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ABSTRACT 

The C12(d,pn)C12 reaction has been studied using the 

Rice University high resolution 180^ magnetic spectrometer 

for deuteron energies of 4.66, 4.89, 5.46 MeV. No evidence 

was found for the existence of a density of states cusp 

near the neutron threshold similar to that seen in the 

Q 8 
Bey(p,p/n)Be reaction studied by R. R. Spencer, G. C. 

Phillips and T. E. Young. However, proton groups were 

observed at energies which correspond to the 2 body 

sequential decay N11*—> N1^* + n, N1^*—> c12 + p. The two states 

in . N,,„ which were involved in this were the 3.51 and 3.56 MeV 

states. These data show broadening and energy shifting due 

to the motion of the Intermediate nucleus. Theoretical line 

shapes have been calculated to compare with these data. 

The groups occur at 1.08, 1.04, and 1.01 MeV with approximate 

widths at half height of 90, 49, 59 kav corresoonding to 

deuteron energies of 4.655, 4.889 and 5.462 MeV respectively. 
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I. INTRODUCTION 

9 8 
Recent experiments on the Be^(p,pn)Be 

have been interpreted using a form of the density of states 

of the neutron threshold and the continuum above it. 

14 
There are three ways in which the intermediate N 

nucleus formed may break up via a three body process. The 

first of these to be considered is simultaneous break up 

in which case the proton spectrum would resemble a beta 

spectrum. The second is a sequential decay according to 

12 1^* 12 
the reaction C (<p))C (n)C . This case is discussed in 

some detail in section II where the density of states function 

of Phillips et al. is used to predict the line shape of the 

proton spectrum. Finally, sequential decay may occur via the 

reaction C]'2((^n)N1^*(p)C12. Predictions of the maximum and 

minimum proton energies for this case can be made from kine¬ 

matic considerations. These calculations have been carried 

13 
out in section IV where it has been assumed that the N 

nucleus is formed in known exelt.ed.?&ta.tes. 

Carbon targets were bombarded with deuterons having ener¬ 

gies of 5.462, 4.889 and 4.655 MeV and the proton spectra 

were examined. An outline of the experimental procedure is 

(2) 
function of Phillips, Griffy, and Biedenharn . The work 

reported in this thesis was carried out to investigate 

experimentally the prediction of the density of states 

theory. The reaction C12(d,pn)C12 was studied in the region 

The work 

t 
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given in section III. The proton spectrum in each case con¬ 

sisted of a broad assymetric peak. The centre of this peak 

occurred at 1.08, 1.04 and 1.01 MeV with widths at half 

height of approximately 90, 49 and 59 kevj for the three 

deuteron energies. These groups could not be explained by 
14 either of the first two methods of decay of the N nucleus 

mentioned above: they were attributed to the following 

sequential decay scheme: 

C12 + d—>N N13* + n, 

13* 12 N °> C + p. 

13 14* The two states in N to which the N decays occur at 

3.51 and 3.56 MeV with widths of 63 and 6l kev respectively. 

Additional broadening found in the observed peaks was attri¬ 

buted to the Doppler shift introduced by the motion of the 
13* recoiling N nucleus. 

Reactions of this nature have been observed before; 

N. Jarmie, M. 6. Silbert and D. B. Smitfi^found anomalous 

proton groups from the reaction (p)N1^. These 

groups were shown to be due to the indicated sequential 

mode of decay. In section V some further data is discussed; 

in particular, some hitherto unexplained groups observed by 
(4) S. Gorodetzky, A. Gallmann, P. Fintz and G. Bassompierre 

are explained by a sequential mode of decay. 



Moak, Golansky, Traughber and Jones have reported two 

excited states at 5.51 and 6.10 MeV in using the reaction 

B (HeJp)C . The proton spectrum was measured with a 

caesium iodide crystal spectrometer. Small peaks in the 

proton spectrum were interpreted as indicating the existence 

of states in C J, Several workers have failed in a search 

for further evidence to verify the existence of these states. 

These researches are discussed further in section V. If these 

states do exist, the proton spectrum from the reaction 

C (dp)C J should exhibit peaks at energies which can be 

calculated using the normal Q value equation. The observed 

peaks reported in this thesis occurred at energies which 

were almost independent of the deuteron bombarding energy, 

13 
and could not be attributed to the excited states in C 

proposed by Moak et al. 
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II. THEORY 
(o\ 

In the paper by Phillips et, al; 'the cross section for 

three body decay by sequential two body decays has been 

given in terms of a "generalized density of states function". 

