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Abstract 

Nuclear spin polarization of projectile-like-fragments 128 produced in 

the (14N,12B) reactions on 232Th, 100Ho, natcu, natFe, 45Sc and 27Al was 

measured as functions of reaction Q-value and scattering angle with incident 

energies of about 120 HeY and 200 HeY. The principles employed were 

asymmetric ~ decay for polarization determination, NMR detection for 

rejection of instrumental asymmetry and range-energy relation for 

determination of kinetic energy of 128. 

Systematic dependence of 128 polarization on the reaction Q-value was 

found for heavy targets from 232Th to natFe. Polarization was large and 

negative in the region of small kinetic energy loss, becoming positive or 

zero with increase of kinetic energy loss and became again negative ln the 

region of large kinetic energy loss. The mechanism relevant in the region of 

small energy loss was the direct transfer of two protons from the projectile 

to the target. while in the other region of energy loss the dominant 

mechanism was the frictional process at the touchiQg ~urface of botn nuclei. 

Another trend of polarization was found for light targets in a region of 

small energy loss. Positive polarization was observed ln the region of small 

energy loss for 27Al target. This polarization gradually decreased with 

increase of mass number of target. i.e .. the polarization in this region was 

nearly equal to zero for 45sc target. This fact indicates the two reaction 

mechanisms. the direct transfer and the frictional process. are competing for 
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the predominance over the polarization. The frictional process tends to 

1 decrease relative to the direct process in this region with increase of the 

mass number of target. This change of the dominant mechanism is understood 

in terms of the interaction time and the energy loss in the frictional 

process. These quantities are smaller for lighter target than for heavier 

target, resulting in a positive polarization in the region of small energy 

loss rather than the negative polarization due to the direct process. 

The friction constant.deduced from the present experimental data within 

the framework of frictional model was ( 2.4 ± 0.5 ) x 10-22 MeV·s/fm2. This 

value agrees with what was obtained from the recent study on the reaction Xe 

+ Bi. 
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CHAPTER 1 

Introduction 

The system consisting of two colliding nuclei in heavy-ion reaction 

usually sustains a large amount of orbital angular momentum of relative 

motion. Part of this angular momentum can be transformed into the intrinsic 

spIns of the reaction products. Gamma-ray multiplicity and particle and 

,'-ray anisotropy are good measures of the angular momenta of nuclear states 

which decay by successive emission of such radiations. The experimental 

results on multiplicity (Gl TT) and anisotropy <Dy TT, BiTT) indicate the 

existence of large spin angular momenta in product nuclei of heavy-ion 

reactions and transferred angular momentum agrees with the prediction of the 

classical model of heavy-ion collision (Is 76). We can then raise questions 

how the orbital angular momentum is transformed into the intrinsic one or 

what the features of the reactions are. when a transfer of large angular 

momentum concerns. These fundamental questions have to be~answered for the 

full understanding of heavy-ion reactions. 

The direction of transformed angular momentum is important information 

for understanding the angular momentum transfer process. The spin 

polarization of reaction products is an unambiguous reference to the 

direction of transfer but difficult to determine by the measurement of the 

multiplicity and the anisotropy, which can indicate only the spin and the 

- I - 1 -
- 1--



spin alignment of reaction products. It is thus indispensable to measure the 

T. spin polarization by other methods in order to understand the heavy-ion 

reaction mechanism including the angular momentum transfer. 

The spin polarization of reaction products is then useful in verifying 

the models of heavy-ion reactions. As an example, let us consider the 

macroscopic frictional model. This model has been first proposed to explain 

the large kinetic energy dissipation observed in the heavy-ion collisions. In 

the model the projectile is assumed to move along a c1assical orbit under the 

influence of repulsive Coulomb and attractive inter-nuclear forces. The 

orbit of the incident particle is deflected forward from the Coulomb orbit by 

the attractive inter-nuclear forces and the kinetic energy of relative motion 

is dissipated into the internal nuclear excitation by the frictional forces, 

which operates at the overlapping area of both projectile and target nuclei 

(Be 73. Bo 74). The angular momentum transfer IS caused by the tangential 

component of the frictional forces. 

perpendicular to the reaction plane. 

the sign of the deflection angle. 

The reaction products are polarized 

The sign of the polarization depends on 

In our previous work the nuclear spin polarization of 12B produced in 

the reaction 100Mo(14N,12B) was measured as a function of reaction Q-value 

(SU 77. Ta 78). The polarization of 12B qualitatively agreed with the 

prediction from the frictional model in a wide range of kinetic energy loss. 

while the polarization observed in the region of small energy loss was not 

understood in the framework of the frictional model but was successfully 

interpreted in terms of the direct transfer of two protons from the 

projectile to the target (Su 77, Is 78). The importance of the direct 

process in the heavy-ion reaction was first indicated by the polarization of 

the reaction product. Thus polarization phenomena can be used as a powerful 

- I 2-
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probe to disclose heavy-ion reaction mechanisms involving angular momentum 

~ transfer. 

The measurement of polarization is not an easy experiment. Recent 

developments of experimental technique enable us to study the polarization 

phenomena in the heavy-ion reaction process. In fact only two methods were 

applied in measuring polarization of reaction products in heavy-ion 

reactions: One is to utilize asymmetric ~ decay of the product ~ emitter 

(Su 77); The other is to measure the circular polarization of the ~-rays 

emitted from the excited levels of the product nuclei (Tr 77). The analyzing 

power in the former method can be as large as 100 %. The analyzing power in 

the latter method is up to 2 %. Polarization of both projectile-like and 

target-like fragments was however successfully observed by use of circular 

polarization (Tr 80). In the present study, a ~ ray detection method was 

applied on reaction product 12B by taking advantage of the large analyzing 

power, high /3-decay maximum energy EJ3max = 13.37 MeV and shor t /3-decay hal f 

life Tl/2 = 20.3 ms. Its application was facilitated thanks to the study of 

the hyperfine interactions of 12B during the recent twenty years by the Van 

de Graff group at Osaka university. The technique for the preservation of 

the polarization of 12B and control of its nuclear spin by use of NMR was 

well worked out. 

The aim of the present study was to find a systematic dependence of the 

polarization on various parameters of heavy-ion reactions and to clarify the 

heavy-ion reaction mechanisms through the polarization. Typical aspects of 

heavy-ion collisions are described in Chap. 2. The polarization phenomena of 

the reaction products are described in this chapter within the framework of 

the frictional model and direct nucleon transfer. The basis and details of 

the techniques used in the measurements are given in Chap. 3. Experimental 
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results on polarization as a function of reaction Q-value. target mass number 

, A. scattering angle and incident energy are given in Chap. 4. Analysis 

within the framework of the frictional model. i.e .• a trial to extract the 

averaged friction constant. is described also in this chapter and the result 

is compared with those obtained in a recent study of the Xe + Bi reaction. A 

summary is given in Chap. 5. An application of the technique developed in 

the present study to relativistic heavy-ion reactions is proposed in Chap. 6. 

- I - 4 -
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CHAPTER 2 

Heavy-ion collision and polarization of reaction products 

2-1 General aspects and classification of heavy-ion collisions 

2-2 Macroscopic frictional process of heavy-ion collisions 

2-3 Microscopic treatments of heavy-ion collisions 

II - 1 -
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.. 
II 

2-1 General aspects and classification of heavy-ion collisions 

Before describing the typical aspects of heavy-ion collisions, it seems 

worthwhile to discuss the basis of the treatment of collision processes. 

The de-Broglie wavelength associated with the relative motion between 

colliding nuclei is small in heavy-ion reactions, because of the large mass 

of the projectile and the target. One can then apply classical concepts for 

a quantitative discussion of the collision process, i.e., a classical 

trajectory can be used for describing the phenomena which occur during the 

collision. Let us compare the wavelength of relative motion to the 

interaction length of the collision process in order to clarify the 

applicability of the classical concepts. The de-Broglie wavelength A is 

written as 

2it 

ti. h 

p J 2J1 (Ecm-Vc ) 
(2-1 ) 

here /1 is the reduced mass, Ecm is the center-of-mass energy and Vc is the 

Coulomb energy between two colliding nuclei. The interaction length in heavy 

ion collision can be taken typically about t fm, over which the inter-nuclear 

potential changes drastically. The condition that the wavelength is 

sufficiently shorter than the interaction length is written as 

20.8 . __ (_,,\_, +_A--,2,-)_ 

A, . A2 (Ecm-Vc ) 
< (2-2) 

here A1 and A2 are the mass numbers of the projectile and the target nuclei, 

respectively, and Ecm and Vc are taken in units of MeV. The reduced mass 

number At 'A2I(Al+A2) varies typically from 10 to 100 in heavy ion 

collisions. The condition is satisfied, if the center-of-mass energy is 

-II-·2-
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several tens of MeV higher than the Coulomb energy. Such an energy is 

~ several MeV/u in the laboratory system. 

The de-Broglie wavelength of an individual nucleon in a nuclei also 

gives a limit to the highest incident energy at which a classical treatment 

is a good approximation. If the de-Broglie wavelength of individual nucleon 

is the same order as the size of a nucleon. the collision process must be 

treated as the superposition of nucleon-nucleon collisions. This is at the 

energy region of about several hundred MeV/u (He 72). Meson degrees of 

freedom begin to play an important role in the collision process at an 

incident energy of several tens of MeV/u and classical concepts may not be 

applied without modifications. An upper limit of incident energy at which a 

classical treatment is valid may be about 20 MeV/u (Ge 78). 

We focus our discussion on heavy-ion collision with the incident energy 

from several MeV/u to 20 MeV/u. Typical characteristics of the heavy-ion 

collision in this energy region are as follows: 

(1 ) Classical concepts are good approximations for a description of the 

collision process. 

(2) The Coulomb interaction between the target and the projectile nuclei 

is strong and the Coulomb orbit can be considered a zero-th-order 

approximation for the reaction trajectory. 

(3) The orbital angular momentum sustained by the collision system is - . 
.. --

large~and the centrifugal potential plays an important role. The collision 

process changes with the value of the distance of the closest approach. which 

may be larger or smaller than the sum of radii of the two nuclei. One can 

classify the collision process in this energy region according to the 

distance between the center of the target and the projectile nuclei. d. 

(1) Distant collision for 

-II-3-
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'" III 

(2) Grazing collision for 

(3) Close collision for 

d = R1+R2' 

d < R1+R2' 

where RI and R2 are radii of the target and the projectile nuclei, 

respectively. 

In the distant collision (1), Coulomb excitation and Coulomb scattering 

occur. No nucleons are exchanged or transferred. In the grazing collision 

(2), the nuclear surfaces of interacting nuclei are slightly overlapped and a 

few nucleons are exchanged or transferred almost directly. The velocity of 

reaction products is essentially the same as that of the incident ion, which 

proceeds approximately along the Coulomb orbit. The scattering angle to 

which the collision process occurs is defined as Bgr , the grazing angle. One 

can calculate Bgr by using the atomic number of the projectile Z1 and the 

target Z2 as, 

Ll _ 2-" -I ( D ) lJ'Jl _. ~ tll -- , 
. 2R-D 

(2-3) 

where 0 = ZI ,Z2 e2 / Ecm and R = RI + R2. In the close collision (3), the 

interacting nuclei overlap deeply and many nucleons participate in the 

collision. A large amount of kinetic energy of relative motion IS dissipated 

into internal excitation of the colliding nuclei. The orbit of the incident 

ion deviates considerably from the Coulomb orbit. When the impact parameter 

becomes small the projectile and the target nuclei fuse together. 

Such a classification as described above has already been discussed in 

1961 by Kaufmann and Wolfgang (Ka 61). However, a new class of reaction 

processes, namely, deep inelastic collision was found in 1970 (Gr 70. Ga 70, 

Mo 74). This collision process has an intermediate character between the 

compound and the direct nuclear reaction processes, i.e., it is characterized 

by: 

11 4-
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(1) A large amount of relative kinetic energy is dissipated into the 

internal excitation of both nuclei. 

(2) The reaction products preserve their approximate identities as the 

projectile and the target nuclei with respect to their mass and 

atomic numbers. 

(3) The angular distribution of reaction products is forward peaking. 

suggesting a shorter interaction time than that of the compound 

process where the angular distribution of the reaction products is 

more or less isotropic. 

The facts (1) and (2) suggest the existence of attractive nuclear forces 

between the interacting nuclei and at the same time large repulsive force 

which hinders two nuclei from fusing together. The collision process for the 

deep inelastic collision is described as follows. The projectile- and the 

target nuclei touch together at the nuclear surface and form a di-nuclear 

system CONS) which may look like a dumbbell as shown in Fig. 1. The system 

does not result in fusion. because the system is rotating fast with the large 

Qrbital angular momentum carried by the interacting system and the 

centrifugal potential is too large for the two nuclei to fuse together. At 

the last stage of the collision process. the system is disrupted into the 

projectile-like and the target-like fragments by the Coulomb repulsion (Vo 

78). 

A typical energy spectrum of the projectile-like-fragment produced in a 

heavy-ion reaction 1S shown in Fig. 2 (Ar 73). Two peaks are clearly seen in 

the spectrum. One peak displayed at a small energy loss is sharp and the 

reaction products have almost the same energy per nucleon (velocity) as that 

of projectile. while the other at a large energy loss is broad and extends 

down to the Coulomb energy. These two peaks are considered to be produced by 

- II - 5 -
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Fig. 1 Formation and decay of di-nuclear system (ONS) with approximate 

time scale of interaction. Letters in the figure are, P; Projectile 

nucleus, T; Target nucleus, P'; Projectile-like product, T'; 

Target-like product. 

10 



::; 
A • 

E> • x 

160 200 21.0 2ao 320 360 
~r--r--.--'---r--r-~--~--------~'O' 

10·X 10 0 

IS·x Hi' 

20·x 10-2 

2S·x Hi) 

30·x 10'1. 

3S·x 10-5 

1.0"x I0'° 
• -7 

L5 x 10 

~10 __ ~~ __ ~~ __ ~ __ ~~ __ ~ ______ ~. la~ 

160 200 21.0 2ao 320 360 

ENERGY (Hev) 

Fig. 2 Energy spectrum of projectile-like-fragments produced in the 

reaction 232rh(40Ar,K) ata bombarding energy of 388 MeV and 

different scattering angles. The multiplication factor is indicated 

in the upper right-hand corner (Ar 73). 
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different reaction mechanisms. The peak with a small energy loss comes from 

the grazing collision process. This is also called a quasi-elastic collision 

because the collision proceeds through a direct process and the trajectory of 

the incident particle does not strongly deviate from the Coulomb orbit. The 

peak at a large energy loss is not understood in the usual framework of a 

direct reaction. The large peak width and large energy loss suggest that a 

large number of nuclear excited levels participate in the collision process. 

This is the deep inelastic collision. 

