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ABSTRACT 

The yields and spectra of gamma rays produced in compound nucleus 

reaction were measured by a coincidence technique. Pulses from the gamma 

detector were required to be in coincidence with pulses indicating the re­

moval of a charged particle from the beam. The effect of the angular 

momentum of the compound system was studied by using pairs of targets pro­

ducing the same compound nucleus when bombarded with helium and with car­

bon ions. 

For the carbon-ion reactions studied, the total energy appearing 

in gamma rays was greater than the neutron binding energy. This result 

disagrees with the assumption of evaporation theory that nucleon emission 

is preferred when possible. The increased gamma yield was shown to depend 

on angular momentum at constant excitation energy. 

The anisotropy of the gamma radiation indicated that the tran­

sitions involved in the de -excitation were primarily quadrupole vThen the 

angular momentum brought in was approximately 10 to 15 units. A greater 

fraction of dipole transitions was apparent for larger angular momenta. 

Both the anisotropy and the average photon energy were inconsistent with 

predictions based on single-proton transitions. Collective modes are 

probably involved in the radiative processes; the average and total 

gamma energies are more consistent with vibrational than with rotational 

transitions. 
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I. INTRODUCTION 

In the study of compound~nucleus reactions, it is generally 

assumed that if an excited nucleus can emit a nucleon, it will. Above 
/ 

the neutron emission threshold, the probability of de-excitation by 

emission of gamma rays is considered negligible. In most cases, th~s 

assumption is good, but the presence of large amounts of orbital angular 

momentum adds a complicating factor. The peaks of the excitation 

functions for evaporation reactions are consistent with reasonable values 

of the nuclear temperature when little angular momentum is brought in 

by the bombarding particle. When heavy ions are used as the projectile 

and orbital angular momenta averaging 40 ~ or more are brought in, the 

peaks of the excitation functions are shifted upward in energy. 

Such effects have been seen by Choppin with 60 to 120-Mev 

carbon ions on isotopes of tellurium, 1 and by Karamyan and associates 
. 2 

with carbon and nitrogen ions on vanadium at lower energies. The 

magnitude of the energy shift is about 3x Mev, where x is the number 

of neutrons evaporated. However, the shift has not been seen3 in the 

reaction Pr
141

(c12 , 4n)Tb
149

. Morton has measured the angular dis­

tribution of the recoil nuclei for carbon ions on tellurium and 

praseodymium.
4 

He found that by proper choice of temperature he could 

fit a calculation based on the Jackson model to the distribution of 
149 . . . . 137m Tb reco1ls 1n the praseodym1um bombardments, but not the Ce 

recoils in the tellurium case. In the latter, it was necessary to 

assume that extra energy was carried off by gamma rays (about 10 Mev 

at an excitation energy of 80 Mev) in order to get a fit. 

Effects of high angular momentum have also been seen in the 

case of fission. Gilmore bombarded several rare earths with oxygen and 

neon ions and found that fission yields increased with average angular 

momentum (that is, using a heavier projectile) at the same excitation 

energy. 5 The angular distribution of fission fragments from carbon-ion 

bombardments of gold was examined by Gordon, 6 who found it consistent 

with a nucleus rotating as a liquid drop with high ~~gular momentum at 

the moment of fission. 

We may expect high angular momentum to cause an increase in 

gamma emission on the following qualitative grounds: because the bind­

ing energy of the emitted neutrons is considerably greater than their 
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kinetic energy, they carry off most of the excitation but relatively 

little of the original angular momentum. As the excitation energy 

decreases, the number of final states available with sufficiently high 

spin should become quite small. Consequently, neutron emission should be , 

slowed considerably while the energy is still above the threshold. If 

it is slowed enough, photon emission will begin to compete favorably. 

The gamma rays are not required to carry a large binding energy and, 

compared with neutron emission, may go to final states of higher energy 

where the density of states is higher. 

From the classical point of view, the whole nucleus may be 

considered as set into rotation by the impact of the projectile. Its 

energy will then consist of thermal energy and rotational energy. The 

thermal energy may contribute to the evaporation of neutrons, while the 

rotational motion may not. The equivalence of these two points of view, 

and their application to particle emission, is discussed by Ericson and 

Strutinsky.7 

The gamma-ray yields were observed in reactions showing a 

shift of the excitation functions, to determine whether there is a 

correlation between the yields and the increase in the energy appearing 

as gamma rays. In addition, it was hoped that the energy spectra and 

angular distribution of the gamma rays might furnish clues to the 

mechanism of gamma de-excitation. 

Tellurium and barium targets were bombarded with carbon and 

helium nuclei respectively to form cerium compound nuclei. This pair of 

targets was chosen because of the excitation shifts observed by Choppin 

and the recoil angular distribution work then in progress by Morton on 

tellurium. Because of the relatively thick targets required by the ex­

periment, natural materials were used. 

The Coulomb barrier for carbon on tellurium prevented bombardments 

leading to the same excitation energy in both targets. This end was 

achieved by using vanadium and cobalt for a second pair. The excitation 

shift for vanadium was known from Karamyan's work;
2 

in addition, both 

elements are monoisotopic. 

Since the copper and cerium nuclei are spherical, several other 

nuclei were bombarded in order to observe the effects of nuclear deforma­

tion. Holmium and tantalum were bombarded with alpha particles; holmium 

was also bombarded with carbon ions. 

.. . 

'•<,/ 
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II . REACTION THEORY FOR HIGH ANGULAR MOMENTUM 

A . Formation of High Angular Momentum States 

For high angular momentum QUantum numbers, a classical approximation 

may be used in calculating the distribution in angular momentum of the 

compound states formed in bombardment. The assumption may also be made 

that direct reactions corresponding to the absorption of only a part of 

the projectile are negligible' (ex.IJerimental evidence to the contrary will be 

discussed in Sec. IV). The sum of the Coulomb and centrifu~al barriers for 

the projectile is: 

E c.m. + £(£+1) (l) 

From which we obtain 

£ = max 
( 2.) 

where RT and ~ are the radii of the target and projectile, B is the Coulomb 

barrier, and ~ is the reduced mass of the system~ In this approximation, 

we have l = £max/ .J2, where l is the average and £max is the maximum angu­

lar momentum. 

In~ better approximation, Thomas8 used Blatt and Weisskopf's 

SQuare-well model9 with R = 1.5 Al/3, and found very good agreement with 

the classical model at energies above the Coulomb barrier. He also did 

a calculation on the basis of a diffuse-well model, assUming a parabolic 

well top and calculating the transmission coefficients after Hill and 
10 Wheeler. The transmission for· the £th partial wave is 

( • ' ~ -1 27T B- Ec.ni.) 
tiw 

where w is the v-ibrational freQuency of the harmonic oscillator having a 

potential-energy function given by the pegative of the function describing 

the barrier. The partial-wave cross section is 

2 
cr.£ = 7T~ (2 £ +l)T

2
, (3) 
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and the average value of £ is 

'Z££a£ 

2:, cr.n £ j/1. 

The formation of higher and higher angular-momentum states cannot 

go on indefinitely. At a sufficiently high bombarding energy, a projectile 

of any given mass will not be bound when .its rotational kinetic energy 

exceeds its binding energy. This case is discussed by Knox:;_ Quinton, and 

Anderson.
11 

At energies attainable by present heavy-ion accelerators, such 

effects are confined to the light elements. 

Since the classical approximation was found by Thomas, one is 

presented with a choice in describing the compound state formed; it may be 

regarded as a rotating drop with energy separated into thermal and rota­

tional parts, or one may use the statistical model in its spin-dependent 

formulations. These models are diE:~cussed below. The collective model, 

with its features determined by pairing energies and residual interactions, 

may not be so valid. At spin values avera critical J , the energy gap is 
c 

washed out and rotational bands in the usual sense vanish. 

Pik-Pichak evaluated J , by comparing the energy of rotation with 

the change of energy connectedcwith the formation of nucleon pairs. 12 If 

6 is the magnitude of the gap, G the level density at the Fermi surface, 

and ~ the moment of inertia, we have 

( 4) 

Then J is approximately 7 for A ~50, and 15 for A ~250. These results 
c 

apply independently of thermal excitation which also tends to wash out the 

gap. 

A more sophisticated approach by Mottelson and Valatin introduced 

a Coriolis term to the nuclear wave functions. 13 Their results are com­

parable, giving Jc~ 12 for A ~ 180, and Jc ~ 18 for A ~ 238. Above these 

values of the spin, the density of states should be given by the statistics 

of a Fermi Gas. The momentum of inertia should be that of a rigid body, 

representing a sharing of the rotational energy by all the particles rather 

than by a surface wave. 

.. . 
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B. The Statistical Model For High Angular Momentum 

In the statistical model for nuclear reactions, it is assumed that 

the compound nucleus has had time to reach a thermodynamic e~uilibr~um before 

it decays by emission of particles or photons. The available excit~ion 

energy is then distributed over all degrees of freedom of the system, 

according to Fermi statistics. In considering states of high angular 

momentum, one must use care in applying commonly used approximations valid 

for low angular momentum. 

By analogy with statistical mechanics, Weisskopf defined the entropy 
14 of the nucleus: 

s(u) = log rn(u), (5) 

where U is the energy above the ground state, and rn the density of levels 

at energy U. The temperature T is then 

T(U) - dU/dS. (6) 

Assuming the entropy to be the same before and after particle emission, 

he derived the well-known e~uation for the spectrum of evaporated particles: 

w(E)= constant ·• E; cr(u,E) exp [- E/T(U) ], (7) 

where E is the energy of the emitted particle, and cr is a barrier penetra­

bility approximately e~ual to unity for neutrons above tbe threshold. 

A more rigorous treatment was carried out by Bethe involving the 

free energy of the nucleus. 15 His e~uation for the level density provided 

an exact thermodynamic definition of the temperature t, and his method is 

summarized by Le Couteur16 as. follows. The free ener'gy F at a temperature 

given by 1/~ appears in the Laplace transform of the level density 

00 J rn(A,U') exp (-~U') dU'. 
0 

(8) 



-6-

The integration is over all states; summation is used where the states 

are discrete. Inversion of the transform gives 

1 )'+ i 00 

w(A,U)= 27T f 
)'-ioo 

C$ exp [3(U-F) . (9) 

Integration is carried out by the method of steepest descents from the 

saddle point, at the value of [3(U) defined by 

U = d(t3F)jd[3, (10) 

and gives Bethe's equation for the level density 

w(A,U) (11) 

The relation between the experimental temperature T and the statistical 

temperature t is found by taking the logarithmic derivative: 

1 d 1 1 d (, 2 dU) 
T = dU log w = t - 2 dU ~og t dt . (12) 

Le Couteur points out that there is no restriction implied on the func­

tional form of w or TJ save that w be positive. The relation must come 

from a specific model; for example, the Fermi gas model gives TJ:cx:t2 , while 

a continuous fluid leads to U cx:t4. 
An equation of state was derived by Lang and Le Couteur17 as 

.1 2 2 
u = ·~ 7T gt - tJ (13) 

where g is the density of states at the Fermi level. This is valid so long 
' -1 as we have t"'" g . The level density for all spin values combined is then 

(14) 
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where g1 and g2 are the density of neutron and proton states at the Fermi 

level and g = g1+ g2 . Lang and Le Couteur also derive a term in the 

equation of state to account for surface effects, giving 

u (15) 

The authors have fit f' = ll Mev to experimental data, while others have 

used 10 or 10.5 Mev. Using t calculated from Eq. (14), a simpler expres­

sion for the level density is 

.. l (6)1/4 -5/4 h2 ~l/2 
P(U,A)= .. 12 g (U+t) exp~gu_; . (16) 

The spin dependence of the level density is derived in terms of 

the magnetic quantum number M. Bethe gives the probability of n nucleons 

of spin j adding to give M as 

p(M)= [2rrnj (j+l)]-l/2 exp [-3M
2 
/2nj (j+l)] (17) 

The density of levels of spin J is the difference between the density of 

states having M equal to its maximum value for J (i.e., M= J) and its 

maximum for the next higher J value (M= J+l). This may be approximated 

in terms of a Taylor series: 

w(U,J) = P(U,A) ~dMd I M=· J+ I/2 . (18) 

If the exponential in ·~·· is approximated as unity after differentiating, 

the level density goes as (2J+l). This approximation is not good where 

J is more than a few units in magnitude, but has been found to give satis-
18 factory agreement for slow-neutron resonances. 

Newton has derived a more exact expression for the level density P 

of the Fermi gas in terms of the magnetic quantum number: 19 

P(U,A,M) l [ 3 2(7T
2 

=- g g g A - gt-
47T2 l 2 3 ]

-l/2 2 

3/2) t 7 exp [ '3 gt- M2 ] 3/2-~ . 
m gt 

(19) 
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2 
Here m is the mean-square valu~ of the magnetic quantum number for ind:i;-

vidual nucleons. Newton shows that 

2 m g ;:;; c, (20) 

where cn2 
is equivalent to the moment of inertia. 

Lang and Le Couteur arrive at the J dependence in a slightly dif­

ferent way. If we assume that all the: .levels result from thermal exci ta­

tion, the angular momentum reduces the level density by tying up some of 

the excitation in rotational energy. The thermal energy is (U- M2/2c), 

where cn 2 is the moment of inertia. When we have P(U,:A) a: exp(2U/T.) and 
2 

U a:T , the density of states with z-component of angular momentum M is 

P(U,A,M) P(U,A,O) exp( -M2j2cT) . (21) 

The binomial theorem is used in evaluatirtg T(U-M
2
/2c). We take 

m(U,A,J) = P(U,A,M= J) - P(U.,A,M = J+l) 

D0-
1

(u,A) (2J+l) exp[- (J+ 1/2)
2 

/2cT] (22) 

where 

assuming 2cT ? 1. (23) 

Here the difference has likewise been evaluated by use of the Taylor series, 

but the exponential has not been taken as unity. The .average value of J 

is about (2cT) 1/ 2 . If cn2 is taken as the rig~d~body moment of inertia, 

this expression reduces to that derived for a Fermi gas. 

While the nucleus may behave like a Fermi gas at a sufficiently 

high excitation, the effects of nuclear shells and the energy gap are 

quite strong at lower energies. A number of treatments have incorporated 

these features into the statistics. Bloch included exchange effects and 

took a summation over states rather than an integration. 20 The exchange 
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forces reduce the density of states from the Fermi gas values, while the 
21 22 summation procedures act in the opposite direction. Rosenzweig and Ross 

have used shell-model energies in calculations of the level densities. 

Cameron adapted Newton's work by using second differences of 

atomic masses to derive the density of states at the Fermi energy, and 
18 compensated for odd-even effects by varying the ground-state energy. 

Ericson points out, however, that this procedure is not accurate. 23 

Cameron must use a moment of inertia two orders of magnitude above the 

rigid-body value in order to fit neutron resonance data. It may also be 

added that his use of the oo(J) « 2J+l approximation is not valid for J 

values above the very lowest. 

The level densities in the presence of the energy gap were evalu-
24 ated by Ericson. He found the gap sufficient to account for observed 

odd-even differences in the level densities. A similar calculation has 

been made by LeCouteur and Lang.~5 Both calculations indicate that the 

effect of the gap is important for low excitations, but that the level 

density approaches the Fermi gas value at sufficiently high excitation. 

Although the exponential dependence of the level density on 

J (J+l) or (J+l/2)
2 

is accurate over a wide range, it breaks do'wn where 

the statistical assumptions are not fulfilled. Specifically, there must 

be a maximum spin corresponding to complete alignment of the single­

particle j values, while the exponential law gives finite 'level densities 

for all .spin values. Ericson points out that up to ~alues of J -cT= ~T/ti 2 

26 the exponential law should be good; at higher J values the level density 

Should fall below the exponential and go to zero. 

