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V'-i/lfiY ArttJE- CROSBY 

ABSTRACT 

The reactions Be^(He^,d)B1^J Be^He^, t)B^, B^fHe^d )C12, 

and B^(He^, t )C^ were studied using a doubly ionized 10 MeV 

He^ beam. Particles were detected in a AE, E solid state 

counter telescope. The &E and E pulses were multiplied 

and also summed. The product pulses and summed pulses were 

then analyzed by a two-dimensional computer analyzer. Deuterons 

were observed leaving B^^ at excitations of 0, 0.72, 1.74, 

2.15, 3.59, 4.77, 5.16, 5.92, 6.16, and 6.57 MeV. (The 5.16 

MeV group probably consists of the unresolved 5*16 and 5.18 

MeV states.) Tritons were observed leaving B9 at excitations 

of 0 and 2.34 MeV. In addition, a typical three-body break¬ 

up continuum Is seen In the triton spectra. Deuterons leaving 

at excitations of 0, 4.43 , 7*66 , 9.64, and 12.71 MeV 

were observed. Tritons were observed leaving C11 at 

excitations of 0 and 2.00 MeV. Excitation functions taken 

In the region of 10 MeV show no strong resonance structure. 

Angular distributions of these observed particles (except 

for the triton continuum) exhibit characteristic direct 

reaction features. Distorted wave Born approximation 

curves were fit to the data, and relative spectroscopic 

factors were calculated for the. (He^,d) reactions. 
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INTRCOUCTION 

The plane and distorted wave theories of direct reactions 

have been very successful in interpreting the angular dis¬ 

tributions of stripped particles. These theories have been 

used extensively in assigning spins and parities to'low- 

lying levels of the residual nucleus in stripping reactions. 

They may also be used to extract information concerning 

nuclear wave functions. If the outgoing light particle is 

a nucleon from which one or two other nucleons have been 

stripped (e.g. (d,p) or (t,p) reactions), a spectroscopic 

factor, which is closely related to the reduced width, 

can be obtained. This spectroscopic factor relates the 

two nuclear states between which the stripping reaction 

proceeds. If the outgoing particle is more complex, there 

are two unknown overlap integrals: one between the wave 

functions of the projectile and the outgoing particle; the 

other between the wave functions of the target and residual 

nuclei. In this case, at least until more is known about 

the first overlap integral, only the ratios of spectroscopic 

factors for different states of the residual nucleus may 
3 

be obtained. The latter case applied to the (He ,d) reactions 

studied in the present work. 
3 

A good direct reaction theory for (He ,t) reactions 

should permit the extraction of information like that ex- 
O 

tracted from (p,n) reactions. However, the (He ,t) theory 
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must include the overlap between the He^ and triton wave 

functions, in addition to that bettveen the initial and 

final nuclei. 
o 3 

The present work is a study of the (He ,d) and (He ,t) 
Q 11 

reactions resulting from bombardment of Be-7 and B targets 

with a 10 MeV He^ beam. The information about nuclear wave 

functions obtained is discussed. 
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1#2,3,4,5) 
I. DISTORTED WAVE BORN APPROXIMATION ' 

A great deal of information about nuclear structure 

can be obtained from direct reactions. The distinctive 

feature of a direct reaction is the very strong dependence 

of the cross section on the direction of emission of the 

reaction product. According to the direct reaction model, 

the reaction takes place at the nuclear surface in one step, 

without the formation of an intermediate state. Such a sur¬ 

face interaction exchanges little energy or momentum with 

the target, and consequently, leads to low-lying states of 

the final nucleus. These states are not likely to be popu¬ 

lated by more complicated processes such as compound nucleus 

formation and decay for the following reason. The level 

density of a nucleus is much greater for high excitations 

than for low ones. The compound nuclei in the reactions 

studied are formed in the energy region of overlapping 

levels; hence, many different compound nucleus levels are 

populated. There are also many more highly excited states 

than low-lying states of the final nucleus to which the com¬ 

pound nucleus can decay. Since many compound nucleus levels 

are populated, none of the states in the final nucleus is 

preferentially populated; i.e., there is equal probability 

for decay to each level. Since the level density is higher 

for the more highly excited states, formation of low lying 

states by way of compound nucleus formation is relatively 
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unlikely. The low-lying states of the final nucleus 

are therefore predominantly populated by direct reactions. 

The most successful theory of direct reactions is 

the distorted wave Born approximation. In this theory, 

it is assumed that the most important process present 

is elastic scattering, and that inelastic or reaction 

events can be treated as perturbations. The optical 

model, in which a complex potential well describes the 

elastic interaction between two nuclei, is taken as a 

first approximation. An additional interaction, which 

gives rise to non-elastic processes, is introduced as 

a perturbation. The distorted wave Born approximation 

cross section formulae relevant to the present work are 

discussed below. The section on (He^,d) reactions relies 
1 \ O 

heavily upon the work of Tobocman the (He ,t) section, 

upon the work of Bloom e_t al . 