In an alternative description the heavy-ion collision processes are 

classified by a relative orbital angular momentum I h. In further 

discussion, h will be dropped. The largest l-value with which the target 

and the projectile can touch together is defined as the maximum l-value 

lmax. The largest I-value with which the interacting nuclei fuse together is 

defined as the critical I-value lcr. In other words interacting nuclei fuse 

together when the I-value is smaller than lcr and the reaction is essentially 

a binary process when the l-value ranges from lcr to lmax (Sc 77). For I = 

Imax. the collision occu~s almost directly along the Coulomb orbit and for I 

slightly above lcr; the collision process is deep inelastic. The 

classification of the collision process as a function of l is shown in Fig. 

3. 

- II - 6 -
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Fig. 3 Classification of heavy-ion reaction mechanism according to the 

incident orbital angular momentum quantum number l. DIC and 

QEC mean the deep inelastic collision and the quasi elastic 

collision, respectively. 
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2-2 Macroscopic frictional process of heavy-ion collisions 

Incident nucleus with orbital angular momentum between lmax and lcr is 

deflected forward from the Coulomb trajectory by the attractive nuclear 

force. The deflection becomes larger as I decreases due to the larger 

overlap of the two nuclei. The incident nucleus may thus be deflected to the 

opposite side of target nucleus for an l small but slightly larger than lcr. 

This situation is shown in Fig. 4. Contour map representation of reaction 

cross sections helps understand the reaction mechanisms schematically 

(Wi 73). Fig. 5 shows such a contour map for K isotopes produced in 

the reaction 232Th (40Ar ,K) at an incident energy of 388 MeV (Ar 73). 

A large sharp peak is clearly seen for the quasi elastic collision at the 

grazing angle. A ridge can be traced to forward angle and to smaller 

kinetic energies. Another ridge is seen at lower energy and forms the deep 

inelastic peak at backward angles. The low energy ridge can be regarded as a 

continuation of the high energy ridge coming from the opposite side. 

Schematic illustrations of a cross section contour and of deflection in the 

reaction process are shown in Fig. 6. Energy loss and deflection of orbit 

can be explained by a classical model incorporating nuclear frictional 

forces. Classical Newton equations of motion. which include the dissipative 

term are (Or 74. Si 76) 

.. cl. . 
Ill' = --(Vn (r)+Vc(r)+V/ (1') )-CrF(r)r (2-4) 

ell' 

cl ... /\ 
-(/11-":"U) = 
clt 

(2-5) 
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Fig. 4 Deflection of a projectile orbits with various values of the 

incident orbital angular momentum quantum number l. 
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Fig. 5 Contour plot of double differential cross section d2a / dE·dB 

( Wilczynski plot ) for the transfer reaction 232rh(40Ar,K) at a 

bombarding energy of 388 MeV (Wi 73). The center-of-mass scattering 

angle Bcm of the projectile-like-fragment is plotted along the 

abscissa. The ordinate shows the c.m. kinetic energy of K isotopes. 

The differential cross sections are in units of /lb/MeV· rad. 

o· 9 
Fig. 6 

A schematic illustration of 

a Wilczynski plot and its 

interpretation in the deflection 

process of trajectories. 
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, where rand e are relative radial and angular coordinates between the target 

m and the projectile nuclei, Vc(r), Vn(r) and Vl(r) are Coulomb, nuclear and 

centrifugal potentials, respectively. Here Cr and Ce are the radial and the 

tangential parts of the frictional coefficient and F(r) is the form factor of 

the frictional forces and is defined as the square of the nuclear force (Gr 

74) 

Fer) =(clVn er) 2 

\ cJr 
(2-6) 

Alternatively it can be expressed as a volume integral of the overlapped 

region of the two nuclei (Si 76) ; 

F ( r) = J P I pzclT C2-7) 

where Pl and {~ are the density distribution of the two colliding nuclei. 

Scattering angle and kinetic energy of the reaction products can be obtained 

by integrating the equations. Wilczynska et al. employed the latter form 

factor and reproduced the mean orbit in the scattering-angle and 

kinetic-energy plane. The result of their calculation is shown in Fig. 7 

superimposed upon the experimental results (Si 76). Here both Cr and Ce are 

2 x 10-20 MeV·s·fm. 

An angular momentum transfer process is caused by the tangential 

component of the frictional force CeFCr). The projectile-like-fragment is 

polarized by the transfer of a part of the incoming orbital angular 

momentum. The sign of the polarization is different for the products coming 

from both sides of the target nucleus, as shown in Fig. S. Note that 
4 -3 ~ ~ 

positive polarization is taken to be parallel to kf x ki. Here kf and ki are 

the outgoing and incoming wave vectors. respectively. This definition is 

-II-S-
17 
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Fig. 7 Calculated mean orbit in the contour plane superimposed on the 

l~l 

Fig. 8 

experimental data. The circles indicate the predicted-correlation 

between the scattering angle and the final energy for different 

values of the incident orbital angular momentum ranging from l = 180 

n to 250 11. (Si 76). 
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Expected polarization and energy spectrum of 

projectile-like-fragment produced along various. orbits in heavy-ion 

reactions within the framework of the frictional model. 
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opposite to the Basel convention. The relation of the energy spectrum and 

m sign of polarization is also shown in Fig. 8. The sign is expected to be 

positive for quasi elastic collision and can be negative for deep inelastic 

collision, if the latter process involves a reaction trajectory which is 

deflected to the other side of the target nucleus (negative angle 

deflection). Such dependence of the polarization on the kinetic energy loss 

have been observed in our previous work (Ta 78). 

The frictional force is considered to originate from nucleon exchange 

processes between the target and the projectile nuclei (Bl 77). The relative 

kinetic energy loss Eloss arising from the exchange of a nucleon between the 

two nuclei is calculated under the assumption that the linear momentum of the 

transferred nucleon is conserved in the exchange process and is expressed as 

2 (AZ .4 I ) ( 1 1) Eloss = Erel -- -+-+1 1----
AI+Az ...\1 ...\2 2-\1 2A2 

Erel . [( , (2-8) 

where the relative kinetic energy Erel is defined as Erel=Ecm-Vc and K is 

the replacement for the simplification of further discussion. 

Since Al and A2 are larger than unity and the mean free path of nucleon 

in nuclei is larger than the size of nucleus, the nucleon exchange can be 

replaced by the continuous transport of nuclear matter at the touching 

surface of nuclei. Thus Eq. (2-8) can be rewritten as a differential 

equa,tion; 

dEr?1 = Erel 6 I( (2-9) 
dn 

The solution to this differential equation is given by the exponential 

function 

(2-10 ) 

-II-9-
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where Ei is the initial relative kinetic energy and n is the nucleon 

exchange number. This energy dissipation process caused by nucleon exchange 

can be interpreted in terms of phenomeological frictional force, Ffric.' 

which is proportional to the relative inter-nuclear velocity, vrel, as Ffric. 

= -kvrel, where k is the averaged friction constant. The higher-order terms 

of Ffric. for vrel is neglected in an first approximation where the speed of 

nucleon in nuclei is much higher than the inter-nuclear translational speed 

(Co 80). The rate of energy dissipation caused by the frictional force is 

expressed by the same differential equation as Eq. (2-9) and reads 

_ clEre 1 = 2kEre 1 (2-1"1 ) 
dt /1 

where /1 is the reduced mass. The solution to the differential equation is 

By comparing Eq. (2-10) with Eq. (2-12), the correspondence between the 

nucleon exchange number and the friction constant is obtained as 

2k t _ [' \11 
I) 

The nucleon exchange rate N is defined as 

N=~ 
t: 

The frictional constant k becomes 

k = 

-II-lO-

pKN 

2 

20 

(2-13) 
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Fig. 9-a The distribution of projectile-like-fragments produced in Bi+Xe 

reaction for atomic number Z and total kinetic energy TKE (top of 

curve). The TKE bins are 50 MeV wide. The curves represent Gaussian 

fits. The distribution at the bottom corresponds to elastically 

scattered Xe ions and illustrates the experimental Z resolution (Sc 

76). 

Fig. 9-b The experimental kinetic energy loss TKE loss, as a function of az 

the variance of the di,stribution of projectile-like-fragments at 
.' .- . 

atomic.number z. The result calculated from the nucleon transport 

model is superimposed on the experimental data (Se 76). 
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Nucleon transport phenomena between target and projectile has been 

j1 observed experimentally (Se 76). The atomic number distribution of the 

projectile-like-fragments produced in the reaction Xe + Bi is shown in Fig. 

9-a as a function of total kinetic energy and the variance of the atomic 

number distribution is shown in Fig. 9-b as a function of the total kinetic 

energy loss. The variance becomes larger with increase of kinetic energy 

loss. The increase of the variance of the atomic-number distribution was 

considered to originate from statistical fluctuation in the nucleon exchange 

process. After n time exchange of nucleon the statistical fluctuation is 0 = 

[n. 

By using the relation 0 2 = n. the kinetic energy after n time exchange 

of nucleon is rewritten as a function of 0 2 ; 

(2-16 ) 

The relation between the variance 0 and the kinetic energy loss IS 

.) 

= Ei(1-eXp(-!\o'-)). (2-17) 

By fitting the theoretical curve described by Eq. (2-17) to the 

experimental result in Fig. 9-b. the energy loss per nucleon exchange was 

found to be about 8 MeV (Hu 76) at the early stage of the nuclear reactions. 

Kinetic energy of relative motion is thus transferred into internal nuclear 
.' 

excitation . 

. The angular momentum transfer from the orbital motion to the internal 

degree of freedom is also understood as a result of nucleon exchanges. If 

one nucleon was transferred from one of the colliding nuclei to the other at 

the nuclear surface. the transformed angular momentum J from the relative 

orbital motion into the intrinsic spin of the residual nucleus is written as 

II-l1·-
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J = Rmvrel/h , where R is radius of accepter nucleus, m is the mass of the 

transferred nucleon and vrel is relative velocity between the colliding 

nuclei. If the nucleon transfer would occur in the reaction plane, the 

transferred angular momentum parallel to the reaction normal would be n·J 

after n time transfer of nucleon. However angular momentum gene~ated due to . 

the vector sum of the randomly oriented Fermi motion of transferred nucleons 

Jf = 2nl/2R(2mEf/3)1/2, where Ef, the Fermi energy of the transferred 

nucleon, (Va 79), has to be included in the total transferred angular 

momentum. The total angular momentum transferred Jt is thus given by Jt = 

(J2 + Jc2)1/2. The spin polarization P is determined to be P = (J / Jt) and 

increases in proportion to the number of transferred nucleon (Va 79). 

One of the most interesting and useful properties of deep inelastic 

collisions was observed from the isotope production cross section(Ar 71). A 

logarithmic relation, log(da/dQ) = Constant'Qgg' was found. The quantity Qgg 

is a reaction Q-value with which the projectile-like and 

target-like-fragments are produced in their ground states. Fig. 10 shows the 

Qgg relationship with isotope production cross section. The proportionality 

constant, i.e., the slope of the logarithmic cross section as a function of 

Qgg' is almost the same for all isotopes produced. This fact suggests the 

existence of partial equilibration in an isotope production process, which 

has the same nuclear temperature corresponding to the constant of the 

inclination. The existence ·of an equilibration means a longer interaction 

time than that of a direct process. C.K.Gelbke et al. report that the Qgg 

relationship is realized better when liquid drop values are used for the 

target mass and for the target-like-fragment mass (Ge 77). This fact means 

that the nucleus behaves like a liquid drop of nuclear matter and effects of 

the nuclear shell structure becomes small in these collision process. This 

systematic relationship can be used to estimate the production cross section 

for various isotopes. 

- 11 - 12 -
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Dependence of differential cross sections for production of various 

isotopes with Qgg for the reaction 232rh (160,X) at an incident 

energy of 137 HeV (Ar 71 ). 
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2-3 Microscopic treatment of heavy-ion collisions 

The importance of the direct process in heavy-ion reactions was pointed 

out for the quasi elastic region by our previous work (Su 77). Polarization 

of 128 produced in the reaction 100Mo(14N,12B) was measured at an incident 

energy of 90 MeV as a function of reaction Q-value. Polarization was large 

~nd negative in the region of small kinetic energy loss and became positive 

with the increase of the kinetic energy loss as shown in Fig. 11. The 

reaction Q-value, where the polarization crossed zero, corresponded to the 

maximum of the energy spectrum. The behaviour of the polarization was not 

understood in the framework of the frictional model. Instead, it was 

interpreted in terms of direct transfer of two protons from the projectile to 

the target nuclei (Is 78). The contribution of the direct processes was not 

realized until polarization was measured by us in heavy-ion collision. 

A nucleon cluster c is transferred from the projectile nucleus A to the 

target nucleus B 

B -'- ( c + a -> ( B + c :> -j- a with A = ( c + a ). 

The cluster is assumed to be in the orbit (ll,Al) in the initial state and 

in the orbit (l2,A2) in the final state. Here l and A are the orbital 

angular momentum and its component alQng the z-axis perpendicular to the 

reaction plane. The relative velocity between both nuclei is v. The 

transfer process is shown in Fig. 12. The difference ~k in linear momenta 

between the initial and the final states is 

mu 
bk= 

The difference aL in angular momenta is the sum of the difference of 

- II - 14 -
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Fig.ll The spin polarization and the energy spectrum of 12s produced in 

the reaction t00Mo(I4J,t2B) at an incident energy-of 90 MeY. The 

curves are for calculations in terms of the kinematical matching 

model proposed by Brink (Is 78). 
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Fig.12 Schematic illustration of the direct cluster transfer process under 

the kinematical matching model proposed by Brink. The polarization 

expected in the residue after transfer of a cluster from the specific 

initial orbit is also shown (Br 72). 

27 



internal angular momenta A2 - At and the change of orbital angular momentum 

o(pvR), The latter depends upon changes in p, v and R and can be expressed 

as(Br 72) 

(2-19) 

The quantity o(pv2/2) is just the change of relative kinetic energy, 

Thus the expression for the difference of angular momenta is 

where effective Q-value, Qeff' is defined as Qeff = Q - ( Vci - Vcf), The 

Vci and Vcf are Coulomb energies before and after the transfer of the 

cluster, respectively and defined as Vci = Z1Z2 e2iR and Vcf = Z'1Z'2 e2/R, 

respectively. The Z1 and Z2 are the atomic numbers of the projectile and 

target nuclei and the quantities with prime refer to the values of reaction 

products. It is assumed in the model that the transfer of a cluster is 

favourable when linear and angular momenta are unchanged in the process, 

i.e., ~ = 0 and ~k = O. The transfer of a cluster has, however, some 

probability around ~k=O because of the uncertainty principle, op'ox = n 

which results in some ambiguity ln the linear momentum. The angular momentum 

is exactly conserved in any process so that ~ is zero. However, with the 

inconsistency of the model that the internal angular momentum is quanti zed 

but that the relative orbital angular momentum is treated classically, may 

allow small deviations of ~ from zero, The energy spectra of the reaction 

products have a maximum at the Q-value determined for ~ = 0 and ~k = 0 and 

have a bell shape distribution around the maximum. This Q-value is defined 

as a matching Q-value, ~atch' and is written as 

- II - 15 -
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Qmatch = Vci -Vcf - (1/2)mv2 . (2-21 ) 

The reaction product "a" is polarized by the transfer of the cluster and 

the sign of the polarization of the product "a" is opposite to the sign of Al 

because a hole state of the product "a" left after the cluster transfer is 

observed. Solving the equation with respect to AI, we obtain 

, RI, 1 ? Q 
('I = C - 1IlV- + elf ). n. V 2 

(2-22) 

The quantity Al is positive for Q > Vci - Vcf - (1/2)mv2 and negative 

for Q < Vci - Vcf - (1/2)mv2 . The polarization then becomes zero at Qmatch = 

Vci - Vcf - (1/2)mv2 . This Q-value Omatch also corresponds to the largest 

probability for cluster transfer, i.e., the peak of the energy spectrum. 