A calculation of level densities :Ln the veryhigh spin region was 

'attem;pted by the author and J. 0. Rasmussen. The independent-particle 

model was assumed, and nucleons were assigned to spherical shell-model 

orbitals27 by a Monte Carlo procedure on an.IBM 704 computer. Each time 

the nucleons were assigned to levelsJ the possible combinations of indi­

vidual ve,ctors were added in all allowed ways and totaled for each value 
20 

of' the resulting J. This calculation was c.arried out for Ne and found 

to be in agreement with the direct counting procedure of Critchfield 

and Oleksa. 28 The features expected above were displayed in the J dis­

tribution, For heavier nuclei, the larger number of single-particle states 
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resulted in prohibitive running times on the computer. It is expected 

that additional calculations will be made in tbe future if the program 

can be made to run faster. 

C. Energies of a Rotating Charged Drop 

Since it is feasible to separate the nuclear excitation into 

rotational and thermal energies, 17 ' 12 it may be valuable to inquire 

into the amount of energy that may be held in rotation. The rotational 

energy of a rigid sphere is. (n2 /2~)J(J+l), where the moment of inertia'~ 
is given by (2/5)Arrill

2
, with M the nucleon mass and R the nuclear radius. 

Rotation of the nucleus, however, causes it to deform, a process which 

is aided by the Coulomb repulsion and opposed by the surface tension of 

the drop. 

The equilibrium configuration of the rotating drop does not have 

cylindrical symmetry except below a critical value of the rotational 

energy. Although the end result of adding more and more rotational 

energy to the drop is fission along an approximately prolate shape, 

small rotations cause an oblate deformation. Therefore intermediate 

rotations do not have axial symmetry. 

The nonsymmetric liquid-drop energies have been calculated 

analytically by Pik-Pichak, 29 using the condition that the derivatives 

of the total energy with respect to the deformation parameters be zero. 

His parameters permitted the consideration of shapes different from 

spheroids such as dumbbells. He carried his calculation to second order 

in the rotationa~ energy and estimated its accuracy to be within 15% 

for x = E 1/2E f > 0.7, where x ~ z2
/51A. cou sur 

For the nuclei of interest in this experiment, x < 0.7 and a 

more accurate calculation is necessary. Hiskes has calculated the· 

energies of a cylindrically symmetric drop at large deformations. 30 

For ellipsoids (the loci of whose intersections with all planes are 

ellipses) it is possible to calculate the energies in closed form. 

This has been done quite recently for figures with cylindrical symmetry 

by Beringer and Knox.3l 

.• 
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"--
It was proposed by J. A. Wheeler to calculate the energies for 

the nonsymmetric case by the addition of rotational energies and consi­

deration of nonsymmetric shapes to the equations of Swiatecki. 32 If 

a, b, and c are the three semi-axes of the ellipsoid and R is the radius 

of a sphere of the same volume, we may describe the deformations in 

terms of parameters f3 and -y ~ 

a= R exp[f3 cos b- 2rr/3)], 

b = R exp[f3 cos (y+ 2rr/3) ], 

c = R exp [ f3 cos -y ] . 

Rotation of the ellipsoid is taken to be about the C axis. The type of 

deformation and its direction are given by-y, while the extent of the 

deformation is measured by (3. For -y=O and TI, the shapes are prolate and 

oblate, respectively, with symmetry about the A axis. Similarly for 
2TI 5TI -y= :5 and :5 we have prolate and oblate spheroids symmetric about the 

C axis. Because of such symmetries, we need consider only values of 

-y between 2rr/3 (prolate) and TI (oblate). 

The Coulomb energy of an ellipsoid is given by 

()() 

£ 
where p is the electric charge density. This reduces to e 

where 

Hgre Q 

... 
·'··· 

is 

1 ¢ dz 

( 
2 2) 1j2 I 2 · 2 112 

a +c '0 (1-k cos z) 

(!2 D l/2 ~2/)l/2 a -b and ¢ k' = arc sin - 2 2 
a -c 

the total charge, written as 

abc.· 

1 
2 · 2)'1/2 F(k,¢), (a: ..;,c . .. 

where F(k,¢) is the elliptic integral of the first kind. 

(24) 

(25) 

(26) 
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The surface energy of a sphere may be given by 

E 
0 = 1m rfcr, s 

where a is the surface tension. For the ellipsoid we have33 

r 2 2 l/2 2 l/2 
E/Es

0
,= ~2 l (1-:K a: ) (l-ex ) + (1/a:- a:)F(:K,arc 

2 where a: = 
2 2 

a -c 
2 

a 

+ a:E (:K, arc sin a:)} , 

.
·.? = a2(b2 -c2) 

' and ~ 2 2 2 
b (a -c ) 

sin a:) 

Again, F is the elliptic integral of the first kind, and E is the 

elliptic integral of the second kind, defined by 

E(k,¢) J<P Jl . ?. • 2' d = -.~s~n .z z:~ . 
0 

The moment of inertia of an ellipsoid about the C axis is 

given in terms of its semi-axes perpendicular to C as 

Then the rotational energy is 

E rot 
5i1

2 
I (I+l) 

2R2(a2 + b2) ' 

where I is the rotational quantum number. This may be separated into 

factors dependent and independent of the deformation: 

l 

(27) 

(28) 

(29) 

(30) 

E = (E 0 
;....
2 ) 2 2 2 = (E 0 

;....
2 ) B rot s R (a +b) s. rot · (31) 

·J 
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The total change in the energy due to the deformation and the 

rotation is 

[::,. E GES ----
E 6 - Eo 

s s 

E - E 0 

c c 

E6 
s 

E rot 
+ -­

E o 
s 

0 
where E is the Coulomb energy of the sphere. If we define x c 
this reduces in terms of parameters B , B , and B t to 

s c ro 

L\E E E rot B - 1 + 2x c 2x = 6 +-
E 6 s 0 ) 

E E s c s 

= B - 1 + 2x(B -1) + /-.2 B 
s c rot 

(32) 

E o/2E o 
c s ' 

~ (33) 

(34) 

Since the elliptic integra~s are functions of two variables, published 

tabulations use far too coarse intervals of the arguments for the purposes 

of this calculation. Therefore, the calculations were programmed and run 

on an IBM 704. This program appears in Appendix A. 

Use of the computer provides a fine enough mesh of ~ and ~ values 

for any x and t-.
2 

(i.e., for a given nucleus and rotational quantum number) 

to enable the figure of equilibrium to be determined by inspection of a 

table. Such applications to this experiment will be discussed in Sec. IV. 

For the prolate arid oblate. limits, the results agree with those of Beringer 

and Knox. 31 

This simple and straightforward approach provides a description 

of the fission process, illustrated in Fig. 1, for a hypothetical nucleus 

with x = 0.9. The restriction to ellipsoids ignores the tendency of the 

nucleus to go to a dumbbell shape at high deformations. If the fission 

saddle point is reached before the deformation becomes too large (~ ~ 0.8), 

the approximation should be good. For this reason, a high value of x is 

used in the illustration. 

Figure l(a) shows the nucleus with little rotation. Its equili­

brium shape is very close to a sphere, but the most gradual ascent (dotted 

line) to the approximately prolate saddle shape starts in the oblate 

direction. In Fig. l(b) the rotational energy is increased to about 

3.5 Mev. The equilibrium shape is oblate, and the fission saddle point 
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Fig. 1. Contour maps of the energy surface for a rotating nucleus. Energy 

contours are in units of l0-5E 0 where E 0 is the surface energy for 
s ' s 2 2 

the spherical shape, and x = 0.9. Values of ~ ~ I are given on each 

map. 
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has moved lower, in terms of internal energy, and farther from the prolate 

axis. Because of the equivalence of the A and B axes, there is symmetry 

about ~=rr, and the saddle point has a mirror image below the axis. With 

sufficient rotation, the two saddle points coalesce along the oblate 

axis and there is no stable shape. In Fig. l(c) this has occurred. The 

steepest descent from the spherical shape, indicated by the dotted line, 

leads first in the oblate direction ar.d then moves toward the prolate axis 

as the two parts of the nucleus start to separate. Such a path is not 

invariant under transformation of the coordinates; its significance is 

merely qualitative. 

The effect of rotation on the fission barrier has been described 

in two ways. Halpern indicates that it should raise the barrier because 

of the energy that must go into rotating the nucleus. 34 Nonetheless, 

~ik-Pichak29 and others5' 6 see the barrier lowered by the centrifugal 

force. Both may be correct. For extremely high values of x, the present 

calculation indicates that the energy of rotation more than compensates for 

the lowering of the barrier with respect to internal excitation. But for 

lower values of x, where the saddle-point shape is pinched in, this cal­

culation cannot be used. The experimental results of Gilmore5 at x ~ 0.55 

indicate that the overall barrier is reduced by the rotation, despite the 

energy necessary to rotate the nucleus. 

D. Particle Emission From High Angular-Momentum States 

We may consider particle emission in terms of its angular dis­

tribution and the energy spectrum. One may derive expressions either on 

the assumption that well-defined levels of definite spin and parity are 

excited, or on the statistical assumption of random phases and cancel­

lation of interference terms on the average. 

The angular distribution of products from reactions passing 

through definite levels is treated quantum mechanically in the review of 
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Biedenharn and Rose.35 A simpler treatment in the classical approximation 

has been made by Ericson.36 Ericson considers transitions to individual 

states from an intermediate compound state where the statistical assump­

tion is valid. This condition should be fulfilled when I<< 5A
4/ 3 , 

where I is the angular momentum brought in by the projectile. In the 

limit of zero spin for the final state, the emitted particle emerges 

perpendicular to the angular-momentum vector.of the compound state in 

this classical approximation. If we average over all azimuthal directions 

we get 

w(e) constant . 1/ sin e . (35) 

If the spin of the final state is Jf \ 0, there is a decoupling of the 

compound-state angular momentum from that of the emitted particle. The 

distribution is approximately isotropic for e < e = sin -l Jf and 
o 1 

e > TI-e • For e < e < TI- e , 
0 0 . 0 

the 1/sin e distribution still holds. 

Ericson and Strutinsky derive a similar result for the case in 

which the reaction goes to a statistical distribution of final states. 7 

If we have n2 I/2~T < 1, the angular distribution is 

2 
cos e, 

where I
2 

and £2 
are averages of 

mission factors and a = n2/2~T. 

2 2 .. I and £ we:tghted by appropriate trans-

Combined with the average energy of the 

emitted-particle 2T, this reduces to 

(36) 

where R is the interaction radius for the emitted particle. 

Broeck has adapted Ericson's classical approach to the particle 

spectrum for the case of high angular momentum. 37 If P(U,Uf,J) is the 

probability that an excited nucleus with energy U will make a transi-
• tion from a state of spin J to a state of spin Jf and energy U , 

f 
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and J is larger than any outgoing angular momentum that contributes 

appreciably to the transition, we have 

00 

- J 
w(J,U) £ 

Here g is the statistical weight of the emitted particle, T is the barrier 

transmission coefficient for emission with orbital angular momentum£, 

and wf is the density of final states. When wf is expanded in a Taylor 

series in terms of Ufmax' the maximum energy, and J, the average spin of 

the final nucleus, and if E is the kinetic energy of the emitted particle 

(E= Ufmax- Uf), we have 

dP 
dUf = 

~f(J ,ufmax) 
m(J,U) 

00 

x J0 T2 (E) s.inh [2 sf(J ,u fmax) J dL 

where 
cnog (l)f olog (l)f 

dU ' and Sf dJ 
f f 

2 
If we let U = at , we obtain from Eq. (22) 

and 

1 
Tf = 

2 
2J+l 

(2J+l); 

4~1/2 • G~) 1/2 [ 1 • ~, (2J+1) ] . 

(38) 

(39) 

( 40) 

The effect of high J is to increase the abso~ute value of Sf and there­

fore the contribut~on of particles emitted with high£ values. For a 

given total energy, the value of the temperature decreases as J increases 

and more energy is tied up in the rotation. 
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The effect of high angular momentum on nucleon emission has been 

studied semiclassically by Pik-Pichak, 12 who points out that at a suf­

ficiently high rotational velocity, neutrons on the periphery may become 

unbound even in the absence of thermal excitation. At lower rotational 

velocities the neutron widths are increased for any given temperature 

over the nonrotating value.· The average projection of the angular momentum 

carried by emitted neutrons increases with increasing angular momentum. 

The net result of the neutron cascade should be to leave the nucleus with 

insufficient internal excitation to evaporate another neutron, but with 

some energy still tied up in rotation. Hence there is a displacement 

upward of the excitation function. For a nucleus with Z - 50, bombarded 

with heavy ions to give 80-Mev excitation, this shift amounts to about 

8 Mev. 

E. Gamma Emission From High-Angular-Momentum States 

The angular distribution of gamma rays emitted from high-angular­

momentum states has been derived by Strutinsky. 38 If we assume a level 

density such as that given in Eq. (22), the probability of a nucleus 

emitting a quantum ofangular momentum Lis 

2~~2 2 
exp [ -¥1 (J -L) /~T] - ex<p ( -¥1 JM/~T), (41) 

where M is the projection of Lon the axis of J, the spin vector of the 

nucleus. The probability of this photon making an angle e with J is 

txp (-ll2JM/~T).I Y~) (e) 12} L 
~ (e) = 2: 

M=-L 
( 42) 

where Y~) is a vector spherical harmonic. This distribution must be 

averaged over the azimuthal angles of J. If¢ is the angle the photon 

makes with the direction of the beam, we have 

2 
cos e 

After evaluation of the Y 1 s and summing over M, we obtain 

. . n J . 2 Q2 )2 
WL (¢) = l + ~ ~T sin ¢, ( 43) 
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where the coefficients for the different multipole orders are k
1

= + l/8, 

k2= -3/8, k
3 

= - 81/64. Dipole radiation ispeaked at 90 deg to the beam, 

while quadrupole and octupole radiations have minima at 90 deg. 

The energy spectrum of gamma rays from the capture of thermal 

neutrons has been calculated numerically by Strutinsky, Groshev, and 

Akimova. 39 A similar calculation has been published recently by 
40 

Troubetzkoy. Both calculations are good where the number of gamma rays 

is small, but Strutinsky and his associates also quote a simpler calcu­

lation by Nosov and Strutinsky (unpublished) that is valid where the 

fraction of excitation carried off by each photon is small. Such an 

approximation should apply to this experiment. The probability of emission 

of a gamma ray of energy E by a nucleus at an excitation U is given by 

( 44) 

where NL(U) is a normalizing factor, p(U-E) is the density of final states, 

and K = 2L+l. The normalizing factor is proportional to the probability 

of emission from excitatioh U over all allowed energies: 

( 45) 

The average energy of the radiation emitted by the nucleus at excitation 

U is 

u 
~ (U) = f E OJL (U ,E)dE, 
. 0 

( 46) 

and the spectrum is given by 

v(E)dE ( 47) 

where u0 is the initial excitation energy of the nucleus. If we take 

p (U) o: exp[2~] and U= aT2 , use of the binomial theorem for T(U-E) 

leads to p (U-E) o: exp [2 .J aU] ,exp [ -E/T(U)]. The integral simplifies to 

yield 

~ (U) - (K+l) T(U) (2L+2) T(U). (48) 
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The average number of gamma rays emitted :iJs 

- u 
v· = J o 

0 

which leads to 

v = l 
L+l 

du 

EL(U) ' 
( 49) 

This has been derived, however, assuming that the transition probabilities 

are independent of J. We may add a J dependence as follows (let U '=U-E): 

[ J J l)•] 
p (U,J) ex: (2J+l) exp[2.{;;jj] exp [ 2cT +u. ; 

p (u' ,J -L) ~ [2(J -L)+l] exp(2 .j au') exP U;~~n~ )L+l) 1 (52) 

if we assume that the transition goes to J-L, which will hold for large ., 
J. Let J = (J -L) (J~ L +L) .• Then we have 

1\,(U,J) JUE2L+2 [2(J-L)+l] exp[2(aU') 1
/

2- ~ 2cT(U')]dE 

O j
0
UE2

L+
1 [2(J-L)+l] exp[2(aU') 1 2- J/2cT(U') ]dE 

Applying the binomial theorem for T(U-E) and cancelling factors not 

depending on E, we find 

and 

J~ E2L+2 exp[-E/T(U) - a
1

/
2
S/4cu3/ 2

]dE 

Ju E2L+l exp[-E/T(U) - a1
/ 2S;4cu312 ]dE 

0 

2L+2 

~(U,J) - ~ (l+ icu) 

(53) 

(54) 

(55) 

' .... 

f 
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The value of J will decrease with the cascade; if all the gammas 

are of the same multipolarity, 

J = 

Substituting in Eq. (55) and integrating over u, we obtain 

v - (57) 

Agreement of this prediction with the gamma yield found in the 

experiment should provide a measure of the role independent-particle 

effects play in the gamma emission. Deviations should be the result of 

collective effects in rotational or vibrational transitions. 
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III • EXPERIMENTAL PROCEDURES 

A. The Counter Assembly 

The first attempt to observe the direct production of. gamma rays 

was carried out in the external beam of the Crocker Laboratory 60-inch 

cyclotron. The original plan was to place a 3-in. Nai (Tl) crystal near 

the target and ascertain the difference between the gamma spectra obtained 

with the target in and target out. A few trials made it evident that the 

background was much too high for so simple an arrangement. Any attempts 

to bring enough beam through the target to compete with the background 

resulted in piling up counts within the resolving time of the system and 

conseQuent distortion of the spectrum. 