(He^,d) Reactions 

Consider the incident He particle to consist of 

two particles, d and p, bound by their mutual attraction. 

The target nucleus will be denoted by C. The result of 

the stripping reaction will be an emergent particle d 

and a residual nucleus F consisting of (C + p). 
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InitiaX F^i naJL 

The Hamiltonian of the system is 

H=w'vvx.c* v 
- TJF * Tj,c +Yt,c+v^,d ■**Vcj. 

The initial and final state Hamiltonians are 

Ht= T^c+T^+V^ 

Nr* TaF+Ty + Vpf. 

rAB ls the 

kinetic energy of relative motion of particles A and B, 

M
AB 

= M
AV(

M
A

+
«B) is thelr reduced mass, and VAB is the 

potential energy of interaction between A and B. 

The initial wave function will be an eigenfunction 

of the final wave function § , of Hf. At the time of 

scattering, the complete wave function ¥ must be an eige.n- 

Here 
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function of H. The core of the direct interaction theory 

is the assumption that the reaction is induced by the d-p 

interaction; thus, when exchange effects are neglected, the 

transition amplitude from state i to state f is given by 

and the differential cross section is 

dff _/ Mdr iii V1 i-r i* 
dA Un-V/ Kt LJ ' [U' • 

The summation represents an average over the z components 

of the angular momentum in the initial state and a sum over 

the z-components of the angular momentum in the final state. 

The wave function ^ is in general a complicated 

many-body wave function describing the complete interaction 

of the system. In the distorted wave approximation it is 

replaced by 

^(Ki)=<tH£3(rd(J)X
<+,(FH£3t) 

where 4*^3 is internal wave function of the He^ 

particle and X describes the relative motion of the He^ 

particle and the target. The wave function X ^ ^ is cal¬ 

culated using an optical model potential well, subject to 

the boundary condition that it approach an incident plane 

wave plus outgoing spherical waves. 

The wave function for the final state is assumed to be 
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W= VVJX'-'W) 
where is the wave function of the captured proton, 

and X ^ ^ describes the relative motion of the deuteron 

and the residual nucleus F. The function X ^ ^ is also 

calculated using a complex potential well to describe the 

d-F interaction. At large distances, X approaches an 

incident plane wave plus incoming spherical waves. 

It is further assumed that the d-p force has zero 

range: 

= Vo 

This approximation is valid if the actual range of the force 

is small compared to the size of the He^ particle and the 

inverse of the momentum transfer. V includes the overlap o 
of the internal states of the free deuteron and proton, and 

may be regarded as a kind of spectroscopic factor. It is 
3 an indication of the extent to which a He particle consists 

3) of a free deuteron and proton 

Under the above assumptions, the transition amplitude 

be c ome s 

"Tft= ‘C'tyfy) X \?jF)l VQ s (pjjjl $HtS(rdp) x<+) (fH£3C)> 

= Vj <<Sy7)Xl'’(Rf)^ P
)IX

<+
HKUF)> 
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where r = r =r and V.1 = V 4> (0). Implicit 
PC He3C ° He3 

in this derivation is the assumption that 

<<S>F = < VF)I> which is equivalent to 

(. (^r) | 4^(<^(r)> = 1, where £ represents the in¬ 

ternal coordinates of C. I.e., it has been assumed that 

the proton is captured into a single particle orbit outside 

a closed shell of nucleons. When this is not the case, 

the value of the bracket will be less than unity, and the 

transition amplitude will be correspondingly reduced. To 

indicate the extent of overlap between the wave function of 

the final nucleus F and the product wave function of the 

initial nucleus C plus a proton, the spectroscopic factor S 

is defined: 

S= <4>F(r,§)|ci><.(^<i>|5(r)> 2. 

S must be included as a factor in the transition amplitude, 

which becomes 

vo < Vnx<’’(> pj*F r)! x w (K0P)>. 

In practice, the proton wave function is replaced by a 

single shell model orbital, 4^ • The spectroscopic factor 

is then labeled by / , since it depends upon the orbital chosen 

The reaction analysis lias been separated into two dis¬ 

tinct steps. The step involving the distorted .waves mainly 

determines the angular distribution for the reaction. The 
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step involving detailed spectroscopic calculations primarily 

determines the magnitude of the cross section; it depends 

upon the detailed model of the reaction process, and in¬ 

corporates all the knowledge about the bound state wave 

11) 
functions which can be obtained from spectroscopic studies. 

