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ABSTRACT 

The 11B(p,2a)^He reaction at a bombarding energy 

of 163 kev has been studied at Rice to complement the 

measurement previously made there at energies of a few 

Mev. Many 2-parameter spectra have been taken, both 

around the ®Be* recoil axes and at selected angles away 

from the recoil axes. Coplanar and non-coplanar cases 

for the three a-particles have been studied. Prelimi¬ 

nary analysis yields results similar to those found 

previously for the higher bombarding energies. Strong 

sequential decay through the ®Be* states is observed 

with very little or no evidence for direct 3~a decay. 
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I. Introduction 

The reaction ^^B(p,3a) at 163 kev proton bombarding 

energy has been studied to complement the measurements 
(1) 

previously made at Rice at energies of a few MeV . Many 

8 
two-parameter spectra have been taken, both around the °Be 

recoil axes and at selected angles away from the recoil axes. 

Coplanar and non-coplanar cases for the three a-particles 

have been studied. Preliminary analysis yields results 

similar to those found previously for the higher bombarding 
(1) 

energies reported by Bronson . Strong sequential decay 
Q 

through the °Be states is observed with very little or no 

evidence for direct three a decay, which was proposed earlier 
(2) 

by Dehnhard 

11 
The reaction B(p,3°0 has also-been studied by many 

(3) 
authors at various proton bombarding energies. Geer 

studied a-a angular correlations at E = 163 kev and E = 2Q0 
(4) P P 

kev. Dearnaley studied the excitation function, a particle 

angular distributions and a-a angular correlations of the 

reaction X1B(p,a )8Be, 11B(p,a)8Be*(2.9) at En=0.67 and 1.4 
(5,6) 

MeV. Kamke did a detailed analysis of angular distribu¬ 

tions and^correlations for 11B(p,a)8Be*(2.9) at Ep= 163 kev. 

Bouchez has measured the a particle angular distribution 

of the ■L'*'B(p,a0) reaction at E = 148,170,200 and 250 kev. 
x-' 

All results were interpreted in terms of compound nucleus 

states of -^C. Certain J11 values for states had been 
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(1) 
predicted or confirmed. Bronson has studied this reaction 

at proton energies between 2.0 and 5*64 Mev, corresponding 
12 

to 17 to 21 Mev excitation energies of C nucleus, by 

observing in coincidence two of the final state alpha parti- 

cles. The results were interpreted with the cluster model. 

and showed that this reaction is mainly sequential and decays 

through the ®Be ground state and first excited state and 

then to 3 a particles. Similar results indication sequen- 
(9) 

tial decay had been obtained by Longegueue , Dehnhard 
(2,10) 

and Kamke at low proton bombarding energies of between 

150 and 680 kev except for the anomalous case of E =163 kev, 
Jr' 

where the reaction was interpreted as being simultaneous. 

Therefore, the initial object of the investigations reported 

in this thesis was to investigate this reaction at Ep=l63 kev 

in greater detail and to determine the reaction mechanism. 

By bombarding B with protons at 163 kev, the resonant 
12C-»(l6.ll Mev) state may be formed. This state can decay 

through the following channels, which are also shown in 

fig.I-1. 

1:lB + p —*■ 12C*(l6.11Mev) —>■ p + HB 

—^ a 0 +®Be (g. s.) 

—a , +&Be* (2.9 Mev) 

~" 12C(g.s.) + y0 

—^ 12
C*(4.43 Mev) + Yx 

—^ 
l2c*(9.63 Mev) + Y2 

Some properties of this state have been summarized by 



Fig.I-1. The decay modes for 12C* at 16.11 Mev. 

The gamma decay from 16.11 Mev to 9*63 

Mev state has been observed recently 
(13) 

by Galson 



15.956 16.11 2+T=l 

FIG. I - I 
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(11) 
Segel , and are given in table 1. 