A fast-slow coincidence system was then assembled to reduce the 

background counts. In order to eliminate gamma rays produced when the 

beam was stopped) a system was needed that would provide a trigger only 

when a particle was removed from the beam by a reaction. Such a system 

h d b db G d . t M' t 41 . t" f 1 . "d a een use y oo 1ng a J.nneso a) consJ.s J.ng o severa coJ.ncl ence 

counters ahead of the target and an anticoincidence counter following it. 

An additional reQuirement was that the system should have a resolving a.nd 

recovery time less than the RF cycle of the accelerators (14 nsec at the 

Heavy Ion Linear Accelerator (Hila~) and 83 nsec at the cyclotron)) because 

whether an accelerator is pulsed or not) the particles emerge at a definite 

phase with respect to the RF and appear very sharply bunched at intervals 

eQual to the RF cycle. In this experiment) it was necessary to run at 

beam rates low enough to minimize the chance of two particles appearing 

in the same RF cycle) because then there was no possibility of resolving 

them. 

The system employed consisted of two thin fast counters and the 

target) through which the beam passed) and a thick plastic stopping scin­

tillator) as shown in Figs. 2 and 3. These parts were assembled in a rigid 

aluminum chamber 1/2-in. thick with an inside passage 2-in. SQuare in 

cross sectiono The third (stopping) scintillator was arranged on a sliding 

plate so that its position relative to the target could be varied over a 

6-in. distance. The Nai (Tl) crystal was placed outside a l/8-in. Bakelite 

window in this chamber and was positioned at a reproducible distance by. 

a 2-in.-thick lead collimator. A conical hole tapering from 2-in. diameter 
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Sliding plate 

Faraday cup 

Beam axis 

Target slide Pumpout fitting 

6810A Photomultiplier 

~U-24117 

Fig. 2. Target and scintillator assembly. The stopping plastic scintillator 

may be moved relative to the target by means of the sliding plate. 
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ZN-2806 

Fig. 3. Target and scintillator assembly: assembled (top) and disassembled 

(bottom) views , showing attachment of reflector frames to the photo­

multipliers. 

f 
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at the face of the crystal to 1 1/4-in. at the side near the target 

minimized scattering by the collimator. This collimator was necessary 

to reduce the large peak caused by photons scattered in the shield. 

B. Electronic Circui tsc;• 

The electronic circuit is shown in Fig. 4. Pulses from photo~ 

multipliers passed t~o':-gh'1 continuously variable delay linf:s into two 

fast-coincidence circuits' in parallel. One circuit served as a beam 

monitorj its output t~aveled through amplifiers, a discriminator, a 

Hewlett-Packard 10-Mc.scaler and into standard 50-kc scalers. In the 

other fast-coincidence circuit, the fast pulse from the Nai detector was 
.. "'i"' 

also required to be._im'·c9incidence. Its output, at a rate of a few pulses 

per second, was fed to a similar but transistoriz~d unit where the pulse 

from the stopping counter was placed in anticoincidence. This procedure 

eliminated pulses coincident with a beam particle arriving in that counter. 

After passing through a transistorized discriminator and being suitably 

amplified, the output of this circuit served as a gate for the Penco 

100-channel analyzer. 

Meanwhile the slow signal from the Nai crystal (stretched to 

several microseconds) was amplified in a DD2 amplifier and sent on to 

the analyzer. This pulse was admitted by the analyzer gate only if a 

trigger signal was present, owing to the coincidence of a gamma pulse 
. ' 

with pulses...,_denoting the removal of a charged particle from the beam. 
• ' • • '1. 

· .. ,;rr_ ... any gain .. sh'ifts were noted, they were later compensated for in the 
. . . . ... " 

canputer analysis of the spectra. 

Since the pulses from individual beam particles had to pass through 

the coincidence circuit, a high average repetition rate was needed to obtain 

a reasonable gamma counting rate. 

with the photomultipliers. When an 

sec at the cyclotron was attempted, 

This last requirement posed problems 
. 5 
average rate of 10 8-volt pulses per 

the type 68lOA phototubes became 

saturated, because the int'ernal current was draining current from the 

divider string that supplied the dynode voltages. A power supply was 

obtained to provide voltages for the last five dynodes and the anode 

directly through cathode followers, and the saturation problem was over­

come. Since the Hilac had only a 3% duty cycle, it was possible to run 
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Fig. 4. Block diagram of the electronic circuit. The plastic scintillators V-

are numbered in the order in which the beam passes through them. 
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at a peak rate of 5 x 105 per second with this arrangement. Apparently 

the capacitors in the divider string were able to keep the dynode voltages 

up during the 2-msec beam pulse~, 

The resolving time of the fast-coincidence gate was variable by 

means of clipping lines on the input pulses. Usually the'best results 

were found with a resolving time of 8 nse:c for .the pa:~ticle channels and 

35 nsec for the gamma-ray channel. 

Variation of the delays in the system was accomplished by means 

of two continuously adjustable LC-type delays with constant 125-ohm 

impedance and by fixed delays of various lengths of cable. In setting 

up the delays, a rather simple procedure was used. The fixed delay was 

set at a given value in the line from Counter 3· (The signal lines from 

Counters 1, 2, and 3, and the fast Nai signal will be denoted by Channels 

1, 2, 3, and 4, respectively~) Then the output from the transistor coin­

cidence gate was displayed on an oscilloscope with only Channel l in the 

tube unit turned on. The variable delay in Channel 1 was adjusted until 

the center of the anticoincidence interval was found. Then the anti­

coincidence signal was removed, Channels l and 2 both turned on, and the 

position of best coincidence found by adjusting the variable delay in 

Channel 2. This procedure was repeated for different values of the fixed 

delay, and the number of coincident gamma rays noted each time. The delays 

were considered optimized at the maximum number of gamma rays. A typical 

delay curve may be seen in Fig. 5· 

Most of the electronic e~uipment used had been designed at this 

laboratory mainly for use at the Bevatron. It was readily adapted, with 

occasional modification, to this experiment. Duplicate e~uipment was 

provided at the two accelerators. The transistorized coincidence circuit 

and discriminator proved more reliable and stable than their tube counter­

parts. However, they were not able to accommodate ~uite as fast repetition 

rates and were used where speed was not so critical. 
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Fig. 5. Typical delay curve. The number of gamma ray counts is plotted as a 

function of the delay in Channel 3, with the other delays optimized with 

respect to that channel. 
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C. Development of Fast Counters 

Developing a suitable fast-transmission counter for alpha particles 

and heavy ions presented some difficulties. Gas scintillation counters 

were tried first, as they had the advantages of linearity and adjustable 

thickness by variation of the gas pressure, and they had been successfully 

used in other experiments at the Hilac. 43, 44 Counters used at the Hilac 

by other groups had consisted of a simple flow chamber through which argon 

passed from a tank and was vented to the air. White Tygon plastic paint, 

covered with evaporated quaterphenyl for a wavelength shifter, served to 

reflect the light into the photomultiplier. Several simple chambers 1 em 

to 5 em thick were constructed similarly and tried with argon, but none 

had a satisfactory resolution or pulse height for either alpha-particle 

or heavy-ion beams. 

As xenon had been found to be a much better scintillating medium 
45 46 than argon, ' a system was designed and built for this gas. Since 

xenon is rather expensive, it was necessary to recirculate it while still 

keeping the purity quite high. The system consisted of a manifold for 

filling a counting chamber with xenon and varying proportions of he~ium 

and a recirculating hot calcium gas purifier. It could be pumped o~t to 

a pressure of 10-5 mm of Hg or better. The valves used in the system 

all had Teflon seats; all gaskets were either Teflon or Kel-F O·rings, 

selected for low outgassing properties. While the counter was in operation, 

the manifold was isolated from the system and the gas circulated through 

the counting chamber and the purifier by convection through as short a 

tube as possible. Despite such precautions against contamination, the 

results were disappointing, with pulse heights only a few times the noise 

level. 

All these difficulties were avoided by the use of thin plastic 

scintillators ... ;As illust~ated in Fig. 6, they were mounted in a para-

bolic framework over which was stretched a reflector of 6-~ aluminized 

Mylar, an arrangement which provided a large window for the beam. The 

plastic furnished excellent pulse height and a resolution of 10 to 15%, 

as estimated with an oscilloscope. A thickness of 85·fJ. was found best 

for the alpha particles, while a 25-~ thickness sufficed for carboq ions. 

Pulse heights of 10 v were easily obtained from the 14-state photomultipliers. 
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MU-24103 

Fig. 6. Scintillator holder. The thin plastic is held by the inward-curving 

bars. In use an aluminized Mylar reflecting foil covers the frame, and 

the open s~uare end rests against the face of the photomultiplier. 
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The width of the pulses at half-maximum ~itude was observed to be 15nsec 

on a Tektronix 517A scope having a rise time of 7 nsec. The actual length 

of the pulses was therefore better than 10 nsec. 

In order to reduce the fraction of the accelerator time used in 

setting up, only one collimator was used, and the target block with the 

collimator holder was bolted directly to the accelerator beam tube. In 

practice, it was found that the beam could be adjusted sufficiently with 

the strong focus and steering magnets to put it through the center of the 

target. The beam collimator was l/8-in. in diameter while the targets 

were approximately l··in. in diameter, located a little over a foot behind 

the collimator. After the target block was attached to the beam pipe, a 

4-in.-thick lead shield containing the Nai counter was wheeled into position 

on a dolly. 

D. Validity of the Procedures 

In order to have confidence in the result of an experiment, 

especially when it depends on complicated techniques, one should be able 

to reproduce a known measurement. Although gamma-ray yields have been 
. 47 48 measured for many neutron-capture react~ons, ' few charged-particle 

reactions have been studied. 49-56 No suitable measurement has been done 

with alpha particles. One spectrum with heavy ions on tin has been pub­

lished as a letter,57 but the sketchiness of details inspires little 

confidence in the results. Attempts to duplicate a spectrum with protons 
+ did not appear feasible because the cyclotron accelff'ates H2 ions, causing 

t1vo protons to pass through counters and target simultaneously. If one 

proton should react, the other would:still reach the third counter and 

cause anticoincidence. Scattering the beam from a foil into the apparatus 

would provide single protons, but the 105 times larger beam necessary 

would raise the background prohibitively. 

For lack of a suitable reaction gamma spectrum, one from spontaneous 

fission of Cf252 was used as a check. In this case, a fast coincidence 

was required between a fission fragment in Counter 3 and a gamma ray in the 

Nai counter; otherwise the circuit was identical to that used in the bom­

bardments. 
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The gamma-ray spectrum obtained after analysis of the observed 

pulse-height distribution is given in Fig. 7 with the spectrum of Smith, 

Fields, and Friedman58 for comparison. The average gamma energy they 

obtained was 0.80 Mev; in this experiment the average was 0.78 Mev. Each 

spectrum peaks at 0.3 Mev and falls sharply at lower energies; the main 

difference between the two seems to be a smaller number of high energy 

photons in this work. This might be due to poor statistics in this region. 

However, the yield of compound nucleus gamma rays was found to be quite 

low in this energy region; hence the errors are relatively unimportant. 

Another important check was necessary because of the comparison 

being made between runs performed at the cyclotron on the one hand and the 

Hilac on the other. Accordingly, a spectrum was run with 4o-Mev alpha 

particles accelerated at the Hilac to check for systematic differences 

between runs at the two accelerators. The spectrum of the cobalt targets 

was used, being less subject to variation with bombarding energy than the 

other targets. Comparison of this spectrum with one from 48-Mev alphas 

at the cyclotron (Fig. 8) shows negligible difference; therefore we can 

compare spectra from two accelerators with confidence. 

A rather obvious check is the reproducibility of the spectra. 

Two different gain settings were used with each target during a run: one 

to cover 0.04 to l.04 Mev gamma rays and the other to cover the energy 

range 0.2 to 5.2 Mev. Agreement was required between the two spectra. 

The number of triggers to the analyzer for a fixed number of beam particles 

was never found to differ between the two by more than 6%. A better test 

was provided by the existence of duplicate spectra taken before the col­

limator was used on the gamma detector. The statistics were better on 

these runs because the crystal was closer to the target, thus providing 

a geometry four times higher. However, the existence of a very large 

scatter peak from 0.15 to 0.4 Mev led to the use of the collimator, cutting 

down the relative amount of the scatter peak by a factor of three. The 

shape of the spectrum above 0.5 Mev was unchanged, however. 

Many of the spectra were also run with the collimator a second time, 

especially those run with the crystal at 45 deg to the beam, which had not 

been done without the collimator. Only two of the alpha-particle spectra 

did not have a duplicate taken at a different time, but these were run 

adjacent to spectra that did check, so there is little doubt of the repro­

ducibility of any of them. 
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Fig. 7. Comparison of unfolded fission gamma-ray spectrum of Cf252 with that 

obtained by Smith, Fields, and Friedman(Ref. 58). 
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Fig. 8. Comparison of gamma spectra from alpha bombardments of cobalt 

at the two accelerators .. Correction for detector response has been 

made. For ~059 +a, Q = 90 deg, open circles show cyclotron points 

'"""* = 46 --* at E Mev; closed triangles show Hilac points at E = 39 Mev. 
'0 
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The runs with tellurium at the Hilac were the crucial ones for 

determining increases in gamma-ray production, and for this reason tbey 

were repeated several times. Agreement was found for different experimental 

conditions. On one occasion, one of the two counters preceding the target 

broke down and data were taken with its channel turned off. Another time, a 

thin stopping scintillator with a thickness equal to the carbon-ion range 

was used to discriminate better against charged reaction products. On a 

third occasion, the brass target holder was rotated so that its frame did 

not attenuate the low-energy gammas. In all three tests the results were 

in agreement within statistical errors. As a second target, holmium was 

bombarded with full-energy carbon ions, and a similar increase in the number 

of gamma rays over the yield with alphas resulted. 

Differences due to fluctuation in the beam rate were checked. The 

runs without the gamma collimator were often done at a rate about 30% 

greater than later ones, yet the spectra were in agreement. Nevertheless, 

a momentary excursion of the beam to a tiigher rate occasionally occurred, 

particularly when the RF cavities of the accelerators were warming up. 

For this reason no data were taken until the beam had become stable. A 

monitor signal was sent to the control rooms of the accelerators and 

recorded, in case large fluctuations should occur. This was never seen 

to happen once the beam had settled down. 

A more subtle form of beam fluctuation appeared in the form of 

bunching of the beam particles. At the cyclotron this was caused by the 
I 

magnet-regulator power supply. At the Hilac, fluctuations seemed to arise 

in improper tuning of the Cockcroft-Walton injection system. Amethod 

was developed for detecting and evaluating the bunching before it reached 

significant levels. The output of the Hewlett-Packard scale of 100 on the 

monitor side was displayed on a Tektronix 513 or 515 oscilloscope. If the 

pulses wer,~ separated in time enough for the scope circuits to recover 

from each sweep before the next, all the traces were superimposed. However, 

if any pulses came in before recovery, several traces were seen at once. 