The ratio of the experimental cross section to the cross 

section predicted by a distorted wave calculation is propor¬ 

tional to the spectroscopic factor: 

p 
C includes the other spectroscopic factor, VQ, which is 

mentioned above. Since VQ is not so well known for (He^,d) 

reactions as it is for (d,p) reactions, the absolute value 

of S cannot be determined. Instead, the relative spectros¬ 

copic factors for reactions leading to different levels of 

2 
the final nucleus are calculated. It is assumed that C 

is constant for such reactions. The relative spectroscopic 

factor is 

* s. . s0 

_/<T(ew \ //fftewv 
\ (J (0 )DV/BA)/ \ ^ ( ®)DWEAj 0 

where the subscript 0 refers to the reaction leading to 

the ground state of the final nucleus. 
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The distorted wave Born approximation cross sections 
7) were calculated using the computer program TSALLY . The 

results and a comparison with experiment will be found in 

section III. 
O 

(HeJ,t) Reactions 

Direct (p,n) mirror state transitions are discussed 
6) 

by Bloom ejt al_. . The (p,n) reaction is regarded as in¬ 

volving an incident proton and a neutron bound to an inert 

core. The interaction between this neutron and the inci¬ 

dent proton is written 

v = va + vb p
r 

where V and V, are spin-dependent central potentials and a D 

P is the isotopic spin exchange operator. The anti¬ 

symmetric wave functions for initial and final states are 

\l) = [l ‘j 2-> TT(2.)VC |) _ I^Dird) ^(3.)^ 

Here la,b> denotes a state with nucleon a bound to the core, 

and nucleon b free; n and v are isotopic spin functions cor¬ 

responding to proton and neutron states, respectively. 

The (p,n) transition amplitude is proportional to the 

matrix element of V between the initial and final states. 

This matrix element reduces to 
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<f I vi i) = < I,aj v„l l, a>-<02i vj 2, l>. 
The first terra corresponds to the charge exchange process 

in which the charge on the incident proton is transferred 

to the bound neutron; this term has the same form as 

the matrix element for inelastic scattering, which is 

TU'= < *'<FnC) XH(fV*)| V,„1 + (rnC) 
where I = C + n. The second term represents a space 

exchange process in which the incident proton is captured, 

knocking out the bound neutron. 

The space exchange term contains the poor overlap 

of bound and free state wave functions, while the charge 

exchange term contains (for mirror nuclei) the good over¬ 

lap between two bound state wave functions which are 

.identical aside from Coulomb distortion. Therefore the 

space exchange term may be ignored, leaving only the matrix 

element with the same form as that for inelastic scattering. 
3 3 When the structure of He and H is neglected, the 

O 

interpretation of (He ,t) mirror state transitions should 

be similar to that of the corresponding (p,n) transitions^. 

In a charge exchange process, one of the protons in the 

incident HeJ particle gives up its charge to a target neutron, 

resulting in an outgoing triton. The (He^,t) space exchange 

process differs in that the prior formation of a triton¬ 

like cluster in the target is required. 



-12 

3 The transition amplitude for the (He , t) process is 

Tfi = <^CK^jVbP
t|^(Ki)> 

and the cross section is 

dg- JYhl]1 _Kf r—• i -p 
d-fL UTrTi/ Kj ' 'fi‘ 

where the summation is defined as in the (He^,d) section, 

and where is the charge exchange part of the effective 

internucleon interaction. 

The wave functions are now 

§f(Kf)=4F(lo V)X( ’(TVFO 
.where, if the target nucleus I contains Z protons and N + 1 

neutrons, the final nucleus F contains Z + 1 protons and N 

neutrons. C is the core which contains Z protons and N 

neutrons; represents the core internal coordinates. 

Using these wave functions, the transition amplitude becomes 

T« = <4>t(C)lPTI V)XH(f=tF)|Vbp
r| ^(?CJr c)Xw(f 5)). 
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and are the triton and He^ wave functions. 

In most computer programs, including TSALLY, the inter¬ 

action is expanded in spherical harmonics, and the 

Wigner-Eckart theorem is used in evaluating T^. As in 

all .direct reactions, angular momentum conservation allows 

non-zero matrix elements for a very few multipoles in the 

expansion of V^. 

The(He^,t) transition amplitude is the product of 

two overlap factors and a function which determines the 

angular dependence of the reaction cross section. As in 

stripping reactions, the angular distribution is determined 

by a matrix element involving the distorted waves. The 

first overlap is that between the internal states of the 
3 free triton and He particle; it is explicitly shown above. 

The second overlap is between the wave functions of the 

final and initial states. As was done for the (He^,d) 

reactions, it is assumed that the only change in Tfi for 

reactions leading to different levels of the final nucleus 

is due to a change in the second overlap integral. Ratios 

analogous to the relative spectroscopic factor discussed 

above may then be calculated and compared with those ob¬ 

tained in (p,n) reactions between the same initial and 

final states. 
Q 

The (He ,t) theoretical cross sections were calculated 

with the computer program TSALLY^^; a comparison with experi¬ 

mental results will be found in section III. 
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ll. EXPERIMENTAL APPARATUS AND PROCEDURES 

Q 1 *1 
The two target materials, Bey and B , were bombarded 

with the doubly ionized He beam from the Rice University 

5.5 MeV Van de Graaff accelerator. A narrow range of He 

energy was obtained by magnetically deflecting the beam 

through an angle of 90° ; the entrance and exit slits of this 

magnet defined the beam energy. The exit slits provided a 

correction signal for voltage stabilization of the accelerator. 

