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ABSTRACT 

The purpose of this experiment was to study the 11B(3 He,p) 13c and 

the 11B(3 He, 3 He) 11B reactions. The proton angular distributions were 

analyzed in terms of the plane wave stripping theory of Newns and the 

optical model was used to fit the elastic scattering data. 

All the experimental measurements were made with the 5. 5 Mev 

Van de Graaff at the Oak Ridge National Laboratory. The reaction prod-

ucts were observed with silicon surface barrier detectors. A particle 

identification system, which identifies the type and energy of the 

incident particle, was used to facilitate the interpretation of the 

pulse-height spectra. 

Proton angular distributions, corresponding to the ground and 

first excited states of 13c for an incident 3 He energy of 12 Mev and 

for the ground, first, second, sixth, eighth, ninth, and thirteenth 

excited states of 13C for an incident 3 He energy of 10 Mev, were 

obtained. Spin and parity assignments were made for the eighth and 

thirteenth excited states of 13c for which no values have been 

reported. The spin and parity assignments for the other groups were 

consistent with those reported from other experiments. 

The elastic scattering of 3 He particles was analyzed at 8, 10, 

and 12 Mev. The experimental results were satisfactorily interpreted 

in terms of the optical model. 
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CHAPTER I 

INTRODUCTION 

When charged particles are used to bombard target nuclei, a number 

of reactions can take place ( 1 /': 

1. Elastic Scattering 

a. Coulomb scattering - The electrical charges 

of the incident particles and the target 

particles cause the incident particles to be 

elastically scattered. 

b. Nuclear potential scattering - The incident 

charged particles pass close to the target 

nuclei and are elastically scattered by the 

nuclear forces. 

2. Inelastic Scattering 

:::< 

a. Coulomb excitation - The electric field of 

the incident particles interacts with the 

electric moments of the target particles and 

raises the target particles to higher energy 

states. 

Numbers in parentheses refer to similarly numbered items in the 

List of References. 

1 
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b, Surface scattering - The incident' charged 

particle interacts with one or more nucleons 

at the surface of the target and is scattered 

inelastically. 

3, Surface Transmutation or Knock-Out Reactions 

The incident particle ejects one or·more· 

particles from the target nucleus, 

4. Pickup Reactions 

The incident particle picks up one or more 

nucleons from the target nucleus. 

5, Stripping Reactions 
. " . 

The incident particles, composed of two or 

more subunits, pass near a target'nucleus 

and lose one or more nucleons ·to the target 

nucleus. 

6. Compound Nucleus Formation 

The incident particle reacts with the target 

nucleus and forms a compound system/ 'The 

mass number and charge of the compound ,·system 

are the sum of the mass numbers and charges 
' . of its component parts. The nucleons in ·the 

compound nucleus are assumed to be bound by 

strong interactions. As a result, tli.'~'.ene.rgy 

of the nucleons which combine to form th~ 
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compound nucleus is shared among all the 

nucleons. .The decay of the compound nucleus 

is ~ndependent of its mode of formation and 

can take place in a number of ways subject 

only to its degree of excitation (2). . . . 

. The study of a nuclear reaction yields information about nuclear 

structure.and about specific properties of the nuclear states formed in 

a given reaction (3) .. At present the many-body problem which a nuclear 

reaction p
0
oses cannot be solved. Thus!, to analyze a _nuclear reaction, 

one has to use a.model which approximates the actual situation. In 

1936, Bohr proposed one of the first models when he pointed out that it 
\ ,__ ' ' 

was useful to divide a nuclear.reaction into.two states: (1) the forma-

tion of a compound system,, and (2).the disintegration.of the compound 

system into,the"products of the reaction (4). As indicated previously, 
. . ' ' . ' 

the mode of .. disintegration of the compound nucleus depends only on its 

energy, angular momentum, ,and parity and is independent of the way in 
' , . ' ' ( ., . ' 

which it was formed .. The compound nucleus model has been successful in 

explaining many features of nuclear reactions; the most important are 

the resonances inthe:yield curves and the symmetry of the angular dis-

tributions about 9cf (5), 

The.compound nucleus. model has not been successful in explaining 

a number of nuclear.reactions. To explain these reactions, a direct 

interaction model was postulated. In the direct interaction model, the 

incident p~rticle re~cts directly with a nucleon near the surface of 

the target nucleus. If one assumes a mean free path of the order of 



4 

nuclear dimension, the incident particle can react without the forma-

tion of a compound nucleus (6). All those reactions discussed earlier, 

except the compound nucleus formation, are classified as direct inter-

action processes. 

Some of the general features of the direct interaction processes 

are (7): 

1. The energy spectrum of the emitted particles is · •· 

different from the Maxwellian form obtained from ' 

the compound nucleus model. In the direct inter-

action model, there is a higher probability of-ex-

citing low-lying states in the residual nucleus., 

2. There is a high probability of emitting the same 

type particle as that striking the target nucleus. 

The compound nucleus favors the emission of neu-· 

trons. 

3. The angular distributions tend to be peaked at ( 

the forward or backward angles and are not sym-

metric about 90°. 

In the direct interaction processes, it is assumed that'the direct 

interaction is confined to the surface of the target nuclei.i's · ( 6 ) . If 

one assumes that a nucleon "a" bombards a target nucleus composed of a 

core C and an extracore particle b, the direct interaction processes 

can be illustrated as follows (8): 

1. Elastic Scattering 

a + (b + C) a + (b + c) 
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2. Inelastic Scattering 

a+ (b + C) --4 a + (b + C /' 

3. Surface Transmutation or Knock-Out Reaction 

a+ (b + C) --4 

4. Pickup Reaction 

a + (b + C) 

(a+ c) + b 

C + (a+ b) 

If the incident particle is composed of two or more subunits, as 

in deuteron or 3 He stripping reactions, ordinary or exchange stripping 

can occur when one subunit of the incident particle is stripped or 

exchanged with the extracore particle. Double or triple stripping 

occurs when two or three subunits are stripped from the incident par-

ticle: 

5, Ordinary Stripping 

(al + a2 ) + ( b + C ) 

6. Exchange Stripping 

( a 1 + a2 ) + ( b + C ) 

Stripping reactions are very useful in the study of nuclei because 

the stripping cross sections as functions of angle and energy are very 

dependent on the spins and parities of the nuclear levels involved. 