This was the criterion for bunching. When it'. was observed, the accelerator 

was returned until only a single trace became visible. 

With the target removed, one would expect that all the beam that 

passed through the first two counters would enter the third. The amount 

scattered out by the first two counters, according to calculations done by 
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the method of Ashby, 59 should have been insignificant. Yet a.~-fracti0n · 
of the beam, usually about one part in 350 at the Hilac and one part in 

200 at the cyclotron, did not reach the third counter. When the targets 

were inserted, this fraction approximately doubled. It was not likely 

that the target could scatter so much beam away from the third counter, 

which subtended an angle of about 150 deg. 

The explanation for this effect seems to be in slit scattering at 

the collimator. Wilkins, working with a similar counting arrangment, 

recently found that about 0.5% of the heavy-ion beam was of lower energy 

ft . th h th ll" t . h" . t 60 I dd"t" a er passlng roug e co liDa ors ln lS equlpmen . n a l lon, 

the check run with alpha particles at the Hilac was carried out with the 

usual collimator, which had a thickness just larger than the range of 

carbon ions. When alpha.particles were run, a large fraction (one part 

in 14) did not cause anticoincidence. Since their range in the collim~tor 

material was longer than that of carbon ions, they were slowed but not 

stopped at the edges. 

The existence of effects such as this one prevented measurement 

of the reaction cross section at the same time as the gamma multiplicity 

measurement. In this experiment, the only. result was to make the number 

of full-energy beam particles counted appear too high by a fraction of a 

percent, an error that may safely be neglected. 

The discrimination levels used were such that the stopping counter 

was not sensitive to neutrons evaporated from the target. The maximum 

energy of the knock-on proton (to which the scintillator is sensitive) is 

that of the neutron, while the average energy is less. In a test, pulses 

produced by 12-Mev protons were not sufficiently high to cause anticoin­

cidence; therefore, .there should have been no problem caused by protons 

at the energies of the evaporated neutrons. 

The quality of signal at different points in the circuits is 

indicated in the typical discriminator curves of Fig. 9· Figure 9(a) 

shows the ratio of coincidences in Channels l and 2 to those remaining 

after anticoincidence with Channel 3, as a function of the setting of 

Discriminator 2. This ratio is just the inverse of the fraction of counts 

not appearing in Counter 3. Aside from the scatter of the points, the 

curve is quite flat over a wide range. Figure 9(b) shows the result of 

varying this same discriminator when the input to the coincidence unit 
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was the Nai signal alone (Channels 1, 2, and 3 off). The count rate in 

the monitor scaler as Discriminator 3 was varied is given in Fig. 9(c). 

The coincidence unit had only Channels 1 and 2 turned on to serve as the 

monitor on this occasion. 

In all these cases there was a very large plateau on which to set 

the discriminators. No errors were observed from pulse-height drifts in 

the coincidence circuits or the inputs to them. 

E. Extraneous Gamma Rays 

Despite the use of the anticoincidence in the third counter, there 

remained several sources of extraneous gamma rays: reactions in the beam 

stopping counter, accidental coincidences, and neutron activation of the 

Nai crystal. The first source was removed and the second cut down by 

alternating runs with a target in and a target out, and then taking the 

difference. If a beam particle underwent a reaction in the stopping 

counter after it had traveled far enough to create a pulse of the threshold 

size, no harm occurred, because the anticoincidence pulse would~have 

kept the gate shut. But if it had a reaction in the early part of its 

range, the anticoincidence pulse would not have been of threshold size 

(assuming that no charged particle was emitted). Then there would appear 

to have been a reaction in the adjacent target. By subtracting the 

target-out counts, those from this source were eliminated. Background 

counts in coincidence with the low-energy particles mentioned above were 

also eliminated. 

Since the target was held in a brass ring and the target-out runs 

were made without a dummy target holder, it was necessary to check that no 

beam particles were striking the target holder. No difference was observed 

between the target-out runs and the one with the empty target holder in 

position. As the tellurium target was vacuum-deposited on 6-~ Mylar, 

a similar piece of Mylar was run, again without any significant difference 

from the target-out spectra. 

The case of neutrons produced in the target was different, however. 

They:formed a background present only when the target was in the beam and 

could not be subtracted directly. There was no easy or accurate way to 

correct for the effects of the neutrons on the Nai crystal. _Although the 

radiative capture cross sections are small, the inelastic scattering cross 
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sections are large enough to be significant. 61 The flux of neutr~ 
through the counter could not be estimated too accurately because of the 

effect of the lead shielding in scattering neutrons into the counter. 

There were some features of the situation which made the outlook 

more hopeful, however. While the neutron-energy spectrum may not be known 

for particular reactions, the inelastic cross section becomes fairly 
. 62-64 

constant with energy above a neutron energy of about 1.5 Mev. Slower 

neutrons were discriminated against by the fast.time coincidence. At 

l Mev, a neutron required 20 nsec to reach the center of the Nal crystal. 

If it had an inelastic collision there, gamma rays produced were delayed 

lorg enough to reduce the probability of counting to less than one half. 

And equally important, in the heavy-ion bombardments where there were more 

neutrons produced, more gamma rays were observed also. Correction for 

neutron effects does not reduce the difference between the photon yields 

in the two cases. Hence we cannot ascribe any major differences that may 

appear .. between the carbon-ion and alpha-particle bombardments to the 

effects of neutrons. Additional proof may be seen below in the comparison 

of the 4~- and 28-Mev alpha bombardments-- there is no increase in the 

gamma spectra for 45 Mev, though the number of neutrons should average 

40% more. 

One may set an upper limit for the correction factor by considering 

the inelastic scattering cross sections for sodium and iodine. The actual 

number of counts produced should have been less than this cross section 

would predict, due to the elastic scattering of neutrons out of the crystal, 

to the escape of gamma rays without interaction in the crystal, and to the 

time discrimination of the coincidence. On the other hand, neutrons 

scattered into the crystal by the shielding were delayed and discriminated 

against because they took a longer path to the crystal. Using the cross 

sections for 2o5-Mev neutrons given by Howerton, 1.96 b for iodine and 

0.47 b for sodium, 61 approximately 25% of the incident neutrons interact 

with the crystal. 

A better correction can be obtained by examining the data for 

peaks known to be caused by effects of neutrons on the Nal crystal. 

Several authors have reported the spectra from neutrons on their Nal. 

crystals: Van Loef and Lind with 640-kev neutrons, 63 Kiehn and Goodman 

with neutrons up to 1 Mev, 65 and Rathmann and Mandeville with 3.9-Mev 

neutrons. 66 All these spectra show peaks at 210, 410, and 630 kev, and 
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a much less intense continuum above 640 kev. Grace and associates report 
67 that this distribution cuts off at 2.5 Mev. The gamma spectrum from 

inelastic neutrons on iodine at 3.2 Mev has been observed by Scherrer 
68 

and his colleagues, showing peaks at 210, 4oo, and 610 kev. Likewise, 

the spectrum from sodium has been shown by Morgan to consist mainly of a 

peak at 440 kev. 69 

Examination of the low-energy spectra obtained for both carbon and 

helium-ion bombardments uncovered no peaks that could be unambiguously 

attributed to the neutrons. An example is given in Fig. 10. The rather 

large backscatter peak in the vicinity of 200 kev, and statistical fluc­

tuations elsewhere, apparently mask peaks from the inelastic events. 

Though the continuum from 0.6 to 2.5 Mev may.contain half the gamma counts, 

the correction factor still should not be over 10%. 

F. Preparation of Targets 

Because of the very low beam rates, it was necessary to use fairly 

thick targets in order to provide a reasonable g~a count rate. The 

resulting energy spread of the beam in the target, especially at the Hilac, 

was quite large. However, this had the beneficial effect of averaging 

ove~r the excitation ~functions fdr :heutrmi elnission.' Difference·s at various 

excitation energies with respect to the peaks of the neutron-emission 

cross sections were thus minimized. 

1. Barium ~arget 

Natural barium was:.rolled to an approximate thickness of 125 1J. 

and stored under kerosene. Oxidation of the targets in air was minimized 

by allowing a slight film of oil to remain on the target while it was 

being inserted into the target block. The kerosene evaporated under 

vacuum. The thickness of the target was .42.6 ± 1.0 mg/cm
2

. 

2. Holmium Target 

Three unsupported foils of vacuum-deposited holmium were used 

in series in the alpha bombardments. Their combined weight was 4D.57±0.06 

mg/cm2 . One foil weighing 14.06±0.02 mg/cm2 was used as the target with 

carbon ions. 
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Fig. 10. Comparison of spectrum obtained with 617-kev neutrons on Nai 

(Ref. 65) with experimental gamma spectra. The experimental curves. 

not corrected for target-out counts, are: (a) a on Co, 90 deg; 

(b) a on Ba, 45 deg; (c) a on Ba, 90 deg; and (a) neutrons on Nai. 
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3,. Tantalum Target 

The tantalum target was rolled to a thickness of 66 ± 2.5 ~ 

or 109 ± 4 mg/cm
2

. 

46.6 

4. Cobalt Target 

This target was rolled of iron-free cobalt to a weight of 
2 

± 0.4 mg/cm . 

5· Vanadium Target 

The vanadium was rolled with some difficulty to a thickness of 

25 ~· It weighed 14.3 ± 0.2 mg/cm2 . 

6. Tellurium Target 

Natural tellurium was vacuum-deposited on a backing of Quarter­

mil Mylar, from which it was not removed. The two targets used had net 

weights of 7.05 ± 0.07 mg/cm
2 

and 6.99 ± 0.07 mg/cm
2

. 

G. Analysis of the Gamma Spectra 

While a single Nai crystal used as a gamma detector has the 

advantage of high efficiency, its response to radiation is complicated 

by the presence of the Compton tail on tbe spectrum and other nonlinear 

effects. Discrete gamma lines can be resolved fairly QUantitatively by 

inspection, but a continuous spectrum cannot. An efficiency correction 

cannot be applied separately to each interval of the spectrum because 

each contains Compton events from higher-energy rays. 

A stripping techniQue is the simplest method for unfolding a 
\ 

complex spectrum. Pulses in the highest channel or group of channels 

in the analyzer spectrum are assumed to constitute a photopeak. Then 

the remainder of the pulse-height distribution associated with a photo­

peak of that area and energy is calculated. This distribution is sub­

tracted from the first spectrum, and the process is repeated with tbe 

remainder until all the channels have been treated. A disadvantage 

of this method is that it accumulates errors and deposits them in the 

lowest-energy channels. 
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·Accordingly, matrix methods have been developed to unfold 
. 70 71 gamma spectra. ' A matrix is prepared that represents the response 

of the crystal to the gamma rays. One dimension provides the energy 

intervals and the other the pulse-height intervals. The rows denote 

the pulse-height distributions corresponding to the incident energies. 

This response matrix is inverted and multiplied by the observed pulse­

height distribution to obtain the incident energy distribution. Details 

of' this method are given in Appendix B. Hubbell and Scofield foWJ:d it 

satisfactory in analyzing continuous brehmsstrahlung spectra.71 

This method was followed in analyzing gamma spectra obtained~in 

this experiment, with poor results. While the matrix method is exact 

if one has perfect accuracy in the response matrix and no statistical 

fluctuations in the experimental spectra, under experimental conditions 

it failed completely. Presumably because of the poor statistics at 

the high-energy and of the spectra and the: presence of separate·peaks 

there, large fluctuations between positive and negative values were 

seen in the unfolded spectrum. 

Scofield, however, had similar troubles in unfolding spectra 

containing large peaks. He then developed an iterative method for 

using the response matrix to obtain the incident spectrum. 72 His 

procedure was applied to this experiment and found to work quite well 

(Appendix B). 

Although the crystal response to gamma rays may be calculated 

theoretically, it was considered better to take a strictly empirical 

approach because of tbe effect of the shield. The pulse-height spectra 

of a number of standard sources were taken with the sources mounted 

in the target block, and with the crystal in the same lead shield used 

in the bombardments. Checks showed that the geometry of the runs was 

reproducible within 2 or 3%· The sources used and their gamma energies 

are listed in Table I. 

In generating the response matrix, it was necessary to inter­

polate betfeen the standard gamma energies-to obtain.the response at 

even intervals. This was done by resolving the standard spectra into 

several components and fitting the height, width (or area), and position 

of these components with functions of the gamma-energy. The components 

used were the photopeak, two escape peaks, Compton distribution, 
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Tabl:ei I 

Sources used in crystal calibration 

Source 

Am24l 

Co57 
Na22 

Rb86 

Na24 

Po - Be 

Ey 

(Mev) 

0.060 

0.122 

0.51 (1.28 Mev not used) 

1.08 

1.38 

2.75 

4.45 

·-
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scatter peak, and annihilation peak. The response matrix was 

generated by selecting a gamma energy in the center of an energy 

interval and then choosing a pulse-height interval. The response was 

then calculated for 10 sub-intervals over the pulse-height interval, 

and averaged. The result was one element of the response matrix. 

Calculation of the matrix and its use in analyzing the incident spectra 

were done on an IBM 704.. The Fortran listing of the program appears 

in Appendix B. 

The parameters used in calculating the response matrix are 

shown in Table II, along with their fUnctional dependence on the 

gamma energy. The response was measured also when the crystal was set 

at 45 deg from the beam direction. The pulse-height spectra were 

essentially the same; the ratio of the geometries of 90 deg to 45 deg 

was 2.25 ± 0.02 on the basis of four sources. 

Figure 11 compares the experimental spectrum from the Na 24 

source with the spectrum generated in the appropriate row of the 

response matrix. Figure 12 presents a complex spectrum before and. 

after analysis by a 50-by-50 matrix. All the lines but those at 1.55 

and 1.38 Mev are well resolved with fifty channels. The most evident 

error lies in the failure of the matrix to allow sufficiently for 
. 24 ~ the first escape peak of Na . The remainder is about 5~ of the 

unfolded photopeak. The accuracy of the matrix is fair-- all the 

unfolded peaks seem to be about 10% high. With more complex functions 

fit to the curve parameters, this figure could undoubtedly be improved. 

Since the statistics, at least at the high-energy end of the 

observed spectra, were very poor, several methods of smoothing were 

tried. Both a 50-by-50 and a 20-by-20 response matrix were used; 

because of statistical fluctuations, the unsmoothed 50-channel analysis 

gave spurious peaks, while a smoothed spectrum was handled adequately 

by 20 channels. The methods of smoothing .included machine smoothipg 

according to the formula 

(58) 

before and after unfolding of the spectra, and hand smoothing allowing 

for the better statistics at the low-energy end. All combinations of 



Component 

Photopeak 

height P1(E) 

lst escape 

peak height P2(E) 

2nd escape 
peak height P

3
(E) 

Annihilation 
peak height A(E) 

Position of 
Compton edge c(E) 

Basic Compton 
height H(E) 

Compton :distribution 
height D(E ,x) 

Table II 

Dependence of spectrum components on gamma energy E and 
pulse height x: E and x in Mev 

Condition 

E< 0.65 
E> 0.65 

E< l. 75 

E> 1.(.5 

E< 1.75 
E> 1.75 

E< 1.(.5 
E> L'f5 

E< 0.5 
0.5<: E< 1.0 

E> 1.0 

Height of component 

Pl=4.59xl0-3E-0.033 
P1=2.53xl0-~-l.46 

p =0 
2 

P2=0.623P1 ln(E/1.75) 

P=O 
3 

P
3

=0.247 P1 ln(E/1.75) 

A=O 
A=l.2 [P2(E)+P

3
(E)] 

c = o.6E 
c = 0. 9E-O.l5 
c = E-0.25 

Half-width 

0.0815 Ji 
(10% of E at E=0.66) 

Same as 

photopeak 

Same as 
photopeak 

H _ 7.7xlo-3(E+0.235)-l.806xl0-3 
- lO(E+c) (E+0.235) 

E< 1.75 x<c 
c<x< E 

x> E 

D=H 
D=H(E-x)j(E-c) 

D=O 

' . 