This model for cluster transfer in heavy-ion reactions was first proposed by 

Brink and is referred to as the Brink model. A typical example of a 

calculated polarization of 12B is illustrated with experimental data In Fig. 

11. 

Refinements of heavy-ion reaction theory from a microscopic VIew point 

have been carried out by several people. Kammuri et al. extended the Brink 

model to curved orbits (Ka 81, Ma 82). Ichimura et al. introduced the 

matching condition, Ak 0 & = 0, in three dimensional space erc 83). 

Udagawa et al. developed a new DWBA calculation for the continuum final 

states (Ud 78). They replaced realistic nuclear final states by elements of 

an appropriately chosen analytic function which was determined by x2-fitting 

from a finite range DWBA calculation with numerous possible final states. 

Polarization of 128 was reproduced by the DWBA calculation for the direct two 

proton transfer process (Ud 78). They pointed out the importance of target 

recoil. A characteristic behaviour of 128 polarization in the region of 

small kinetic energy loss comes from interference between orbital angular 

-- II - 16 -
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momenta differing by 1 unit and with opposite parity arising from the recoil 

effects. Even in the deep inelastic region, the experimental data have been 

well reproduced. By using a three step DWBA calculation, Tamura et al. 

succeeded in reproducing most parts of the energy spectrum and polarization 

of ejectiles produced in the inelastic reaction 58Ni(160,160') (see Fig. 

13) (Tm 80 ,Le 83). However, experimental data in the region of the largest 

kinetic energy loss was not completely fitted. In the DWBA calculation, some 

averaging procedures are introduced. The nuclear frictional forces stems 

from an average for large kinetic energy dissipation. Although the 

relationship between these averaging treatments is unclear, the origin of 

frictional forces will probably be established by an exact microscopic 

treatment of heavy ion collision processes. More elaborate treatments will 

be required to describe heavy-ion collision at large kinetic energy 

dissipation. 