If the reaction process describing the sequential decay 

of a three body final state is: 

a + A ——^b + B + 

B —> c + C + Qg 

as opposed to a simultaneous three body breakup: 

a + A—=>D*—>b + c + C + (Q1 + Qg) 

then, the cross section for the reaction 

% # 
a + A —^ D —^ b + B + 

is given by: 

-("Tf/4!?1 )|<B+b,£l|H'|A^,£a>|i 

in the Born approximation,where 

Ja + AJL Ea/> s: initial state vector; 

<^B + b, E^| - final state vector, 

H’ = interaction Hamiltonian, 

Ka and = initial and final wave numbers 

respectively. 

If the nucleus B is formed in discrete energy states En, the 
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cross section can be written: 

where ^ (Eg) is a generalized density of states function 

for B of the form: 

The density of states function must be modified if B can 

exist in a continuum of energy states. It has been sug¬ 

gested that in this case there may be semi stable states of 

B. If a sequence of two body decays Is an applicable 

mechanism then the system B may be considered to be produced 

in a localized decaying state due to the short range nature 

of the forces. The definition given in (l) applying to 

discrete energy states E may be extended to include the 

continuum states. The states of B are treated as a set of 

discrete states by supposing that the wave function of B 

is confined within a small sphere of radius a. Since the 

life time of a state is Inversely proportional to its 

width, one expects the cross section to be inversely pro¬ 

portional to the width. Thus it would seem that reactions 

would prefer to proceed via sharp states as opposed to a 

continuum. 

The generalized density of states function of B Is 

calculated In three steps. First the number of discrete 

(1) 

n 



6. 
states per unit energy Interval of B, ^(EB) Is found as¬ 

suming B to consist of a purely two body system c+C confined 

within a very large sphere of radius R. Then the 

number of discrete states per unit energy interval of B, as¬ 

suming B to consist of a two body system excluded from a 

small sphere of radius a, is calculated. The generalized 

density of states of B is then defined as: 

f - 1'™ t p(£r)l . 
Jo. e l JK' »/ S/J • 

Phillips et al. have developed three forms of the density 

of states function. The form considered in this thesis is 

derived by renormalizing the final state wave function and is: 

where 

5“ teen"1 [ li( k,Q-)/ ( k, Ou)J . 
For the reaction studied F^ and have the assymptotic 

forms 

F^(k,o.) ^ S.'n (kCL-^m), 

^ ce>% (ko.-^iv). 

For s wave neutrons 

0 - ko-j 
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7. 

If the only contribution to the elastic scattering reaction 

.12 
+ n C 

13* ,12 
n 

is the L = 0 partial wave then the total elastic scattering 
cross section is given by 

cr (c + C ) - s.nzS0j 

where S0 is the L = 0 phase shift, and k is the wave number 
for this scattering. 

Using these relations the density of states function is 

proportional to: 

tf--iulS' -A“•*' ♦ >]■ 
Thus the cross section 1^) is proportional to: 

(©AK) “ ^ | < B+k \ H' I I (L-e), 

Since the interaction Hamiltonian H1 is unknown and the 

wave number is a constant for a given bombarding energy; 

05(®>?5A)= C khff£e), 
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where C is a constant for a given bombarding energy which 

includes the square of the transition matrix (assumed to 

be constant) and the factor (J&- < 4-Tr2"^ ) 7 \ n kow / 

Calculation of proton energy as a function of neutron energy. 

Consider the following decay scheme: 

(a) c12 + 14* 
d NH . . 

(b) N14* „13* 
—?• c + P . 

(c) c13* 
12 

—> C + n . 

In the centre- 
1 9 

of-mass sytem of C : 

1(a) 

E. + BE — ■+■ t*..,,,* 
. C'N-d->A/“* " ' 

14 
where is the excitation energy of the N nucleus above 

the ground state. 

14 
In the centre-of-mass system of N : 

1(b) 

B.E. = E 
i 114 ^ 14 I N —>C 4p 

XC'3* 
+ L ,» + E_ 7 ) 

where E* is the excitation energy of C1^ above its 

ground state. 
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In the centre-of-mass system of C 13. 

1(c) 

E
V* = + E' 

These three equations are solved making use of the con¬ 

servation of momentum and the general relation . 