I 

~ 
I 



Component 

Compton distribution 

height D(E,x) 

• 

Table II (continued) 

Dependence of spectrum components on gamma energy E and 

pulse height x: E and x in Mev 

Condition Height of component 

E> l.75i 1.22< E-x D=x 

0.87< E-x< 1.22; P2< H ·. D=x 

Half-width 

P2> H D=H+(P
2

-H)(x-E+l.22)/0.35 

0.51< E-x< 0.87 

E-c< E-x< 0.51 

0< E-x< E-c 

E-x< 0 

D=P 
2 

D=P2+0.lH(x-E+0.5l)j(c-E+0.5l) 

D=(P2+0.lH)(E-x)j(E-c) 

D=O 

I 
J:::-" 
0\ 
ill 
I 
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Fig. 11. Comparison of the experimental spectrum of the 2.75-Mev gamma 

ray of Na
24 

with the appropriate row of the 50-channel response matrix. 

The spectrum of the 1.38-Mev gamma ray in Na24 has been subtracted 

from the experimental spectrum shown. WithE= 2.75 Mev, the open 

circles are Row 27, and the solid curve is the.Na
24 

source. 
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Fig. 12. Comparison of observed and unfolded spectra for a mixture 
86 24 of several sources: Rb at 1.06 Mev; Na at 1.38 and 2.75 Mev; 

Kt2 
at 1.55 Mev; and Cs134 at 0.60 Mev. 
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the smoothing methods were tried, and all resulted in average ener~ies 

for the test spectrum within 3% of each other. Hand smoothing alone 

was selected for use since it took best account of the statistics and 

did not eliminate structure where the statistics were good. An 

example of a raw spectrum and the smoothing line drawn through it is 

shown in Figure 13. While such a method is not exactly reproducible, 

the agreement in the average energy with other methods indicates that 

there are no significant errors involved. 

IV. RESULTS AND INTERPREI'ATION 

A. Calculations of Cross Sections and Angular Momenta 

The total capture cross sections for both the alpha- and. 

carbon-ion bombardments were calculated with the diffuse-edge program 

of Thomas for the IBM 650. 8 Although it was written for heavy ions, 

the use of a radius of 1.61 fermis for the alpha particle gave very 

good agreement with optical-model calculations of Huizenga and Igo.73 

The results of the calculation are presented in Table III. 

The cross section a and average angular momentum £ were found for the 

average energy of the beam particle in the target for all cases except 

carbon on vanadium at low energy. In the latter case, the large energy 

spread and the presence of tbe barrier made it necessary to take 

weighted averages over the energy intervals. 

The cross sections were calculated with the assumption that 

direct reactions are negligible. This is far from the actual case 

for heavy ions, especially with light targets. In the more extreme 

case of 160-Mev o16 on Ni58 , Knox74 has seen as high a yield of alpha 

particles as of neutrons. However, part of this high charged-particle 

yield may be ascribed to the relative proton excess of Ni?8 . In the 

bombardment of gold with carbon ions, a case that corresponds better 

to the tellurium bombardment, Britt and Quinton found nearly a barn 

of alpha-production cross section at 126 Mev.75 Of this,85% was 

estimated by its angular distribution to result from direct processes. 

This alpha cross section fell off rapidly with lower beam energy. 

In the comparable case of oxygen on bismuth, it decreased from one 

barn to half that when the energy of the beam was lowered to 105 Mev, 
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Fig. 13. Typical hand smoothing of the high-energy end of a spectrum. 

The example is given for alpha particles on tantalum at g = 90 deg, 
-* E = 38 Mev. 
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Table III 

Calculated total-reaction cross sections and angular momenta 

Energy range Total cross Average 
Target Projectile (Mev) section a(E) Angular_ 

(barns) MomentUI!l £ 

Ba (] 45 -· 41.7 1.84 13.8 
a 28.4-24.9 1.27 9.0 

Ho a 45 -. 42 1.81 13.9 
a 28.4-25.5 1.11 8.1 
c12 115 - 103.5 1.76 36.2 

Ta 45 - 37 1.72 13.2 

Co a 45 - 41 1.61 12.3 
a 28. 4-24)1-. 1.45 9.4 
a 37 - 33 1.57 11.0 

Te c12 115 ·-107 2.00 38 

v c12 115 -· 102 1.72 31 
c12 58 - 26 0.91 16.5 
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while the proportion of direct processes in the total remained the 

same. In the present experiment, therefore, direct processes should 

have been negligible in the low-energy carbon bombardment of vana.Climn, 

as well as in the alpha bombardments. 

The diversion of a part of the cross section into direct 

reactions has several effects on the gamma yield per reaction. First, 

heavy particles from the breakup of the projectile trigger the anti­

coincidence, and the gammas.seen correspond to a smaller number of 

reactions than calculated; second, the excitation left in the 

compound nucleus after th~ departure of any direct particles that 
./ 

do not trigger the anticoincidence is less than the full amount; 

and third, the greater probability of direct reactions in high­

angular-momentum collisions lowers the average angular momentum.74,76 

In order to estimate the effects of charged particles, two 

thicknesses of stopping scintillator: were tried. One thickness 

sufficed to stop all charged particles, and the other was just thick 

enough (approx 0.6mm) to stop the carbon ions. Calibration at various 

energies at the 60-inch cyclotron indicated that the thick scintillator 

provided pulses with 45-Mev alpha particles nearly as high as with 

110-Mev carbon ions. Alpha particles with energies above about 

15 Mev, including all those from direct reactions, should have given 

pulses high enough to trigger the anticoincidence and thereby reject 

coincident gammas. On the other hand, the thin scintillator provided 

pulses no higher than half the threshold of the anticoincidence either 

with alpha particles or protons at any energy. 

Gamma spectra were run consecutively with the two scintil­

lators using. the full-energy carbon beam on the tellurium target.; 

The spectra obtained were identical within statistics. This obser­

vation indicates that the yield of gamma rays coincident with direct 

alpha particles and protons was probably small. The case of evaporated 

alpha particles, which have a probable energy closest to the Coulomb 

barrier (in this case 16 Mev), was not so clear-cut. Approximately 

half should have been able to trigger the anticoincidence with the 

thick scintillator. They were not peaked forward,75 however, and 

only abouta third should have entered the stopping scintillator. 
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By this estimate, one in six<. should have caused rejection of the 

accompanying gamma rays. 

Preliminary cross section measurements by Choppin, using chemical 

means,77 indicate that charged-particle emission is quite large. For 
128 12 12 . ·: 

Te , he has found that the (C , p4n), the (C ,a3n+p5n), and the 

(c
12

,an+p3n) cross sections are as large as the (c12,6n) and the (c12,8n) 

cross sections. The bulk of the charged-particle evaporation probably 

goes by emission of two protons rather than one alpha particle, since the 

barrier for protons is lower.75 The chance of both.protons going into the 

thick stopping counter simultaneously was relatively low and the counter 

should not have been sensitive to single protons. Assuming that the 

gamma rays associated with direct alpha particles were in small yield, 

we have a possible explanation of the lack of difference between the 

two scintillator thicknesses. 

Other direct processes are not differentiated by the use of the 

two stopping scintillators. As indicated by momentum transfer, absorption 

of an alpha particle has been found more piDbable than absorption of Be
8 

from a c12 
projectile, in the fission of uranium. 78 If such a process 

occurred with tellurium, the Be8 would probably have given a pulse exceed­

ing the threshold in both the thick and thin stopping scintillators. 

Consequently, one cannot estimate directly the contribution to the cross 

section from such events. 

Nor could the portion of the cross section that goes into nucleon­

transfer reactions be determined directly in this experiment. Barrier­

tunneling cross sections are not included in the one calculated by Thomas' 

method; however, their cross sections are only a few millibarns. Multi­

nucleon transfer by a grazing-incidence mechanism is estimated by Kaui'man­

and Wolfgang76 to be on the order of several hundred millibarns, ·including 

unobserved stable products. Since the remainder of the projectile proceeds 

into the third scintillator, such reactions were not detected by the 

coincidence system. 

Fission should not have occurred in any of the bombardments 

except for carbon ions on holmium. In that case, however, the cross 

section is relatively small. Gilmore measured the cross section for 

oxygen ions on holmium;5 at the same excitation energy it was 10% of the 

calculated compound-nucleus value. With carbon ions it should be less. 
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Since the angular distribution of the fission fragments goes as 1/sin e, 
very few of the fission events resulted in both fragments missing the 

third scintillator. Fragments from the fission of Cf252 gave pulses 

quite adequate to trigger the anticoincidence. Therefore very little 

of the gamma-ray spectrum measured was associated with fission events. 

The best available estimate of the actual compound-nucleus cross 

section for tellurium comes from Choppin's preliminary data. Even when 

allowance is made for unobserved reactions such as (c12 ,cx2n), the sum, of 

the upper limits of the evaporation cross section is barely one barn at 

110 Mev. The calculation predicts two barns. Though this procedure is 

crude, it does indicate that the calculated cross section is much too 

high. 

Nevertheless, a low compound-nucleus cross section does not seem 

to be typical of all heavy-ion reactions. Using several different projec­

tiles, Alexander3 has found that reactions going through the dysprosium 

and holmium compound nuclei have cross sections that add up to about 80% 

of the calculated value. Therefore, the cross section for carbon on 

holmium may be fairly good. Knox's work with oxygen on nickel74 suggests 

that the cross sec~ion on vanadium is too high at 101 Mev, while it should 

be more accurate at 49 Mev. Even considering the results of Alexander 

when heavier targets were used, it appears very unlik~ly that the com­

pound nucleus cross section for tellurium should be more than 65% of that 

calculated. 

In the classical approximation, the partial-wave cross sections 
l go as £ + 2. Therefore, if we assume that the direct processes are 

predominantly high angular-momentum reactions occurring at the nuclear 

surface, the average compound-nucleus angular momentum is closer to 20 

or 25 units than to 35 or 4o units. It is assumed that the target spin 

is small compared to£; then for the compound system, we have J ~f. The 

angular momentum carried off by neutrons as a function of angular momen­

tum and temperature has been calculated by Pik-Pichak. 12 For angular 

momenta on the order of those brought in by the carbon-ion bombardment 

of tellurium, the average removed is about ~ at a temperature of 4 Mev 
2 

and 3'h at l Mev. 

This decrease with increasing temperature is plausible from the 

standpoint that the cutoff of the level density with increasing spin is 

not so sharp at a higher temperature. Therefore, the transition is less 



-55-

constrained to go to a lower spin state. The amount of angular moment~ 

removed goes as the ratio of the spin to the moment of inertiaj for the 

low-energy bombardment of vanadium the average carried off at a tempera­

ture of l Mev is about one unit. It should be mentioned that the 

temperature used by Pik-Pichak is based on the thermal excitation left 

after the rotational energy is subtracted from the total. In the 

derivation of the spin-dependent level-density formula) the temperature 

used is that of a nonrotating system with the same total excitation ene~. 

Deformation of the target nucleus results in a higher average £ 

value than calculated here because of the possibility of larger impact 

parameters. Gilmore calculated the effects of deformation in the 

classical approximation and found £ about 20% higher for nuclei in the 

vicinity of holmium and tantalum.5 

B. Experimental Results 

1. Total Gamma Yields 

The gamma-ray yields for the various targets are given in 

Table IV. The excitation energies were either derived using the table 

of Q values of Ashby and Catron)79 or if unavailable there) were taken 

from Cameron's mass tabulation. 80 

The correction for neutron effects in the gamma detector) and 

for the slightly high result obtained in testing the unfolding program) 

is 15% for the alpha bombardments and 10% for the heavy-ion bombardments 

where the ratio of gamma rays to neutrons was higher. A correction is 

also applief. for coincidence summing in the gamma detector. With an 
i 

average absolute efficiency of E) the correction added to n is 
'Y 

En (n -1) assuming isotropic emission. The value o~ E was about 1% at 
'Y 'Y 

90 deg and 0.5% at 45 deg. These corrections are rather arbitrary) but 

they should servt to correct the data in the right direction. 

The tabulated total gamma energy is based on the corrected number 

of photons. Considering both the solid angle of the detector and the 

anisotropy) the average gamma yield should be equal to that measured at 

55 deg to the beam direction. If the quadrupole angular distribution 

includes significant terms in cos4e) the proper angle will be closer to 

50 deg. The measurement made at 45 deg should be a good ap~roximation 
; 
; 
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TABLE IV 

Photon yields per reaction n , based on calculated cross sections 
y 

(J 

Target Beam calc i* ] n E Total calc y y 
(barns) (Mev) uncorr. corr. (Mev) 

gamma 
Energy 

(Mev) 

Ba a 1.84 42 13.8 6.2 5.4 1.2 6.5 

a 1.27 26 :;9:o~O 5.6 4.9 1.3 6.4 

Ho a 1,81 42 13.9 7.1 6.2 1.1 6.8 

a 1.11 26 ::8.1 6.7a 5.8 1.1 6.4 
cl2 1.76 90 36 14.8 14.1 1.2 17.0 

Ta 1.72 38 13.2 5.4 4.7 1.0 4.7 

Co a 1,61 46 12.3 4.0 3.4 1.5 5.2 

a 1.45 30 9.4 4.1 3.5 1.4 5.0 

a 1.57 39 ~1.0 2::9a 2.5 1.6 4.0 

Te cl2 2.00 99 38 11.8 11.1 1.1 12.2 

v cl2 1.72 lP+ 31 8.5 7.9 1.5 11.8 
cl2 0.91 49 16.5 6.8 6.3 1.5 9.4 

a 
No data were taken at 45 deg; the value given is that for 90 deg, assuming 

isotropic distributioh. 
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to the average gamma yield. For gamma rays, the center of mass and 

laboratory angles are essentially identical. 

It is immediately evident that the heavy~ion bombardments yield 

a total photon energy in excess of the neutron binding energy in all 

cases. This result disagrees wic; h the assumptions made in statistical 

evaporation theory. The predicted level widths for neutron emission 

are greater than for gamma emission. It is then assumed that neutron 

emi~sion predominates when energetically possible.9 

2. Agreement with Other Experiments 

These results agree well with the observed energy shifts in 

excitation functions, indicating that most of the displacement can be 

attributed to gamma emission. Karamyan and associates found the peak 

of the excitation function for the v51 (c12 ,2n) reaction moved upward 

about 7 or 8 Mev from the peak of the Cu 65 (p, 2n) reaction. 3 If we 

assume that some of the shift is due to the Coulomb barrier, it is 

consistent with the observed 9 Mev of gamma rays, which is about 4 Mev 

more than would be expected without angular-momentum effects. The yield 

of 11.8 Mev of gamma rays at 107 Mev is consistent with Pik-Pichak 1 s 
12 

prediction of an 8-Mev excess at 80 Mev bombarding energy. 

However, the observed yield of 12.2 Mev in the case of tellurium 

is not sufficient to account for the shifts observed by Choppin. 2 At 

comparable bombarding energies, the displacement in the peaks of the 

cross sections was 23 Mev with respect to Jackson-model calculations, 

assuming a temperature of 2 Mev. If one makes the rough assumption 

that the calculated cross section is twice the effective cross section, 

this shift can also be accounted for·. The agreement is within the 

accuracy of the estimate of the gamma yield, or of the Jackson calcula­

tion. 
4 

Though Morton 1s results- • were obtained by quite a different 

method, namely measurement of angular distributions of recoil nuclei, 

they agree with the gamma yields. He fit his data with Monte-Carlo 

calculations using temperatures of 1.5 and 2.5 Mev, but 2 Mev is more 

consistent with Broeck 1 s evaporation spectra. Interpolating in T and 

extrapolating from 87.5 to 100 Mev, one finds the value of Morton 1 s 

excess-gamma-energy parameter E to be about 16 Mev. This figure is 
'Y 

quite consistent with a total gamma yield of 20 to 24 Mev. 
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The number of gamma rays found here agrees with the results 

of Karnaukbov and Organesyan57 for 78-Mev carbon ions on tin. By 

observing the variation in the amount of pileup in the gamma spectrum 

as the geometry was changed, these authors estimated that the number 

of gamma rays was greater than ten. 