T"- £+, T=l, ~)Ay=73oo±$oo ,ev 

X ?* (evj ef 

P 69 ± I? o.e> 
<*o 290i45* I0"4 

(?300±500 y io~2 

?• 0.22 ±aos 0. IS" 

V, 6.8± l.l 0.2 0 

Table 1. Properties of 12c*(l6.11 Mev) state 

If the state is a pure T=1 ^^state, then the reaction 

1l]3(p,3a) is isospin forbidden. Due to the finite experimen¬ 

tal width, raQ and Pet]., this state must be mixed with certain 

T=0 states. In cluster model language, this state must have 

both (p + HB) and (a + %5e) parentages ^ It can be seen 
2 

from the very small values of 9aa and that such a 

mixture is necessarily very small. 

In the present work, the data have been interpreted 

with both direct and sequential reaction mechanisms. The 

results obtained show this reaction is predominately sequen¬ 

tial with very little or no evidence for direct three alpha 

decay. 
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II. Experimental Procedure 

1. Apparatus Assembly 

A proton beam with 163 kev has been- produced by a 

Texas Nuclear Neutron Generator at Rice University. The 

beam is analyzed by passing through a 15 degree bending 

magnet, then through a beam defining slit into the chamber. 

The general assembly is shown in fig.II-1. Details are 

given in the following paragraphs. 

A) Bending Magnet 

In order to analyze the beam, a 15 degree bending 

magnet was used. A "Y" shaped brass vacuum pipe was 

supported rigidly between the pole faces, the straight 

through branch was provided with a quartz window at the end 

to align the magnet itself with the beam. The accepatance 

slit in front of the magnet was 5mm. square. The exit siit 

after the magnet was a 4.77 mm. diameter tantalum diaphram. 

The current source for the analyzing magnet was provided 

by a Kepco ABC regulated D.C. current supply. The variation 

of magnet current was less than 0.5$* A standard 0.01 ohms 

resistance with a Leeds and Northrup type K-2 potentiometer 

was inserted in series with the magnet coil, so that it was 

possible to obtain an accurate current reading. The magnetic 

field begins to saturate at 9 ampers, which is beyond the 

range of the Kepco current supply. Thus, another 3 kilowatt 

D.C. generator whose field coils were activated by a low 

voltage, high current power supply was used to recycle the 



Fig.II-1. Apparatus assembly, (not on scale) 

E.L. Electro-static lens 

51  --Entrance slit of bending 

magnet 

52  Exit slit of bending magnet 

53  Beam defining telescope 

system 

D1 Detector 1 

D2-- Detector 2 

T Target 

Q.W. Quartz window 
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magnetic field. The linearity of the magnetic field was 

checked with proton beams from the 6 Mev Van de Graaff at 

Rice University. A plot of magnetic current versus the 

proton energy is shown in fig.II-2. 

B) Scattering chamber 

In order to determine the kinematics for the 3~body 

final state completely, at least five out of nine unknown 

parameters have to be measured. The chamber built by 
(15) 

Bronson at Rice which has two independently moving 

detector arms is suitable for this purpose. This chamber 

allows the measurement of the energies and directions of 

two of the emitted particles which gives a total of six 

known quantities, consequently allowing determination of the 

-kinematics completely. Detector 1 in Bronson’s chamber is 

mounted in such a way that it .can be moved only in a plane 

containing the beam axis. The detector 2, on the other hand, 

can be moved to any desired angle relative to the beam axis. 

The beam is defined upon entering the chamber by a telescope 

of two O.254 cm. circular apertures in tantalum discs one 

placed at the beam entrance port of the chamber and the other 

30.6 cm. in front of the chamber within the beam tube. A 

set of anti-scattering slits extend into the chamber itself. 

The. target holder was fastened to the chamber so that the 

target plane can be rotated about a vertical axis perpendicular 

to the beam. After passing through the target the beam was 

collected and monitored in a Faraday cup. 



Pig.II-2. A graph showing the magnet current 

of the analyzing magnet versus 

proton beam energy. 
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C) Detectors 

Two solid state detectors were mounted on the detector 

arms which positioned both detectors 5*08 cm. away from the 

center of target. In front of each detector a telescope 

system of circular apertures in tantalum discs, 1.93 cm. in 

diameter was used to define the solid angle of the detectors. 

The angular opening for such a system was 2.2(±3$) degrees 

and the solid angle was 1.134x10 “3 (j;6$) steradians. The 

two detectors used were standard silicon surface barrier 

detectors supplied by Nuclear Diodes. Both detectors have 

approximately 0.3 mg/cm^ gold layers on the front surface 

which had to be taken into account in analyzing the data. 