II 17 
30 



4 (.1) • 
SSN1(160 .160 ·) • 

Ebb-lOO HeV • 
3 a

hb 
-3S 

0 

~ ,.. ... 2' oo ... ... ... 
oD ... 
< 
c I 
"0 
IJJ 
"0 ..... 
0 

"0 

(b) 
O.S 

0.4 

-o.S 

~~~ ____ ~ ______ -h ______ ~ ____ ~I_. ____ ~ 
30 20 10 so 40 

Ex (HeV) 
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reaction 58Ni(l60,t60') compared with the result of a calculation by 

use of three step moffiA developed by Tamura et al. (Tm" SO ) 
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CHAPTER 3 

Experimental Methods 

3-1 8asis of the polarization measurement 

a Production and implantation of 128 

b Hyperfine interactions of implanted 128 and preservation 

of the polarization of 128 

c Determination of the polarization 

d Spin control 

e Polarization brought in. the ~-ray cascade and particle 

decay 

3-2 Details of experiments 

a Reaction chamber and production of 128 

b B ray detection 

c NMR 

d Timing control 

3-3 Check experiment by use of the (d,p) reaction 

3-4 Time and energy spectra of Brays 

3-5 Summary of the polarization measurement 

32 



Nuclear spin polarization of projectile-like-fragments produced in 

heavy-ion reaction is expected to be perpendicular to the reaction plane 

which is formed by the axis of the incident beam and recoil. Thus the 

reaction products were collected in a scattering angle with finite solid 

angle in a practical measurement of the polarization, as shown in Fig 14. 

The experimental conditions for an energy determination of the reaction 

product, preservation of the polarization and asymmetry detection of ~ decay 

then must be optimized. The conditions described in Fig. 14 were the easiest 

and the most efficient for observation of the spin polarization of 128 

produced in 14N induced reaction. The short ~-decay half life of 20.3ms of 

128, its high ~-decay end-point energy of 13.37 MeY and large asymmetric 

parameter of -1 simplify the measurement of its polarization. 

Considering the above properties of 128 ~ decay, a beam pulsing method 

was employed for the 128 production and beam-off counting time. This was 

essential for the detection of ~ rays with low background and the control of 

the 128 spin. Since the reaction product 128 was ejected with large kinetic 

energy, it could easily be implanted into a stopper foil. An energy-absorber 

foil of suitable thickness was selected.and placed in between the target and 

the stopper foil to fix the kinetic energy range of implanted 128. The 
.. ' 

polarization of thi~' 128 was preserved in the stopper foil throughout its 

lifetime and determined' from the asymmetry of the ~ decay both with spin 

inversion as well as without spin inversion in order to eliminate geometrical 

asymmetries in the detection system. Inversion of the polarization was done 

by the adiabatic fast passage (AFP) technique. 

- III - 2 -
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Fig.14 Schematic illustration of the polarization measurement system. The 

reaction product 'was collected in a scattering angle with finite 

solid angle and implanted in a stopper foil. An energy absorber was 

placed between the stopper and the target to determine the kinetic 

energy range of the reaction product implanted in the stopper. ~ 

rays emitted from the stopper were detected by a paIr of counter 

telescopes placed above and below the reaction plane. A static 

magnetic field was applied perpendicular to the reaction plane and a 

set of rf coils was placed around the stopper; an rf magnetic field 

controlled the spin direction of reaction product implanted in the 

stopper. 
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3-1 Basis of the polarization measurement 

3-1-a Production and implantation of 128 

The ~ emitter 128 were selected for the polarization measurement of 

projectile-like-fragment produced in heavy-ion reaction. Although no 

specific particle identification technique were used, the energy spectrum and 

the time spectrum of ~ rays emitted from the stopper foil were consistent of 

those of 128. The ~ emitters which have a similar lifetime and end point 

energy as 128 produced in 14N induced reaction are 138 and 12N. The ~ rays 

from these ~ emitters could not be rejected. The production cross sections 

of 138 and 12N were, however, expected to be less than that of 128 and 

estimated by using the empirical Qgg dependence. A contribution from 138 was 

found to be less than 20 % of the total ~-ray counts for the targets 

presently used except for 232Th. The estimated production cross section of 

138 in 232Th target was 35 % of the total ~-ray counts. The production cross 

section of 12N was negligibly small compared with that of 138. The estimated 

value of production cross sections of 138 are shown in Table 1 as ratios to 

those of 128. 

The kinetic energy range of 128 implanted in the stopper foil was 

determined by using, the range-energy method. The range of a charged particle 

in a material is a function of the atomic number Z. mass number A and the 

velocity v of ,the particle and given by 

Range = f(v) (A!Z2), (3-0) 

where f(v) is a function of only the velocity of the particle. The 

range-energy relations for 128 in various materials were calculated from 

- III - 3 -
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Target 

232
Th 

lOOM:> 

63Cu 

56 Fe 

45
Sc 

27Al 

12 
Q for 13B Qgg for B a(13B ) gg LlQ

gg a(12B) 

-14.0 -15.8 -1.8 0.50 

- 9.01 -13.1 -4.1 0.21 

-13.1 -17.6 -4.5 0.18 

-13.0 -20.9 -7.9 0.05 

-12.1 -16.9 -4.8 0.16 

-13.2 -19.0 -5.8 0.11 

T 

T = 2.6 MeV 

Table. 1 Estimated cross section of l3B• 

Mass of target nucleus and target-like-product 

is calculated from Weitzecker Bethe's mass 

formula as liq?id drop mass. Mass of 14N, 12B 

and l3B is taken from Table of Isotopes (Le 78) . 

" (13 ) / "( 12 ) . Mean contam~nat~on rate a B a B ~s 

232 
nearly equal to 0.15 except for Th target 
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those for 118 (No 70) by using Eq. (3-0) and are given in Fig. 15. 

~ The kinetic energy of the particle can be expressed as a function of the 

range of the particle observed. 128 nuclei therefore. was emitted out from an 

energy absorber foil with the energy degraded and stopped in the stopper 

foil. 8y choosing suitable thicknesses of the aluminium absorber and a 

platinum stopper. the energy window of 128 were selected. One example of 

this method is shown in Fig. 16. The ambiguity of this method comes mainly 

from the range strugglihg around the mean range and is estimated to be less 

than 5 % of the total range. 
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128 with kinetic energy 

above 81 MeV 

81 MeV .... -34 MeV 

between 81 MeV 
..... ..... 

and 67 MeV 

67 MeV 
...., 
..... 

0 MeV 
below 67 M:V 

_ ...... 
." 

Al 120 Pm Pt 15 pm 

Absorber Stopper 

Foil Foil 

Fig 16 An example of range-energy method employed for the kinetic energy 

determination of 128. Reaction products 128 with kinetic energy 

~ .... 

between 67 MeV and 81 MeV are stopped in the platinum stopper foil of 

15 /lm thickness by use of aluminium absorber foil of 120 ~m 
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3-1-b .Hyperfine interactions of implanted 128 and preservation of the 

polarization of 128 

Hyperfine interactions of 128 with its atomic electrons and the atoms in 

the stopping material plays an important roles in preserving the polarization 

of 128 during its lifetime. When 128 is ejected from the target in vacuum. 

the nucleus 128 has no atomic electrons. However. after passing through the 

energy absorber. kinetic energy of boron becomes low enough to capture 

electrons. The atom can be in various possible charge states during the 

flight from the absorber to the stopper and the nucleus can be under the 

influence of strong hyperfine fields. Especially for the charge states of 

4+. ~ and 0+. hyperfine fields caused by unpaired electrons are strong 

enough to smear out the nuclear polarization immediately. The charge states 

distribution of the boron ions which pass through a thin foil is shown in 

Fig.17 as a function of its energy(Ma 68). The 12B nuclei of kinetic energy 

below 10 MeV may be under the influence of hyperfine fields caused by 

unpaired orbital electrons. If a strong static magnetic field is applied in 

the direction of the nuclear polarization. both the atomic spin and nuclear 

spin of boron ion are decoupled and start to precess independently around the 

external field. As the magnetic moment of atomic spin is about 2000 times 

larger than that of nucleus, the nuclear spin is under the influence of of 

averaged hyperfine field, which is parallel to the external field. Thus the 

polarization of nuClei can be preserved during the flight in vacuum. 

The travel time of 128 in the stopper foil and in the absorber foil is 

estimated to be less than 1xl0-12s. Any electromagnetic interactions which 

arises in the atomic collision process does not flip the spin direction since 

the access time Ta of the interaction is fast, i.e., the inverse of the 

collision frequency. which is Ta = 10-15s. 
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After stopping in a stopper foil of fcc metal, 128 lies in an octahedral 

m site and is not under the influence of an electric field gradient because the 

symmetry of the nearest neighbours is at least 3 fold symmetric about 3 

independent axis. From the NMR width the dipoler field at the site is 

observed to be a few De CMi 73). The nuclear spin of 128 is easily coupled 

to the external magnetic field when the strength of the field is stronger 

than a few tens of Oe. As the result, the main origin of the destruction of 

spin polarization of 128 in fcc metal is the interaction with the conduction 

electrons. This is mainly due to the contact interaction of the nucleus with 

the conduction electrons of S-symmetry. The spin lattice relaxation time Tt 

in a fcc metal is estimated to be O.t s at room temperature by using the 

Korringer·s relation(Kr 50). The material of the stopper foil was chosen as 

Pt. The relaxation time Tt of 128 in Pt was observed by J.Wells et al. to be 

about 1s (We 68) and was also experimentally determined by Sugimoto et al. (Su 

68) to be ten times longer than the 12B lifetime. These values are long 

enough to preserve the polarization of 12B throughout its lifetime. 
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3-1-c Determination of the polarization 

The ffray angular distribution from the spin polarized ff emitter (Mo 57) 

is asymmetric due to parity non-conservation in the weak interaction and 

written as 

Iv (8) ~ 1 + . .!:! PAcos8, 
c 

(3-1 ) 

where v and c are velocities of ff rays and light, respectively. P is the 

nuclear polarization and A is the asymmetry parameter. The 8 is the polar 

angle of ff ray emission relative to the polarization axis. 

The spin polarization P with spin Ii is defined by the following 

equation as 

(3-2) 

where a(m) is the population of the magnetic sublevel with quantum number 

"m" and is normalized as 

/, 

L a(m)=1 (3-3) 
111=-/ , 

The asymmetry parameter A (Mo 73)is written as 

* * +[C ] 2[<0>] 2b..
f
-2C <1> CJ\.<-a>/r-./(I .. +1) 

- A ~ V .Mo ~ ~ 

A = 
[CJ 2 [<1>] 2+[C~] 2 [<0>] 2 

where 6.if is the coefficient defined as 

for If = Ii - 1 . 

6.if = 1!(Ii+1 ) for If = Ii. 

-li/(Ii+1 ) for If = Ii + 1 • 
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where If is the spin of the daughter state nucleus after ~ decay; The upper 

sign in Eq. (3-4) is applied to the positron emission; The <1> is the Fermi 

matrix element and <0> is the Gamow-Teller matrix element; Cv is the Fermi 

coupling constant and CA is the Gamow-Teller coupling constant. According to 

the experimental results from ft-values, ~ decay from 128g.s. to 12cg .s . is 

an allowed pure Gamow-Teller type transition. The decay scheme of 128 is 

shown in Fig. 18. Therefore the asymmetry parameter A is shown to be -1. 

Only ~ rays with higher energy (>3MeV) were counted in the present 

experiment in order to reject the low energy background ~ rays come from long 

lived ~ emitters; then vlc can be put equal to 1. The equation of the 

angular distribution can be rewritten in a simpler form, 

wee) = 1 ~ pcose. 

We detected the ~ rays by the two sets of plastic scintillator counter 

telescopes which were placed above and below the reaction plane, i.e., in the 

direction of e = 0 and e = i!. The /3 ray counts are given theoretically by 

integrating the distribution function around the polar angle as 

N = NE: up up 

t W(8)2TIsin8d8 
o 

r W(8)2TIsin8d8 
o 

LV = - Eup (l-cosa) (2-P-Pcosa) 
4 

N = NE 
dn dn 

(TI W(8)2TIsin6d8 JTI- et 

r W(8)2TIsin6d6 
o 

N = - Cdn (l-cosc<) (2+P+Pcosc<) , 
4 

(3-6) 

(3-7) 

where Nup and Ndn are ~ ray counts of e = 0 and e = rr counters, respectively 

and a is polar angle subtended by the detector as shown in F~g. 19. N is the 
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Fig.19 Arrangement of counters for the {3 ray measurement. 
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total number of decayed 128 nuclei. £up and £dn are detection efficiencies 

'f of the detectors at e = 0 and e = ~ and also include the geometrical • .1 

asymmetry of the respective detectors. 

The ~ ray counts after inverting the direction of the polarization by 

using adiabatic fast passage method (AFP) by the NMR technique are likewise 

written by changing P to -xp, where X is the efficiency of the polarization 

inversion. The rewritten equation is as follows. The subscript on means the 

measurement after the spin inversion because the rf field for AFP was induced 

through on-resonance frequency by means of NMR. The subscript off is used 

for the measurement without inversion of polarization, i.e., rf field for AFP 

was applied at off-resonance frequency. The left side of the Eq. (3-6) and 

(3-7) are rewritten as Nup off=····· and Ndn off=······ , respectively. 

LV 
,,vHf.> Illl = £up (1 

4 
eos(x) (2 + Px -l- PxeosC'l.) . (3-8) 

N 
Ndn on = Cdll (1 - eosel) (2 . - Px - Pxeosn). (3-9) 

4 

Then the ratio R of the counting rate given in Eq. (3-10) does not 

depend on the detector efficiencies. 

(2 - P Peosa) (2 - Px Pxcosa) 
= --------------------------------- (3-10 ) 

(2 + P + Pcosa) (2 + Px + Pxcosa) 

By using R. the spin polarization P is obtained independent of the 

geometrical asymmetry of the measurement system and is written as 
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p= 
(3 - X) (1 + R) 

(1 + cosa) (1 R) 
(3-11 ) 

The efficiency of the polarization inversion X is known to be larger 

than 0.95 (Hi 73), a was 24 deg, therefore the spin polarization P is 

determined from the experimental ratio R as 

p = 1.1 (1 + R) 
(1 - R) 

(3-12) 

In order to subtract the possible effect of hyperfine interaction in 

polarization for slow 128 nuclei. in the actual experiment. the polarization 

was determined from the two asymmetry measurements. As described in 3-1-b, 

128 with kinetic energy lower than 10 MeY can be in several possible 

atomic-charge states. The measurements were both with a thick stopper and 

with a thin stopper and the thickness of the thin stopper was selected to 

stop 128 with kinetic energy below 10 MeY. The counts of ~ rays observed 

with the thin stopper were subtracted from those with the thick stopper. As 

a result the counts of the ~ rays from 128 which had no orbital electrons 

during flight were obtained. The ~ ray counts used for the polarization 

determination were thus: 

Nup on = Nup on (thick) - Nup on (thin). 

Nup off = Nup off (thick) - Nup off (thin \. 

Ndn on· .... =." Ndn on (thick) - Ndn on (thin). 

Nup off = Ndn off(thick) - Ndn off(thin). 

Here N (thick) means the ~ ray counts with a thick stopper and N (thin) 

means that with a thin stopper. The background ~ rays emitted from the 

outside of the stopper foil were also rejected by using this subtraction. 
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48 



3-1-d Spin control 

An adiabatic fast passage method (AFP) (Hi 73) was employed in order to 

invert the polarization of 128. As mentioned in the introduction of this 

chapter. the static magnetic field was applied around the stopper foil partly 

for the purpose of the NMR. A pair of radio frequency (rf) coils was placed 

around the foil in the reaction plane (see Fig. 14) and linear rf magnetic 

field was produced for NMR. The magnetic moment ~ precesses around the 

external static magnetic field with the Larmor frequency vL ='~Ll2~ = yHoI2~. 

where y is the gyromagnetic ratio of a nucleus (see Fig. 20). When the 

linear rf magnetic field 2Hlcos~ is induced perpendicular to the external 

static magnetic field. the magnetic moment ~ precesses around an effective 
"7 .~ 

magnetic field. i.e .• the external magnetic field Ho reduced by (~/y) and 
-? 
HI: 

(Note that the effective. rotating strength HI obtained by the linear 

field 2Ht cos~t is I Hte iwt I = Ht ) 

This phenomenon is intuitively understood in the rotating coordinate 
~ 

system which rotates simultaneously with the Ht- In this coordinate the 
~ 

strength of reduced external magnetic field Ho' is as 

(3- 13 ) 

The magnetic moment 11 precesses around the effective magnetic field • 
. ~ --'" --":> 

Heff= Ho' + Ht with Larmor frequency ~L' = y Heff-

(Note that HI becomes a static magnetic field in the coordinate. ) 

The strength of Heff is given by the following equation. 

IHeffl = I H12 + HO,2 

= ;iH
1

2 + (HO - w/y)2 (3- J't) 

The angle e between the ~ and ~f is written as 
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.. 
ill a = tan-1( HO :lW/Y) (3 -IS) 

This situation is seen in Fig. 20. 

By scanning the rotating angular velocity ~ from ~ < rHO to ~ > rHO 
-7 

through the resonance angular velocity ~o = rHO the direction of Heff is 
--?-? 

changed from parallel to Ho to antiparallel to Ho. If the change in rotation 

of the angular velocity of dHeff/dt is sufficiently slower than ~L', the 
. -7 

magnet1c moment M follows the Heff. This phenomenon is the adiabatic fast 

passage (AFP). The change in rotation angular velocity of Heff is estimated 

as d8/dt. Near the resonance angular velocity ~o = rHo the quantity dB/dt is 

written as 

de 

dt 

1 dw - - -.- (3- I b) 
yH1 dt 

and 6JL is 

wL = yH
eff = y~H12 + (HO - w/y)2 (3- 11() 

Then the condition of AFP ~L' »d8/dt is rewritten 1n following 

equation. 

1 dw 
- -.--« 

YH
1 

dt . 

Near the resonance angular velocity, Ho is nearly equal to ~o/r. Then 
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the AFP condition is again rewritten as 

or, 

1 dw 
- ---.----« yH1 

yH
1 

dt 

00 2 
-« (yH

1
) , 

bot 
(:;-;;'0) 

where bo~ is the frequency modulation width of rf and b.t is the time period 

of the modulation. In the experiment, b.t is about 2.5 ms and bo~ is about 