An exception to the general observation of energy shifts has 

been observed by Alexander3 in the reaction Pr141(c12 ' 4n)Tb149. Morton 

has fit recoil data for this reaction withE = 0. However, the cross 
'Y 

section is very small, only 4% of the calculated total at its peak. 
. '. -

Alexander points out that most of the cross section for the :PraseodymiUm 

target goes to eV.en;..z products in which a shift is observed ·in the 

excitation function. 

While carbon ions on tellurium and alpha particles on barium 

both go to cerium compound nuclei, the excitation energies are different. 

For these targets, it cannot be proved that the difference in gamma-

ray yields is the result of angular momentum effects alone. However, 

the comparison may be made directly in the bombardment of Co59 with 

alpha particles, and v51 with carbon ions since the excitation energies 

are nearly the same although the angular momenta are different. The 

gamma yield in the heavy-ion bombardment is more than twice as great 

with an angular momentum increase of about 50%, assuming that three 

units are carried off by neutrons before gamma emission. 

Since the energy spread of the carbon beam in the vanadium target 

was quite large, it might be argued that a yield proportional to the 

square or higher power of the excitation energy would give the same 

effect. The bombardment of vanadium with carbon ions of about twice 

the energy shows that this is not likely. The yield is increased only 

20%, and consequently angular momentum must be held responsible for 

the difference between the vanadium and cobalt bombardments. The small­

ness of the increase here, compared to that of carbon ions over alpha 

particles, may be the result of the larger proportion of direct processes 

at higher energies. 

In Figs. 14 and 15 the effect of angular momentum with the same 

original compound nucleus is shown. In both cases, the yield of gamma 

rays for the higher angular momentum is higher below 3 .Mev .•.. A peak. 

centered at Channel 19 (4.95·Mev) appears in many of the spectra, but 
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Fig. 14 .. Gamma spectra from reactions going to aCe compound nucleus. 
12 -* The curve with open circles shows Te + Ce , E = 99 Mev, g = 90 degj 

-* with closed triangles, Ba +a, E = 42 Mev, g = 90 deg. 
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Fig. 15. Gamma spectra from reactions going to a Cu compound nucleus. 

The curve with open circles shows v51 atE* = 49 Mev, g = 90 degj 

with closed triangles, co59 atE* = 46 Mev, Q = 90 deg. 
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it is probably not real. It may result from end effects in the unfolding 

process and the occasional tendency of the DD2 amplifier to pile pulses 

up at about 95 volts. Spectra covering 0.4-10.4 Mev did not show this 

peak. Other details of the spectra will be discussed later. 

3. Anisotropy of the Gamma Emission 

Anisotropy of the gamma radiation was measured by comparison of 

the yield at 90 deg and 45 deg to the beam direction. Angles closer to 

the beam were not practicable because of the distance between crystal and 

target. The yields at these two angles are summarized in Table V. Spectra 

of these runs are provided in Figs. 16 through 20. Figures labeled A, B, 

and C with the same number are normalized to the same calculated number 

of reactions and Figs. 16A through C are also normalized to Fig. 15; 

otherwise the scale is arbitrary. 
-

The magnification of statistical fluctuations by the unfolding 

program makes it difficult to estimate errors at all accurately. On the 

basis of the reproducibility of the spectra, the errors in individual 

channels may be very roughly ± 10% at the low-energy end for the 

alpha runs, or 20% for the Hilac runs where the number of counts was 

fewe,r. At 4 Mev the errors were ± 50% or more. Structure at the high­

energy end of the spectra cannot be located better than ±l channel because 

of the poor statistics. Statistics of the total yield are much better. 

Including all experimental factors except the calculation of the cross 

section, the data should be accurate within about 15%. 

C. Multipolarity of the Radiation 

If we denote the yields of photons observed at 90 deg and 45 deg 

to the beam by W(90) and W(45), respectively, a measure of the anisotropy 

is given by b, where 

b _ rwc90)-w(45)\Vrl 2 fw(90)-w(45)\J. 
- ~ W(90) ~ L - ' W(90) ~ . 

(58) 

According to Eq. (43), b is positive for dipole emission and negative for 

quadrupole emission. The angular distribution is 

w(e) = 1 + b sin2e. (59) 
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Table V 

Comparison of gamma yields at 90 deg and 45 .deg 
(data in parentheses may be less reliable than the rest) 

Target Beam E* 1 W(90 deg) w( 45 de g) Anisotropy a 
.... 

(Mev) calc (ster-1) (ster-1) b 

Ba a 42 13.8 6.30 0.43 -0.46 

a 26 9.0 (0.38) 0.39 +0.05 

Ho a 42 13.9 0.34 0.49 -0.47 

a 26 8.1. (0.47) 
c12 90 36 1.12 

Ta a 38 13.2 0.24 0.37 -0.52 

Co a 46 12.3 0.21 0.27 -0.36 

a 31 9.4 (0.28) 0.28 0 

a 39 11.0 0.27 

Te c12 99 38 1.09 0.88 +0.63 

v c12 101 31 0.63 
c12 49 : ];6. 5 0.42 0.49 -O~J~5 

a See Eq. (58). 
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12 -* Fig. 16A. Comparison of gamma spectra for C on Te, with E = 99 Mev. 

On curve with open circles, Q = 45 deg; with closed triangles, 

Q = 90 deg. 
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12 51 -'* Comparison of gamma spectra for C on V , withE = 49 Mev. 

On curve with open circles, Q = 90 deg; with closed triangles, 

Q = 45 deg. 
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12 Fig. l6C. Gamma spectra for C on V and Ho at full energy. Curve with 
12 -* open circles shows V + C at E = 101 Mev, Q = 45 deg; with clo~ed 

12 -* triangles, -Ho + C at E = 90 Mev, Q = 45 deg. 
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""""* Fig. l7A. Comparison of spectra for alpha particles on Co with E = 

46 Mev. On curve with open circles, g = 90 deg; with closed 

triangles, g = 45 deg. 
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""""* Fig. l7B. Spectra for alpha particles on Co withE = 30 Mev. On curve 

with open circles, g = 90 deg; with closed triangles, g = 45 deg. 
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--* Spectra for alpha particles on Ta withE = 38 Mev. On curve 

with open circles, Q = 90 deg; with closed triangles, Q = 45 deg. 
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.-IE' 
Fig. 19A. Spectra for alpha particles on Ba withE = 42 Mev. On curve 

with open circles, Q = 90 deg; with closed triangles, Q = 45 deg. 
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--* Fig. 19B. Spectra for alpha particles on Ba withE = 26 Mev. On curve 

with open circles, 9 = 90 deg; with closed triangles, 9 = 45 deg. 
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--* Fig. 20A. Spectra for alpha particles on Ho withE = 42 Mev. On curve 

with open circles, Q = 90 deg; with closed triangles, Q = 45 deg. 
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Fig. 20B. Comparison of spectra for Ho target bombarded with alpha 
--* particles. Curve with open circles shows Ho +a at E = 26 Mev, 

Q = 90 deg; with closed triangles, Ho + Cl2 atE*= 90 Mev, 

Q = 45 deg • 
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Mixtures of ~uadrupole and dipole radiation are weighted by the coef­

ficients ~; e~ual numbers of photons with L = l (dipole) and L = 2 

(~uadrupole) have the angular distribution of ~uadrupole emission, but 

with smaller anisotropy. 

Reference to Table V indicates that the full-energy alpha 

bombardments of bariurn, holmium, and tantalum produce strong evidence of 

predominantly ~uadrupole radiation, while the anisotropy is less marked 

in cobalt. At lower bombarding energy, the emission is nearly isotropic. 

On the other hand, tellurium, which has received more angular momentum 

and might be expected to emit high multipoles,exhibits more dipole emis­

sion. The vanadium target does not show this effect, however; at a 

higher angular momentum than cobalt its radiation has essentially the 

same anisotropy. The contribution of octupole and higher orders to the 

radiation is expected to be negligible on the basis of the very long 

lifetimes predicted and observed for such transitions. 

The magnitude of the anisotropy is surprisingly great. A dis­

cussion of this subject and its relation to the de-excitation mechanism 

is deferred to Section D below. 

As a rough guide, the multipolarity of the radiation would be 

approximated by the ratio of the angular momentum at the beginning of 

gamma emission to the number of photons emitted. The photon yield is 

plotted in Fig. 21 agatnst the estimated angular momentum at the begin­

ning of gamma emission. The results here are consistent with the angular 

distribution in most cases. Yet the points corresponding to the tellurium 

and cobalt bombardments fall more in'the direction of higher multipoles 

than the angular distribution indicates. 

For tellurium this is no doubt the result of the large cross 

section for direct processes. As a limiting case, if the partial-wave 

cross sections are divided so that the direct processes go only through 

the states of highest angular momentum£, the average compound-nucleus 

cross section will decrease, and the average £ will decrease in the same 

ratio. Points are plotted for various probabilities of direct processes. 

In the opposite limit of e~ual probability for direct processes at all 

angular momenta, a doubling of the apparent gamma yield would still be 

consistent with a mixture of dipole and ~uadrupole emission. The actual 

case probably falls between these limits, and a doubling of the apparent 
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Fig. 21. Gamma ray yields n~ as a function of the estimated average 

angular momentum I at the start of the cascade. The dipole and 

quadrupole lines represent n~ =I and n~ = l/2 I, respectively. 
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yield would result in a point somewhere near the dipole line. 

For a nucleus as small as cobalt) the cross-section program may 

be inaccurate. While the calculated cross section at a bombarding energy 

of 32 Mev is 1.5 b) the sum of the measured cross sections for nickel81 

is 1.25 b. An appropriate correction brings the 46-Mev cobalt point 

closer to the quadrupole line) and the lower energy one to an intermediate 

position. 

The position of the low-energy points for barium in a region 

corresponding to a mixture of quadrupole and dipole emission is not 

necessarily to be expected on the basis of tbe average anisotropy. 

Reference to Fig. l9B indicates that dipole and quadrupole emission 

predominate over different energy rangesj fact is consistent with the 

expected mixture. Differentiation of the spin-dependent level-density 

formula (Eq. 22) indicates that the most probable spin) assuming an equal 

probability of populating all states) is 5·5 at a temperature given by 
. l/2 

T = (lOU/A) At the beginning of the gamma cascade) the spin is 

estimated to be quite close to this value-- about 7 units. Therefore) 

in the independent-particle approximation we should not see large effects 

due to a scarcity of final states of the proper spin. In the low-J 

limit of a level density going as (2J+l)J the emitted radiation should be 

isotropic. 7 

D. ,The Role of Collective Effects 

1. Evidence for Collective Transitions 

The observation of quadrupole emission ·strongly suggests col­

lective effects in the de-excitation. The independent-particle model 

predicts for a single proton transition of l Mev at A = 100 that dipole 

transitions should be on the order of 104 times faster than quadrupole 

transitions. 82 Experimentally) the electric-dipole transitions are found 

to be several orders of magnitude slower than predicted) while the 

magnetic-dipole transitions are slower by a factor of about 20. Despite 

these effects) dipole emission should still be preferred. Any large 

quantity of quadrupole emission must be due to the enhancement found in 

collective transitions. 
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If the photon emission can be described in. terms of the statis­

tical model, E~. (57) should give the average yield of photons, starting 

with a given excitation energy and angul~r momentum. The term for 

angular-momentum effects amounts to about 10% for the carbon-ion bombarQ~ 

ments and 2% for the alpha particles. It is assumed that the actual 

cross section is half the calculated vaiue for tellurium and vanadium 

at 100 Mev, but e~ual to it in the other bombardments. Table VI compares 

the calculated and experimerrtal values of the: photon yield n . 
'Y 

Although the initial excitation energy U is 0 . taken as the exper-

imental total gamma energy, the numbers of photons predicted for the 

given initial excitation and spin are not consistent with the experimental 

values. Nor are they consistent for tellurium and vanadium if the 

calculated cross sections are used. This disagreement constitutes:good 

evidence for collective effects, as the approximation of a large number 
. -

of gamma rays should be valid at least for the heavy-ion bombardments. 

The gamma-ray spectra from thermal-neutron capture are held by 

Strutinsky and co-workers to have a shape consistent with dipole but 

not ~uadrupole radiation. 39 Comparison of typical neutron-capture spectra 

fromGroshev's compilation83 with spectra from this experiment in Fig. 22 

shows considerable difference in shape. The neutron-capture spectra in 

general have very broad maxima in the vicinity of 2 or 3 Mev for the 

heavier elements, while the lighter elements such as copper show a 

greater number of discrete peaks and a more or less flat distribution. 

Examination of the spectra indicates that the relative amounts 

of dipole and higher-order gamma emission are not the same at all energies. 

For tellurium (Fig. 16A) the spectra taken at 90 deg and 45 deg are fairly 

even in heights above 1 Mev. Below that point the spectrum at 90 deg 

has a greater intensity. Apparently ~uadrupole emission is competing 

more favorably with dipole emission at higher gamma energies. 

For barium.at both energies (Figs. 19A and 19B), the ~uadrupole 

strength is increased: above 1 Mev the 45 deg yield is higher, while the 

90 deg yield is greater below 1 Mev. This effect is stronger above 1 Mev 

in the 42-Mev bombardment, an observation consistent with increased col­

lective effects at higher angular momentum. Cobalt at 30 Mev (Fig. 17B) 

shows n~ither angle with a significantly higher yield, but at 46 Mev the 
I 

45 deg yield is slightly higher in almost every channel. Again, there 
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Table VI 

Calculated values of the gamma-ray yield based on Eq.(57)a 

Target Beam u_ J. N ' calc NY, exp 
0 g y 

(Mev) 

Te c12 20 25 8.6 ---18 

v c12 16 20 6.7 ---15 (est) 

v c12 9 13 3.0 6.3 

Ba a 6.4 ll 3.1 5.4 

Co a 6 10 2.2 3.4 

a U
10 

is the excitation energy assumed at the beginning of the cascade 

and J
10 

is the initial spin used. A cross section smaller than cal­

culated was assumed in the first two cases. 

.. . 



. . . 

>-
0'1 

1.5 :0.. 
Q) 
c: 
Q) -c: 
::I 

:0.. 
Q) 

1.0 a. 
"'0 
Q) 

>-

0 
E 
E 0.5 
0 
0'1 

Q) 

> -0 
Q) 

0:: 
0 

\ 
I -78-

Ey Mev) 
MU-24100 

Fig. 22A. Comparison of gannna spectra for this experiment with spectra 

from thermal-neutron capture. Typical deformed-nucleus spectra are 

plotted, in this case for rhenium. The light curve represents 
--* thermal neutrons on rhenium; the heavy curve, a on Ta at E = 38 Mev. 
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Fig. 22B. Comparison of gamma spectra for this experiment with spectra 

from thermal-rreut;ron capture. As spherical nuclei, Te + c12 
at 

E* = 99 Mev (heavy line) is compared with thermal neutrons on tin 

(light line), since thermal neutron data for cerium are not avail­

able. Neutron capture data are from Groshev et al. (Ref. 84). 
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is a correlation between higher angular momentum or excitation energy 

and increased quadrupole strength. 
12 ( However, the spectra for C on vanadiVill Fig. 16B) do not show 

an increase in the anisotropy over cobalt (Fig;, 17A) though the angU.lar 

momentum is greater. The lowest energy point for ~5 deg·and the next to 

lowest for 90 deg are not believed to be as accurate as the others. At 

45 deg the spectrum is from a single run on the analyzer rather than 

from a composite of low- and high-energy spectra; nonlinear effects were 

sometimes observed in tbe lowest few channels out of 100. At 90 deg, the 

high- and low-energy spectra did not match up so well, probably due to 

rather poor statistics; this region was not smoothed before unfolding. 