E » 1/2 mv , 
where E is the kinetic energy of a particle with mass 

m and velocity v. The proton velocity in the centre of 

14 
mass system of N is given by the following relation: 

I a.mci3 
Mp(mnpi-nnc,i) 

B- E“. - 
N'*-yd\d 

where 

E, "V’-') + 8.E. 

13 13 
where En is the energy of the neutron in the C system. 

In the present work only protons emitted at 180° to the 

incident beam were studiedj hence the conversion of proton 

14 
velocity from the N system to the lab. is simply: 

lab N1^ lab 
V = V - V 
P P nU 

The proton energies thus calculated were used together 



with the information mentioned previously to evaluate 

^ (E^) and hence <3^ (9, . The results are plotted in 

Figure 1♦ 
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III. EXPERIMENTAL PROCEDURE 

The Rice University 180® magnetic spectrometer was 

used in conjunction with the 6.0 MeV Van de Graaff ac¬ 

celerator to collect the data for this thesis. The 

magnetic spectrometer has been described in considerable 

detail elsewhere^,^,®), and only a brief outline to 

indicate modifications made will be given here. 

The magnetic spectrometer was placed at the end of 

the 40® beam tube. To enter the apparatus, the beam was 

bent through 90° by the analyzing magnet and then through 

40® in a horizontal plane by two 20° bending magnets. Two 

electrostatic lenses, each with a separate control, were 

provided on the beam tube. These gave additional focussing 

and were found to be essential to obtain a satisfactory 

beam spot. 

On entering the spectrometer the incident beam was 

deflected, before striking the target, with a radius of 

curvature dependent upon the beam energy and the field 

strength. The beam was collected in a tantalum lined, 

electrically insulated Faraday cup and the current was 

integrated to find the number of particles striking the 

target. The integrator system consisted of a charged 

capacitor which discharged when a charge of ,37£0 micro¬ 

coulombs had accumulated. Each discharge was registered 

by a mechanical counter. 
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The strength of the spectrometer magnetic field was 

measured using a proton-moment magnetometer with its probe 

placed at a fixed constant position in the gap between the 

pole pieces. The Larmor frequency (f^) required to produce 

resonance was monitored by a Hewlett Packard frequency meter, 

the peak associated with the resonance being displayed on 

an oscilloscope. The field strength in gauss was given by 

the usual relation: 

H = 234.8 f Ref. (9) 

By altering the strength of the magnetic field H, groups 

of protons of selected energies could be studied. The con¬ 

version of the frequency (f.^) tp energy, together with 

corrections made, is discussed in reference 1. 

The radius of curvature of particles with mass m and 

charge e having an energy E, in a magnetic field of strength 

H is given by: 

r - E 
He 

The minimum frequency (f^) used in this work was 15 me/sec. 

for 5.462 MeV deuterons. This gives a value for the radius 

of curvature of 134 cms. Geometrical construction shows that 

a beam of this rigidity entering the vacuum tube and striking 

the target can hit the outside of the Faraday cup. The pro¬ 

tores thus produced can travel unimpeded to the detecting photo- 
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graphic plate. To eliminate these protons a brass baffle 

was attached to the Faraday cup to stop the protons while 

still allowing the deuteron beam to enter the Faraday cup. 

Calibration of the beam energy was carried out for each 

bombardment. The field of the magnetic spectrometer was 

adjusted so that protons emitted from the third excited 

state in according to the decay scheme C12(dp)C1^ were 

measured. This is a well established state at 3.85 MeV 

above the ground state^^, and the energy of the incident 

beam was calculated from the cut off point of the leading 

edge. The equation used for this calculation is 

Eg o bombarding energy, 

s* mass of deuteron, 

Mg = mass of proton, 

M^ ** mass of carbon 13, 

E-^ = cut off energy, 

Q - -1.131 Mev Ref. 10. 

where 

The targets employed were thin self-supporting films 

of natural carbon, made by cracking carbon onto a nickel 
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foil . The nickel was cut into rectangular strips and 

placed across the two terminals of a variable voltage supply. 

The system was surrounded by a small bell jar and evacuated 

to about 30 jn. of mercury. Ten centimetres of methyl iodide 

vapour were introduced and the foil heated electrically to 

a red heat, so that a thin film of carbon was cracked onto 

it. The foils were then fastened to the target holder 

with coil cement and the nickel backing etched away using 

a mixture of nitric acid, sulphuric acid and water in the 

ratio 2:2:1. This technique yielded targets of 20 to 50 

per cm thick. 