D) Targets 

Several self-supporting 13-B targets were used during 

the experiments. The targets were made by the evaporation 

of elemental boron powder supplied by Oak Ridge National 

Laboratory, which was isotopically enriched, to contain 98.05$ 

of ^B with 1.95$ The target thickness was approximately 

60^.g/cm^ and the effect of the variation of target thickness 

will be discussed later. 
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2. Electronics 

The electronic circuitry is shown in fig.II-3. The 

signals from the detectors 1 and 2 were fed seperately into 

two Tennelec Model 100A preamplifiers and then into two 

Cosmic Model 901A linear amplifiers. The prompt output 

from linear amplifier 1 (L.A.l) then was fed into a master- 

slave coincidence module system which consists of two coin¬ 

cidence modules (Ml and M3 in fig.II-3) whose discriminators 

(D1 and D3 in fig.II-3) are connected in such a way that 

they used the same discriminator Dl, bypassed D3, and the 

signal from D3 was delayed by an arbitrary amount. The 

prompt output from linear amplifier 2 (L.A.2) was fed into 

another coincidence module(M2). By proper adjustment of 

delays in modules Ml and M2, which will be discussed later, 

the output signals from Ml and M2 were then required to be 

in coincidence by coincidence unit Cl which gave the true 

coincidences and accidental coincidences. On the other hand, 

the output signals from M2 and M3 were also required to be 

in coincidence by coincidence unit C2 which, owing to the 

arbitrary delay, gave only accidental coincidences. The 

negative coincidence pulses from Cl and C2 were used as 

gating pulses for the 1000x1000 channels, on line, two- 
(22) 

parameter computer analyzer system at Rice University 

The inputs 1 and 2 of the computer analyzer system were fed 

respectively by the delayed outputs from linear amplifiers 

1 and 2. The setting of the delays of Ml and M2 was done in 
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the following manner. By feeding a pulse coming out of a 

60 cycles/sec. pulser to both preamplifiers and then varying 

both delay knobs on modules 1 and 2, it was possible to 

obtain the same frequency (60 cycles/sec.) of pulses from 

Cl. The coincidence resolving time is about 80 nanO-seconds. 

As a consequence of the above method, any true coincidence 

of two alpha particles detected in detector 1 and 2 would 

give an output signal in Cl. On the other hand, as mentioned 

above, because of the arbitrary delay inserted in Module 2, 

the outputs of C2 were only those coincidences due to random 

processes. Due to the statistical nature of those random 

coincidences, it is possible to subtract out the spectra 

gated by 02 from the spectra gated by Cl to obtain corrected 

spectra resulting from true coincidences for the reaction 

1:W ,2a)^He. The scaler SI served as a monitor scaler 

and the scalers S2 and S3 gave the number of true + accidental 

counts and accidental counts respectively, which were be 

used as reference 



Fig.II-3* Block diagram for electronic! 

circuitry. 

P.A.—Preamplifier (Tennelec Modeil 

100A) 

L.A. Linear amplifier ’ (Cosmic Model 

901A) 

M Coincidence module (Cosmic 

model 801A) 

C Coincidence unit (Cosmic Model 

801A) 

S Scaler 



FIG.a- 3 
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3. Monitoring Techniques 

Owing to the beam, fluctuation and variation of target 

thickness, a monitoring method independent of these factors 

was necessary. The energy of the proton elastic peak in the 

single spectra from one detector was so low that its pulse - 

height was mixed with electronic noise and was not suitable 

for monitoring. However, the ac peak coming from llB(p,a0)
8Be 

(g.s.) in the single spectra was far above the noise and 

was very sharp. Thus, by fixing detector 1 at 90 degrees 

perpendicular to the beam axis throughout the experiment 

and by setting a window (Wl in Fig.II-3) around this peak 

and scaling the number of counts, it was possible to nor¬ 

malized all spectra relatively. Furthermore, if the cross- 

section for (p,ao)®Be (g.s.) is known, then it is possible 

to calculate the cross-section for (p,3°0 • 

The over all energy resolution, including angular 

opening of detectors,.target thickness, beam defining slits 

of the bending magnet, electronics, etc., was obtained by 

12 
observing the broadening of the resonance peak of C* at 

(11) 
163 kev proton bombarding energy which has been shown to 

be about 7 kev wide. Typical excitation function curves 

for certain targets are shown in fig.II-4. The half width 

of the peak observed is about 28 kev. 