Two additional collimating slits were located at the target 

chamber entrance. A set of electrostatic lenses, located 

approximately 2 meters from the analyzing magnet exit, was 

used to focus the beam on the target. The target was located 

4-1/3 meters from the analyzing magnet, and 15 cm. from the 

last collimating slit. 

The target chamber was a circular brass cylinder 10 cm. 

high and 30 cm. inside diameter. The target was placed on a 

rotating, insulated mount; the insulation allowed the target 

to be positively biased in order to suppress electrons. Beam 

ions not deflected by the target were collected in an insulated 

Faraday cup; this current was integrated to provide a means 

of normalization of data taken at different angles. The 

chamber was provided with ports for mounting detectors at 

fixed angles with respect to the beam. A detector placed 

in a port located at 30° to the beam was used to monitor the 

elastically scattered ions. The monitor counts were scaled 

and used for nonnalization of small angle points. (The beam 
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hit the movable detector mount when this mount was placed 

at an angle less than or equal to 14°, so that integration 

of the current collected by the Faraday cup was not accurate.) 

The dE/dx-E counter telescope was mounted on the 

aluminum target chamber lid. The lid could be rotated, 

allowing placement of the telescope at any angle with respect 

to the beam. Vacuum was maintained by means of an 0 ring be¬ 

tween chamber and lid. The lid was supported by 1/2 inch 

stainless steel ball bearings, which moved in a rectangular 

track around the top of the chamber wall. 

Target Preparation 

Be9 

A thin film of salt was formed on glass slides by 

evaporating salt from a tantalum boat. Chemically pure 

beryllium was evaporated onto the slides from a carbon boat. 

The Be foils were floated off the slides on water and placed 

on aluminum target blanks. Another technique, in which a 

film of detergent (Teepol) replaced the salt as a soluble 

substrate, was less successful in producing good foils. 

B11 

A thin film of salt was formed on glass slides by evapo¬ 

rating salt from a tantalum boat. B^ of 97$ isotopic purity 

was evaporated onto the slides from a carbon boat. The.foils 

were floated off in water and placed on target blanks. 
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Particle Identification; Electronics 

The particles of interest in this study were the 
q 11 

deuterons and tritons emitted from Be7 and B targets 
3 

bombarded with He particles. It was necessary not only to 

distinguish these particles from each other, but also to 
3 

eliminate the intense background of cL particles, He par¬ 

ticles, and protons. Energy discrimination could not be 

used, as the energy range of the background particles covers 

the energy range of the particles of interest. A system which 

could identify particles was needed to accomplish the desired 

experiments. 

The system used to effect this particle identification 

consisted of a two counter telescope and a pulse multiplier. 

The method is based on the following formula for the energy 

loss of a charged particle in an absorber: 

d'E _ 4-n-zV* a. e2] dx vz m LJ(l-(32) 

where z is the charge of the particle, v is its velocity, 

e is the electronic charge, m the electronic mass, 7J is the 

average number of electrons per unit volume in the energy 

absorbing medium, and I is the average ionization potential 

of ions in the medium. For a non-relativistic particle, the 

expression may be written 

_ £ diL - 4TT2a lie*1?? ft 4 E m, 
dx m . . ^ I M 
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where M is the mass of the charged particle. Since the 

logarithmic factor varies very slowly with energy in the 

energy range of interest, the following approximation can be 

made: 

C< \^\ 'z'1 

Differential energy loss AE can be measured in a thin 

detector; total energy loss, in a thicker detector placed 

behind the first. In a graph of AE vs. E, all particles 

2 
having the same value of Mz but variable energy will lie in 

2 
a hyperbolic band; particles with different values of Mz 

will lie in different bands. Spectra of various particles 

are thus distinguishable, but not easily analyzed. 

If the E and AE pulses are multiplied together, and 

the result is plotted vs. the total pulse energy (E+ AE), 

a set of horizontal bands is obtained, with each band cor- 

2 
responding to a different value of Mz ; these bands are 

easily analyzed. In the present study, the AE and E pulses 

were multiplied by a solid state pulse multiplier. This 

circuit was built by J. C. Legg, and is described in ref. 9« 

The total energy pulse was obtained by feeding the E and AE 

pulses into a resistive adding circuit. The summed and 

multiplied pulses were the inputs to the two dimensional 

analyzer which is described in the next section. 