2r.x20 kHz·rad. The gyromagnetic ratio r of 128 was determined as 765 

Hz/Oe(Su 68). The strength of H1 which is sufficient for the inversion of 

128 spin is defined as 

H1 » 1.5 Oe. (3- 21 ) 

In addition to such condition as described above, H1 has to be stronger 

than, or equal to the strength of dipolar field 0 in the host material. In 

an fcc metal as platinum, 0 is known to be about 2 Oe. Thus a necessary 

strength of H1 is 

H1 > 2 Oe. ()-~).) 

In the actual experiment the amplitude of H1 IS also modulated 

sinusoidally in the rf amplitude as a function of time as shown in Fig. 21 in 

order to start .the e value~from·near zero and to stop the e value near r. even 

.with such a narrow frequency modulation of 20 kHz. 
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3-1-e Polarization brought in the y ray cascade and particle decay 

There are four interactions which attenuate the primary polarization 

produced by the nuclear reaction. These are: (1) particle emission of 

excited nucleus such as 13c->p+12s; (2) y decay from the .excited 12s state to 

the ground state; (3) the hyperfine interaction between the nuclear spin and 

orbital electron in flight and (4) the spin lattice interaction of 128 spin 

in Pt metal. Since the first two are rapid processes compared with ~ decay, 

the depolarization rates from these phenomena were estimated by utilizing the 

results from other experiments. The depolarization from (3) was, however, 

essentially removed by using the two stoppers of different thickness as 

mentioned in 3-1-c. The last depolarization effect was determined from our 

own check experiment and will be described in 3 - 3. The details of the 

estimation of depolarization from the first two processes are as follows. 

(1 ) Particle emission 

The particle emission processes reduce the magnitude of 128 

polarization. However the sign of the polarization is unchanged during the 

process. R.Ost et al. carried out a coincidence experiment between p and 128 

produced in 13c induced reactions(Os 76). They showed that the contribution 

to the 128 production from the sequential decay of 13c was less than 20 %. 

Their experiment was done at a lower incident energy, about 7.5 MeV/u. and 

the quasi elastic collision was the dominant process. In the deep inelastic 

collision the contributions from such sequential processes are expected to 

become smaller than for the case of their experiment. 

The upper limit of depolarization by this process is estimated to be 

less than 20 % of the initial value. 

(2) y decay 

Only four excited levels of 128 are stable against the particle decay 
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and the highest excitation energy of the levels is 3.31MeV. The energy range 

m of 3MeV is small enough to assume that each level is populated with equal 

probability and equal polarization. The parity and the spin of each level 

were well known.' The y ray multipolarity. transition type and branching 

ratios were also well established (01 68. Ch 68). The level scheme of 12B is 

shown in Fig. 22. 

The depolarization by y decay is then calculated as follows. 

The level population following the y decay to a level with spin Jf is 

related to the initial population as 

~ ~ 
a(mf) =L \<J~ m sA \~i- mf I Ji 11\,,>1 a (mA) (3 -1.3) 

rrq :. - J,,' 

where ~ is the multipolarity of the y decay and the suffix i and the suffix 

f mean the quantities of the initial and the final levels. respectively. By 

using the equation. the polarization of the final level is calculated from 

the initial polarization. The depolarization rate. Rdep. is calculated as 

Rdep = P (final state ),/P (ini tial state) 

JAC2JA+1)(J+ -ti)(.2Ji +1) 
(Jltl)J1 

(.3-24 ) 

where W( Ji Ji Jf Jf ; 1 A ) is a Racah coefficient. The coefficient is 

calculated by using Ji. Jf and ~ and the final form of the depolarization 

coefficient is 

I 
Rdep = --. 

2. 

~ (JA' T 1) 1" J 1 (Jrt 1) - 'It (~1-1 ) 
l'Ji +1)J+ 

(3 -25) 

The numerical values of Rctep are shown in Table 2 for the 12B case. The 
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total depolarization rate is estimated to be about 75 % of the initial value 

1 under the assumption of equal population and equal polarization. 

Note that the total depolarization rate is estimated to be 89 % under the 

assumption of equal polarization and weighted population which is 

proportional to (2Ji + 1). 

{
-----------

/ =========== , 
n 

12 9 

2.72 
.62 

1.67 

Fig.22 Level scheme of 12B. 

Transition 
Transition R 

Type dep 

0+ .. 1+ M.l 0 

1 - 1+ El .. 0.5 

2+ El 0.75 

- . .. 2 Ml 0.75 

2 - 1+ .. El 1 

.. 2+ El 0.825 

2+ .. 1+ Ml 1 

Table. 2 

Reduction rate of l2B polarization by a y ray cascade 
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3-2 ,Details of the experiment 

3-2-a Reaction chamber and the production of 128 

The reaction chamber used in the experiment is shown in Fig. 23. The 

main design feature was to obtain a large solid angle for the collection of 

128 and a wide selection range of scattering angle. The reaction chamber was 

built of plastic in order to avoid production of long lived background 

activities. The chamber consisted of three parts, i.e., target chamber, 

absorber chamber and stopper chamber. In the target chamber. the ~ emitter 

128 produced by the nuclear reaction was collimated into the scatter'ing angle 

BL and was led to the absorber chamber in which the energy absorber, an 

aluminium foil with suitable thickness, was placed. After passing through 

the absorber, 128 was implanted in the platinum stopper foil which was placed 

in stopper chamber. The thickness of the absorber foil and the stopper foil 

was remote-controlled from the measurement room. The solid angle of 128 

collection was about 32 msr. The measurable scattering angle varied from 6 

deg. to 60 deg. 

The stopper chamber and apparatus around the stopper chamber were 

constructed for efficient detection of ~ rays. As mentioned above, the 

stopper chamber was made of plastic material (Nylon). This was also necessary 

for reducing the back scattering of ~ rays at the chamber wall. Due to the 

same reason. several features were incorporated: A pair of rf coils for NMR 

was mounted outside the stopper chamber as shown in Fig. 24 .. This was 
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necessary to eliminate heavy elements in the stopper chamber except for the 

m stopper foil itself. Also the static magnetic field was applied by an air 

core magnet of Helmholtz type. Back scattering of ~ rays at iron pole face 

for a steel magnet would have been saved. 

The beam line arrangement of Course-D and Course-K in RCNP are shown in 

Fig. 25. The experiments were carried out at these two courses. A 14N beam 

accelerated by the 230 cm AVF cyclotron at RCNP was focused on the target 

with size about 3 mm dia. A typical beam intensity of 14N ions was about 

100pnA. Energies of the beam were 210 HeV for 14N+5 ions and 130 HeV for 

14N+4 ions. The targets were self-supporting metalic foils of about 10 

mg/cm2 thickness. Energy loss of the incident 14N ion in the target foil was 

about 20HeV. The effective incident energy was defined as the energy at the 

half target thickness and calculated by using the range-energy relations. 

The beam passing through the target was stopped in the target chamber. 
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3-2-b ~ray detection 

Two sets of plastic scintillator counter telescopes were placed above 

and below the stopper foil perpendicular to the reaction plane in order to 

detect the ~ rays emitted from the 12B in the stopper foil. A counter 

telescope consisted of three coincidence counters. There were two minimum 

ionizing AE counters, A and B and one energy counter E. One anti-coincidence 

cone shaped counter, C, was also placed in between A and B as shown in Fig. 

20. The dimensions of the two AE counters were 12mm in diameter Imm thick 

and 46mm in diameter 2mm thick, respectively. The solid angle subtended by 

the telescope was defined by these two counters and partly by C counter. The 

energy loss of a ~ ray in the AE counter was about 200 keV for A counter and 

was 400 keV for B counter. The deflection of the path of ~ ray in the 

counter by the multiple scattering was negligibly small, i.e., less than 5 

deg. The energy resolution of E counter was about 15 %. The material of 

counters was the plastic scintillator of high energy grade made by C-I Kogyo 

Co., Japan. The light signals in each scintillator was transmitted a 

photomultiplier by means of a lucite light guide. The photomultipliers were 

R329-02 for B, C and E counters and R647-09 for A counter, manufactured by 

Hamamatsu T-V Inc. Japan. 

A schematic diagram of the ~ ray counting electronics is shown in Fig. 

26. The output signal from A counter was amplified bya fast amplifier and 

was fed to a fast leading-edge discriminator. The output signal from B 

counter was immediately fed to a fast leading-edge discriminator. NIM fast 

logic signals of 10ns wide were obtained by discriminating the output signals 

from A and B counters. The threshold level for the signals from A and B 

counters was chosen slightly below the signal of the minimum ionization 

energy. The output signal from C counter was immediately fed. to a fast 
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NSD 
t 

UP E -+ PMT -+ NSD -+ cm -+ NSD OUT 

UP B -+ PMI' -+ NSD -+ m -+ NSD 

UP C -+ PMT -+ NSD -+ cm -+ NSD 
":.X2 IN 

UPA -+ PMT -+ FA -+ NSD -+ m -+ NSD 
~Y2 

AYl 
DN A -+ PMT -+ m -+ NSD -+ FD -+ NSD -i IN 

AXl VETO IN 
DN C -+ PIvrI' -+ NSD -+ CFD -+ NSD -l IN 

M.C. 
DN B -+ PMT -+ NSD -+ FD -+ NSD -l IN OUT 

DN E -+ PMT -+ NSD -+ CFD -+ NSD -l IN OUT 
+ 

NSD 

PMI' Photo Multiplier + Breeder 

NSD Nano Second Delay 

cm Constant Fraction Discriminator 

FD Fast Discriminator 

M.C.: Majority Coincidence; Majority = 4 

m Fast Amplifier 

LGS Linear Gate Stretcher 

LA NIM to TTL Level Adapter 

PI Logic Fan In 

SUM Sum Amplifier 

I LGS -+PHA 
t 

m 

LA {-+SCALER 

l-+Z2 

ri1 
FI 

+Xl 

Zl] SUM -+ M:S 
Z2-+ 

j+X2 
I+- FI 

l+Y2 

~ LA {-+Zl 
-+SCALER 

~FD 
+ 

I LGS -+PHA 

Fig.26 Electronics circuit for the a ray measurement. 
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constant-fraction discriminator to obtain a NIH fast logic signal of 20 ns 

wide. The threshold level for this was selected slightly above the 

photomultiplier-noise level. 

The output signal from E counter was divided into two parts. One was 

immediately fed to a fast constant-fraction discriminator and NIH fast logic 

signal of 10ns wide was obtained. The threshold level for the E counter was 

set at 3 MeV. Another was shaped and gated by a fast linear-gate stretcher. 

The gating logic was an (A~ Bn C.~ E ) signal. The stretched and gated 

linear signal was fed to a PHA for n ray energy analysis. 

True ~ ray events were defined as (A ~ B nc:~ E ) by using a majority 

coincidence unit. The time resolution was 20 ns. The output logic signal. 

was fed to a fast linear-gate stretcher as a gating signal as described 

above. The same signal was also converted to NIM slow logic by level adapter 

and was fed to two scalers which count the number of events following the 

inversion of 12B polarization and events following without an inversion 

respectively. A time spectrum was obtained by counting the summed events of 

up and down telescopes. 

A typical maximum single counting rate was about 100kc/sec for C 

counter and lOkc/sec for B counter and lkc/sec for A and E counters. The 

time resolution of 20ns was short enough to reject the accidental coincidence 

events. 

Anti-coincidence signals were also obtained from A and C counters of the 

other counter telescope located at the opposite side with respect to the 

stopper foil in order to reject the event which penetrated the up and the 

down counter telescopes simultaneously, for example, a cosmic ray. A typical 

true count rate was about 10 c/sec. 
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3-2~ c NMR 

A wide band rf amplifier with 400W output was constructed in order to 

produce an rf magnetic field. strong enough to induce the AFP. A5F20RA 

vacuum tube was used for the final output stage of the rf amplifier as shown 

in Fig. 27. The rf electric power produced by the amplifier was induced into 

a rf coil and produced the rf magnetic field in the coil. 

An rf coil was also constructed for the present experiment. The 

inductance of the coil was about 250pH. The strength of the external static 

magnetic field used was 221 Oe and the resonance frequency of 128 in this 

field was about 169kHz. The impedance of the coil at this frequency was 

about 275 ohm. The strength of rotating magnetic field produced by the coil 

was estimated by using Vpp. the peak to peak voltage between the both end of 

rf coil. as follows. 

( 3-28) 

where S is the strength of static magnetic field produced in the coil when a 

DC current of lA is supplied. At the size of this coil. S was about 50e. 

The necessary strength of Hl or Vpp was determined by a check experiment. 

Details of this check experiment will be described in section 3-3. 

The frequency and amplitude of the rf were modulated for AFP. Frequency 

modulation was done by uSlng a voltage-controlled frequency (VCF) of a 

function generator (FG). At the beginning of a spin control period a ramp 

voltage was initiated. This signal was mixed with an output of a 1bit 

digital to analog converter (DAC). which converts a Ibit control logic signal 

to two different analog voltages in alternative beam--count cycle as shown in 

Fig. 28. The mixed signal was fed to a VCF input of a FG. A resultant rf 

for spin control was generated with an on-resonance frequency range of 160 

kHz --) 178 kHz and with an off-resonance frequency range of 260 kHz --) 278 
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Fig.28 Synthesized rf forAFP with amplitude and frequency modulations. 
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kHz. This rf was also sinusoidally modulated in its amplitude as a function 

of time. A sine-wave generator (SO) was triggered at the beginning of the 

spin control period and an output signal of a SO was fed to an amplitude 

modulator (AMG) in order to modulate the rf in the amplitude. The modulated 

rf for both frequency and amplitude was fed to an rf-gate which opened in the 

spin control period only and the gated rf was fed to a power amplifier. A 

block diagram of the rf system is shown in Fig. 29. Control logics for the 

rf were generated by a micro computer ( See following section). 
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III 

3-2-d Timing control 

The time flow chart of the actual experiment,-the data taking, spin 

control and beam irradiation is schematically shown in Fig .. 30. One beam 

count cycle was 64 ms. During the first 29ms a target was bombarded by 14N 

ions. The following 35 ms without beam was used for ~-ray counting and 

polarization inversion. Spin was inverted by an rf applied during 2.5 ms 

following right after the end of the beam cycle. Another rf was also applied 

for 2.5 ms at the end of the beam-off time to restore the spin direction 

back. In the following beam-count cycle. 12B spin polarization was not 

inverted. i.e .• an rf was applied on off-resonance frequency. A pair of 

resonance-on and resonance-off period was alternatively repeated. For the 

beam pulsing Dee voltage of the AVF cyclotron was modulated in the 30 % from 

a normal acceleration voltage. 

The sequence described above was controlled by a micro computer which 

generated parallel-4-bit-patterns with TTL level as a function of time as 

shown in Fig. 31. The first bit was used for the beam pulsing. The beam 

bombardment was done in the period of logic-level 1. The second bit was used 

for the bin-gate signal. The ~-ray counting electronics operated in the 

period of logic-level 1. The third bit was used for the rf control. A ramp 

generator and 'a sine-wave generator were initiated by the positive edge of 

this logic and a rf-gate opened during logic-level 1 of this bit. The fourth 

bit changed its level in an alternate beam-count cycle and was fed to a 1 bit 

DAC in order to shift the initial voltage for the VCF in every other 

beam-count cycle. 
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3-3 Check experiment by use of the (d,p) reaction. 

A typical counting rate in the present experiment at RCNP was about 10 

c/s as described in 3-2-b. It was impossible or inefficient to check the 

measurement system by using the beam from the AVF cyclotron. The total 

system for 128 polarization measurement was tested by using polarized 128 

produced in the 118(d,p)12B reaction (Su 68) at Osaka University, Laboratory 

of Nuclear Studies. The incident deuteron energy was 1.5 MeV and was 

obtained by the 4.75 MV Van de Graff accelerator. The conditions of the 

check experiment are summarized in Table 3. The aims of the check experiment 

were as follows. 

(1) Determination of the strength of the external static magnetic field 

necessary. 

The asymmetry change R of ~ decay was measured as a function of Ho as 

shown in Fig. 32-a. The asymmetry of ~ rays increased with proportion to the 

strength of Ho and saturated with Ho > 150 Oe. Thus a practical Ho was 

chosen to be 221 Oe. This field strength was produced by a "coil current of 

4.00 A. 

(2) Nuclear Magnetic Resonance 

The Ho was set at 221 Oe. The asymmetry change R of ~ decay was 

measured as a function of Hl frequency by applying AFP for the confirmation 

of the spin control by means of NMR. The resonance frequency was found to be 

169 kHz which is shown in Fig. 32-c and agrees with the known value (Su 68). 

The line width of the resonance measured was consistent with the rf 

modulation width superimposed on a field inhomogeneity of 2 %. 
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Nuclear Reaction 

Incident Energy 

Target 

Scattering Angle 

Beam Intensity 

Conditions of Check Experiment 

llB(d,P}12B 

1.5 MeV 

Natural Boron 100ug/cm2 

Tantal Backing 

1000 cps 

10 UA 

Table 3 Conditions of the check experiment. 
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(3) 12s polarization as a function of H1 strength 

The asymmetry change R of ~ decay was measured as a function of peak to 

peak rf voltage applied on the rf coil in order to fix the rf intensity 

necessary for AFP. The result is shown in Fig.32-b. The peak to peak rf 

voltage of 600V was found sufficient to invert the 128 polarization by means 

of AFP. This Vpp value corresponded to an H1 strength of about 2.5 De. 

(4) Spin lattice relaxation time of 128 polarization in Pt metal 

The spin lattice relaxation time T1·of 12s in Pt metal was measured 

under the conditions of Ho=221 De and H1= 9 De which were used in experiments 