If the spin and parity of the ground state of the target nucleus are 

known, spin and parity assignments can be made to the appropriate level 

in the residual nucleus (9). 

··-.,-
The target is left in an excited state. 
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The most suitable projectile for stripping is the deuteron. Since 

the proton and neutron are weakly bound with a binding energy of 2.23 
, ' 

Mev and have a fairly large average distance of separation, the proton 

or neutron can be captured by a target nucleus and the remaining 

nucleon passes by the target nucleus and interacts very weakly with it 

(10). The resulting reactions are of the form (d,p) or.(d,~).' 

The success of Butler's direct interaction theory in fitting 

experimental data from deuteron-induced reactions prompted the study 

of more complicated reactions to see if these reactions proceeded by a 

direct process. It was thought that 3 He reactions such ·as (3 He,d) 

which involved the transfer of a single nucleon might be subject to a· 

similar analysis. 

In addition to single particle stripping, there was' considerable 

interest in those reactions which involved the trans-fer 'of two or more 

nucleons such as the (3 He,p), (t,p), (d,a), (a,d), and (a,p) reactions. 

The theoretical treatment of nuclear reactions which involve.the · 

stripping of two or more nucleons has been very limited. Tobocman and 

Butler considered the case of several nucleons being transferred from 

the projectile to the target nucleus (11 and 12). In this treatment 
·, 

the stripped particles were considered to have no structur'e';:."' The pro-· 

jectile was treated as two lumps of nuclear matter bound together. 

One lump of the nuclear matter would be stripped off and captured by ' 

the target nucleus and the other would emerge. The structure of the 

projectile and the stripped nucleus are included in the two nucleon 

stripping formulas of Newns and el Nadi (13 and 14). Since the 
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publication of .the two nuclear stripping theories by Newns and by 

el Nadi, ~it has become evident that a large number of reactions of the 

type (3 He,p) could be successfully described in terms of this model. 
,, •\,'·• . ' -

A~_ 13:d,:v:antage of. using 3 He as a projectile in the study of nuclear 

rea~_t_ions i~ i t,s high .mass excess, 15. 814 Mev,· · which leads to high 

pos\~ive_ Q;lalues :. (15). _The high Q values associated with 3 He reac-

tion_s. m~e :pos~ible the detailed. study of the deexci tat ion of states 

in final nuclei at high ._excitations even at low incident energies. 

The (3 He, p) reaction has bee_n investigated over a range of inci-

den~ ,energies by a number of g1;oups (16 through 25). Most of the 

repor.~ed wo,:rk has been done at, _energies between 0. 8 :;;; E( 3 He) :;;; 10 Mev. 

At p~~sent ,the experimental information available for 3 He-induced 

reactions is not as easy to interpret as that for the deuteron reac-

tions. , , F_or,,this :r:eason,. -~he use ,of 3 He-induced reactions as spectro-

scopic . ___ tools for .the determination of level parameters is sometimes 

difficult. Although the strippipg mechanism does not satisfactorily 

explain the1 angular distribution for 3 He-induced reactions for all 

projectile energies, it appears _to be the dominant process for incident 

energies ~Il:- the range of .. 5 to ~15. Mev (26). 

Angular distributions. for proton groups from the 11B( 3 He,p) 13C re-

action have been measured at incident 3 He energies of 0.900, 1.25, 3,0, 

3. 50, 4. 5, _4. 9, 5, 4, 6. 05, 8. 6, 9. 6, and 10. 3 Mev (27 through 31). At 

4. 5 and 5,4 Mev, Holmgrei:i, Wolicki, and Johnston observed seven proton 

groups, a number of which showed forward peaking. A yield curve for 

three proton groups was obtained over the energy range of 3.00 to 5.40 
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Mev. They concluded that the angular distributions and yield curves 

for the proton groups could not be accounted for on the basis of for-

ward stripping and that some other process was involved. However, 

they further stated that their data were not inconsistent with the 

trend for low Q (3 He,p) reactions to behave like compound nucleus reac-

tions and high Q reactions like direct interactions. The angular 

distribution for the ground state proton was measured at 8. 6, 9,6, and 

10.3 Mev by Marsh and Bilaniuk. Also, differential excitation func-

tions were measured in 200-kev intervals from 8.o to 11.0 Mev for a 
0 0 eL of 35 and 140. The forward peaking of the angular distribution 

of the ground state proton group and the absence of sharp resonances 

in the yield curves indicated that the reaction proceeds mainly by a 

direct process. 

Angular distributions of protons from the 10B(a,p) 13C reaction 

have been investigated at alpha energies of 4.9, 7,0, 8. 1, 12. 1, 13.4, 

14.7, 16. 0, 20.6, 21.4, 22.2, 27. 5, 30,4, 33,0, and 33. 1 Mev (32 

through 36). The angular distributions obtained at different energies 

show strong variations with energy; however, the presence of a diffrac-

tional character in these angular distributions indicates that the 

predominant mechanism is direct interaction (37), 

A number of 3 He reactions have been analyzed in terms of the 

distorted wave theory (38 and 39). In contrast to the plane wave 

theory, the distorted wave theory takes into account the distortion of 

the incident and scattered wave by the nuclear potential. To apply 

distorted wave calculations, it is helpful to know the distorting 



9 

potentials, which can be obtained through an optical model analysis 

of elastic scattering discussed in Chapter II, pages 12 through 15. 

The elastic scattering of neutrons, protons, deuterons, and alpha 

particles has been successfully analyzed over a wide range of energies 

in terms of the optical model (40 through 45). In general, very 

little data for the optical model treatment of the elastic scattering 
.. ' : ',_;,. 1 , ' ·-.. " ~-. 