2 
A thin (6 mg/cm ) totally depleted silicon detector 

was used as the AE counter; the E counter was a 3 mm. 
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lithium drifted silicon detector*. The pulses from the 

detectors were preamplified by Tennelec Model 100A charge 

sensitive preamplifiers,, then fed into the adding circuit. 

The resulting total energy pulse was amplified and used as one 

input to the two dimensional analyzer. The preamplified AE 

and E pulses were also amplified and fed into the pulse 

multiplier; the multiplier output was amplified and used as 

the second input to the two dimensional analyzer (figure 1 ). 

It was desirable to gate out the high intensity back- 

■5 II 
ground pulses due to He and He particles, as analysis of 

these pulses greatly increased the analyzer dead time. The 

o h 
multiplied pulse resulting from a He-5 or He particle always 

has a greater amplitude than the multiplied pulse associated . 

with a deuteron or triton, since E* AE is proportional to 

2 
Mz . This result was used to gate out the He pulses. 

Multiplied pulses were fed into a Cosmic slow coincidence 

unit; the window was set to exclude He ions, so that coinci¬ 

dence pulses were generated only for protons, deuterons, and 

tritons. A second coincidence unit was used to require an 

E pulse in coincidence with each AE pulse; in this way, 

pulses due to particles stopped in the AE detector did not 

generate a gate pulse. When a pair of pulses satisfied the 

requirements on multiplied pulse height and presence of an E 

* Some early runs were made using a 1 mm. silicon detector 

as the E counter. 
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pulse, the coincidence unit generated a pulse. The two 

dimensional analyzer would accept the summed and product pulses 

for analysis only when this gating pulse was also received. 

The gating system is shown in figure 1. 

Computer Analyzer 

The analyzer used in the measurements described in this 

report was the Rice University 1000 x 1000 channel computer 

analyzer. Two analog-to-digital converters convert the 

heights of pulses from two detectors to channel numbers. 

After 400 events have been recorded in memory, they are 

written onto magnetic tape. 

The pairs of channel numbers were sorted into two 

dimensional spectra. Counts corresponding to a particular 

type of particle were summed in the E*AE direction resulting 

in a plot of number of counts corresponding to that particle 

vs. energy. Such plots of the deuterons and tritons result¬ 

ing from the bombardment of a Be^ target by 10 MeV He^ par¬ 

ticles are shown in figures 3 and 4. Counts corresponding 

to a particular state in the residual nucleus were then 

hand calculated. 
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Calculation of Cross Sections 

The absolute center of mass cross sections were cal¬ 

culated using the formula 

dCT(O) 

d.0. n G(0)Y 

where n is the number of counts observed at a laboratory angle 

corresponding to the.center of mass angle 9, G(9) is a 

geometrical factor which arise.s in the conversion from labora¬ 

tory to center of mass cross section, and the factor Y depends 

on target thickness, number of incident particles, and solid 

angle subtended by the detector. 

Y was determined for a particular target and detector 

slit combination by comparing the experimental cross section 

for elastic scattering at low energy with the theoretical 

Rutherford cross section. For Be^ targets, the elastic 

scattering was done with an incident He^ lab energy of 1.0 

MeV; for B11 targets, the He^ energy was raised to 2.5 MeV 

in order to better separate the and elastic peaks. 

(Since the Coulomb barrier is approximately 2.5 MeV for He^ 

on B11, it was assumed that the small angle scattering was 

Rutherford scattering up to 2.5 MeV.) At 2.5 MeV, the B11 

12 
and C peaks were still not well separated; for this reason, 

a large absolute error was estimated for the B-*--*- cross sections 

When the value of Y corresponding to a particular target and 

slit combination had been determined through elastic scat¬ 

tering, this Y was used to calculate the absolute cross 
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sections for the 10 MeV reaction angular distributions taken 

with the same target and slits. Data taken on targets for 

which Y was not determined were normalized by setting the 

absolute cross section at the most forward angle taken equal 

to the cross section at that angle derived from a target for 

which Y had been determined. 

Integrating Circuit 

A schematic diagram of the integrating circuit is shown 

in figure 2 . The current was carried to the control station 

from the Faraday cup by RG 114/u cable to minimize leakage 

and A.C. radiation pickup. It was fed into a current-to- 

voltage converter built in the electronics shop of Bonner 

Nuclear Laboratory. In this converter, an operational ampli¬ 

fier (Philbrick P2A) used in the inverting amplifier mode 

produces an output voltage proportional to the incoming 

current. This output voltage is applied to a second opera¬ 

tional amplifier (Philbrick P65AH) with a gain of 10. The 

output signal, which, is proportional to the beam current, was 

then fed into a commercial voltage to frequency converter 

(Vidar 241). The resulting frequency was counted by a pre¬ 

scaler; the prescaler overflow was counted by a second scaler 

The prescaler counted input pulses only while the analyzer 

was ready to accept pulses for analysis. The inclusion of 

this prescaler in the integrating circuit automatically cor¬ 

rected for "dead time", which is principally the time taken 

for the computer to write the data onto magnetic tape. 
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Energy Calibration of Magnet 
■5 