at RCNP. The polarization of 128 was measured as a.function of time and the 

relaxation time of 300ms was observed. This value is consistent with the 

previous results (Su 68). The relation between the initial polarization and 

the measured polarization was calculated by using this T1 with 
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Fig.32-b R ray asymmetry R as a function of strength of Ht. 
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3-4 Time and energy spectra of ~ rays 

The reaction products 12B were identified by their ~ decay end point 

energy of 13.37MeV and half life of 20.3ms as described in 3-1-a. A typical 

energy spectrum and a time spectrum of the ~ rays are shown in Fig. 33. The 

intensity of the long-lived background and short lived component as well as 

lifetime were yielded by fitting the following two component expression to 

the time spectrum. 

Y = Aexp (-tiT) -+- B (3-).'(1') 

A x2 diagram is shown in Fig. 34. The ~ decay half life obtained was T 

= 20 ± 2 ms which is consistent with the known half life of 12B. The 

contaminating long-lived component was found to be less than 10 % of total 

(i-ray counts. 

The energy spectrum of ~ rays also indicated a reasonable end point ~ 

ray energy from 12B. 
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3-5 Summary of the polarization measurement 

The reduction factors Rdep = P(final)/p(initial) of the 128 polarization 

are summarized as follows. 

(1) Particle decay about 80 ~~ 

(2) y decay about 75 % 

(3 ) Spin lattice interaction about 90 ~6 

In addition to these reduction factors, the reduction from the ~ ray 

contributing from 138 is estimated to be about 80 %, as described in 3-l-a. 

From the product of each reduction factor, the total depolarization rate 

is found approximately to be 0.4. 

P{observed; = 0.4 . P(produced by the nuclear reaction) (3-29 ) 

That is. the primary polarization produced in the nuclear reaction is 

about 2.5 times larger than the observed polarization. The experimental 

results are not corrected for these effects. 

(Note that the reduction factor from 138 contamination becomes about 0.65 in 

232Th target and the total depolarization rate is estimated to be about 

0.35 because of an exceptionally large contamination. ') 
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CHAPTER 4 

Results and discussion 

4-1 Experimental results 

4-1-a Target mass dependence 

4-1-b Scattering angle dependence 

4-1-c Incident energy dependence 

4-1-d Summary of the experimental results 

4-2 Discussion 

4-2-a Analysis by use of frictional model 

4-2-b Coexistence of the different reaction mechanisms 

4-2-c Comparison with other experimental results 
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4-1 Experimental results 

Spin polarization of 128 produced in the reaction 100Mo(14N.12s) was 

measured in our work prior to 1978 and the results are shown in Fig. 35 (Su 

77. Ta 78). The polarization was large with the negative sign in the region 

of small kinetic energy loss. became positive or zero with increase of the 

kinetic energy loss and was again negative in the region of large kinetic energy 

loss. This dependence of the polarization on the reaction Q-value was almost 

the same for the other reactions studied here with 232Th. natcu and natFe 

targets but the reaction Q-value at zero crossing of the polarization changed 

as a function of the target mass A, scattering angle and incident energy. 

The change of the zero crossing of the polarization is understood in the 

framework of the friction model and direct two proton transfer. 

A different dependence of polarization on the reaction Q-value was found 

In the reaction with a light target (Ta 80, Mi 81 l. Here the polarization in 

the region of small kinetic energy loss was positive and the gross behaviour 

of the polarization was explained solely by the friction model for the 27Al 

target. With the 45Sc target, polarization in the region of small kinetic 

energy loss was almost equal to zero. This change of polarization indicates 

coexistence of the two proton transfer process and the frictional process 

In the region of small kinetic energy loss (Ta 81 ). 

The experimental conditions for the reactions presently studied, i.e .. 

target nucleus, scattering angle and incident energy. are summarized in Table 

4. 
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Fig.35 Experimental results of our previous study. Polarization of 128 

produced i~ 10CMo(14N,l2a) at incident energies of 90, 120 and 200 

MeV. 
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Incident Scattering Target 
Energy ( Me V) Angle (Deg.) 

232
Th 129 30 

200 30 
100 M:) 

120 25, 35 

122 13, 20 

200 20 
natcu 120 20 
natpe 116 15 

112 25 
45

sc 114 13, 20 
27A1 115 6, 10 

120 20 

200 20 

Table. 4 Summary of the experimental conditions. targets"scatterin~ angles 
.~ -

and incident energies. 
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4-1-a Target mass dependence 

The experimental results of the 128 polarization and 128 energy spectrum 

measured near the grazing angle are shown in Fig.36. The vertical bars are 

the statistical uncertainties. The horizontal bars show the kinetic energy 

(Q-value) windows for 12B deduced from the range-energy method. 

The targets used are 27Al, 45Sc, natFe, natcu, 100Mo and 232Th, the 

incident energy was about 120Mev. For heavy targets, natFe, natcu, 100Mo and 

232Th. large and negative polarization was also clearly observed in the 

region of small energy loss. The polarization became positive or zero with 

increase of energy loss. The Q-value for the polarization at zero crossing 

was almost the same compared with a 100Mo target. The polarization became 

negative again in a region of larger energy loss. The Q-value for this zero 

crossing was, however. different from that of the lOOMo target and shifted 

towards a large energy loss with increase of the mass number of targets, A. 

To simplify description of the experimental results, special appellations 

are given to the following points: 

(1) First zero crossing; 

Point where the polarization changes to positive (or zero) from 

a negative value with increase of the kinetic energy loss. 

(2) Second zero crossing; 

Point where the polarization changes to negative from positive 

(or zero) value with increase of the kinetic energy loss. 

These points are shown schematically in Fig. 37. A systematic 

dependence of the polarization on the mass number of target nucleus can 

be described as follows: 

IV -- 3 
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Fig.36 ( a - f ) Experimental results of 128 polarization and energy 

spectrum measured near the grazing angle for various targets. The 

vertical bars are the statistical uncertainties and the horizontal 

bars show the kinetic energy (Q-value) windows deduced from the 

. range-energy relation. Effects of the possible depolarization (See 

3-5) are not corrected. 
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Fig.36 ( a - f ) Experimental results of 128 polarization and energy 

spectrum measured near the grazing angle for various targets. The 

vertical bars are the statistical uncertainties and the horizontal 

bars show the kinetic energy (Q-value) windows deduced from the 

range-energy relation. Effects of the possible depolarization (See 

3-5) are not corrected. 

Second Zero First Zero 
+ Crossing Crossing 

Fig.37 Diagram indicating the first and the second zero crossings of the 

polarization. 
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(1) The first zero crossing is almost independent of A. 

~ (2) The second zero crossing shifts toward small energy loss with decrease 
III 

of A. 

The first and the second zero crossings coincide for natFe and natCu 

targets. For a light target, another change of the polarization was observed. 

For 27Al , the polarization in the region of small energy loss was large and 

positive and became negative with increase of kinetic energy loss. For 45sc , 

the polarization in the region of small energy loss was nearly equal to zero. 

(3) The polarization for the least energy loss changes from a large 

negative to a large positive value for A < 45. 

In the other words, the first zero crossing disappears when A < 45 and only 

the second zero crossing is seen for 27Al. 

A third systematic dependence of the polarization as a function of A is 

thus obtained. The systematic change of the second zero crossing is also 

obtained for 27Al and 45Sc . The experimental results near the second zero 

crossing with various targets are displayed in Fig. 38-a and these near the 

first zero crossing are displayed in Fig. 38-b. The systematic dependence 

(1: and (2) are clearly shown in these figures. The polarization in the 

region of small energy loss is shown in Fig. 39 to indicate the dependence (3.:. 
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Fig.39 The polarization for the region of small energy loss. The mass 

number of target. A is plotted along the abscissa and the solid line 

is a guide of eye. The polarization changes from a large negative 

value to a large positive value at A = 45. 
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4-1-b Scattering angle dependence 

The polarization of 12s was also measured as a function of scattering 

angle. The experimental results measured at forward and backward angles from 

the grazing angle are shown in Fig. 40 and summarized in Fig. 41. 

Two clear trends of polarization vith scattering angle were observed. 

One is the shift of the first zero crossing. As a typical example for 100Ho, 

the first zero crossing moves to small energy loss when the scattering 

angle increases in the backward angle. In the other words, the polarization 

in this energy loss region shifts towards the positive direction with increasing 

scattering angle. This tendency was observed also for natFe and 45Sc. 

The other trend was observed in the relative value of the polarization. 

The polarization of 12B with kinetic energy below the second zero crossing 

became large with increase of scattering angle. As a typical example, the 

maximum value of negative polarization for 27Al was about -0.2 at BL = 20 

deg., about -0.08 at 0L = 10 deg. and about -0.04 at BL = 6 deg. This trend 

with scattering angle was observed also for natFe and 45Sc . 
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Fig.40 ( a - g ) Experimental results of 128 polarization and energy 

spectrum measured on various scattering angles. The vertical bars 

are the statistical uncertainties and the horizontal bars show the 

kinetic energy (Q-value) windows deduced from the range-energy 

relation. Effects of the possible depolarization (See 3-5) are not 

corrected. 
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Fig.40 ( a - g ) Experimental results 

.' ,. of 128 polarization and energy 

spectrum measured on various 

scattering angles. The vertical 

bars are the statistical 

uncertainties and the horizontal 

bars show the kinetic energy 

(Q-value) windows deduced from the range-energy relation. 

Effects of the possible depolarization (See 3-5) are not corrected. 
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\11 

4-1-c Incident energy dependence 

The polarization of 128 at an incident energy of 200 HeV was measured 

for 232rh, tOOHo and 27Al. The scattering angles were slightly backward of 

the grazing angle or at the grazing angle. A similar polarization was 

observed at an incident energy of 120 HeV as shown in Fig. 42. In the region 

of small energy loss. a negative polarization was observed for 100Ho and 

232Th. However. it was positive for 27Al. The second zero crossing shifted 

towards small energy loss as the target mass became smaller. The reaction 

Q-value of the second zero crossing was about -40 HeV for 27Al. about -70 HeV 

for 100Ho and about -150 MeV for 232Th. 

The experimental results for these three targets are summarized in Fig. 

43. 

--- IV -- 6-
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Fig.43 The experimenta~. pola::~.z3.t.!.on for various targets,at an incident 

energy of 200MeV. The vertical 

bars are the statistical uncertainties and the hori~ontal-bars-show 
the kinetic energy (Q-value) windows deduced from the range-energy 

relation. Effects of the possible depolarization (See 3-5) are not 

corrected. 
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4-1-d Summary of the experimental results 

The polarization of 12B observed in the present study are summarized as 

follows: 

(1)-1 The first zero crossing appears at the same energy loss almost 

independent of A when scattering angle is near grazing angle and target 

is from natFe to 232Th. 

(1 )-2 The first zero crossing disappears for light targets such as 27 Al. 

(1 )-3 The first zero crossing shifts toward smaller energy loss than that 

at grazing angle when scattering angle is backward from grazing angle 

and target is from natFe to 232Th. 

(2) The second zero crossing shifts toward small energy loss with 

decreasing A. 

(3) The relative value of the polarization at the fixed energy loss becomes 

larger with increase of the scattering angle. 

The experimental values of the first and the second zero crossings are 

summarized in Table 5. 

The tendency (1 )-1 is due to the effect of direct two proton transfer 

from the projectile to the target. This mechanism is described in Chap. 2 

from Brink's matching condition. The polarization which is induced by the 

direct two proton transfer is large and negative for the least energy loss 

and becomes positive with an increase in the kinetic energy loss. The zero 

crossing at this polarization is described by the matching Q-value defined in 

Eq. (2-21). where the relative velocity v is expressed by 

v2 = 2(Ecm-Vci)/p (4-1 ) 

where {1 is the reduced mass. 

For two proton transfer from the projectile to the target the matching 

.. IV- 7 --
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Target Incident Scattering -Q for first -Q for second 

Energy Angle zero crossing zero crossing 

(MeV) (Deg. ) (MeV) (MeV) 

27Al 115 6 IIII 25 ± 5 

10 IIII 27 ± 5 

120 20 IIII 25 ± 5 

200 20 IIII 38 ± 6 

45
sc 114 13 IIII 24 ± 5 

20 IIII 34 ± 5 

natFe 116 15 35 ± 5 35 ± 5 

112 25 25 ± 5 35 ± 5 

natcu 120 20 35 ± 5 35 ± 5 

100 M:> 122 13 42 ± 6 53 ± 6 

20 35 ± 5 51 ± 6 

120 25 31 ± 5 49 ± 7 

35 25 ± 7 37 ± 7 

200 20 37 ± 7 73 ± 8 

232
Th 129 30 38 ± 5 90 ± 7 

200 30 45 ± 11 IIII 

Table. 5 Q-values for the first and the second zero crossings 
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Q-value is given by 

e 2. 2.2.L ) 

fo (A·YJ; A~'h) 
(4-1.. ) 

where EL is the incident energy in the laboratory frame, Ai and Zi are the 

mass and the atomic numbers of interacting nuclei, ro is the radial parameter 

and the radius R of nucleus is given by Ri = r o ·A1/3 (fm). e is the unit of 

electric charge. The sUbscripts i = 1 and i = 2 stand for the projectile and 

the target nuclei, respectively. 

The value of ro used in the present calculation is 1.2 fm and the 

calculated matching Q-values for various targets studied here are listed in 

Table 6. The values are distributing around 2 . Ei/A1. 

The tendency (2) can be qualitatively understood within the framework of 

the classical frictional model as follows: The projectile-like-fragment 

produced in the frictional process is expected to be polarized with the same 

sign of deflection angle. A negative polarization thus indicates a negative 

deflection angle. The moment of inertia of the di-nuclear system formed in 

the frictional process is small while its rotating velocity is large for 

light target. As a result, the interaction time in which the projectile 

nucleus is deflected to a negative angle becomes short. If the energy 

dissipation rate by frictional forces is not drastically changed during the 

interaction. the fragment is emitted into a negative angle with small kinetic 

energy loss for a light target. 

The mechanism (3) can also be understood in terms of the classical 

frictional model. In this model the definition of the polarization is 

- IV - 8 -
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.. 

Target Incident Q (MeV) 
matching 

Energy(~V) 

27A1 
... 

115 -14 

120 -15 

200 -26 

45
sc 114 -16 

. natpe 116 -17 

112 -16 

natcu 120 -18 

100 M:J 120 -20 

122 -21 

200 -32 

232Th 129 -28 

200 -38 

Table. 6 

Calculated matching Q-va1ues of direct 

two-proton transfer. 

., 
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80th partial cross sections a+ and a_ from the positive and the negative 

angle deflection processes contribute destructively to the polarization. 

Here complete polarization for both orbits is assumed. 

At a backward angle the contribution from a positive angle deflection 

process becomes small and the magnitude of the negative polarization becomes 

large. 

The tendencies (1)-2 and (1)-3 can be understood as results of the 

coexistence of two different reaction mechanisms in the region of small 

energy loss. One reaction mechanism produces a negative polarization and the 

other produces a positive polarization. The former is from direct two proton 

transfer process whereas latter is due presumably to the frictional process 

with a positive deflection angle. At an angle backward from grazing angle. 

the ratio of the frictional process to the direct process becomes relatively 

larger than at a forward angle. Consequently. the polarization at a backward 

angle moves positive and the first zero crossing shifts toward a small energy 

loss. 

The ratio of different processes changes as a function of A. For 100Mo. 

the main reaction process which produces 128 in the region of small energy 

loss is the direct two proton transfer process. However. a small 

contribution from a frictional process exists with it and the positive 

polarization from the frictional process although not visible may be 

superimposed on the polarization· from the direct process. For 27Al the 

frictional process is the dominant reaction mechanism in the region of small 

energy loss and for 45Sc the polarization from the frictional process about 

-- IV - 9 -
- 104 



equal to the polarization from the direct two proton transfer process. This 

~ A dependence is attributed to the change of interaction time of the 

frictional process as a function of A. Reaction products from the frictional 

process appears with small energy loss at a scattering angle for light nuclei 

and mixes with the direct process in the region of small energy loss. For 

27Al, the dominant reaction process at this energy loss region is frictional 

and the polarization from the direct process is masked by the polarization 

from the frictional process. 

- IV - 10 -
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4-2 Discussion 