; _.' • '~.l , 

of 3 He particles are available. However, the elastic scattering of 

3 He particles by both light and medium weight nuclei has been investi-

gated at a few incident energies (46 through 50). In most cases the 
- . 

resulting experimental data have been analyzed in terms of the optical 

model and have given good agreement with the elastic scattering cross 

sections (51 and 52). 

The purpose of this experiment was to look at some of the excited 
, ·, ,- ' ' > " • ) t ···, 

states of 13c in the ll.B(3 He, p) 13c reaction at bo~b~r·d-ing e~~~-gies of 

10 and 12 Mev and to look at the elastic scatteri~g of 3He by lJ.B at 
! ' "1 C) 

8, 10, and 12 Mev. Previous data for 3 He-indU:-ced rea~ti~ns .;,~~~ 

obtained at relatively low bombarding energies where the Coulomb ef-

fects are important. The higher bombarding energies may give a clearer 

understanding of the 3 He-induced reactions and provide spectroscopic 

information for the determination of level parameters (53). The 

elastic scattering data were analyzed in terms of the optical model. 



CHAPTER II 

DISCUSSION OF EQUATIONS USED FOR THEORETICAL ANALYSIS OF DATA 

I. DOUBLE STRIPPING ANALYSIS 

If a projectile whose nucleons are weakly bound is incident on a 

target, it is possible for one or more of the projectile nucleons to 

be captured by the target nucleus. The remainder of the incident 

nucleons react very little with the target and the residual nucleus 

and are emitted. This process is called a stripping reaction. 

Butler indicated that stripping reactions could possibly be used 

to study nuclear properties (54). This conclusion was supported by 

the fact that there are certain restrictions on the orbital angular 

momentum of the stripped nucleons which must be met before the 

nucleons can be captured by the target nucleus. That is, the orbital 

angular momentum of the absorbed nucleon and its spin and the initial 

nuclear spin of the target must correspond to the spin of the level in 

which the residual nucleus is formed (55). If J0 and Jr are the ini-

tial and final nuclear spins and Sis the spin of the captured nucle-

ons, the vector coupling rule states that 

Jr= J 0 + L + s (1) 

where Lis the orbital angular momentum of the captured nucleons. The 

orbital angular momentum of the captured nucleons is further restricted 

by the conservation of parity. If the levels of the initial and 

10 
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residual nuclei have the same parity, Lis even, If the relative pari-

ty of the levels of the initial and residual nuclei is odd, Lis odd. 

Butler indicated through a semiclassical argument how the orbital 

angular momentum, L, of the absorbed nucleons determines the stripping 

angular distribution (56). If the momentum of the incident and 

emitted particle is given by Ki and Ke, respectively, the momentum Kc 

carried into the target nucleus is 

(2) 

where Kc is a function of the angle between Ki and Ke and is smallest 

when the angle is equal to 0. Thus, the maximum orbital angular 

momentum carried into the target nucleus by the stripped nucleon or 

nucleons is given by Kero where r 0 is the radius of the initial 

nucleus. As shown in Equation (1), the condition Kero~ L must exist 

for the reaction to take place. For L = 0 all values of K satisfy 
C 

the above condition. For this case, the nucleons of the incident 

projectile tend to split in such a way that the direction of Ke is 

close to that of the incident projectile. 

For L > 0, the orbital angular momentum carried by the stripped 

nucleons into the target nucleus must usually be equal to L before the 

reaction can proceed. This condition is usually not met for small 

scattering angles. The stripping angular distributions are a maximum 

at the angles for which Kero= L. 

A theoretical investigation of a double stripping process was 

made by Newns ( 13). One limiting approximation in this investigation 

was to assume the stripped particles have no structure. The projectile 
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is treated as two lumps of nuclear matter one of which is stripped off 

and captured by the target nucleus and the other emerges. With this 

approximation, the differential cross section is given by 

2 

where AL is the relative intensity of a transition of a definite L 

value and jL(Kr0 ) is a spherical Bessel function of order L. The 

orbital angular momentum L imparted to the target nucleus by the 

captured nucleons is 

L = 1 + 1 n p (4) 

where ln and lp are the orbital angular momenta of the captured neutron 

and proton. The term r 0 is the reaction radius and is approximately 

equal to the nuclear radius. The transferred momentum wave number, K, 

for a (3 He,p) reaction is given by Newns as 

where~ and~ are the masses of the initial and final nuclei. The 

terms K3 and KP are the momentum wave numbers of the 3 He particle and 

the emitted proton, respectively (13). 

II. OPTICAL MODEL ANALYSIS OF ELASTIC SCATTERING 

Inadequacies in existing nuclear models in accounting for the 

elastic and inelastic scattering of nucleons led to the formulation of 

the optical model. According to this model, the interaction potential 
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is composed of a real part, which accounts for the scattering, and an 

imaginary p~r_:t, _ which accounts for absorption. 

- c, ,,-. Prior_ to the formulation of the optical model, most nuclear reac-

tions were described by the compound nucleus model of Bohr. However, 

' the application of the compound nucleus model for nuclear widths which 

approached 1the ,separation of levels in the compound system proved 

awkward. It was suggested that a single particle potential function 

could be used·to approximate the results obtained by averaging over the 

properties-of the individual states (57). In 1940, Bethe suggested 

that the:potential should contain an imaginary part to account for the 

inelastic processes whic,h occur. At that time, the nucleus was con-

sidered to be almost ent_irely opaque to the incoming nucleons. In 

1947, Serber suggested that the nucleus might be partially transparent 

to incident nucleons and concluded that the mean free path for the 

absorption of high energy nucleons was of the order of nuclear dimen-

sions (58 ). 