Due to the harmful effects of neutrons and the con¬ 

siderable time required to line up the beam on the target 

whilst working in close proximity to it, singly charged 

alpha particles were used for the preliminary alignment. 

A beam of these particles at half the energy required of 

the deuteron beam has the same rigidity as the deuteron beam, 

and when the alignment was complete, the alpha beam was re¬ 

placed by a deuteron beam having twice the energy. Care 

had to be taken to ensure that it was the singly charged 

alpha beam which was used. In the event of a poor vacuum 

a doubly charged beam was found; however it was possible 

to distinguish between the two beams when they were separated 

in the magnetic field. This distinction was made both 

visually, when the beam struck the quartz in the target 



15. 

assembly, and also by electrical methods described else¬ 

where^. 

Once the lining up procedure was accomplished, data 

were collected using Ilford K 1 nuclear emulsion plates 

placed in the camera which was positioned diametrically 

opposite the target. A light line was focussed onto each 

plate and used as a position reference, exposures of about 

ten minutes being sufficient. The diameter of the vacuum 

tube was measured before and after each experimental run by 

(7) 
comparison with a standard invar bar' . 

Due to the low yield expected in the reaction studied 

1,860 microcoulombs were used for each exposure. Since 

the target was self supporting and only 20 to 50Jx<^r\ po-r 

thick, a beam current of more than 0.7 microamperes was 

considered inadvisable, thus each plate exposure took at 

least one hour. After development the plates were scanned 

using a binocular microscope with a magnification of 

250:1. The number of tracks In an area of .25 mm x 1 cm 
were counted and then averaged over a 2 mm x 1 cm area to 

improve the statistics. Graphs were made of the number of 

protons vs. proton energy. 
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IV. RESULTS 

Figures 2, 3* and 4 show the proton distribution 

obtained with bombarding energies of 5.462, 4.889 and 4.655 

MeV respectively. The proton energy corresponding to the 

emission of zero energy neutrons is arrowed in each case. 

These data do not exhibit the broad anomaly predicted by 

the density of states function discussed in section II. 

Instead strong, broad peaks are observed; apparently the 

cross section for the spatial localization anomaly is 

small compared to the effect that causes the peaking. 

Normal Q value calculations using the cut-off edge of 

the observed peaks lead to Inconsistent values of 5.48, 

4.85 and 4.78 MeV indicating that the groups cannot be 

attributed to excited states in due to the reaction 

If now the alternative sequential reaction: 

Cl2+d.—> A/13 + n Cll+ A + p 

14* 
is considered, it is found that it is possible for the N 

nucleus to decay to either of the states at 3.51 and 3.56 

MeV in N^, which may then emit protons. The N1^ nucleus 

is in motion when it emits the proton and thus the proton 

group associated with this decay has an increased width 

brought about by the Doppler shift. The maximum energy 

protons are emitted by the nucleus when it is moving 
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at l8o° to the incident beam, and those with a minimum 

energy are emitted when the N13* nucleus is moving in the 

same direction as the incident beam. 

Calculation of maximum and minimum proton energies assuming 

sharp states at 3.51 and 3.56 MeV in N13. 

Consider the following sequence of reactions: 

(a) C12 + d->N1]|* . 

0>) n + N13* 

(c) N13^-> p + c12. 

(a) In the centre-of-mass of the C^2 system: 

la 

+ B.E 
C‘Vd-^* + £ XN'^ > 

14 
where Ex .is the excitation energy of the N nucleus 

N 4 
above its ground state. 

/ \ 14 
(b) In the centre-of-mass of the N system: 

lb 

B.E. 4 £ 
n i 

where Ex Is the excitation energy of the N nucleus 
N13 

above its ground state. 

(c) In the centre-of-mass of the N13 system: 
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lc. 

NI3—>C-‘4-p r c 

Rewriting la. lb. and lc, gives: 

2a. 

J- m, vfV B.£. = -i- m , v/'0-^ 
2. d 01 A/^>ci*Vc| A 

h 
V** 

2b. 

EX
N'** ~ ^ i i wf*. 

2C. 