The energy of the He beam was determined by nuclear 

magnetic resonance measurement of the field strength of the 

90° analyzing magnet. The beam energy is given by 

E = fef 2 i - E/aE0] ' 

where k is the frequency constant of the magnet, f the 

frequency given by the coupled oscillator, z is the charge 

of the particle analyzed, and M0 and EQ are the particleb rest 

mass and rest energy, respectively. is the proton rest • 

mass. The frequency constant was determined by running two 
7 7 calibration reactions: the Li (p,n)Be threshold at 1.881 

MeV and the C^fp^njN^ threshold at 3.237 MeV. The average 

of the two k values was 

-3 MeV-saca. 
k - 4.157 *10  JS— 

where e is the electronic charge. 

Check of Target Chamber Symmetry 

As a check of target centering in the chamber, an 

elastic angular distribution Au(He ,He )Au was taken at a 

bombarding energy of 2.5 MeV. Data were taken in 5° steps 

between lab angles of 20° and 160° . The average ratio of 

the experimental cross section to Rutherford scattering for 

the 30 points was 1.00 - 0.02; the maximum deviations were 

0.06 above and 0.05 below Rutherford. It.was concluded that 

the target holder was well centered in the chamber. 
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III. RESULTS 

Experimental Results 

All of the reaction cross sections measured in this 

experiment exhibit the forward angle peaking characteristic 

of direct reactions. The excitation curves taken in the 

region of 10 MeV show no detailed structure as expected 

from the high excitation of the compound system. The ex-- 

perimental angular distributions are shown in figures 5 

through 13; the curves in these figures are cross sections 

calculated in the distorted wave Born approximation. The 

errors shown reflect relative errors, and are an indication 

of the accuracy obtained in determining the shape of the 

angular distribution. The relative errors were calculated 

from counting statistics, and, in some cases, were increased 

to indicate uncertainty in particle, identification. For 

example, the deuterons leaving B1^ in the 2.15 MeV state 

and the tritons leaving B^ in the ground state overlap in 

energy from roughly 15° to 30° (lab angle). Furthermore, 

the deuteron and triton bands are never completely 

resolved. Thus, a small percentage of the total number 

of counts cannot be assigned with certainty to one par¬ 

ticle group or the other when these groups overlap in 

energy. The absolute cross sections were determined from 

Rutherford scattering cross sections as described in 

section II. The absolute error in the Be^(He^,d)B'1'0 and 
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Be^(He^,t)B^ cross sections is estimated to be 15$. For 

the B-*-^(He^,d)C^ and Bii(He^,t)C^ reactions,. this error 

is estimated to be 3Q$. The large uncertainty is due to 

the difficulty in resolving the B^ and elastic peaks 

in the Rutherford scattering. 

Comparison of Experiment and Theory 

Distorted wave Born approximation cross sections for 

the reactions studied were calculated with the aid of the 

7) 
computer program TSALLY . The distorted waves were com¬ 

puted from a central optical model potential without spin- 

orbit coupling. The optical potential used is 

U(r) = Uc(r)-(V+iW) [e(r-Rya + I 

where Uc(r) is the Coulomb potential due to a uniformly 

charged sphere and the second term is a conventional Saxon 

nuclear optical potential. R defines the nuclear radius and 

i/3 
is given by R = r A • . where r is the Saxon well radius o o 
parameter, a is a measure of the diffuseness of the nuclear 

surface; V and W are the magnitudes of the real and imaginary 

well depths. . 

These optical model parameters were determined from the 

observed He^ elastic scattering from Be^. The elastic 

TO \ 

scattering data was used in a computer program ' which 

performs a search on data for the best set of optical model 

parameters . The parameters V, W, and a were allowed to vary, 
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while rQ and r>c (the Coulomb radius parameter) remained fixed 

at the values 1.60 f and 1.25 f, respectively. The best fits 

to the data were obtained with these values of the 

parameters: 

Table I - Optical Model Parameters 

V W a x2 Normalization 

61 MeV 16 MeV .70 f 374 

103 2 5 .64 528 

151 28 .60 652 

79 56 .66 304 + 15^ 

109 22 .64 231 + 15 % 

161 31 .58 227 + 15$ 

X2 is a measure of the goodness of the fit to the data. 

Increasing the experimental cross section by 15% improved 

the fit significantly. Each set of parameters was used in 

four DWBA cross section calculations. The four resulting 

angular distributions were for deuterons leading to the 
10 12 ground states of B and C , and tritons leading to the 
Q 11 

ground states of B and C . The magnitude and position of 

maxima and minima were found to be relatively insensitive 

to small changes in the parameters V, W, and a from those 

listed in Table I. In addition, there, was no significant 

difference between the curves obtained from parameters in 

different "valleys". Accordingly, the values given in the 

second row of the table above were used to generate the dis- 
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torted waves for Be9 + He3, B11 + He3, B9 + t, and C11 + t. 