In 1952, LeLevier and Saxon used the optical model to successfully 

correlate the scattering of 20-Mev protons by a complex square-well 

potential (59). In 1953 and 1954, Feshbach, Porter, and Weisskopf used 

the.optical model in the interpretation of low energy neutron scatter-

i_ng ( 60 ). In. the latter case, a complex spherical square-well poten-

tial was used. The_,real part of the potential was given a value of ~40 

Mev,.and the.imaginary part was.given a very small value. In 1954, 

proton scattering experiments led Chase et al. to suggest that the 

square well should be replaced by a diffuse-surface region (61 and 62). 
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The optical model replaces all the separate interactions between 

incident nucleons and target nuclei with a two-body interaction. The 

potential for this interaction has the form (63) 

(6) 

where FR(r) and Fr(r) are functions which give the radial variation of 

the real and imaginary parts of the complex central nuclear potential. 

The term Vc(r) is the Coulomb potential and is taken as that potential 

due to a uniformly charged sphere. If the radius of the charged sphere 

is rcA113 , the Coulomb potential is given as 

and 

(8) 

For FR(r), the radial variation of the real part of the complex central 

nuclear potential, the Saxon-Woods form factor f(r) is used, 

where roA1 / 3 is the nuclear radius, and "a" is the diffuseness of the 

nuclear surface. For the imaginary part Fr(r), two different forms 

can be used to obtain the best fit to the experimental values. One 

is the Saxon-Woods volume absorption, 

(10) 
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The other is the Gaussian surface absorption 

(11) 

where bis equal to the width of the Gaussian and r 0 g is the nuclear 

Gaussian radius c5?,ristant .• The term Vso is the spin-orbit potential 

and is taken to be of the Thomas form 
' 

v . ( ) . ( ·ti )2(v + iW ) ! d f(r) (~ • 1) so r = - 2 MC s s r dr v 
(12) 

The computations were carried out by J. Y. Park at North Carolina 

State University using a least-squares fitting program SK.AT12. The 
,, .. 

variable parameters were systematically varied to find the minimum 

value of the qua~tity Y?.defined by 

2 

] 
where the swiunation ;is carried out over all the experimental points. 

The terms crth(ei) and•crexp(ed are the calculated and experimental 

cross sections, respectively, at angle 0., and 6.cr (el.) is the l exp 

experimental error, (64 \ Buck,· Maddison, and Hodgson (64) describe 

how the Schrodinger wave equation can be used to calculate the 

observable cross sections for two particles interacting through the 

potential given in Equation (6). 



CHAPTER III 

EXPERIMENTAL PROCEDURE 

I. PREPARATION OF BORON TARGETS 

Many techniques are described in the literature for preparing 

self-supporting films of boron (65 through 71). These include vapor 

plating, painting with boron from an oil suspension, and vacuum 

evaporation. As summarized by Muggleton and Howe (65), techniques 

other than evaporation-condensation and vapor plating usually yield 

thick nonuniform films of boron which have inferior chemical purity 

and are unsuitable for nuclear spectroscopy experiments. Uniform 

films can be produced by vapor plating but the procedure is hazardous. 

Vacuum evaporation by resistance heating has been used to evaporate 

boron from a graphite crucible (67), but the evaporation rate is slow 

and the resulting film is usually contaminated by crucible material. 

Vacuum evaporation by electron bombardment heating was the method 

selected to produce the boron films for the studies in this report. 
0 

By using this method of heating, the evaporation temperature, ~2300 C, 

can be attained quite rapidly after the boron has been thoroughly out-

gassed. Contamination by crucible material is eliminated because the 

boron being evaporated serves as its own crucible. A boron pellet 

before and after evaporation is shown in Figure 1. 

The electron bombardment furnace used for evaporation is shown in 

Figure 2. The furnace is composed of stainless steel components and 

16 
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is bakeable to 450 C. The furnace can be used to evaporate most ma-

terials including carbon, tantalum, and tungsten. In most isotopic 

evaporations where the material cost is high, tubular crucibles 

(Figure 3) are used. By using a tube length which is large compared 

with its diameter, considerable collimation of the issuing vapors can 

be achieved (72 and 73). If the material to be evaporated reacts with 

crucible materials, as is the case with boron, pellets or bars of the 

material can be heated directly by the electron beam. 

The electron bombardment furnace was installed in a Veeco vacuum 

evaporator which contained a 4-in. fractionating water-cooled oil 

diffusion pump with a pumping speed of 400 liters/sec. The pump, when 

suitably trapped with a liquid nitrogen reservoir and backed by a 5 

cubic feet per minute roughing pump, attained an ultimate vacuum of 

2 x 10-7 torr in the bell jar. 

A cylindrical 2-gram boron pellet, as shown in Figure 1, was 

placed on the water-cooled stainless steel anode directly below a 

circular tungsten filament. The filament was heated with an alterna-

ting current of about 50 amperes (maximum) at 10 volts. Electrons 

were accelerated from the heated filament to the boron pellet by a 

variable potential of 100 to 1000 volts. The direct current supply 

consisted of a bridge type circuit capable of a maximum output of 3 

amperes at 1000 volts. Usually 500 watts generated at 1 kilovolt was 

sufficient to evaporate the boron. During the heating and evaporation 

of the amorphous boron, excessive sparking was minimized by heating 

the pellet slowly and by evaporating from a small section in the center 
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of the pellet (Figure 1, page 11). Higher evaporation rates, ~300 

angstroms per minute, could be attained by uniformly heating the entire 

top surface of the pellet; however, excessive sparking occurred, and 

the top of the pellet became crystalline and had a mushroom appearance. 

The power settings had to be decreased until a steady evaporation rate 

was obtained, After a steady evaporation rate was obtained with no 

sparking of material, a shutter, which had been placed between the 

evaporation source and the substrate during the initial outgassing, 

was opened and the boron was evaporated, 

Many methods were attempted before a satisfactory procedure for 

preparing self-supported boron films was obtained. Several parting 

agents and substrate materials were investigated. Sodium chloride 

proved to be the most successful parting agent used. A thin film of 

NaCl was formed on a glass slide prior to the evaporation of boron. 