Fig.II-4. Excitation function for reaction 

11B(p,a)8Be 

Solid curve •1'^B(p,a^)^Be*(2.9 Mev) 

dashed curve—11B(p,a0)®Be (g.s.) 
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III. Reaction Mechanism 

For a three particles final state nuclear reaction, 

such as X(a0 :a-^ ,ag ,a^) with a^ag^a^ non-identical, two 

different types of reaction mechanisms would be expected. 

These are : 

i) aQ + X —*■ a-^ + &2 + a3 (direct reaction) 

li) a 0 *f X ^ a^ + (a2,a^) 

a2 + a^ 

—^ a2 + (a-^,a^) 

a^ + a 3 (sequential reactions) 

-—a 3 + (a^ ,3.2) 

1—=*■ a 2 + &2 

The two different reaction mechanisms have different 

characteristics along the loci of allowable solutions for 

the detection of two particles resulting from a 3-particle 
(16) 

breakup, as will be shown in the following discussion 

1. Kinematics for direct 3 "body breakup 

Choose the laboratory coordinate system as in fig.III-1, 

where the direction of Pj has been characterized by two 

angles and ^>j. aj is the angle rotated about the Y-axis 

from beam axis (Z-axis), ^j is the angle rotated about X'- 

axis. The incident particle has mass mD , momentum Pa along 

the beam axis, and energy T0 . The three final state parti¬ 

cles are described by masses mi,m2,m3, with momenta Pi,P2,P3 

and corresponding energies T]_,T2 and T3. Assume particle 1 

and 2 are detected. Then, for a certain arrangement of 



Fig.III-1. laboratory coordinate system 

The direction of momentum vector is 

characterized by two angles and 

0(jL is the angle rotated about 

Y-axis. ^ is the angle rotated 

about X'-axis. Z-axis coincides 

with the beam axis. 



FIG. n-i 
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detectors, i.e., for a certain configuration 

and fixed bombarding energy, by applying the laws of conser¬ 

vation of energy and momentum, P2 will be, in general, 

quadratic in P^. Of course only the positive value solution 

of P2 has the physical meaning of being detectable. 

Therefore, if we plot Pg (positive value solution) against 

P]_, or respectively T2 against T^, a kinematic locus will 

11 
result. A few loci for the reaction B(p,3oO have been 

shown in section IV. 

The simple mathematic results are given in the following, 

where Q is energy released by the reaction. 

f 
po S=i»,.pic0sa1cpspi 

3 

0 = .21 Pisina^cos^ 

0 = Z Pisin^i 
c—' 3 

Po/2m0 H* Q =T Pi2/2mj_ 
t—I 

Prom the above four equations, we obtain 

D — _ -B ± JB^-AC 
^ A 

A = (+■ 1/2 m^) 

B = I/ar*)3\?, [osf (oo^ao>skr^) +5™^j 

P2—means the positive or negative square root, respectively. 

If the reaction mechanism is a direct one, we would 

expect a rather continuous, phase space distribution of 

coincidence counts along the locus. A detailed discussion 

of this mechanism will be given in section V. 
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2. Kinematics for Sequential Breakup 

The kinematic loci in general depend only on the final 

state configuration and the bombarding energy, but not on 

the reaction mechanism. For the sequential breakup, it will 

be meaningful to talk about the internal energy between 

particle pairs: (1,2), (1,3) or (2,3), i.e., the internal 

energy of an intermediate nucleus. Each point on the 

kinematic loci will correspond to definite internal energies 

between two final state particles. 

If we express the internal energy between particles 

i and j as Ej_j, then the mathematical relations between Eij 

and Pi>ai,^i>a2,^2 are given below. 

Case 1. Particle 1 is first emitted, particle 2 and particle 

3 are first bound together and then decay into two particles. 