E**** ■+ i 

where the superscripts indicate the system in which the 

velocities indicated by the subscripts are measured; i.e., 
no n 

V jo means the velocity of N J in the centre-of-mass of N , 
N 

Conservation of momentum yields: 

■ N*. -- 

Hence 2b, becomes: 

3b. 
£, .»* - B- E. 4- mpvf \ ff*p) 

iL r f fvs,tx A 

Similarly 2c, becomes: 

3c. ■U rvyvJf’ 
*■ F P V / 
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Also 

Thus 

_ , |c>-b . »lQ-b 
tf'* J 

= erf 
r^Vu 

Substitution in 2a. gives: 

3a. F , + B- £. = ™d cr. 4. p „ td /v"'->e.'v+£l d L'**'** 

Equations 3a. and 3b. combine to give: 

4c. f I — ,r£ffl \ 4* B-£- — B. E\ ~ £x -f“ 
JVV*V 

i w") 
Application of the cosine rule to the vector diagram shown 

in Figure 5 yields: 

(v^- v^f-ZV^i^+^co,6. 

Substitution of equation 5. into 3c. gives: 

^ -*%&,* (>■> + v# f-2 v# 

WV5- 
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Solving for V 
lab 

v;;vos+ ] i - 

where 

v ^VBs.- E 
N'*->cJVI 

£/VV 
‘"i; 

and 

Q - V^p / mrvc»v ■+ y 
2 V rv\c,v /y 

B » I; « N N'3—^‘Sp 
The maximum proton energy occurs when 9 = 0° and the minimum 

O 
when 9 ss Jf , Insertion of the following values yields the 

maximum and minimum proton energies for the assumed mode of 

decay. 

B.E. = 1.941 MeV, 

M'3—> 0\f 

B.E. 

N“L4N‘Vn 
10.551 MeV 

B.E. = 10.265 MeV 

E, 
*N‘3' 

3.51 MeV, 

E. 3.56 MeV. 
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The values obtained assuming sharp states in N1^ are tabulated 

below. 

TABLE I 

Bombarding Energy 
MeV 

E calc. 
Pmax 

MeV 

ED obs. pmax 
MeV 

E calc- 
Pmin 
MeV 

ED 0^5. 

5.462 1.106 1.15 .801 

O
 

0
0

 • 

4.889 1.082 1.10 .867 .87 

4.655 1.060 1.03 .890 

V
O

 
0
0

 • 

The 3.51 and 6.10 MeV states in N1^ are not sharp, 

they have widths of 63 and 6l kev respectively^10^. The 

resonance shape is assumed to be represented by: 

Y(E) 0>z)x 

(E-£T0)
l+^)x 

where E is an energy in the region of the resonance at E0 

and P is the full width at half height. Further calcula¬ 

tions were made including the finite widths of these states. 

The relative cross section for the production of pro¬ 

tons in the lab. was carried out as follows. 

The number of protons produced at a given angle 
IQ 

(See Figure 5) in the centre-of-mass of N J is equal to the 

number of N J nuclei produced times the angular form factor 

f(9) for the protons in the N11* system. The number of N1^ 

nuclei produced depends upon the cross section (Sr^C©) 
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14* 1^* 1 ii for the decay of N Into N J + n. In the N H centre-of- 

mass system, 

= C.<rNlJ(e) a* &<*<*, 

where dN Is the number of nuclei produced at an angle 
n13 IA 9 In a solid angle dS , 

Now: 

=s ^ (4-0 Sinif'd 

Thus 4(*) = 4^) £ih»el» • 
S > V» c4 & 

14 Hence In the N centre-of-mass system: 

dM-w = I>4W|i2^X <***» P Sin &d& 

= Sin 

where C and D are proportionality constants and f(ip) Is 

the number of protons emitted at an angle ^ In a solid 

angle dvp, 

Reference to Figure 5 shows 

V* * \‘l + V,a + 2 v/3 cos y, 
and 

v/ = V* + V* - 2V,Vj cos<9 j 



where 
lab __ lab 

vi • VP ♦ v* ' 

Nl3 
2 " VP , V« - V, 

V .VnU. 
3 H13- 

lab lab 
Thus dV » dV since V ,, 

IP 

and dVg = 0 ; dv3 . o. 

constant^ 

Differentiation gives: 