After the boron had been deposited on the NaCl surface, the glass slide 

was removed from the vacuum system and slowly immersed in a water bath. 

The NaCl dissolved and the boron film floated on the water surface. 

Figure 4 shows a boron film that was prepared by the previous described 

procedure. 

II. DETERMINATION OF TARGET THICKNESS 

The thickness of the targets was determined by alpha thickness 

measurements. As an alpha particle travels through the film, it loses 

energy proportional to the stopping power of the film, which is defined 

as the amount of energy lost by the incident particle per centimeter 
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of target thickness. Stopping power data for numerous incident parti-

cles and target materials can be found in the literature (74 through 

80). 

The energy lost by an alpha particle as it travels through the 

film is mainly due to ionization and excitation of the atoms in the 

material traversed. Alpha particles with an energy of <1 Mev can pick 

up electrons as they travel through the target and become singly 

charged or neutral. The reduction in charge tends to decrease the 

energy loss of slow particles (74). 

Alpha particles with energies >4 Mev are almost completely ion-

ized. Since the wavelengths of these particles are short, the proba-

bility of the particles exciting an atom of the stopping material is 

slight (75). If the velocity of the incident particle is large com-

pared with the velocities of the electrons in the atoms of the target 

material, Livingston and Bethe (74) give the energy loss per centi-

meter of path as 

dE - ax = _m_v..,.2-
4rre4 z2 

NB (14) 

where v and ez are the velocity and the charge of the incident parti-

cle, mis the electronic mass, and N is the number of atoms per cubic 

centimeter. The quantity Bis dimensionless and is proportional to 

the stopping power. For a particle so energetic that its trajectory 

is almost a straight line, B can be written as (74 and 75) 

( 2mv2
) B(Z,v) = Z ln - 1- (15) 
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where Z is the atomic number of the stopping material and I is defined 

as the average excitation potential of the atom. For relativistic 

particles, the quantity Bis written as (74) 

B = Z ln ( 2~v
2
) - ln (1 - 13 2 ) - 13 2 

2mv2 _ 0 2 B = Z ln ----- t.J 
I(l-13 2 ) 

where 13 = velocity of incident particle/velocity of light= v/c. 

After substitution, Equation (14) becomes 

dE 2ne4z2 [ 2mv2 
dX = mv2 NZ 2 ln I(l - 132) 

(16) 

(18) 

The maximum energy transfer to an electron from an incident particle 

is given by Livingston and Bethe (74) as 

Q =2mv2. max 

By substituting in Equation (18) the following can be written: 

According to Livingston and Bethe, Equation (20) is applicable to 

alpha particles with energies of >l Mev (75). A correction to the 

equation for lower particle velocities is given in Reference 79. 

(19) 

(20) 

The alpha emitter selected for the source was 241Am. The main 

alpha group has an energy of 5.477 Mev. The energy (5.435 Mev) of a 
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second group with~l5 percent of the intensity does not interfere with 

measurements of the main group. A silicon p-n junction diode was used 

as the alpha detector. The output from the detector was amplified and 

fed into a 1024-channel pulse-height analyzer. The resolution of the 

system with no foil in place was 15 kev. When a boron film was insert-

ed, the resolution decreased due to alpha straggling through the film. 

The boron film was mounted between the 241Am source and the detector in 

a vacuum chamber. A typical pulse-height spectrum showing the shift 

in peak position obtained when the film is in place is shown in 

Figure 5. The stopping power data used in the thickness measurements 

was taken from Reference 19. The accuracy of the data is stated to be 

±10 percent. The error in the energy loss measurements is within ±5 

percent which indicates that the actual foil thickness may vary as 

much as ±15 percent. 

III. SEMICONDUCTOR PARTICLE DETECTORS 

Semiconductor crystals have been used as detectors since 1945 

(81). When a high energy charged particle is incident on a crystal, it 

will interact with bound electrons in the material and produce hole-

electron pairs along its path. Since semiconductor materials have a 

band gap of approximately 1 ev between the conduction and the valence 

band, an electric field can be maintained across the material without 

producing large currents. The applied field allows the holes and elec-

trons formed by an incident particle to be swept out of the crystal to 

conducting electrodes. However, for most semiconductor materials at 
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room temperature, the number of hole-electron pairs produced by an 

incident particle is small compared with the number of free hole-

electron pairs that exist in the material. The presence of the free 

hole-electron pairs is caused by an electron in the filled valence 

band which is thermally excited and raised to the conduction band 

(82 and 83). For example, silicon, which has a band gap of 1.2 volts, 

contains ~10 10 free hole-electron pairs per cubic centimeter (82). 

To use semiconductor materials as detectors, the number of free 

hole-electron pairs is reduced by making use of the properties of a 

p-n junction. At the junction between p- and n-type material a small 

region (the depletion region) exists where no carriers exist. This 

region can be enlarged by applying an electric field in the appropriate 

direction (82 and 83). Thus, if n-type material is introduced into 

one section of a semiconductor crystal, and p-type material is intro-

duced into the remainder of the crystal, a p-n junction can be formed. 

The section of the crystal doped with n-type material contains an 

excess of electrons, and the section doped with p-type material con-

tains an excess of holes. By applying an electric field across the 

crystal from then-type material toward the p-type material (reverse 

bias), a depletion region is formed. 

A charged particle incident on the depleted region will interact 

with bound electrons in the material and raise them from the valence 

band; thereby, hole-electron pairs are created. The energies required 

to form an electron-hole pair in silicon and germanium are 3.6 and 2.9 

ev, respectively (84). 
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The hole-electron pairs will be removed from the depleted region 

to conducting electrodes by the electric field. The electric field 

must be strong enough to remove the hole-electron pairs before any re-

combination can occur. The resulting pulse produced in an external 

circuit will be proportional to the energy of the incident particle, if 

all the energy of the particle is lost in the depleted region. 