Let P23 be the momentum of (2,3) system, whose direction is 

characterized by 0^23 and ^>23* Then by conservation of 

energy and momentum, we obtain 

Po - R + P2.3 ^^3 ^-^2-3 
0 **■ P, cosf ( +■ 005 Sin0^3 

0 =■ Pi Srnfi ^ LTVI ^2-3 

po^2m0 •+ Q = /im 1+ T2.3 ■+■ ^2.3 , 
where ( — (23 /2.1^2.3 

Case 2. Particle 2 is first emitted, particle 1 and particle 

3 are bound together and then decay into two particles. By 
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the same method as in case 1, we obtain 

E,3 = PyWt-Q - ^Xn,x- fcf- 2?.(pi
1-)u>^«S®<i) 

+. i 
where E-^ corresponds to the solutions of P2 , positive or 

negative square roots respectively, and 

m,3 =-m, -i- m5 

Case 3- Particle 3 is first emitted^ particle 1 and particle 

2 are bound together and then decay into two particles. 

Again by the same method as in case 1 and case 2, 

— PiVzrni + (P^/anrv^ - + ^3£po/4rn01-Q 

- R/^in, - tPfyzMz~ [fo“R co^\“ (Pi)]* 
it 

where E^2 corresponds respectively to the two solution of 

?2’ and nn(2_ — \npi, -b 

i ~L 
Generally speaking, £23^23 or E^2 are quadratic 

functions of P^ for a definite configuration (ai>^i>a2>^2)• 

For sequential 3-body breakup the internal energy of the 
+_ i- 

intermediate nuclei, that is E2^,E23 an<3 E12 °'^ the compound 

systems (2,3), (1,3) and (l,2), should have certain definite 

values which correspond respectively to the internal energy 

of definite excited states of the intermediate nuclei. 

Thus, the distribution of coincidence counts along the 

kinematic loci should be grouped in a few regions, which is 

completely different from the distribution of direct 3“body 

breakup. 
it i A few plots of E-]_2*E23 and E12 against Ti for reaction 

■^B (p ,3a) will be given in section IV. 
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IV. Experimental Results 

Two groups of coincidence spectra between two a particle 
"j -l 

resulting from the B(p,3°0 reaction with 163 kev bombarding 

energy have been taken. The first group (fig.IV-1 to fig.IV- 

6) was taken with the two detectors in the same plane contain 

ing the beam axis. On the other hand, the second group ( 

fig.IV-7 to fig.IV-ll) was taken with the two detectors not 

in the same plane. Details of the configurations of the two 

detectors were given in the table below. 

Group 1 

Fig. 1-6 

Detector 1 
oV%* 9 O0 90° 96° 9 o° 

P 1 0“ 0° 06 0° 0° 

Detector 2 
65° 7F° 84° \o5° 

0° ob; o° 0° 0° 0° 

Group 2 

Fig. 7-11 

1 
1 

Detector 1 

| 

Detector 2 i 

 1 

0^1 90° 9o° 9 o° 90° 9 o6 

P,! 0“ 0° 0° o° 0° 0° 

^2 £4° 24* 84° 84® 84° 84” 

h, 0° (0° | so0 30° 40° S0° 

All results are presented by a contour map of the data 

collected over the T^-T2 plane. The projections of the 

spectra on both T^ and T2 axes are also shown in the diagrams 

Superimposed on the map are those curves T2,E23,E£^,E1'2 

versus T-^ for that configuration. The notations are the 

same as used in section III. Consequently, for the reaction 

B(p,3°0 the intermediate system (2,3), (1,3) and (l,2) all 

correspond to the °Be nucleus and E23,E13 and E12 therefore 
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re present the internal energy of the ®Be nucleus. 

The arrow marks on these figures show those energies 
j; ;t 

at which any one of the values of £23^13 and E]_2 is equal 

to 2.99Mev(&Be* first excited state) or 0.094 Mev(%e ground 

state). 