\fd\Z, = V^dl^ -+-V2d^ cosf +V5dV^cesf 

- \^V3 sinvf chjJj 

Thus Sin vp dy - V, cK 

Now 

rvv*. 
M,„.+ M p 

13* 

Hence 

d/y* = CD 4(t)c^''(<s,)5frp)dEPJ 
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where 

q(er) « ( Vf* + V# ) 

,14 Conversion from the centre-of-mass of N to the lab 

system is carried out as follows: 

Differentiation gives: 

Si * (?df? = £b“ M, [ V* ^ co?/?l 

Vp 1^/4 L 

and 

Si n e* do<. — “V „„ [ <'<- Vf & V*V tfdvFc*:*]. 
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As cxL—> IT. o( and V? 
IM v^h-h V* 

|cJ=> 
Ntu J 

Thus 

SiAt*eU  ^ 

S i r\ p dfS \Z(i
sJ=“+ 

Hence 

s-^b a -i(^) . 
' I 1/ lO-b . l / O-B Vp 4VA/I4 

Finally, the relative number of protons per unit energy 

interval is given bys 

CD y (£)$($) J 

where 

$(*» 

f(f) 

_ | y 

(**&)' ' 

is the form factor for the angular distribu¬ 

tion of protons in the N"^ system for the 

break up of N13 into C12 + p in the reaction 

C12(dn)N13*(p)C12, 

is the angular distribution of the neutrons 
lii 

in the N system, 

£p is the proton energy observed in the lab. 
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y(£)= (fra) -+• (pyi )a . 

(?-%)'+(2f (e-e)x+Lrhf 
[J and are the widths of the states E1 and E" in N1^ 

respectively. The target thickness in this experiment 

calculated from the experimental widths of the sharp state 

at 3*85 MeV in was found to be of the order of 8 kev 

for 2 MeV protons and 5 MeV deuterons. This was considered 

negligible relative to the width of the states in the above 

calculations. A program for the I.B.M. 709 computer was 

written to calculate the line shapes predicted by the above. 

14 
Since the energy region to which the N nucleus is 

excited has not been studied in detail, no specific predic¬ 

tions can be made concerning the angular distribution of the 

14 
neutron in the N system for this decay. 

13 
The formation of the N nucleus for the process dis¬ 

cussed here has not been studied; thus the population of 
1"3 

the m values of the N J nuclei is unknown although the J 

value is known. Hence it is Impossible to say anything 

about the angular distribution of the protons. It was de¬ 

cided to assume an isotropic proton distribution and to 

fit the data empirically, varying only the neutron distri¬ 

bution. The line shapes calculated for various neutron 
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distributions are shown in Figures 6, 7 and 8. 

The first attempt to fit the data was made assuming 

Isotropic distributions for both the proton and the neutron. 

The line shapes given by these asteiJlndicated by the dotted 

lines in Figures 6, 7 and 8. It is seen that the general 

agreement for maximum and minimum energies is good, however 

the detailed shapes do not correspond. A second attempt 

was made assuming a stripping type of distribution for the 

neutron while keeping the proton distribution isotropic. 

The curves indicated by the dashed lines are for a distri¬ 

bution represented by S±il.<5|^ (ref. Fig. 5). This is 
& I 

seen to represent a considerable Improvement, but the 

secondary group observed experimentally is not accounted for. 

Thus it was decided to try a fit using Legendre poly¬ 

nomials to represent the neutron distribution. The basic 

requirements were to have a strong forward peaking together 

with a small backward peaking. This would allow for the 

sharp, strong peak at the high energy end of the spectrum and 

also for the secondary group evident in the 5.462 MeV data. 

Vestiges of this group are also seen in the lower energy 

data. With this aim in view a preliminary calculation was 

made using PQ + Pg + P4 for the neutron distribution where: 

P2 « 1/2(3 cos
2 0 -1)^ 

P4 » 1/8(35 cos^O - 30 cos2 9 + 3) . 
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The results using this distribution are shown by the dotted/ 

dashed lines. This gives the required second peak and the 

energies are seen to correspond reasonably well. It is 

interesting to note that the spacing between the two groups 

is quite sharply dependent upon the bombarding energy; at 

the high bombarding energy the spacing is pronounced, 

whereas in the lower energy cases the two peaks are brought 

closer together. This is due to the increased Doppler 

shift brought about by the higher excitation energy of the 

N14 nucleus causing an increased recoil velocity. It 

is also interesting to note that the 4.655 MeV data do not 

agree with the predictions for the isotropic case plotted. 