The reaction products in this experiment were observed with 

silicon surface barrier detectors. The detectors were fabricated by 

Oak Ridge Technical Enterprises Corporation (ORTEC) by forming a thin 

p-type layer on the surface of n-type silicon by oxidation. Electrical 

contact was made to the p-type surface through a thin gold film~40 

micrograms/cm2 • A nonrectifying metal contact was used for then-type 

silicon (84). 

A resolution of 15-20 kev is not uncommon for silicon semiconduc-

tor detectors. However, better resolution can be obtained by cooling 

the detectors. Cooling reduces the noise in the detector due to 

leakage current. When the detector is cooled, the leakage current 
0 decreases by a factor of~3 for every 10 C, and the noise level de-

0 0 creases by~.['5 for every 10 C. This levels out at about 50 C below 

zero (85). 

The detectors used in this experiment were cooled with trichloro-

ethylene which was circulated through dry ice. The electronic 

resolution of the system, obtained by using a pulser, was ~20 kev. 

The resolution for protons was 50 kev. This was sufficient for the 

nuclear levels studied in this experiment. 
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IV. ELECTRONICS 

One of the problems involved in the study of nuclear structure 

with accelerators is the interpretation of the complex spectra that 

are obtained. Since the final nucleus can exist in any one of several 

excited states, the energy of the outgoing particle can cover a wide 

range. Thus, data interpretation could be simplified by a particle 

identification system that would identify the type of particle emitted 

and the energy of the particle. 

As a particle travels through matter, it loses energy. The 

energy loss as a function of distance through the material varies for 

different particles. Many measurements of these dE/dX values for 

various particles have been made (74 through 80). This differential 

energy loss principle is used as the basis for the particle identifier. 

Two semiconductor detectors were used to measure the energy of 

the charged particles of interest. The two detectors were aligned so 

that a particle passed through and lost a finite amount of energy in 

the transmission-mounted detector, 6E, and was totally absorbed in the 

E detector (Figure 6). 

For incident particle energies ET of the order 10 ~ET~ 100 Mev, 

the range and incident particle energy are related by the empirical 

relationship 

R = AEl.73 
T (21) 

where A is a constant that depends on the type of particle (86 and 87): 

(22) 



30 

T 

Figure 6 

ORN L-DWG 68-8304 

E 

I 
I 
I 
I 
I 

I 
I 
I 
I 

X 

Diagram Showing a Particle Penetrating 6E Detector and Being Stopped 
in E Detector 



31 

From Figure 6 and Equation (21), the following can be written: 

(T + X) = A(E + 6E)1• 73 

For the E detector, 

X = AEl.73 • 

From Equations (23) and (24), the quantity T/A can be written as 

T/A = (E + 6E)l.73 - El.73 

(23) 

(24) 

The ratio T/A is characteristic of the particle that penetrates the 6E 

detector and stops in the E detector. 

A schematic of the particle identification electronics is shown 

in Figure 7. The signals from the 6E and E detectors are fed through 

preamplifiers and main amplifiers to a coincidence circuit. Only those 

signals which enter 6E and E in coincidence are allowed to enter the 

particle identifier. From the coincidence circuit the signals travel 

through pulse stretchers to provide an input pulse of ~4 microseconds 

for the particle identifier. 

The signals arriving at the particle identifier in coincidence 

are allowed to enter the gated sum where they are added linearly. The 

E signal passes through the gated sum unchanged for 1.8 microseconds 

and then the 6E signal is added to the E signal for 1.8 microseconds. 

The coincidence circuit provides the start signal for the timing 

generator. The timing generator provides a 1.8 microsecond delay in 

the gated sum and produces synchronizing signals for the other parts 

of the particle identifier. The signals from the gated sum are fed 

into a function generator which raises the signal to the 1.73 power 
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(Figure 8). The height of the step in the output signal is given by 

(E + 6E)1· 73 - E1· 73. This is T/A which identifies the incident parti-

cle (88). 

A sample amplifier was used to pick out the step that occurs 

during the second 1.8 microseconds in the output signal of the function 

generator. After amplification to a suitable level, this pulse becomes 

the signature pulse (Figure,). The total particle energy E + 6E is 

obtained from the output pulse of the gated sum (88). 

The signature pulses are routed through single channel analyzers 

whose window widths are set to allow only particles of the same type to 

be counted by a scaler. In this experiment, protons were counted by 

one scaler and deuterons were counted by the other scaler. The signals 

from the single channel analyzers were sent to a multichannel analyzer 

through a routing matrix which allowed the protons to be counted in the 

first 1024 channels and the deuterons in the second group of 1024 

channels. 

By using a pulser and dual-decade attenuator to simulate the E and 

6E detector signals, artificial beams of protons, deuterons, tritons, 

3 He particles, and alphas were obtained. Figure 9 shows the separation 

provided for the different types of particles over the energy range 

considered. The E and 6E settings on the dual-decade attenuator 

correspond to the E and 6E signals obtained by using computer-calculated 

energy loss tables for 10-30 Mev particles and a 300-micron 6E detector 

(88 ). 
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V. MEASUREMENT OF BEAM CURRENT 

All of the experimental measurements were made with the 5. 5 Mev 

Van de Graaff at the Oak Ridge National Laboratory. The beam current 

striking the target was obtained by positioning a Faraday cup in the 

path of the beam. Most of the incident beam passed through the target 

and into the cup. The output of the Faraday cup was connected to a 

current integrator. After the current integrator was calibrated by 

using a known current, the number of 3 He particles passing through the 

target and striking the cup could be determined. A monitor detector 

was used to measure the elastic and inelastic groups and after each 

run the ratio of monitor to current integrator counts was obtained. 

This provided a check on the operation of the current integrator. 