The general features noted for the spectra are ; 

i) All coincidence counts fall on the kinematic loci as 

expected. The finite spread of the counts are primarily 

due to the angular opening of the slits in front of the 

detectors. This can be easily justified by calculating the 

kinematic loci across the angular opening. 

ii) All coincidence counts tend to be grouped together 

and to occur at energy positions which correspond to sequen¬ 

tial decay of ®Be first excited and the ground qtates. 

iii) Due to the finite width of ^Be first excited state 
(14) 

and to the interference effects , the peaks related 

separately to £23= 2.99 Me.v and E-^= 2.99 Mev are not resolved 

very well. Furthermore, the peak related to E12
= 2.99 Mev 

always falls, into an energy region with one a particle having 

an energy below 500 kev which produces pulses mixed with 

electronic noise and was ignored throughout the experiment. 

Thus, this expected not show up on the spectra. 



Fig.IV-1 to fig.IV-6 

2-parameter spectra at E = 163 kev with 
P 

the two detectors in the same plane 

containing the beam axis. 
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Pig.rV-7 to fig.17-11 

2-parameter spectra at Ep= 163 kev with 

the two detectors not in the same plane 

containing the beam axis. 
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Fig.rv-12 and fig.IV-13 

Three- dimensional, isometric plot of the 

previous two groups of spectra. All apectra 

have been normalized with respect to each 

other. 
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V. Interpretation of Data 

1. Phase Space Calculation 

If a three body breakup has direct or simultaneous 

properties, then one would expect the distribution of the 

breakup particles to be proportional to the available 

phase-space of the reaction. This kind of problem had been 
(16,17,18) 

treated by many authors 

For three particle final states the total available 

phase space will be proportional to NT, defined by 

wheret-^/lmtf the total laboratory energy and Pj is the 

momentum of particle j expressed in the laboratory system. 

In order to compare with experimental data, it is of 

particular interest to find the phase volume N (T^, ILj ,$2) 

dT]_d(2idi£2 > which represents the phase volume subtended by 

particle 1 emitted with kinetic energy between T^ and 

T^+dT^; into the solid angle between.!^ and iZi+dJ^i, and 

particle 2 into the solid angle between and -Cb+^-Q^* 

Thus, the first step is to carry out the integration over P^. 
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= M5 «t- - & + %§- 
t> 3 ° 3 vim-, 2.n\>J llroj ' imi-i 

-tes- w ^ygi-ri 5 
where I12 is the angle between P^ and ?%, ^2 is the anSle 

between P6 and P2. v 

Let t-p rvv£ +«* %+ms J n 

Then A must be greater than zero in order to have real P2 

solutions. So, we may write A=a2, where a>0. 

Vh, tp, - P^ofJa) « 
^a,+ i7)3 

and 

K/T - 

Pi 
Case 1. P2 has two positive solutions 

, ( f L (P?)1 lPl)M j Pi ** ^2. 
Nj"A J irr^-HT-I 

Fi •V 

N _ ((( 
T ip^-t irn^)+?,^vpo^| 

- ((( ^, Vp3 t (ffiP* IpJ )L] &1 
1 PA + ~vTT^ ^ P» ^ V' 

NCT^n,)-   
ip-f + ?t>co£>?2 
• mi 1 
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Case 2. P2 has one positive solution 

MITO n \_ _dijniip£lLE!  N l I.AA, “2J | Ps1- + 0v+«l3)/mii. p, c4<S^- p^sls.j 

Case 3« P2 
has n0 solution 

The relations between Yj2> %2 and al'^l,a2>^2 in fig.III-1 

are C0S^2_— 

LOS ^|2 & ^in "*■CtD coi ^ 

= cos^2_c,os 

The total phase volume is 
(17) 

K. i /_\3 \% ( LJ f\JT-^(a-n) ^ \ m, 
MT® 

+ 100x4 m-jj 
4 

where M is the mass of target nucleus and T 

«)“ 

is bombarding 

energy, and' Q is the total reaction Q value. 

Several typical phase space distributions for reaction 

■*-%(p,3°0 with 163 kev proton bombarding energy have been 

carried out and plotted in fig.V-1 to fig.V-4. By comparing 

with the experimental data (fig.s in section IV), it is 

seen that the spectra are certainly not dominated by phase 

space distribution. Therefore, we may conclude that the 

reaction mechanism cannot be through a simultaneous decay 

mechanism. 



Fig.V-1 to fig.V-4. 