The spectra for tantalum (Fig. 18) and holmium (Fig. 20A) indicate 

a preference for quadrupole transitions over the whole energy range. This 

may be due to the deformation of these nuclei, which enables them to 

undergo rotational quadrupole transitions up to several hundred kilovolts 

in energy. 

2. Dipole Emission at High J 

De~pite the higher spin produced in the carbon bombardment of 

tellurium, there is relatively less quadrupole emission although the 

initial angular .. momentum is higher than in the other bombardments. 

Below 1 Mev (Fig. 16A), dipole emission appears to predominate strongly, 

with a greater gamma yield at 90 deg. The magnitude of the excess at 

90 deg for low gamma energy may be due to experimental error since the 

statistics are rather poor. The data at 45 deg were taken only once; 

there was no check in the form of a duplicate run. It still seems safe 

to observe that anisotropy characteristic of quadrupole emission is con­

siderably lower than in the other alpha bombardments. 

A possible explanatjon for the reduced quadrupole emission is 

illustrated in Table VII. Here the spin at the start of the gamma 

cascade is compared with three critical values: J , the most probable mp . 
spin if the states are populated at random without spin restri.ctions; 

J ~ cT, the spin at which the level density may be expected to fall 
rb26 

off from the values given by the equation 

2 
wJ = w

0 
exp [ - (J+ 1/2) /2cT]; 
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Table VII 

Comparison of the spin J
0 

at the beginning of the gamma 
cascade with various critical values (see text) . -. 

Target Beam E* JQ ·J Jrb Jg 
(Mev) 

mp 

Te c12 99 25 7.2 50 10 

Ba a: 42 ll - 5.5 50 10 

26 7 5.5 50 10 

v c12 49 13 3.5 13 7 
Co a: 46 10 2.9 13 7 

31 7 2.9 13 7 

Ta a: 38 10 5.9 82 12 

Ho a: 42 ll 6.0 71 12 
26 6 6.0 71 12 

Ho c12 90 25 8.1 74 12 

v c12 101 20 3.8 13 7 
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and Jc' the spin beyond which correlations between nucleons are predicted 

to disappear. J is interpolated from values given by Mottelson and c 
Valatin13 and by Pik-Pichak. 29 The values of J band J are approximate. 

r c 
Comparison of the barium and tellurium bombardments shows that 

the spin for the carbon bombardment exceeds J by a large margin, while 
c ' 

the alpha bombardment gives a spin about equal to it. Quadrupole emis-

sion in the heavy-ion case may not be collectively enhanced until the 

spin has fallen below-J through dipole emission. .. c 
However, the carbom bombardment of vanadium exceeds J and yet 

c 
quadrupole emission still predominates. This result might follow from 

the closeness of J to J b and consequently the greater angular-momentum o r 
restriction on the level density in this case, or to inaccuracy in the 

value of J at low Z. 
c 

The tantalum and holmium bombardments at full energy, which 

showed strong quadrupole characteristics, fall within the limit of J 
c 

The low-energy bombardment of barium results in a J close to the most 
0 

probable value; tbe observed gamma distribution being nearly isotropic. 

Although the low-energy alpha bombardment of cobalt gave a J larger 
0 

than the most probable spin, a mixture of dipole and quadrupole (see 

~ig. 21) would still be fairly isotropic. 

3·· ~-·The. Alignment Model 

Equation (43) for the angular distribution of the gamma radiation 
\ 

assumes that all product levels of proper J are selected with equal 

probability and that the level density is proportional to :. 

exp[~2 (J+l/2) 2/2ST]. The failure of this equation to predict the 

surprisingly large observed anisotropy, when reasonable values of the 

temperature and moment of inertia are used, suggests that the decay 

cascade does not proceed through random levels. 

Table VIII compares the values expected for b, using a rigid­

body moment of inertia and T = (10 U/A) 1/ 2 , with the experimental values. 

Use of a moment of inertia equal to about 0: .. 4 of the rigid-body value, 

whi:ch · .. fits· the rotational spectra of the deformed nuclei around holmium 

and tantalum,.would still not give agreement. It is assumed here that 

the radiation is pure quadrupole; assumption of any mixture,of dipole 

quanta would make the agreement even worse. 
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Table VIII 

Comparison of the experimental values of the anisotropy parameter 
b with those g1ven by Eq. (43) 

T=(lO U/A) 1/ 2 

44 0.47 
53 0.42 
44 0.33 
44 0.71 
8o 0.74 

b 
calc 

-0.029 
-0.021 
-0.023 
-0.14 
,;,0,23 

b exp 

-0.46 
-0.47 
-0.52 
-0.36 
-0.25 
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If we let A = 
fi2J 
~ T , Eq. (43) may be derived to a better 

approximation as 

· l/8 P.2 

l+ l/4 A2 
• 2Ll 

Sln o (60) 

for dipole radiation, and 

1- • 2Ll s1n o (61) 

for quadrupole emission. The limiting value of b for high A in the 

quadrupole case is -3/10. Because the experimental magnitudes of bare 

usually even larger, approximations made in the derivations are not 

valid. A high value of A implies that the density of final states is 

considerably below that given by Eq. (22). 

The large values of anisotropy suggest an alternative analysis 

that provides limiting values for the anisotropy. One may calculate the 

anisotropy that would be observed in the gamma radiation from a nucleus 

of initial angular momentum J. aligned perpendicular to the beam axis 
]_ 

(MJ= 0). The cascade of gamma rays is assumed to proceed to J= 0 

entirely via the lowest spin states consistent with the multipolarity 

(J. --0. -L ~J. -2L · · · L ~o). While J. may fall at all azimuthal angles 
]_ ]_ ]_ ]_ 

about the beam axis with equal probability, it is not necessary to 

average over them. Quantization about the beam axis leaves the 

azimuthal angle undefined. In terms of the vector model, one may say 

that J. precesses about the beam axis with projection 0; in doing so 
]_ 

it passes through all azimuthal positions that may be reached in the 

experilu,ent. 

The angular distribution is given by the equations derived in 

th t d f l . d l . 84 . e s u y o a 1gne nuc e1: · 

for dipole emission, and 

(62) 

(63) 
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for quadrupole radiation. Here Pk(cos e) is the Legendre polynomial 

of order k, Fk is a constant whose value depends on the multipolarity 

of the radiation and the spins of the states involved, and for M. = 0, 
J 

we have 

J(J+l) 

J~ J(J+l)(2J-l)(2J+3) 
and 

B4 = 3 C~~ , where C~~ is a Clebsch-Gordan coefficient. 

A surprising feature of the model is that the angular distri­

bution of the subsequent photons is identical to that of the first. 

While the J value changes, the magnetic substates are populated in 

such a way that the angular distribution remains constant. Thus only 

the angular .distribution of the first gamma ray need be calculated 

explicitly. 

Table IX compares the experimental values of a = W(45)/W(90) 
with those calculated from the alignment equations. Pure quadrupole 

radiation is assumed. The agreement is very good except for the vanadium 

target. The experimental values of the anisotropy are lower than those 

calculated; this is consistent with the alignment model as a limiting 

case. 

For the reactions going to the copper compound nucleus, the 

observed anisotropy is in better agreement with Strutinsky's prediction 

than with the alignment model. Since the parameter b is a difference 

between two observed quantities, the agreement in Table VIII should be 

considered fairly good for the cobalt as well as the vanadium bombard­

ment. The agreement with the alignment model given in terms of the 

ratio a in Table IX is not so good. In a nucleus as light as copper, 

it is reasonable to assume that collective effects -will be less prominent 

than in heavier nuclei. 
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Table IX 

Comparison of experimental values of the parameter 

a with predictions of the alignment model 

Beam 

a 

a 

a 

a 
c12 

J assumed 

12-i 10.~ 8 ... o 

12~ 10~ 8 ... 0 

12~ 10~ 8 ... 9 

1o~ 8~ 6 .... o 

14~ 12~ 10 .. o 

a calc 

+1.57 

+1. 57 

+1.57 

+1.58 

+1.56 

a exp 

+1.46 

+1.45 

+1.55 

+1.29 

+1.23 
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4. Evidence for Vibrational Transitions 

The energies of the observed gamma rays are inconsistent with 

an origin in rotational transitions. For the deformed nuclei, the 

gamma-ray energies are greater than the distance between levels in the 

rotational bands. In the vicinity of holmium, the experimental transi­

tion energy is approximately QO(J-1/2) kev for even-even nuclei. For 

high J, second-order effects tend to lower the energies. Even if a 

moment of inertia considerably lower than the experimental rotational 

value is used, the greater amount of quadrupole emission above 1 Mev 

is unexplained by rotational transitions. 

The liquid-drop calculation shows that at the rotations con­

sidered here the equilibrium shape of a nucleus spherical in the 

ground state is oblate. Deviations from cylindrical symmetry occur 

only at high rotations. Since the rotation, is about the axis of 

symmetry, the probability of rotational transitions vanishes, according 

to this model. The energy of rotation is also less than the observed 

excitation function displacements Dr excess gamma yields unless one 

assumes a low moment of inertia. With the rigid-body value, the 

cerium nucleus has a rotational energy of 6.3 Mev with J = 25, while 

tbe gamma yield is about 20 Mev. 

Transitions between vibrational levels may provide an explana-

tion for the quadrupole emission. The vibrational motion of both 
85 

spherical and spheroidal nuclei is associated with an angular momentum. 

The lowest-order motions are the even-parity quadrupole, vibrations, 

whose quanta each carry two units of angular momentum. In the approxi­

mation of a three-dimensional :isotropic harmonic oscillator, the energies 

of all the quanta, or phonons, are equal. Therefore, a state with n 

phonbns will have an energy of (n ~ ) lim, where m/2TI is the frequency 

of the oscillation. The harmonic-oscillator approximation is fairly 

good; the experimentally measured ratios of the energies of the first 

two vibrational states range from 1.9 to 2.7. 
In spheroidal nuclei, the quadrupole vibrations may be sub­

divided into~ and~ vibrations. The~ vibrations carry no component 

of angular momentum along the symmetry axis, while the~ vibrations 

have a projection of two units per phonon. Reference to Fig. 1 

illustrates the distinction between these two modes. In the ~- ~ 
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coordinate system, ~ vibrations simply correspond to oscillation in the 

value of~ at constant~' and~ vibrations are described by oscillation 

in~ at constant ~. Since the~ vibrations carry a component of angular 

momentum about the symmetry axis, it is most probable that these are the 

vibrations involved in the de-excitation. 

The experimental values for the energies of the low-lying vibra­

tional excitations are fairly close to the energies of the observed gamma 

spectra. Alder and colleagues list the Quadrupole vibrational energies 

of even-even sphericalnuclei. 85 Near closed shells, as in the case of 

isotopes of cerium after neutron evaporation, the energies are nearly 

1 Mev. In the region of nickel, they are higher, approximately 1.4 Mev. 

For deformed nuclei the energies also appear to be above 1 Mev, with 
166 182 

Er at 1.46 Mev and W at 1.22 Mev. Cohen and Price report a vibra-

tional peak at 1.4 Mev in the inelastic scattering of deuterons on tantalum~6 

This energy corresponds to the peak in the gamma spectrum of Fig. 16C, in 

which the reaction goes to the tantalum compound nucleus. 

The observation of QUadrupole photons with energies up to about 

2.5 Mev may result from the breakdown of the harmonic-oscillator approxi­

mation. The transitions between vibrational levels may not all be eQual 

in energy to the difference between the ground state and first vibrational 

excitation. Moreover, the selection rule reQuiring single-phonon transi­

tions may break down, permitting higher-energy transitions. 

While the independent-particle eQuation (57) did not provide 

gamma-ray yields in agreement with experimental values, addition of a 

weighting factor to the transition probability enables it to do so. 

We may choose one peaked at the single-phonon energy of approximately 

1 Mev, and fit its width to the experimental gamma yields. A broad 

function is sufficient. For ease of integration, a function of the 

Poisson formE~ exp(-R/v) was used, with ~v= 1 Mev. Substituting in 

EQs. (44) and (45), we have 

( ) 2L+ 1 ( ) ~ -E/v / ( ) mL U,E dE = E p U-E E e dE NL U ; 

f /( E21B-l p(U-E)E~ e -E/v dE. 
0 

(64) 
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The yield from the barium target, for example, can be fit with A= 1.1 

and v = 0.9. This function has half-maxima at about 0.2 and 2.7 Mev. 

De-excitation through vibrational levels would provide the 

limited number of states indicated by the agreement with the alignment 

model. Final states differing only in the number o~vibrational quanta 

may be preferred at each step of the gamma cascade. While branching 

in the decay is probably present, the agreement of the alignment 

prediction with the experimental results shows that final states are 

not populated in a random manner. 

Figure 23 illustrates a possible mode of de-excitation in the 

case of a spheroidal nucleus. The energy-level diagram of the product 

nucleus is resolved into groups of states, each with the same numbers 

of~-vibrational phonons. Neutron emission may carry the nucleus 

to levels of the vibrational group with m phonons at right. Single­

particle transitions, being quite fast, may occur first and take the 

nucleus to the lowest state of this group. Henceforth, it may proceed 

by vibrational transitions through the lowest states of the other groups 

to the ground state. 

4. Octupole States 

While the simplest nuclear vibrations are of the even-parity 

quadrupole form, odd-parity octupole vibrations have also been seen. 87 

The so-called anomalous inelastic-scattering peaks are generally 

attributed to such vibrations, which occur at an energy of 2 or 3 

Mev throughout the periodic table. 87 Peaks at the same energies are 

also seen in the gamma spectra of this experiment. Although the 

statistics are generally poor in that energy range, the presence 

of the peaks in most of the spectra must be more than coincidence. 

The correspondence between the peaks in the gamma spectra and 

the inelastic peaks is illustrated in Table X. Both fall within the 

energy resolution in all cases except rhenium (Ta +a), in which the 

gamma peak is rather small. While no data are available for cerium, 

lanthanum and praseodymium have inelastic peaks at 2.5 Mev. These 

data are consistent with the 2.7-Mev peak in the gamma spectrum of 

the intermediate cerium. 



" . 
' 

.. 

l 

m 0 

0 2 

-90-

2 

4 

m-1 

2( m- I) 

m 

2m 

MU-24101 

Fig. 23. Schematic de-excitation. Levels of the product nucleus are 

grouped accordtng to n, the number of ~-vibrational phonons. 

Symbol v is the maximum component of vibrational angular momentum 

on the symmetry axis. 
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Compound 

nucleus 

Cu 

Te 

Ce 

La 

Ba 

.. •Ta 

Re 

-9J..-

Table X 

Energies of gamma peaks compared with energies of 

anomalous inelastic peaks 

See fig. no. 

16B, 16C, 
17A, 17B 

16A 

16C 

18 

Gamma peak 

energy­
(this work) 

3.3, 2.6 

2.7 

3.3 
:p.o:_ .. peak at 

4.0 

Anomalous 

~eak energy 
( scatterins 

studies) 

3.2, 2.5 

3.0, 2.0 

2.5 

3.0 

3.0 

3.0 

none 

See ref. no. 

86, 87 

88 

89 

89 

90 

86 

89 
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In all cases except the copper compound nucleus, the gamma 

peaks are more intense at 45 deg. In fact, for the full-energy alpha 

bombardments of barium, holmium, and tantalum, the peaks were indis­

tinguishable at 90 deg from the statistical fluctuations and disap­

peared in the smoothing of the raw spectra before unfolding. This 

anisotropy is evidence for the high-multipole character of the radiation. 

The radiation need not be the slow E
3

; for instance, M2 transitions 

to low-lying states might be possible. 

It is not certain whether the radiation comes from de-excitation 

of a compound nucleus through negative-parity vibrations or from inelastic 

excitation of the target. The latter case corresponds to gamma rays 

coincident with beam particles scattered through an angle large enough 

to miss the stopping scintillator. The two cases may be distinguished 

if the target and compound-state nuclei have different anomalous peak 

energies. In tellurium the anomalous peak is at 2.1 Mev, while in 

cerium it is probably about 2.7 Mev. The spectrum for the tellurium 

target (Fig .. 16A) shows a large peak at 2.7 Mev, but there is also a 

suggestion of one at 2.1 Mev. Other comparisons are not possible 

because the peaks for target and residual nucleus are too close in 

energy or because data are not available. 