VI. ENERGY CALIBRATION 

The pulse-height spectrum was calibrated by using an 241Am alpha 

source and a precision pulse-height generator. As an additional check, 

a 12C target was used and the locations of several proton groups from 

the 12C( 3 He,p)l4 N reaction were recorded. Computer calculated kine-

matics were used to identify the proton groups for the llB(3 He,p)l3 c 

reaction and the elastic peak for the 11B(3 He, 3 He)l1B reaction (89). 
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VII. EXPERIMENTAL DIFFERENTIAL CROSS SECTIONS 

The experimental cross sections were obtained by using the ex-

pression 

dcr n =---dw NN0 6.w ' 
(26) 

where n is the number of integrated counts of the particle associated 

with the energy state, N is the number of incident 3 He ions, N0 is the 

number of target nuclei per cm2 , and t,.w is the solid angle subtended 

by the detector from the target (90). The units for the experimental 

cross section are cm2 /steradian. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

I. EXPERIMENTAL AND THEORETICAL CROSS SECTIONS FOR PROTON DATA 

The 11B(3 He,p)l3c reaction was investigated at 10 and 12 Mev. A 

typical pulse-height spectrum of the proton groups corresponding to 

several excited states in 13c is shown in Figure 10. The excited 

states, P7 and P8 , corresponding to an excitation in 13c of 7.50 and 

7.55 Mev, are not resolved. However, for a later run the resolution 

was improved by using a thinner target and a thinner transmission de-

tector and the groups were resolved. Figure 11 shows the proton angu-

lar distributions obtained for an incident 3 He energy of 10 Mev. The 

forward peaking of all the angular distributions with the exception of 

P12 is indicative of a stripping reaction. 

Figures 12 and 13 show the angular distributions of P0 and P1 

obtained for an incident 3 He energy of 12 Mev and Figures 14 through 

20 are those angular distributions for an incident 3 He energy of 10 

Mev. The solid curves in Figures 12 through 20 were obtained from 

Equation (3). The method used in calculating the transferred momentum 

wave number is described on pages 68 through 71 of the Appendix. The 

wave numbers were calculated in 5° increments from 0° to 130°. Spher-

ical Bessel functions of order 0, 1, and 2 and reaction radii of 5-7 

fermis were used to obtain the best fits to the experimental data. 

The square of the Bessel functions was normalized at the maximum of 
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the angular distributions. The L values and reaction radii shown in 

Figures 12 through 20 represent those values for which the best fits 

were obtained. Equation (1) and the L values from the theoretical fits 

were used to obtain the spins and parities of the ground, first, 

second, sixth, eighth, ninth, and thirteenth excited states of l.3c. 

The ground state level in l.3c has been assigned a spin of (21)-
(91). The angular distribution for protons from the llB(3 He,p)l3 c re-

action for the ground state (Figures 12 and 14) indicate an L = 2 

transfer which corresponds to a negative parity assignment for this 

level since the ground state parity for llB is negative. From Equation 

( ) . (9 7 5 3 1)-1, the range of the angular momentwn values is 2, 2, 2, 2, 2 . 

( 3 1)-McGruer, Warburton, and Bender obtained a spin and parity of 2, 2 
for the ground state in l.3c from the l 2 C(d,p)l.3c reaction for an inci-

dent deuteron energy of 14.8 Mev (92). Figures 13 and 15 indicate an 

L = 1 transfer for the first excited state of l.3c. This results in a 

positive parity assignment and a range of angular momentwn values of 

(!, i, i, ½)+ which is in accord with the values found in References 

91 and 92. 

Ajzenberg-Selove and Lauritsen (91) list a spin and parity of (i)-
and ~+ for the second and ninth excited states of l.3c, respectively. 

Figures 16 and 19 indicate an L value of 2 for P2 and 1 for P9 • This 

( 9 7 5 3 1)-results in a spin and parity assignment of 2, 2, 2, 2, 2 for P2 and 

( 7 5 3 1)+ 
2, 2, 2, 2 for Ps. Rotblat (93) and McGruer, Warburton and Bender 

(
1 3)-(92) obtained a spin and parity of 2, 2 for P2 from the i 2 C(d,p)l.3c 

reaction. The best fit for the proton angular distribution from the 
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sixth excited state in 13c was obtained for an L value of 1. This 
+ 

corresponds to a spin and parity assignment of (l, i, i, ½) which 

encompasses the value ~+ listed in Reference 91. Fig'?!es ,18 and 20, 

pages 47 and 49, show the angular distributions of protons from the 

eighth and thirteenth excited states in 13c, respectively. The L 

'9 7 5 3 1)-values correspond to a spin and parity assignment of (2, 2, 2, 2, 2 
for both states. Spin and parity values for the eighth and thirteenth 

excited states have not been reported. 

II. ELASTIC SCATTERING DATA 

Figure 21 shows the electronic schematic used to simultaneously 

monitor the elastically scattered 3 He particles from the 11B(3 He, 3 He) 

11B reaction and the protons from the 11B(3 He,p) 13C reaction for an 

incident 3 He energy of 12 Mev. The 10 Mev proton data were obtained 

by using the electronic schematic shown in Figure 7 on page 32. The 

8 and 10 Mev elastically scattered 3 He data were obtained in separate 

runs by monitoring only the 3 He pulses from the 6E detector. 

Figures 22 through 24 show the angular distributions obtained for 

the elastically scattered 3 He particles at 8, 10, and 12 Mev. The 

solid curves represent optical model fits obtained by J. Y. Park at 

North Carolina State University. A brief description of the optical 

model analysis of elastic scattering is covered on pages 12 through 15 

of Chapter II. 

Figure 22 shows the angular distribution of the 8 Mev elastically 

scattered 3 He particles. The solid curve represents an optical model 
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fit using volume absorption with spin-orbit coupling. The best fit 

was obtained with the parameters 

V = 139,0 Mev, 

W = 15. 0 Mev, 

ro = 1. 2 fermis, 

re = 1. 4 fermis, 

Vs = 7. 5 Mev, 

ws = 0.0 Mev, 

a = 0.65 fermis, 

where V and Ware the real and imaginary parts of the central nuclear 

potential, r 0 is the nuclear radius, re is the Coulomb radius parameter, 

"a" is the diffuseness of the nuclear surface, and Vs and Ws are the 

real and imaginary parts of the spin-orbit potential. 