4-2-a Analysis by use of classical friction model 

In this section, the friction model is applied to (141, 128) reactions. 

The model reproduces the systematic variation of the 128 polarization 

qualitatively (Ta 83). The gross properties of 128 polarization is explained 

in the framework of the classical friction model except in the region of. 

small energy loss with heavy targets where the direct two proton transfer 

process plays an important role. 

Attention is given to the changes of the second zero crossing as a 

function of A, the mass number of the target (Hi 83). The reaction Q-values 

of the second zero crossing are shown in Fig.44 as a function of A. The data 

are obtained from results measured near grazing angle. The error bar 

corresponds to the energy range for 128 deduced from the range-energy 

relation near the second zero crossing. The reaction Q-values of the second 

zero crossings are fitted with a straight line. This relation can be 

reproduced by the friction model. The second zero crossing is expected to be 

a good reference to the kinetic energy loss of projectile-like-fragments 

which come from the negative angle deflection. If the energy loss of 

reaction products from this process is large, the second zero crossing 
/ . 

appears at the region with large" energy loss and if small, the second zero 

crossing shifts toward the region with small energy loss. 

The kinetic energy loss as a function of A, the mass number of the 

target, of projectile-like-fragments which come from the far side of the 

target nucleus is formulated as a first step of the analysis. And this 

formula well reproduces the experimental value of the energy loss of the 

-IV, 10 + 1 -
106 -
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second zero crossing as a function of A. At the next step, we consider how 

j'j- the-energy-loss- at" the -second zero- crossing- is related -to- the- energy-loss-of-­

the projectile-like-fragment. Models of heavy-ion reactions with negative 

angle deflection process are proposed and the averaged friction constant-is 

extracted from the present experimental data in the framework of the 

collision models. At the last stage, a microscopic treatment of heavy-ion 

reaction, the Quasi Linear Response Theory (QLRT), is applied to (14N,12B) 

reactions and compared with the experimental data. 

The frictional force is assumed to be proportional to the relative 

velocity v between the colliding nuclei. As described in Chap. 2, the 

kinetic energy loss from this frictional force is written as a function of 

the interaction time r as 

Ei(l - exp(2k'/fJ»). (4-4) 

The interaction time T IS determined from the angular velocity of the 

DNS and the rotation angle. The angular velocity is the ratio of the moment 

of inertia of the DNS and total angular momentum of the system. The moment 

of inertia I of the DNS is written as 

( 4- S" ) 

where R is the distance between the centers of the interacting projectile 

and target nuclei and determined from a proximity potential (Bl 77) as 

(4- 6) 

-IV. 10 -<- 2 -
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1-- ---where-Ar and -A2 are-the -mass--numbersof the--projectUe and the-target-and 

t.37 is the universal penetration depth determined from the proximity 

potential. 

-----.- - The-orbital angular momentum -J carried into the DNS is 

J = R ) 2CEcm-Vci )/-1, _ 

where Vci is Coulomb energy of an incoming channel. 

(4-7) 

The rotation angular velocity ~ of the DNS is the ratio of I and Jas 

~ = J/I = )2 (Ecm - Vci )//-1 fR. 

The rotation angle e is taken as twice the grazing angle, egr because the 

measurement were carried out near the grazing angle as seen in Fig. 45 and 

written as 

e 2 e 4 - -1 D = x gr = SIn --. 
2R-D 

(4-9) 

where D is defined as D = Zt x Z2IEcm = Vc x RlEcm. The quantity e can be 

rewritten by expanding the function sin-1 and by taking the leading term 

because Ecm is much higher than Vci. The expression is 

e = 
4D 

2R-D 
(4 -10) 

Then the interaction time T is defined as T = e/~ and written as 

(4-11) 

-IV, 10 + 3 -
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Fig.45 Schematic illustration of a frictional scattering process used to 

reproduce the change of the second zero crossing with A. 
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The energy loss by the nuclear frictional forces is obtained by using . 

~ Eq.(4-=4}-and T. Expanding Eq. (4-4) and taking the leading term; the-energy .!I 

loss is expressed by 

Eloss = 2kT(Ecm - Vci)/M 

= (AI + A2)k Al/2EL 

= 6.9 X 1021k(Al + A2) Al/2El (HeV), 

-(4 -12..) 

(4 - 13 ) 

(Lr- J't) 

where the approximation Zi=Ai/2 is used in Eq. (4-12) to get Eq. (4-13). In 

Eq. (4-14), EL and Al are the constants when reactions have the same incident 

energy and the same projectile. The energy loss is expressed linear to A2. 

The solid line drawn in the Fig. 46 has been calculated from Eq. (4-14) for a 

friction constant 2.5 x 10-22 HeV s/fm2. The calculationwell reproduces the 

systematic dependence of the second zero crossing as a function of A, the 

mass number of the target. 

As a next step, we try to extract the averaged friction constant k which 

IS expected to be independent of target mass A, scattering angle and incident 

energy. However the formalism used in the discussion above has to be refined 

in order to include the information of scattering angle, because the 

measurements were carried out with various scattering angles forward and 
.~ 

backward of the grazing angle. 

The constant k was calculated in following expression by solving Eq. 

(4-4) with respect to k. 

f{ 
k= --~--

J-L (4- lS) 

-IV. 10 + 4 -
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The interaction time T is determined in essentially the same way as 

J - - -above.·--However--the--rotating-·angle 9-is-expressed in more-detail inorder-to---­

include information of the scattering angle as 

-(4-t-() 

where Bcm is the scattering angle in center of mass frame, Bgri and Bgrf are 

grazing angles of the incoming and the outgoing channels as illustrated in 

Fig. 47. The Bcm is determined from the scattering angle in laboratory frame 

BL by using the following 

where 5 is a conversion coefficient defined as-

o = 
A I A/ (A.' 1" A2/) "f CI11 

A "2/1.:/ (A '1. + Az) 1=(111 - f::...2.:.!,..$ 

The quantities with prime refer to those of the reaction products. Applying 

the equation to process of two-proton transfer from the projectile to the 

target nuclei. 5 is reduced to 

0= 
-A_.i{A2 t 2) (c (111 -l::.R~.ss) 

(4-/~ ) 

The Bgri -is the same as Bgr in Eq. (4-8). The Bgrf is determined as 
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Fig.47 Schematic illustration of a frictional scattering process used for 

the calculation of the friction constant. 
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The rotating angle e is thus determined. Note that e is a function of 

as the same as Eq. (4-5) and Eq. (4-7). The interaction time T is then 

determined as the ratio of J to e·I. The quantity T is a function of Eloss . 

In the calculation of the friction constant k, we have to use collision 

model for deducing the values of Eloss from the Q-values for the second zero 

crossing, Q(szc). As the first case (Case-I), the [-window model is used. 

In the model the contributions from the far side and from the near side of 

the target nucleus are with specific l-value. The fluctuation around the 

mean classical orbit causes the wide spread of energy spectrum. The second 

zero crossing is assumed as the point where the contributions from the far 

side and from the near side are of the same strength. Eloss is then expected 

to lie between -Q(szc) and -Q(Vcf) which refers to the Coulomb energy of two 

spherical nuclei in the final state of collision. The dependence on A of 

-Q(szc) and -Q(Vcf) is illustrated in Fig. 48. Q(Vcf) is at the largest 

energy loss of reaction product observed except for Th target. The values of 

Eloss are chosen at the mean values of -Q(szc) and -Q(Vcf) as a first 

approximation. Error of Eloss is assumed to be that of -Q(szc). For Th 

target, the energy spectrum of reaction product is not only down to Vcf for 

two spherical nuclei but also to lower energy beyond it. ·This fact suggests 
" 

the large nuclear deformation at the final state of nuclear reaction and the 

deformation degree of freedom have to be included in the reaction model. 

Thus in the Th case, we used the modified final distance between the centers 

of nuclei as 

. (4-.20) 
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100 

:> 50 
(1) 
::;: 

o 
I 

Q- Values 

EL = 
8L = 

for Second Zero Crossing 

120 MeV 

Grazing Angle 

~--~-------'----~--~'---------~'~------------~lt.§O~------------~2'OOlO~----~21~ 
o 27 45 56~) Iba 

Target Mass number A 

Fig.48 Q-values of the second zero crossing and for Coulomb energy at the 

final state of the collision (Solid line) under the assumption of 

spherical shape. These are plotted as a function of A, the mass 

number of target. The vertical bars show the kinetic energy 

(Q-value) windows deduced from the range-energy relation near the 

second zero crossing. 
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~---- -- --Here--the deformation-parameter Def is t.S-and is reduced from deformation ---­

coefficient a in ref (Si 76) where the coefficient was used in reproducing 

the double differential cross section (Wilczynski plot) of Th + Ar reaction. 

-The-radial parameterro is 1.45 which includes the initial deformation of 

colliding nuclei. In calculating I. the moment of inertia of the DNS. Def is 

set to t.4 as the mean value of the initial and the final deformation. The 

friction constant is thus determined. The calculation results in-almost the 

same friction constant as shown in Fig. 49-(a). The weighted mean value of 

the averaged friction constant is (2.4 ± 0.5) x 10-22 MeY·s/fm2 . 

As the second case (Case-2), we use the I-independent collision model. 

In the model. the contributions from the far side and from the near side of 

the target nucleus do not overlap each other and Q(szc) directly indicates 

the minimum energy loss component of the projectile-like-fragment come from 

the far side. This assumption is consistent with the grazing condition of 

the incoming orbit of the collision. Thus we used the -Q-values of the 

second zero crossing as the values of Eloss . Err-or of Eloss is assumed to be 

that of -Q(szc) deduced from the range-energy relation. The results are 

summarized in Fig. 49-(b) and weighted mean value is (1.2 ± 0.4) x 10-22 

MeY·s/fm2. 

The other trial to determina the friction constant k is done as Case-3. 

We used the -Q-values of the largest polarization with negative value as the 

values of Eloss . The results are shown in Fig. 49-(c). The friction 

constant k deduced in Case-2 is half of the value of Case-1 and k deduced in 

Case-3 is nearly equal to the k-value of Case-I. Huizenga et al. have 

reported the friction constant in Xe+Bi reaction as 3 x 10-22 MeY's/fm2 (Sc 

78) by applying a transport model to the atomic number distribution of 

-IY, 10 + 7 -
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Experimental Conditions 
Friction Constant (10- 22 MeV's/fm 2) 

Target EL ilL 

(NeVI (",,1 2 ] 5 6 

Al lls 6 t-
I ----. . ------., 

I lls 10 '--r- e-. 

120 20 ---.-. , I 

200 20 ____ .-.J. 
I 

Se ll4 13 ---.---. I 

ll4 20 ..---.. --~ 
I 

Fe ll6 15 t---.-- __ 
I 

ll2 25 ~4\- ~ 

Cu 120 20 ~~- ... 

122 13 ----.-< 
ll2 20 ~. 

I 120 25 ~-.---< 

120 35 0---8-. 

200 20 0---.---. 
Th 129 30 • 

Fig.49-b Experimental results of the friction constant. The values used for 

Eloss are -Q(szc). Error bars indicate the kinetic energy windows 

deduced from the range-energy relation near the second zero 

crossing. Dashed line indicates the weighted mean value. 

Experimental Conditions Friction Constant (10- 22 MeV' s/fm2) 
'l'arget EL 8

L 
(NeVI (".,1 1 2 ] 4 5 6 

Al lls 6 .. 
lls 10 • 
120 20 • 
200 20 • 

Se 114 13 • 
r-o 200 20 • 

Fig.49-c Experimental results of the friction constant. The values used for 

Eloss are -Q for the largeat negative polarization for Al target at 

incident energies of 120 and 200 HeV , for Sc target at an incident 

energy of 120 HeV and for Ho target at an incident-energy of 200 HeV. 

Error bars indicate the kinetic energy windows deduced from the 

range-energy relation near the largest negative polarization. 
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projectile-like-fragment. Our value in any case is in a good agreement in 

~ the order of magnitude with their value. However our value is somewhat 

smaller than their value. This difference probably comes from the difference 

of the overlapping area of DNS formed in the reaction process. The area for 

the Xe induced reaction is estimated to be 2.3 times larger than for the N 

induced reaction under the assumption of a proximity potential (Bl 77) as 

shown in Fig. 50. In the proximity model of nuclear friction. the frictional 

force is proportional to the area. The friction constant normalized by the 

overlapping area is about 1.2 x 10-23 MeY·s/fm4 for Xe + Bi reaction and 

almost the same value is obtained for 14N induced reactions if we use the 

friction constant obtained in Case-2. 

In the discussion above Eloss • the most probable energy loss of 

projectile-like-fragment from the far side of the target nucleus. is assumed 

to lie between -Q (szc) and -Q (Ycf) or assumed to be -Q (szc). The calculation 

started from these assumptions produces the reasonable friction constant 

which agrees with the results of the other experiments such as Xe + Bi. 

However. the fluctuation around the mean classical orbit has to be 

explicitely included in the collision model when we assume that the second 

zero crossing is a point where the contributions of the 

projectile-like-fragment from the far side and the near side of the target 

nucleus are of the same strength. 

Recently. Takigawa and co-workers have developed a new time dependent 

theory of heavy ion collisions called the Quasi-Linear Response Theory. QLRT 

(Tk 81. Ni 83). They have taken all the higher order terms in the linear 

response theory for the coupling between the relative motion and the internal 

excitation of nuclei. The model can treat a fluctuation around the mean 

-IV. 10 + 8 -
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132 . 
Xe 

4\ 

I
"~ 

~/:\ 
. \ i " 

Overlapping Area: Xe 

222 
rr(SX) = rr«RX) - (RX-O.7) ) 

= IT(1.4RX - 0.5) 

= rr ( 1. 4 (1 .15 ( 132) 1/3) - 0 • 5) 

2 = 7.7Tffm 

Overlapping Area: N 

rr (S N) 2 = rr ( (RN) 2 - ( RN- 0 • 7) 2) 

.,,-

= rr(1.4RN 0.5) 

= rr(1.4 (1.15 (14) 1/3) -0.5) 

2 
= 3. 41ffm 

Ratio of area; 
rr(SN) 2 

rr (SX) 2 
= 0.44 

Fig.50 A comparison of an 1~ induced reaction to a 132xe induced reaction 

with respect to the overlapping area of the di-nuclear system. 
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trajectory and has successfully reproduces double differential cross sections 

~ for heavy ion reactions ( Wilczynski plot ) for various combination of 

projectile and target. 

The model was applied to the 14N induced reactions. Parameters used in 

the calculation is almost the same as those used in the heavy-ion reactions 

with heavy projectiles such as Ar, Xe and Pb (Ni 83) (See Appendix). A 

comparison of the QLRT calculation with the experimental results of 14N 

induced reactions are shown in Fig. 51. The experimental data were taken 

from ref. (Fu 81). The results from the QLRT calculation were in a good 

agreement with the experimental data except in the region of small energy 

loss where the direct reaction process is dominant. 

8y modifying the QLRT, the 128 polarization was calculated. The 

definition of the polarization is given in Eq. (4-3). The 0+ and the 0_ were 

calculated by use of QLRT and P and ° were obtained from the subtruction and 

the summation of the u. and the 0_. The results of the QLRT calculation are 

shown in Fig.52. The calculated second zero crossing as a function of A. the 

mass number of the target. is shown in Fig. 52-a. Typical calculated values 

of 128 polarization as functions of the reaction Q-value and reaction angle 

are shown in Fig.52-(b-p). 

The shift of the second zero crossing as a function of A was well 

reproduced by QLRT and signs of the polarization as a function of reaction - -
Q-value are also in a good agreement with the measured polarization except in 

the region of small energy loss with heavy targets. The polarization in the 

region of small energy loss with heavy targets reflects direct processes. 

These facts mean that the main properties of the 128 polarization surely 

reflects frictional processes of heavy ion reactions and the assumption about 

the second zero crossing is also well verified. However the value of the 

-IV. 10 9-
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.1 . 

p 0 

-.1 

-:2 

-.3 

-.f. 
100 

2 

Eelsl (MeV) 

YeS •. pOO 

1t 

·f 
75 50 2sJ99 0 

75 

-OinMeV 

- b -

:.0 25ci 0 
-QinMeV 99 

-d-

".1 

po 25 

~1 

~2 + 
-::3 

I -.4 ... 
I 

-:5 100 75 50 25 r -QinMeV 
-

-c-

-e-

Fig.52 (b-p) Calculation by use of Ql.Rf. The spin polarization and the 

energy spectrum of 128 as a function of the reaction Q-value. A 
~ 

factor 0.2 is multiplied on the theoretical value of the 

polarization. 
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measured polarization is about one half the calculated value even if the 

1 possible "-depolarization "parameter; Rciep-' introduced in Chap. -3,---is"mul tiplied--­

on the calculated value. This fact suggests that some depolarization 

mechanism exists in the heavy-ion collision process. 

In the framework of QLRT, the microscopic description of the nuclear 

friction force is explicitly given. The friction force indicates the 

strength of the coupling interaction between the relative motion and the 

internal degree of freedom and depends on the level density of interacting 

nuclei. 

Note that R.Reif and co-workers also applied a friction model including 

statistical fluctuations (Se 81, Re 82) to the 14N induced reactions"and 

suceeded to reproduce the present experimental results of polarization. 
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4-2-b Coexistence of the different reaction mechanisms 

As mentioned in section'4-1, the variation of 12B polarization at the 

region of small energy loss suggests the coexistence of two different 

reaction mechanisms. One is a frictional process with positive polarization 

and the other is a direct two proton transfer process with negative 

polarization. 

Contribution of the frictional process becomes large at backwards angles 

and for light nuclei since the characteristic negative polarization due to 

the direct two proton transfer shifts to the positive direction or completely 