The parameters used to generate the distorted waves for 

B-*-® + d and + d were those found by Melkanoff et al. : 

V = 50 MeV, w = 15 MeV, a = 0.73 f, and rQ = 1.5 f. 

' For the (He^,d) reactions, the bound state wave functions 

were calculated from the Schroedinger equation by adjusting 

the well depth of a Saxon potential. The form factor for the 

(He ,t) reactions was of the type used for inelastic scattering 

F(r)= 4—fe* + '1 
d X L . 

r-R 
where x =  2., and R and a are parameters characterizing 

a o o 
the single particle radial functions. F(r) approximates the 

product of two identical single particle radial wave functions. 

It is an appropriate form factor for the following reasons. 

The bracket ,r c)| VbP
L| (See SeCtlon ^ 

(He^,t) reactions) reduces to an overlap integral between two 

single particle wave functions when the zero range approxima¬ 

tion is introduced and an integration over the £ coordinates 

is performed if it is assumed that the nuclear wave functions 

differ only in the wave functions of the transferred particle. 

This assumption is analogous to the assumption of exclusively 

single particle excitations in inelastic scattering. A 

lower cutoff in the radial integrals improved the agreement 

in shape with experimental angular distributions. This 
3 

is not surprising in that both He particles and tritons 

are weakly bound and are therefore expected to be 
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strongly absorbed in the nucleus. 

The Be^(He^,ddeuteron angular distributions are 

shown in figures 5 through 9. The solid curves are X = 1 

DWBA curves which were normalized to the experimental 

points at forward angles. The B^ state labelled "5.16" 

is probably a mixture of the 5.16 and 5.18 states^^. 

Figures 11 and 12 show the angular distributions of the 

11 ^ 12 deuterons from the B (He ,d)C reactions. The solid 

curves are JL= 1 stripping curves, with the exception of 

the 2 curve for the deuterons leaving C-^ in the 9.64 

MeV excited state. The angular distribution of the tritons 

leaving B^ in the ground state is shown in fig. 10; the 

curve is an ^ = 0 curve. The distribution for the tritons 
Q 

leaving By in the 2.34 MeV state is shown in the same figure; 

both JL = 0 and = 2 DWBA curves are shown, since neither 

.fits the data well. The angular distributions of the tritons 

leading to the two states seen in C11 are shown in fig. 13. 

Both curves are JL = 2 curves. 
3 

The (He ,d) spectroscopic factors (section I) obtained 

are shown in Table II. 
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Table II - Relative Reduced Widths for Proton Capture Reactions 

Final 
Initial Final state 
nucleus nucleus excitation 

, (a). 
(2Jrt)Srel ^rel 

T~ 
‘^rel 

Be9 B10 .0 1 1 1 

0.717 • 0.77 1.8 . 2.1 

1.74 0.37 2.6 1.4 

2.15 0.31 0.71 0.65 

3.59 0.21 0.30 0.44 

4.77 0.11 0.15 

5.16 0.66 

5.92 0.84 1.2 

6.16 0.90 

6.57 0.86 
11 12 
B C 0 1 1 1 

4.43 0.61 0.12 0.21 

7.66 0.035 : 0.035 

9.64 0.30 0.042 0.14 

12 .71 0.26 0.086 

Columns (a) and (b) refer to the present (HeJ ,d) work, in 

which E(He3) = 10 MeV. Column (c ) refers to (d,n) work 

reported in Table I of Macfarlane and French'^). For the 

Be^(d,n) reactions, E(d) = 3.4 MeV; for the B' ■^(djn) react ions, 

E(d) = 9 MeV. The values of Srel found for B' ̂  states in the 

present work are in reasonably good agreement with the (d, n) 
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values, except for the value found for the 1.74 MeV state. 

This may be the result of an isobaric spin effect, as sug¬ 

gested by Seimssen^^^, since the 1.74 MeV state is a T = 1 

state. The lack of agreement between S as found for the 
re 1 

1"| Ip 
B -T-J» C proton capture reactions may be due to the fact 

that the (d,n) fits were calculated in the plane wave 

approximation. However, the lack of agreement here is sur¬ 

prising in that the Be^(d,nJB'*"9 fits were also calculated 

using plane waves, and, except for one state noted above, 

the spectroscopic factors agreed rather well. 

Hinds and Middleton have studied the (He3 ,d) reactions 
14 lg) which are the subject of this report 1 '. The resulting 

spectroscopic factors are not included here, as it was felt 

that the plane wave fits used were a poor approximation at 

such low bombarding energies (5*7 MeV and 9*84 MeV). 