However, if it is assumed that the decay proceeds via the 

3.51 MeV state in only, the fit is found to be good. 

These fits are plotted in all cases, except the isotropic, 

in Figure 8. 

The final line shape attempted is shown by the solid 

line on Figures 6, 7 and 8. The neutron distribution assumed 

here was 

po + pi + P2 + p4 j 

where P1 = cos 0, while the proton distribution was assumed 

to be isotropic. 
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The cross section for this three body process was 

calculated from the target thickness and the total number 

of protons observed for i860 microcoulombs. The target 

thickness was measured from the experimental width at half 

height of the 3.85 MeV state in C1^. The calculated cross 

sections are given in Table II. 

TABLE II 

Bombarding Energy Cross section in 
MeV millibarns per sterradian 

5.462 

4.889 

4.655 

11.7 

6.3 

3.15 



beam axis 

/ 
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V, FURTHER DATA AND RELATED PROBLEMS 

A. A paper has been published by S. Gorodetzky, 
(4) A Gallmann, P. Fintz and G, Bassompierre in which the 

12 iQ reaction C (<^p)C J is discussed. The deuteron bombarding 

energy used was 5.489 MeV, and the proton spectrum was 

analyzed with a broad range magnetic spectrometer. The 

proton distribution was examined at 90° and 20° to the 

incident beam. These workers observed anomalous groups 

which they could not explain satisfactorily. The calcula¬ 

tion of maximum and minimum proton energies outlined in 

section IV has been modified for any angle (j) (see Figure 10). 

The data of Gorodetzky et al. are shown in Figures 11 and 12. 

Calculation of Vp
lal> for any angle $ (ref. Fig. 10) 

gives 

vy|0.b 

V to* 

Differentiation yields: 

V, 
lO-b 

P 
rv\ t r\ 

\/ le-b V.. C-OS 
N T j ■W ^ VA/“* 

13, ,\l>* 1 

iavp“X> 
The results are shown in Table III. 

TABLE III 

Eminalc‘ Emin oba. 
MeV MeV 

E max 
MeV 

calc. E obs • *max ! 
MeV 

20° 

90° 

1.84 1.87 

1.23 1.25 

2.28 

1.62 

2.32 

1.63 
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Predictions of the line shape for these data have not 

been made, but excellent agreement has been obtained 

assuming sharp states in at 3.51 and 3.56 MeV. The 

theory may thus be considered a satisfactory explanation 

of the observed groups. 

B. The first observation and explanation of the 

second step of a sequential three body decay has been given 

by N. Jarmie, M. G. Silbert and D. B. Smith^)# They 

studied the reaction Nli*(tjn)01^*(p)N‘L5 using a double 

focussing magnetic spectrometer with a caesium iodide 

scintillation counter. The bombarding energy was 2.6 MeV 

and the reaction was found to proceed via particular sharp 
l6 states in 0X at an excitation energy of about 15 MeV. 

Consideration of straight forward energy and momentum 

conservation yielded maximum and minimum proton energies 

in excellent agreement with the observed groups. 

C. The excited states observed at 5.51 and 6.10 MeV 

in by Moak et al.(5) have not been found by other workers 

using the reactions C^'2(dp)C1^^ and N^(t , nor 

has a study of the total neutron cross section for C 

yielded evidence for these states. It may be that the 

groups observed by Moak et al.. can be explained by the 

process discussed in this thesis. The decay scheme in 

this case would be: 

B“ + He? —> N,3*+n ^ p. 
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The data of Moak etal. were taken at 13° and 135° to the 

incident beam with a bombarding energy of 1 .23 MeV. 

Calculations for this case give the results shown in 

Table IV. 

TABLE IV 

Lab. Angle Ex
n13 

MeV 

Calc. En 
MeV Pmax 

Calc, En 
MeV Pmln 

13° 8.08(10) 6.99 5.68 

8.89(12> 7.81 6.60 

9.48^12^ 8.28 7.20 

135° 8.08(l0) 5.81 4.62 

8.89(12) 6.48 5.41 

9.48(12) 7.17 5.98 

The reported proton groups occur at proton energies 

of 6.72 and 7.28 MeV for a lab. angle of 13° and 6.75; and 

7.46 MeV for a lab. angle of 135°. Peaks at approximately 

these energies could be due to the three body sequential 

decay mentioned if the reaction proceeded via the 8.89 MeV 

state in N
13
 at 13° and the 9.48 MeV state at 135°. The 

data of reference 5 is plotted on a small scale, and the 

states at 5.51 and 6.10 MeV are broad due to poor reso¬ 

lution; consequently it is difficult to obtain precise 

values from the curves. Thus, although the agreement is 

not good, an explanation of this type may well account for 

the observed proton groups. Conclusive evidence could be 
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obtained using a magnetic spectrometer to analyze the proton 

spectrum for different bombarding energies. 
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VI. CONCLUSION 