disappears. The change of the contribution of a frictional process and a 

direct process as a function of scattering.angle means that the angular 

distributions of these two processes are different. Both the direct two 

proton transfer process and the frictional process occur along a grazing 

trajectory in the region of small energy loss. However the direct process 

distributes at a more forward scattering angle than that of the frictional 

process. Then the contribution from a direct process becomes relatively 

small at the backward angle and the polarization is shifted to a positive 

value due to the relatively large contribution of the frictional process with 

its positive polarization. 

When the target is as light as 27Al. the polarization due to the direct 

process is not observed even in the forward angle such as 6 deg. in 

lab. system. The grazing angle'" is small for light target and the contribution 

from the negative-angle deflection process becomes large. The polarization 

obtained at the forward angle is strongly attenuated by the contribution from 

the opposite side of the target nucleus. The direct process is distributed 

at a more forward scattering angle than that of the frictional process, the 

polarization from the direct process is strongly attenuated by that from the 
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frictional process: Then the polarization due to the frictional process 

~ becomes dominant even for the least energy loss in light target, 

The ratio of the contributions from both collision processes can be 

estimated from the experimental results, By assuming a constant positive 

polarization P in the frictional process and a polarization rising linearly 

with Q, the slope of which is ( = AP/~Q = 0,02, in the direct process, the 

Q-value of the first zero crossing Ql is 

Qi Q c> + 

where Qo is the Q-value of the first zero crossing of a pure direct process, 

'a' and 'b' are the ratios of the contributions from the frictional process 

and the direct process and normalized as a+b=l. The value of P is chosen as 

0.15 because this value of polarization was observed in the region of small 

energy loss for 27Al near the grazing angle. 

The ratio 'a' is determined by fitting the equation above to the 

experimental results from the shift of the first zero crossIng as a function 

of scattering angle for 100Mo target as shown in Fig. 53. The contribution 

from the frictional process is found to be about 70 % at the scattering angle 

of 35 deg. to explain the shift of the first zero crossing, 
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Fig.53 Experimental Q-values of the first zero crossing as a function of 

the scattering angle for tOOMo. The curve is calculated under the 

assumption of coexistence of frictional and direct processes. 
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4-2~ Comparison with the other experiments 

The y ray circular polarization method was also used in measuring the 

polarization of the projectile-like-fragment. Trautmann et al. have observed 

the circular polarization of y rays emitted from projectile-like-fragments. 

The reactions which they studied were Ni(160.0) and Ni(160.C). The incident 

energy of 160 was about 100 MeV(Tr 80). 

By using a particle-y coincidence technique. the y rays from ~ to 0+ 

states in 12c and from S- to 0+ states in 160 were separated from continuous 

y ray background. The circular polarization of the y rays from these 

transitions was measured and the spin polarization of 12c and 160 was 

determined. The circular polarization of continuous y.rays was also measured 

and the observed polarization was from target-like-fragments. 

Their results are shown in Fig. 54. When comparing with our results. a 

similar polarization of the projectile-like-fragments is seen in the alpha 

transfer channel. In the region of small energy loss. the sign of the 

polarization is negative. which corresponds to the direct cluster transfer 

process. The sign of the polarization becomes positive with an increase in 

kinetic energy loss and returns to a negative value for large energy loss. A 

similarity to our results becomes more clear by comparison with our result 

for natcu. However. in the inelastic channel. the polarization is somewhat 

different from that of the transfer channel. The polarization is very 

similar to our results for 27Al. The polarization is positive in the region 

of small energy loss and becomes negative with the increase of the kinetic 

energy loss. In the inelastic channel. the polarization which corresponds to 

the direct cluster transfer was completely suppressed and the trend of the 

polarization can be explained solely by a frictional process. The 

polarization of target-like-fragments is independent of the reaction channel 
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Fig.54 Experimental results of circular-polarization of y rays emitted from 

the projectile-like and the target-like fragments in heavy-ion 

reaction (Tr 80). Their sign of polarization is inverse against our 

convention. 
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and fully explained by the frictional process. 

The polarization measured by the y ray method also indicates the 

frictional reaction process and the direct transfer process. which agrees 

with our measurements by use of ~~ray asymmetry. 
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CHAPTER 5 

Conclusion 

Nuclear spin polarization of 12B produced in (14N, 12B) reactions was 

measured for various targets at various scattering angle and with-various 

incident energies. The systematic behaviour of the polarization was observed 

--and--can---be- understood -within-the- framework of -the classical--fr±ct-ronai-model--

for heavy-ion reaction: The sign of the polarization depends mainly-on the 

sign of the deflection angle and a classical trajectory can be- established 

from-a frictional reaction mechanism. 

A microscopic model of heavy-ion reaction. QLRT, well reproduced the 

experimental results of the polarization. This success suggests that the 

phenomeological nuclear friction force will be described by combining the 

microscopic nucleon-nucleon interaction and the statistical dynamics. 

A polarization which was yielded from the direct two proton transfer 

process was also observed in the region of small energy loss for heavy 

targets. However \his was strongly ~uppressed in light nuclei; ~~!e the main 

variation of the polarization was explained exclusively by frictional model. 

This change in polarization means coexistence of a frictional and a direct 

processes in the region of small energy loss. The polarization from the 

frictional process appeared in the region of small energy loss where the 

polarization from the direct process existed, because the interaction time 

and the energy loss in the frictional process were smaller for light target 
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than that for heavy targets. The sign of the polarization at the region of 

m small energy loss is determined by a balance between contributions from the 

direct process and the frictional process. 
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CHAPfER 6 

Proposals for continuing research 

There are many directions in which a continuation and extension of this 

work can be fruitfully pursued; some of these are stated below. 

One approach is to study the other reaction channels. For example, the 

reaction channel (12c,12S) is interesting. The direct two proton transfer 

process is suppressed except for a charge exchange process. Although the 

exchange process presumably contributes to a small degree to the total 

reaction cross section as seen from the cross section data(Yo 75), a 

frictional process will be more clearly seen,if the exchange channel is 

examined at higher energies. 

Another approach is to measure at higher incident energies. For 

example, in the reaction induced by an incident ion with energies of few 

hundred MeV/u, the reaction mechanism evolves from the frictional process at 

low energies to the projectile fragmentation process (He 72). One can 

estimate the angular momentum transfer, bL, in the heavy ion collision with 

higher incident energies by use of the following equation. 

IlL ~ R f F(t)dt ~ RF(t)At. (6- 1 ) 

where R is an impact parameter, F(t) is the force acting along the 

tangential direction of nuclei and ~t is the interaction tim~. 
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Fig.55 Schematic illustration of heavy-ion collision at relativistic energy. 
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The interaction time can be estimated from the ratio of interaction size 

~x and relative velocity vrel as 

(6-).) 

For the simplification, the radii of the projectile and the target are 

assumed to be equal value, r. The interaction size is estimated from the 

overlapped area of each nucleus written as (See Fig.45) 

Cb -3) 

If the interaction is explained in terms of a nuclear friction force and 

the area of the region is proportional to the cross section of the overlapped 

area of each nucleus, the force can be written by using the friction 

coefficient determined at low energy as 

(6-4 ) 

where ~ is the cross section of the overlapped area of the di-nuclear 

system at low energy determined from a proximity potential (Bl 77) as 

~ = 7r(r2 - (r - 1.37/2)2) 

= 7r (1.4r + 0.5). 

Then the angular momentum transfer is 
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140 -

(6 - !;') 

(6- 6) 



m where r=I.15 x AI/3 (fm) has been employed, A is the mass number of the 

nucleus and C is defined as R/r. 

Some typical results from the numerical calculation follow: 

Nuclear 

Reaction 

u + U 

Xe + Xe 

Ar + Ar 

C + C 

Transferred Angular 

M:>mentum tiL ( 1\ ) 

R = O.5r R = o .9r 

251 58 

138 32 

41 9 

12 3 

Large angular momentum transfer is not expected in light-heavy ion 

projectile such as 12c. T.Shibata et al. observed a small angular momentum 

transfer. less than 5 n . in relativistic heavy-ion reactions with 12c 

projectile (Sb 78). This value agrees with the present estimation for R = 

O.9r. It will probably be difficult to polarize nuclei at high energies with 

light-heavy ions like 12c. Heavy projectiles such as uranium have to be used 

for studying angular momentum transfer in heavy ion collisions with 

relativistic energy. 
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Appendix 

Quasi Linear Response Theory 

and 

Its Application to Light Heavy-Ion Reactions 

A-l Introduction to Quasi Linear Response Theory (QLRT) 

A-2 Modification of QLRT for heavy-ion reactions with light 

projectiles 
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A-I Introduction to Quasi Linear Response Theory (QLRT) 

Nuclei in the collision process are under the influence of strong 

inter-nuclear forces and are largely excited. The nuclear excitation 

phenomena depends on the energy level density of colliding nuclei and a lot 

of number of excitation levels concern. Statistical treatments can be 

applied to describe such collision process (Ho 76. Ho 77). Quasi Linear 

Response Theory (QLRT) was developed by N. Takigawa and co-workers as a time 

dependent theory of nuclear interactions in Tohoku University. The basis of 

the theory was published in ref. (Tk 81) and the application to the 

experimental data appeared in ref (Ni 83). 

In this theory, the excitation process is described as an energy 

transport from a relative motion to the intrinsic degree of freedom of nuclei 

by use of a Fokker-Planck equation. The fluctuation of the transport process 

is involved in it to the higher order terms, instead the conventional linear 

response theories involve only the first order of the fluctuation. 

The fluctuation around the mean classical trajectory is reproduced by 

the QLRT and the contour plot of the double differential cross section in the 

E-$ plane (Wilczynski plot) is well reproduced for the reactions Ar + Th. Xe 

+ Bi and Pb + Pb (Ni 83). The spin polarization of projectile-like product 

is defined as the the difference between the contributions from the near side 

and the far side of target nucleus and compared with the present experimental 

data. The basis of QLRT is summarized in the following subsection. Formulae 

are taken from ref. (Ni 83). 

The basic elements of QLRT are excitation-energy dependent friction 

- Apx - 2 -



force and the higher order effects in the fluctuation process around the mean 

m trajectory. The equations for the mean trajectory of relative motion is 

given by 

it ~ (t) =- - U (d.1 ( 1(t» + J.. (t) (A -1 ) 

d. ~ E(t) dtl (t) ::::: 

lA -1) 

with 

CC) • 
~ (t) = 3'01. et) - '(!JP (t) 1~ l-t) (A - 3) 

where Jr ~c)(t) is the part of conservative force and ~a~ 1S the friction 

tensor that represents the energy dissipation force which is proportional to 

q~(t). By employing the Weidenmuller·s form factor (Ag 77) in the coupling 

Hamiltonian between the relative and the internal motion, ~a~ is explicitly 

described as 
2 [' (rJP> 1 1ft )..,(1) ~p(t) =t:.Wo 7ft (t) + aclp 6ifll(t} J todI(t- L ) '( (t;t-1:.) 

S
.. (' ( ) )'tl -.L (E _E')l. 

)( "d.F:·J~E' ~{~/) e -ul- AiII'1..{(E-E')(t-"cV~ J Pe,(t) , 

CA -4- ) 
where Wo and a are the parameters for the strength and the correlation 

length, respectively and determined from the one body dissipation theorem as 

Wo = 10 HeY and 

a = 3.5 fm ~ 

The correlation length ~ is estimated by Weidenmuller et al. (Ko 76,Ag 

77\ as 

~ = 5.6 a-I + 4.75 (E/a)1/2 (A -)) 

where a is the level density parameter. A typical value of ~ is about 12 

HeY. fo is the form factor normalized equal to the unity at a half density 

radii where the projectile and the target nuclei coincide. aCE) is the level 
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density, which is approximately given by 

er (E) 0: exp C2aE) 1/2. (A-b) 

~1 is the Green function which involves all the higher order terms of 

the effects from the coupling Hamiltonian. The occupation probability PE(t) 

is the solution of 

(A - '1) 

where WEE is the transition probability, which is determined from the 

master equation of energy transport. However the numerical calculation for 

PE(t) shows that PE(t) is well approximated by a Gaussian form with the 

variance erECt) except for the very early stage of the collision. 

erECt) is 

Cl'ECt) = 21/2a-l/4~3/4 

This relation means the canonical distribution with mean excitation energy 

E. 

The fluctuation around the mean trajectory is obtained by using a 

Fokker- Planck equation for the density operator DAW for the relative motion 

as 

(A -er) 

where M(n) and N,n) are the n-th order moments of the response and the 

correlation functions. The zero-th order moment NCO) is determined by a 

similar equation to Eq. (A-4) as 

t 
~~}(t) = Wo I ~ fo(~~)(t) + dvf; dZ to (t) J ~o dr: ~C'J(t ; t- t. ) 

l oo rOO (6(t:»)~ --' (E-E'/ . 
X dEJ.cl.E' 6(E') e :;.t~~ (p()[(E-E/)(t_·()/~lPc,(t), 

o 0 

CA ~/O) 
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The conventional linear response theory reads 

(A -. () 

where T(t) is a parameter and means a temperature of the internal 

excitation. 

The mean trajectory and its fluctuation are thus expressed in the B-r 

plane as 

and 

P.l. 
= - :r Ucr) + ;url 

fc Ps = ,,], (t) 

P .. d.r 
~ = ,lA 

dB = -1L 
cit .;U r 1 . 
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""' •• 1 

J!.6 - ArC" 2. 6 A./" 4-" 6 Cl' 
cl.t 1'.l'e - /Voo - prl. Me 1'l<l9 + f"yl le if. t"} ~6& , 

A6 - t 6 I 6 M cl) _2_" 6 .3 I. 

c(t lPrl"~ - /I rrp,. -}J. ll'rl"} rr + rn' 18 If.rj - p.r'" P.6rr 

A6r8 =);. 6{P .. 6~ + )r1 6il'~r~ - JA2r1P86rr, 

~ 6S8 .: ,...u2yl. 6{l'a6\ - "u~1 Pe br6 

l0\ 
-H) 

where 0n~ are the half variances. The double differential cross section is 

thus described as 

where 

(d~~ef )n'f = 21t~1 r bdb 41t
1
fD e.xd-~D[(etlIHb>+2n7r)2.6r.!'r(t,) 

1=2{OtfS(b)+2n1t)(Pt-PCb))6jPr6}{b) + (Pt- P(b})lo6e(b)]} , 
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with Pf/~ = Ef and vf = Pf/p. BCb). pCb) and a(b) are the values of BCt), 

m pet) and eCt) at t = +co for a given impact parameter b. The sufixes + and -

mean the contributions from the near side and from the far side of target 

nucleus. respectively, and D is defined as 

The potential used in the QLRT is time depend potential developed by 

Norenberg et al. (No 79. No79a. On 81)as 

U (r . t) = U 1 (r h: + U2 (r ) (1-X) 

with 

X(ll = exp(-t/T) 

T is the parameter and is 5 x 10-22 sec and U1 is (Ng 75) 

Ul =.: iA1A2'd/3/iAl1/3 -l- A21/3': VN(s':, 

(s~ 0) 

-Vo + 6.3s2 (s (0) 

where s = r-ro CA1l/3 + A21/3) and Vo = 30 MeV. ro = 1fm. 

U2 is (Si 78)JU2 = -Uo/C1 + expCCr-C1~)/a) 

where 

a = ICt -l- C2)Uo/16rryCl C2 

Ci-~ _Ri .~ b2/Ri (i = 1. 2) 

Ri=: (1. 28A i 1/3 - 0.76 + O. 8A i -1/3) fm 

y = 0.951?-(t-1.7826(1-2(Z1+Z2)/(A1 + A2»2 

b = 1 fm 

In the calculation, parameters used are: 

(1 ) The initial half variance, aaB 

unl~ = 7 MeV for all a. 
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(2) The initial excitation energy Eo 
Eo = 10 MeY. 

If an excitation energy is lower than 10 MeY, the values of Ya~ and 

N(O)a~ used are these at E = Eo 

(3) The level density parameter 'a' is 

The value of 'a' is one third of the conventional value for reproducing 

the realistic energy transport. 

(4) The initial time t = 0 is the point where r = Cl + ~ + 5 (fm). 
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A-2 Modification of QLRT for heavy-ion reactions with light 

projectiles 

The QLRT well reproduced the double differential cross section for 

various collisions between heavy-ions as Xe + Bi, Ar + Th and Pb + Pb. 

However in heavy-ion reaction as N +Al, the theory had not been applied 

because the theory could not treat the mass transfer degree of freedom which 

played an kinematically important role in light heavy-ion reaction. K. Niita 

first tried to apply the theory to heavy-ion reactions with light projectile 

and showed that the theory was powerful enough to reproduce the experimental 

result with light heavy-ion projectiles but some modifications were added in 

the application .. These are as follows. 

... -

1 ) In transfer reaction such as ;14N. 12B). the reaction product which 

had the same energy per nucleon was considered as a ·projectile". 

2) The kinetic energy of reaction product was cut at its Qgg-value in 

order to reject the contribution from the elastically scattered 

. projectile· . 

3) The correlation length. a was replaced by the mass dependent form as 

a = 0.65 (AI + A2)1/3 (fm) which was the constant 3.5 fm in ref. (Ni 

83> . 
The other parameters and formal isms were not changed. 

The computer program QLRT which involves the modifications described 

above is available at Tohoku Univ. and RCNP, Osaka Univ. 
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