Surface absorption without spin-orbit coupling was used to fit the 

10 Mev data shown in Figure 23. The parameters used were 

V = 136. 5 Mev, 

W = 14. 0 Mev, 

ro = 1. 2 fermis, 

re = 1. 4 fermis, 

ro = 1. 2 fermis, g 

a = 0.74 fermis, 

b = 1. 4o fermis, 

where rog is the nuclear Gaussian radius, bis the width of the 

Gaussian, and the other terms are the same as for Figure 22. 
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Sur.face absorption with spin-orbit coupling was used to fit the 

12 Mev data shown in Figure 24, page 55. The parameters used were 

V = 121. 0 Mev, 

W = 10. 0 Mev, 

To 1.2 fermis, 

re = 1. 4 fermis, 

ro = 1. 2 fermis, g 

Vs = 4.o Mev, 

ws = o. 0 Mev, 

a = 0.75 fermis, 

b = 1. 75 fermis, 

where the terms are as defined on page 56, 

IV. ERRORS IN CROSS SECTION MEASUREMENTS 

The error bars in Figures 12 through 20 and 22 through 24, pages 

41 through 49 and 53 through 55, represent the statistical variation. 

Other major sources of error are the target thickness which was 

discussed on pages 21 through 25 of Chapter III and the measurement of 

the acceptance angle from which the solid angle was calculated. A 

traveling light microscope was used in measuring the parameters used in 

calculating the solid angle. By this method an acceptance angle of 
0 0.490 was obtained. Elastically scattered 3 He particles at a lab 

0 
angle of 70 and an energy of 12 Mev were used to check the acceptance 

angle measurement. From the equation 



where 6E is the measured resolution, 6Ee is the electronic resolution, 

and 6ET is the spread due to target thickness, the kinematic spread, 

·iEK, can be calculated. Figure 25 shows the elastic peak and from the 

peak the measured resolution was determined to be 45.6 kev. The 

electronic resolution of 25.2 kev was obtained by using a precision 

pulse-height generator. The spread due to target thickness was ob-

tained by multiplying the stopping power for 12 Mev 3 He particles by 

the target thickness in micrograms/cm2. The resulting spread was 37.2 

kev. Substituting the values in Equation (27) gave a· spread due to 

kinematics of 35.4 kev. From the kinematics, the 3 He particles have 

a spread of ~79 kev/degree at 70°. By dividing the _energy spread per 

degree of the 3 He elastics at 70° into the kinematic energy spread 
\ 

gave an acceptance angle of 0.448°. The difference between the two 

angular measurements is 8. 6 percent. However,\ the value obtained by 

using the traveling light microscope was used and is believed to be 

accurate to ±5 percent. Thus, in addition to the statistical error, 

the absolute cross sections could vary ±15 percent due to errors in 

foil thickness measurements and ±5 percent due to the acceptance angle 

measurement. 

V. CONCLUSIONS 

The fitting of the elastic data for the 11B(3 He, 3 He) 11B reaction 

indicates that the optical model can be used to describe the experi-

mental results and provide information about the distorting potentials 

that can be used for distorted wave calculations. The forward peaking 
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for most of the angular distribution curves for the proton groups from 

the llB(3 He,p) 13c reaction indicate that the predominant reaction mech-

anism is stripping for incident 3 He energies of 10 and 12 Mev. Using 

the plane wave stripping formalism of Newns (13), spin and parity 

assignments were made for several excitation levels in 13c. 
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APPENDIX 



DETERMINATION OF THE MOMENTUM TRANSFERRED TO THE TARGET NUCLEUS BY 

THE STRIPPED PARTICLE FOR A 11B( 3 He,p) 13C REACTION 

The momentum transferred to the target nucleus by the stripped 

particle is given by Newns (13) as 

where the primes refer to the center-of-mass coordinate system. 

From the law of cosines 

(1) 

(2) 

where 0 is the scattering angle. The momentum and velocity of the 3 He 

particle in the center-of-mass system are given by 

+,r I I 
ill\.3 = MsVs 

and 

v~ = Vs - v' (4) 

where V3 is the velocity of the 3 He particle in the laboratory system, 

and v' is the velocity of the center of mass. The kinetic energy of 

the 3 He particle in the laboratory system is given by 

The velocity of the center of mass is 

(6) 
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Substituting Equation (6) into Equation (4) gives 

1 ( Mll ) V3 == M + M V3 • 
\ 3 ll 

Thus, by knowing the incident kinetic energy of the 3 He particle, V~ 

from Equation (7) and K~ from Equation (3) can be calculated. 

The momentum and kinetic energy of the emitted proton in the 

center-of-mass system are given by 

and 

(8) 

The kinetic energy of the two particles before the collision in the 

center-of-mass system is 

E '. E' I l == 3 + E11 (10) 

where 

I 
( 

I 
)
·2 == ( Mll \2 Es == 1/2Ms Vs --=-1 E Ms + M1.11 

3 (11) 

and 

(12) 

Substituting Equations (11) and (12) into Equation (10) gives 
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The kinetic energy after the collision is 

(14) 

where 

(15) 

is the kinetic energy of the emitted proton and 

is the kinetic energy of the residual nucleus. From the conservation 

of energy, the kinetic energy associated with the target and projectile 

can be written as 
I I 

Ei == Er - Q • 

Substituting Equation (13) into Equation (17) gives 

where Er is the kinetic energy after the collision. Using Equation 

(14), Equation (18) can be written as 

E1 + E1 

p 1.3 

The kinetic energy of the residual nucleus is 

Substituting Equation (20) into Equation (19) gives the following 

I expression for Ep: 

(19) 

(20) 

(21) 
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Once Ep is known, K; is calculated using Equations (8) and (9), After 

calculating K~ from Equation (3) for a given kinetic energy of the 3 He 

particle and K~ from Equation (8) for the kinetic energy of the emitted 

proton, Equation (2) can then be used to calculate the momentum trans-

ferred to the residual nucleus by the stripped particle. 
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