=270 MeV. 

2t (9048 MeV) state could be estimated to be 0.073 ± 0.004. The cross section of the 2t 

state calculated using the deduced G(IS)(d,d') value within the collective model is shown 

as a dashed line in Fig. D.l. 

The angular distributions of the analyzing powers, Ay and A yy , for states below 10.9 

MeV are shown in Figs. DA and D.5, respectively. Solid curves are results of the macro­

scopic DWBA calculations. The one-step collective model calculations reproduce the 

oscillation patterns generally well, the agreement is especially quite good for the 2t and 

32 states. It is found that a better description can be obtained for the 4t angular distri­

butions, if the channel coupling between the ot, 2t and 4t states is taken into account. 

The results of the coupled-channel (CC) calculations in a 0+-2+-A+ coupling scheme 

within a rotational model for Ay and Ayy are shown as dashed lines in Figs. D.4 and 

D.5, respectively. The calculation assumes quadrupole and hexadecapole deformations 

of fhR -l.07 fm and {34R 0.20 fm, respectively. It can be seen that the oscillation 

patterns are correctly predicted for angles larger than 20°, if the effect of channel coupling 

is taken into account. Such an effect of channel coupling on the analyzing power angular 

distribution has been reported in the (p,p') reaction on 180 at Ep = 800 MeV [127]. By 

taking account of the channel coupling effect a slight improvement in the description of 

the cross section data is also obtained for the 4t state as shown in Fig. D.l. 
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Figure D.2: The same as Fig. D.1 but for states between 10.9 to 19 MeV. 
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Table D.1: Deformation parameters and isoscalar transition rates obtained from the 
28Si(d, d') reaction at Ed=270 MeV below Ex=10.9 MeV. 

Ex Ex a) J1f J1f a) {3R G (IS) (d,d') G(IS)(a,a' ) b) G(EM) a) 
(MeV) (MeV) (fm) (W.u.) (W.u.) (W.u.) 

1.78 1.799 2+ 2+ 1.03 7.69 11.35 13.22 
4.62 4.617 4+ 4+ 0.24 0.32 0.53 
4.98 4.979 0+ 0+ 

6.88 6.879 3­ 3­ 0.62 4.04 5.39 13.69 
6.889 4+ 

7.41 7.381 2+ 2+ 0.23 0.37 0.46 0.33 
7.416 2+ 2+ 0.18 
7.799 3+ 

7.93 7.933 2+ 2+ 0.17 0.20 0.25 0.30 
8.30 8.259 2+ 0.02 

8.323 1+ 

8.413 4­

8.90 8.904 1­

8.945 5+ 
9.50 9.479 2+ 2+ 0.10 0.13 

9.496 1+ 1+ 
9.70 9.702 5­ 5­ 0.16 0.92 

9.764 3­

9.796 2+ 0.05 
9.90 9.929 1­

10.18 10.182 3­ 3­ 0.32 1.06 1.89 
10.53 10.514 2+ 2+ 0.12 0.11 0.11 

10.596 
10.725 1+ 

b) From the a-scattering experiment. Ref. [123]. 
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Table D.2: Deformation paranleters and isoscalar transition rates obtained from the 
28Si(d, d') reaction at Ed=270 MeV for Ex > 10.9 MeV. 

Ex Ex a) J7r J7r a) f3R G(IS)(d,dl ) G(IS)(a,a/) b) 
(MeV) (MeV) (fm) (W.u.) (W.u.) 
10.99 10.994 

11.00 b) (4+) b) 0.40 
11.26 11.295 1­

11.388 
11.670 1­

11.82 11. 799 (2,3)­
12.13 12.072 2­

12.181 1­
12.31 b) (2+) b) 0.05 

12.49 12.440 2+ 2+ 0.10 0.07 
12.488 3­ 3­ 0.11 0.13 

12.56 b) 3- b) 0.39 
12.80 12.802 3­

12.804 (2+) (1-,2+) 0.23 0.37 
12.814 1­

13.18 13.189 1+ 
13.19 b) 2+ (2+) 0.18 0.24 0.16 

13.70 13.733 1­
13.75 b) (2+) 0.16 

14.18 14.17 b) (3-) b) 0.24 
14.82 14.74 b) 2+ 2+ b) 0.14 0.14 0.21 

14.90 b) 3- b) 0.11 
15.22 15.28 b) 2+ 2+ b) 0.15 0.15 0.06 
15.78 
16.14 16.10 b) 2+ (2+) b) 0.09 0.05 0.14 
16.67 16.54 b) 2+ 2+ b) 0.13 0.12 0.14 
17.46 
17.74 
18.30 
18.8 18.67 2+ 2+ 0.23 0.37 0.50 

a) Ref. [88]. 

b) From the a-scattering experiment. Ref. [123]. 
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Figure D.4: The vector analyzing power Ay for states in 28Si in the excitation energy 
range below 10.9 MeV excited via the (d, d') reaction at Ed=270 MeV. 
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