The relative cross sections for the (HeJ,t) reactions 

observed are listed in Table III. 

Table III - Relative Cross Sections for (He3,t) Reactions 

Initial 
nucleus 

Final 
nucleus 

Final 
state 
excita¬ 
tion 

^ex p he o ^ /(^ex p /°t he o) o 

X = 0 JL = 2 

Be9 B9 0 1 

2.34 1.7 2.0 

B1! C11 0 1 

2 .00 .36 
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It is unfortunate that no plane or distorted wave fits have 

been made to analogous (p,n) data. Without such fits, no 

comparison can be made; hence it is possible that the model 

assumed for the (He^,t) reactions is incorrect. There are, 

in fact, two indications that the model is not wholly 
O 

successful in explaining the (He ,t) reactions. The first 

is that neither an / = 0 nor an JL = 2 curve fits the 
9 

tritons leading to the 2.34 MeV level of B . The second 
9 

is that the tritons leading to the ground state of were 

well fit with an ^ = 0 curve, while those leading to the 

ground state of C11 were fit by an JL= 2 curve. This is 

a surprising result, in view of the twin reaction hypothesis 

of Bloom et al.^. 

In conclusion, it appears that a somewhat more complex 

model is needed for (He ,t) reactions. The model used for 
3 

(He ,d) reactions seems adequate; the forward angles of ex¬ 

perimental angular distributions are well fit, although 

the theoretical cross section, in general, begins to fall 

below the experimental value by 80° C.M. (He ,d) stripping 

reactions are a useful tool in studying reduced widths of 

nuclear states. Such reactions have an advantage over the 

analogous (d,n) reactions in that a charged particle rather 

than a neutron is detected. However, there is the disad- 
3 

vantage of not knowing the He internal wave function, and 

hence, being limited to the determination of relative rather 

than absolute spectroscopic factors. 
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FIGURE 1. Block diagram of electronics equipment. 

FIGURE 2. Block diagram of current Integrating circuit. 



FIGURE 3 

Spectrum of deuterons from the reaction Be^(He^,d)B^. 

FIGURE 4 

Spectrum of tritons from the reaction Be°(He^j t )B^. A 

three-body break-up continuum is evident in this spectrum. 

Both of these spectra were observed at an angle of and 

a bombarding energy of 10 MeV. They were obtained from 

the two dimensional spectrum shown in fig. 14. 
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FIGURE 5 

Angular distributions of deuterons from the reaction 

Be^(He^,d )B^leading to the ground state and first 

excited state of B^*"*. The solid curves are JL=1 DWBA curves 
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FIGURE 6 

Angular distributions of deuterons leading to the 1.74 

and 2.15 MeV excited states of Solid curves are 

DWBA curves . 
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FIGURE 6. 



FIGURE 7 

Angular distributions of deuterons leading to the 

3.59 and 4.77 MeV excited states of Solid curves are 

JL=\ DWBA curves . 
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FIGURE 8 

Angular distributions of deuterons leading to the 

5.16 and 5*92 MeV excited states of B-^. Solid curves 

are /= 1 DWBA curves. 
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FIGURE 9 

Angular distributions of deuterons leading to the 
„ „ 10 
6.16 and 6.57 MeV excited states of B . The solid 

curves are J-=l DWBA curves . 
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FIGURE 10 

Angular distributions of tritons from the reaction 

Be^(He^, t )B^. The solid curve in the upper figure 

is an^=0DWBA curve. In the lower figure,'both 

£=0 and ^=2 DWBA curves are shown since neither 

curve is a good fit to the angular distribution 

of the deuterons leaving in the 2.34 MeV state. 
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FIGURE 11 

Angular distributIons of deuterons from the reaction 
3 12 2,2 

B^(He ,d )0X leaving C in the ground state and 

first excited state. The solid curves are X=1 DWBA curves. 
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FIGURE 12 

Angular distributions of deuterons leaving C in 

the 7.66, 9.64, and 12.71 MeV excited states. The 

solid curves shown with the 7.66 MeV state and 12.71 

MeV state angular distributions are A-l DWBA curves; 

that shown with the 9.64 MeV state angular 

distribution is an J. =2 DWBA curve. 
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FIGURE 13 

Angular distributions of tritons from the reaction 

B^CHe^, t )C^\ The solid curves a re DWBA curves. 
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FIGURE Ik 

Contour plot of two dimensional computer output 

9 
resulting from bombardment of Be target with 10 

MeV He^ particles . The outgoing particles were 

observed at 15° . The multiplied pulse height 

(E*AE) is in arbitrary units. Multiplied pulse 

heights corresponding to deuterons and to.tritons 

are indicated in the figure. The deuteron and 

triton spectra in figs. 3 and 4 were obtained 

from this two dimens ional spectrum by summing in 

the E*AE direction between fixed limits. 
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