Phase space distribution of final state 

particles for reaction -'-^B(p,3°0 at proton 

bombarding energy of 163 kev. 
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2. Pinal State Interactions 

This section will discuss the other, extrume case for 

the reaction mechanism, namely the sequential breakup 

mechanism for a three particles final state. 

Consider a typical three body breakup, 

a c + X-*D* —a1 + B (la) 

^ a^ + cio (lb) 
(19) 2 3 

Watson described this reaction by considering the time 

reversal of the process. Namely, by bombarding particle a 3 

on particle a-2, the compound system B is formed which may 

serve as the target nucleus for bombardment by a^. The 

original system is then produced : 

ag + a^ —^ B 

B + a 2 —^ D* —> a 0 + X 

Watson argued the cross-section for the reaction X(a6 sa^, 

a2>a3) Is proportional to the probability of forming state 

B by bombarding a2 with a^. Therefore, the cross-section 

for reaction (l) is proportional to ~ ■ , where b is the 

phase shift for scattering of a2 and a^, and P is a penetra¬ 

tion factor. This kind of argument is reasonably true if 

the interaction between particles a2 and a^ is strong and 

of short range, so that a strong, long lived, resonant 

state of B can be formed. 

Another similar but more general approch was suggested 
(20) 

by Phillips et.al. Suppose a three body decay can be 

considered as a well seperated time sequence of two body 
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decays, as in reaction (l), then 

|<B+3.|ytb| H'|2>3L,Er,j>>| f(Eb,a) (2) 

where l'K^o,'Ed} represents the initial state vector, 

the final state vector, ko and kj are the initial 

and final wave numbers. Eb is the internal energy of state 

B, j3 (Eb,a) the generalized density of state function, with 

a the radius of the interaction nuclear volume. For a 

particle-bound final state B, i.e., a two body reaction, 

then 

where B has only a set of sharp states at energies En. 

For continuum final states of B, i.e., the state itself 

has open particle channels (or there is a three body reaction) 

a simple mathematical derivation and expression of ^(E^,a) 

is the following: 

The final state function Iff representing a2+ag in (lb) may 

be first normalized in a large box of radius R, where 

■y - N(Et) [ u(Eb^)/r] ■//'(e.y), 
with V ~ | 

Then when r!^a 

fsJ(Eb) (J(Cb,v")= (VR)'^- AOeA') 

where k*"— 

and F and G are the ordinary regular and irregular solutions 

Then f0 X P(Efe,a) 

where ft is the usual density of final states of a2+a3 

given by 
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f„ =■ 
P(E^,a) is the probability that particles SLQ and a^ will 

be localized inside nuclear volume with radius a: 

where P is the penetrability. 

In order to compare this theory with two-parameter 

experimental results, an expression for 0" (tlc ,$ic > ^Lc» 

^2c>^2c) has to be developed, where t^c is the kinetic 

energy of particle 1 in the SCM system (System Center of 

x <l6) , 
Mass) , and y^c are the polar angles of particle i 

in the SCM system. 

Let us consider reaction (l). The differential CIJOSS- 

section of the first emitted particle (a^) in the SCM system 

is 

In the special case, when U for r 4 a may be taken as 

independent of energy, |\) lE^ll (Eb,^ f- 

then 
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Now consider that the probability is unity for breakup of 

the intermediate system (2,3) during a time short enough 

that the system remains together just long enough to allow 

the escape of the first emitted particle from the 3~body 

interaction volume. Then the probability of emission of 

the particle a2 at a polar angles ^2°> ^ with respect 

to the recoil axis of (2,3) system (ROM system ) will be 

lf-(r|^< ^ . Thus the probability of emission of particle 

1 at an angle of c, with emission of particle 2 at 

angle in the recoil center of mass system (RCM) is 

just While is 

a function of SCM variables, \ ^ fc^))2- is a 

function of RCM variables. If ^2c*^2c are the anShlar 

variables of particle 2 in SCM system, then the probability 

for emission of particles 1 and 2 at the angles #lc, 

^ 2c > 2c -*-s 

The final step to compare to the data is to transform the 

expression back to the laboratory system as define in section 

III. 