The results of the work discussed in this thesis show 

that sequential three body breakup is an important mode of 

decay. There can be no doubt that the groups observed here 

are due to this mechanism, as are the groups observed by 

Gorodetzky et al. The actual line shapes have not been 

predicted uniquely, however general agreement with the 

data has been accomplished by making acceptable assumptions 

concerning the angular distributions of the emitted protons 

and neutrons. 

The alternative mode of sequential decay Is 

C12 + d —p N^*—» C13* + p ->C12 + p + n 

This Is the mode dealt with in section II. If the anomaly 

predicted there has a low cross section, and since any 

structure would be depleted by the observed groups, It may 

be that the statistics are too poor to see the predicted 

structure. However the sequential reaction 

_12 
C + d^ N 14* c13* + p 

_12 
C + p +. n 

can proceed at lower deuteron energies than the reaction 

C12 + d M14* N — N13 * 12 
+ n —>C + n + p. 

The former reaction can take place at bombarding energies 

down to 2.£8 MeV; the latter requires 4.43 MeV if the proton 
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emitting state at 3.51 MeV in is to be excited. This 

assumes that particular states in are important. These 

values were obtained by evaluating the deuteron energy for 

zero energy protons and neutrons using the equations 

derived in sections II and IV. Thus if experiments were 

carried out at a bombarding energy of 4.0 MeV, some struc¬ 

ture may become evident at the neutron threshold since the 

second sequential mode of decay would be closed. Of course 

three body decay is always open for deuteron energies 

above 2.597 MeV. 

Some doubt has been thrown on the validity of the 

evidence for excited states at 5.51 and 6.10 MeV in C1^, 

and the hitherto unexplained data of reference 4 has been 

explained satisfactorily. It is interesting to speculate 

on how many groups have been attributed to excited states 

in nuclei, which are in fact caused by sequential three 

body decay. 



36. 

REFERENCES 

1. J. D. Bronson, Master’s Thesis, Rice University, 1961. 

2. G. C. Phillips, T. A. Griffy and L. C. Biedenharn, 
Nuclear Physics 21} 327 (1960)^ 

3. N. Jarmie, M. G. Silbert and D. B. Smith, Nuclear 
Physics 25, 443 (1961). 

4. S. Gorodetzky, A. Gallmann, P. Fintz et G. Bassompierre, 
Le Journal de Physique et Le Radium 22, 575 (l96l). 

5. C.D. Moak, A. Golansky, R. L. Traughber and C. M. Jones, 
Phys. Rev. 110, 1369 (1958). - 

6. K. F. Famularo, Ph.D. Thesis, Rice Institute, 1952. 

7. C. R. Gossett, Ph.D. Thesis, Rice Institute, 1955. 

8. R. R. Spencer, Ph.D. Thesis, Rice Institute, 1958. 

9. H. D. Jones, Master’s Thesis, Rice Institute, 1950. 

10. F. Ajzenberg-Selove and T. Lauritzen, Energy Levels of 
Light Nuclei. IV, Nuclear Physics 11, 1 (1959). 

11. E. Kashy, R. R. Perry,and J. R. Risser, Nuclear Instruments 
and Methods 4, 167 (1959). 

12. A. T. Berztlss, V. R. McKenna, D. Robson and G. G. Shute, 
Nuclear Physics (to be published). 

13. R. B. Schwartz, U. S. Naval Research Lab., Private 
Communication. 

L. L. Lee, Phys. Rev. 117, 1055 (i960). 14. 



ACKNOWLEDGEMENTS 

The author wishes to thank Dr. G. C. Phillips for 

suggesting the problem, and J. D. Bronson for his great 

assistance in collecting the data and many helpful dis¬ 

cussions. She also wishes to thank Dr. T. A. Belote for 

his invaluable help in analyzing the data. 