XMl'UW , b* Ac > tyzc-} 
1 ^ ^ 

In the present reaction i:i-B(p,3a) three final state particles 

are identical, therefore antisymmetrizing the final state 
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wave function is necessary. We may write it as, 
~ +U»,aj>> •+ |<U + (a*,a,» +us+Wi/9»>> 
-1 a, t iav ao? - |3»+(a,ya3>? -1 a3-*- a.)> 

When wet substitute this wave function into (2), by neglecting 

the interference terms and using the fact that 

1 <.<31 + ( ),Eb| 1 WI 

— | <4|i* l H'lX+^o, Fe
>| etc., 

where represents the internal energy of particles 2 and 

3* We can write 

<f, (Et„a)= c te, Kd,tft,%v tM IH'I Z+3„ to>l *-f (Eu,a) 
«-2(.Ei&a)= tfeii^+tfiMEbijHTXta., E.>ff lEb»,a) 

Thus 

^(gbi ,ia>A') 
M4,0 ^ 

1(R>, r)l° I 
^44iej0|£,tfic) I 

'^(4(6, b\c, 'fit, 

^ I foe, ^ic, ftao 

All the Jacobians had been worked out by Bronson and 
(15,16) 

Simpson . For simplicity we make the following 

assumptions: 

a) f^ and f2 are isotropic. 
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b) All matrix elements are energy independent, and identical. 

Then, we obtain 

Furthermore, it has been assumed that; 

c) a-a scattering only through S and D wave states occur 

and there is no interference between them, then 

states given in the work of Beckner, Jones and Phillips 

theoretical calculations have been done and are shown in 

fig.V-5 to fig.V-7° Comparing to the present experimental 

data, the density of state calculation gives the correct 

shape of the spectra and the fit is, in general, quite 

good. 

By using the values of the generalized density of 
(21) 



Fig.V-5 to fig.V-7 

Comparison of measurements to theoretical 

calculations for sequential decay of the 

reaction •'■■*‘B(p,3a) at E = 163 kev. (see 
Jr 

text) 

The peaks corresponding to 8se ground state 

appear to be too big and the peaks correspond¬ 

ing to ^Be* first excited state appear to be 

too small according to the calculations. 

However, these could be bettersfitted by 

taking into account of the energy dependence 

of the matrix elements. A common normalization 

factor has been used for all spectra. 
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VI. Discussion 

Under the assumption of sequential decay mechanism, 

some anomalous effects in the spectra would be expected, 

when two or more of the curves ^13^23 corresponding 

respectively to definite excitation energies of intermediate 

nuclei are crossing each other in the isometric plot. That 

is, the 3~particle system is allowed by kinematics simul¬ 

taneously to break up through different intermediate nuclei. 

This anomalous effect in reaction ^^B(p,3a) at a few Mev 

proton bombarding energy and certain angles had been reported 
(1) 

earlier by Bronson . In the present work the same effect 

was seen only at Ep= 163 kev, with a^=90°, ^1=0°, 02=84^and 

^2=50° (see fig.IV-13). No definite conclusion can be drawn 

due to the poor statistics of the spectra. 

By comparison of theoretical calculations from the 

two different mechanisms with experimental data, the phase- 

space (or direct decay mechanism) calculation does not give 

the correct shape of the spectra. The main spirit of the 

sequential decay mechanism under those simple assumptions 

(see text) is to modify the phase space calculation by the 

factor of density of state which is energy dependent. Thus, 

a reasonable good fit to the spectra is resulted. Furthermore, 

by observing the relatively small ratio of background to 

final state interaction resonant peak in both sets of spectra, 

namely in the reaction plane or out of the plane, a crude 

estimation about the amount of contribution from direct 
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reaction mechanism can be made, provided the background is 

mainly due to phase space contribution. The result can be 

quoted as less than a few percent. 

By bombarding with 163 kev protons, 12C*(l6.11 Mev) 

state' is formed. If this state is a pure T=1 state, then, 

the decay into 3 a particles is isotopic spin forbidden. 

Because of the finite experimental width for 3 a decay, 

we may conclude that ■L2C*(l6.11 Mev) state is not a pure 

T=1 state. Nevertheless, the T=0 mixing must be very small 

and within 5f0. 
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