In the barium target, the 26-Mev alpha bombardment (Fig. 19B) 

produced a greater peak in the spectrum than did the one at 42 Mev. 

In addition, the anisotropy of the peak was no longer present at the 

lower energy. Likewise, in holmium the peak was no longer anisotropic 

at the lower bombarding energy, and the average over all angles must 

be greater than at the higher energy. The lower yield at 42 Mev, 

where there are more decay channels, suggests that inelastic scattering 

may be responsible, though the tellurium bombardment indicates other­

wise. The lower anisotropy at 26 Mev may be the result of the lower 

angular momentum. 
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V. CONCLUSIONS 

From the data obtained in this experiment, one may draw several 

conclusions regarding the de-excitation of the compound nuclei studied in 

the presence of both high and moderate amounts of angular momentum: 

l. The yield of gamma rays in the heavy-ion bombardments was in 

every case greater than the neutron birid.ing energy. This finding is in 

contradiction to the frequently held assumption of evaporation theory 

that gamma emission does not compete with particle emission above the 

neutron threshold. 

2. The total energy of the gamma rays in the heavy-ion bombardments 

was in agreement with the magnitude of the observed shifts in the excita­

tion functions. 

3. At the same excitation energy, the number of photons from the 

copper compound nucleus was greater in the presence of a larger angular 

momentum. This observation demonstrates that the increased yields is an 

angular-momentum effect. 

4. The greater part of the angular-momentum release o;acuirEJ' through 

quadrupole transitions, except perhaps at the highest angular momenta. 

This conclusion may be formed from the angular distribution of the photons, 

and also from a comparison of the number of photons to the estimated 

angular momentum at the beginning of photon emission. 

5. Single-particle transitions cannot account for the quadrupole 

emission. Therefore, it must be attributed to collective effects. The 

energies of the gamma rays and the insufficient amount of the rotational 

energy suggest that the collective effects involve vibrational modes. 

There is a possibility that octupole as well as quadrupole vibrations may 

be involved. 

The effects of this experiment depend partly on knowledge of the 

compound-nucleus cross section. Better data on the cross sections than 

is presently available would make interpretation of the gamma yields more 

reliable. 

Further work in experiments similar to this would appear to be 

useful in the study of collective modes of de-excd.tatli:.on. Longer runs with 

better statistics and observation of the gamma yield at a number of angles 

would make interpretation more accurate. With heavy ions, the collective 

' -
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effects appear less strong at 100 Mev than at half that energy. The 

breakdown of the collective modes at high spin can perhaps be more readily 

studied in this way than by Coulomb excitation. It is hoped that additional 

experiments of the sort described here will be performed in the future. 
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APPENDICES 

A. Calculation of the Rotating Liquid-Drop Energies 

Because of the inadequacy of published tables of the elliptic 

functions appearing in Eqs. (24) and (28), it was necessary to calculate 

them on the IBM 704. For convenience, the whole calculation was pro­

grammed with the elliptic functions evaluated in a subroutine. This 

subroutine should be useful in any Fortran program requiring the use of 

elliptic functions. The calculation is carried out according to Eq. (34). 
The program requires the following quantities to be furnished by 

the user: 

XSTART, the first value of X for which energies are computed 

XSTOP, the final value of x 

RSTART, the initial value of R = /-..2 

RSTOP, the final value in the series of R values 

ISTEPS, the number of values of t3 between 0 and 1,0 

JSTEPS, the number of values of y between 120 deg and 180 deg 

KSTEPS, the number of values of x between XSTART and XSTOP 

LSTEPS, the number of values of R between RSTART and RSTOP 

XFIXED and 

RFIXED, exact values of x and R for use with the option described 
below 

wl ..• w6 and 

z1 ... z6 , two series of constants given below. 

The number of intervals (JSTEPS, etc.) includes the first and 

last value of the parameter, except for ISTEPS, which does not count t3 =0. 

An option is available to compute the energies for only one value 

of x and R, given by XFIXED and RFIXED. Sense switch No.3 is placed down 

to • :exercise this option. 

The elliptic function subroutine ELLIP was written in Fortran 

from the equations given in the Share program for elliptic functions, 

GMIEF-l-C3. The number of terms in the summation was increased for 

high values of k to extend the range of k. The authors of the Share 

program give the accuracy of the method as better than four in the 

eighth digit. 
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~1e equation used are: w. 

and 

J 
n 6 

F(¢,k) = ~ (¢.- ¢. 1 ) ~ 
i=l J. J.- j=l 

J l-k
2
sin

2 
f(¢. -¢. 1 ) Z .+¢. 1 ] l J. J.- J J.-

n 
E(¢,k)·= ~ (¢.~ ¢. 1 ) 

. 1 J. J.-
J.= 

6 J 2 . 2 r( ) n( 

1 ~ W. 1-k SJ.n ¢.- ¢. l Z.+ p. l 
. 1 J J. J.- J J.-J= . 

The number of terms n, in the summation is given by: 

n = 1 for k:S0.55 

n 2 for 0.55 < k :s 0.85 

n = 3 for 0.85 < k :s 0.95 

n = 5 for 0.95 < k :s 0.99 

o. 
i ¢, for i 
n 

1, 2, .•• n. 

The constants used in the Gaussian integration are: 

z1 = 0.0337652429 

z2 = 0.1693953068 

z
3 

= 0.3806904070 

z4 = 0.6193095930 

z5 = o.83o6o46932 

z6 = 0.9662347571 

w1 = w
6 

= 0.856622462 

w
2 

= w5 = 0.1803807865. 
w = ~4 = 0.2339569673. 

3 
The constants W. and z., as well as the parameters of the calculation, 

J. J. 
are read from punched cards by the main program. The format appears in the 

listing at the end of this appendix. 

The running time depends on the number of values of the parameters 

for which calculations are done. For 40 values of ~ and 13 of y, the time 

is about five seconds per pair of x,R values . 

\ 
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C PROGRAM dLO~ FOR ENERGIES OF DEFORMED ROTATING LIQUID DROP 

c 

c 

1 DIMENSION 6STEP(401tlNTGAM(401t SURFE140t401t ECOULI40t40lt 
XEROTI40t401tETOTALI40t40ltWI6lt Z16lt PSI161 

5 REAO lOt XSTARTt XSTOP, RSTARTt RSTOP, ISTEPSt JSTEPSt KSTEPSt 
, XLSTEPSt XFlXEO, RFIXED 
10 FORMAT 14F8e4 t4I4t2F8.4l 
12 READ 13• IWilltl•l•61tll1JitJ•lt6l 
13 FORMAT (6F12e9 I 
30 DO 20U I~itliTEPS 

B • I 
BSTEPS • ISTEPS 
BETA • IB*leOl/BSTEPS 
BSTEPIII =BETA 

35 DO 200 J=ltJSTEPS 
G•J 
GSTEPS•JSTEPS 
GAMMA = 120eO+IIG-leOI*60eOl/IGSTEPS-le0l 
lNTGAMIJl • GAMMA 
PI= 3el4159l65 
GAMMA • GAMMA/57.2957795 

50 CANG=COSFIGAMMAI 
8ANG•COSfiGAMMA+(2eO*Pll/3eOI 
AANG=COSFIGAMMA -(2eO*PII/3e0l 

60 ASQ• EXPF 112eO*BETAI*AANGl 
BSQm EXPF 112e0*8ETAI*BANGI 
CSQ= EXPF 112eO*BETAI*CANGI 

70 ALPASQ= IASQ~CSQI/ASQ 
DLTASQ= (BSQ-CSQI/BSQ 
TSQ• DLTASQ/ALPASQ 

80 

83 
85 

100 

120 

200 

210 
211 
212 
213 
214 

215 
216 

T.; SQRTF(TSQI 
ALPHA• SQRTFIALPASQ) 
CHI= SQRTF(leO-ALPASQI 
PHI = ATANFIALPHA/CHl) 
RHO•SQRTFI1e0-DLTAS~I 
ClNVER• EXPFI-BETA*CANGI 

CALL ELLIP IPHlt Tt W• z, Et fl 
BSURF• Oe5*ClNVER*IRHO*CHI+Il•O/ALPHA-ALPHAI*f+ IALPHA*E)I 

NOW CALCULATE BCOUL ANO BROT 

EPSLON • SQRTFI1•0/(AS0-CSQ)l 
TAU • EPSLON * SQRTF(ASQ-BSQ) 
CALL ELLlPIPHI, TAUt Wt Zt Et Fl 
BCOUL • EPSLON*F 
BROT • 2e0/(ASQ+BSQI 
SURFEil•JI = BSURF-1.0 
ECOUL(ItJI • BCOUL-1.0 
EROTIItJI • BROT 

wRITE TABLES OF SURFACE AND COULOMB ENERGY AND BROT 

WRITE OUTPUT TAPE lt210 
FORMATI22HlSURFACE lNERGY CHANGE) 

WRITE OUTPUT TAPE 1t212t IINTGAMIJitJ•l,JSTEPSI 
FORMAT 17HOGAMMA• 14I81 
WRITE OUTPUT TAPE lt214 
FORMATI5H SETAl 
DO 215 1•1t lSTEPS 
WRITE OUTPUT TAPE 1•216• BSTEP(llt ISURFECitJit J•lt JSTEPSI 

FORMAT llH F5.3t Fl0e5t 13F8.51 
wRITE OUTPUT TAPE ltZ30 

\' 
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FORMATI22HlCOUL0Md E~E~Gy CHANGE! 
WRITE OUTPUT TAPE 1o212• IINT0AMIJloJ=l•JSTEPSl 
wRITE OUTPUT TAPE 1•214 
DO 236 I=ltiSTEPS 

236 WRIT~ OUTPUT TAPE 1•216• ~STlP(ll, (ECOULIIoJlt J=l• JSWEPSl 
WRITE OUTPUT TAPE l•24U 

240 
241 
242 
244 

FORMAT(27HlROTATIONAL PARAMET~R UROT l 
~/RITE OUTPUT TAPE 1•212• I·INTGAM(J),J=1tJSTEPSI 
WRITE OUTPUT TAPE 1o214 
DO 246 I=l,ISTEPS 

246 WRITE OUTPUT TAPE 1•216• BSTt.P( I It (tROT ( X.Jl • J=l• JSHPSl 

OPTION FOR SINGLE X AND R VALUE 

247 IF !SENSE swiTCH 31 248t255 
248 DO 250 I=1o !STEPS 

2SO 
2:>2 

DO 25U J=1o JSTEPS 
tTOTAL(I,Jl=SURF~(l,Jl+2.U*XflXEU*ECOUL(I,Jl+KfiXEU*EROTIItJI 

GO TO 287 

COMPUTE ENERGY TABLES fOR MESH OF X AND R VALUES 

255 DO 285 K=ltKSTEPS 
XSTEP = K-1 
XSTEPS = KSTEPS-1 
X= XSTART + XSTEP*IX~TOP-XSTARTJ/XSTEPS 

26U DO 285 L=ltLSTEPS 
RSTEP = L-l 
RSTEPS = LSTEPS-1 
R = RSTART + R5TEP*(RSTOP-~STARTI/RSTEPS 

270 DO 275 I=ltlSTEPS 
DO 275 J=ltJSTEPS 

275 ETOTALiltJI=SURFEII•Jl+2.0*X 
278 WRITE OUTPUT TAPE lt 280 
279 WRITE OUTPUT TAPE lt 277t Xt R 

*ECOUL,C I ,J I +R 

277 FORMAT 128H0fiSSIONABILITY PARAMET~R X= F5.3t 
Xl6HLAM8DA SQUARED = F5.31 

*EROTt I tJ I 

280 fORMAT (51HlTOTAL tNERGY tHANuE AS FKACTlON Of SURFACE ENERGY I 
281 WRITE OUTPUT TAPE l•212t I.INTGAMIJltJ=l,JSTEPSI 
282 WRITE OUTPUT TAPE lt214 
284 DO 285 I=l•lSTEPS 
285 wRITE OUTPUT TAPE lt216t BSTEP(IJ,IETOTALII,JI, J=l, JSTEPSI 
286 GO TO 299 
287 CONTINUE 
288 wRITE OUTPUT TAPE 
290 FORMAT (51HlTOTAL 
291 WRITE OUTPUT TAPE 
292 WRITE OUTPUT TAPE 
294 DO 295 l=ltlSTEPS 

lt 280 
tNERGY 
lt212t 
lt214 

CHAN~E AS FRACTION OF SURFACE ENERGY I 
(lN~GAM(JltJ=ltJSTEPSI 

295 WRITE OUTPUT TAPE lt2l6• tiSTEP(lltiETOTALiltJit J=l• JSTEPSI 
299 CONTINUE 
300 END (O•l•OtOtll 



-99-

SUBROUTINE ELLIP IPHlt T, Wt l, Et Fl 
DIMENSION Wl61t Zl61t PS1(61 

C OET~RMINE TH~ NUMBER OF ITERATIONS 

5 1FIT-Oo551 10tl0tl5 
10 N•l 
11 GO TO 30 
15 IF (T -0 • 6 51 17, 17 t 2 0 
17 N•2 
16 GO TO 30 
20 1F(T-Oo951 22t22t25 
22 N11 3 
23 GO TO 30 
2~ IF IT-0.991 27 t27tl9 
27 N • 5 
28 GO TO 30 
29 E • SINF IPHII 

DIFFE a lloO+EI/IloO-EI 
F • Oo5*LOGF IDIFFEI 
GO TO 91 

30 PSIIll "'OoO 

C DO SUMMATIONS TO FIND E AND F 

DO 35 I •1 tN 
FL I • I 
FLN a N 

35 PSIII+ll • FLI*PHI/FLN 
F " OoO 
E • o.o 

40 DO 90 l•l,N 
FSUMJ = OoO 
ESUMJ = 0.0 

50 DO 75 J = 1.6 
OMEGA= IPSIII+ll- PSl(lii*WIJI + PSIIII 
SlNOM = SINFIOMEGAI 

60 CN = SORTF(loO-T*T*SlNOM*SlNOMI 
FTERMJ • ZIJI/CN 

70 ETERMJ • ZIJI*CN 
FSUMJ • FSUMJ + FTERMJ 
ESUMJ = ESUMJ + ETERMJ 

1!> CONTINUE 
FTERMI •FSUMJ*IPSIII+ll - PSIIIII 
ETERMI =ESUMJ*(PSlll+ll - PSIIJII 
F • FTERMI + F 
E • ETERMI + E 

90 CONTINUE 
98 RETURN 

lvO ENOivtltOtOtll 
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B. The Unfolding of the Gamma Spectra 

The method of Scofield was used for correcting the observed pulse­

height spectrum for the response of the sodium iodide crysta1. 72 It is 

based on the use of a response matrix, but rather than direct inversion 

of the matrix to obtain the incident-photon spectrum, successive approxima­

tion by correction factors is used. 

The response of the counter in counts per photon is a function 

R(V, E) of both the gamma .energy E and the pulse-height voltage V. If 

the incident spectrum of the photons is N(E), the observed pulse-height 

distribution is 

C(V) = f: R(V,E) N(E)dE. 

Use of a matrix is well adapted to the discrete channels of the 

pulse-height analyzer. In the matrix formulation, we have 

where 

and 

C = R x N, 

R .. = 
. ~J 

R(V,E.) 
J 

v. 
f V~ R(V,E.)dV, 

. 1 J 
~-

E 
~ jE'j R(V,E)dE/(E.-E. 1 ), 

j-1 . J J-
v. 

c. = f ~ C(V)dV, 
~ v. 1 

~-

E. 
'N. = f J N(E)dE. 

J E. l J-

Theoretically, inversion of the matrix gives the initial spectrum 

N" = :R-1x c. 
While mathematically exact, this method is unsuitable in the 

presence of statistical fluctuations in the data and inaccuracy in the 

response function. However, the effect of matrix inversion may be 

obtained by successive approximations. The observed spectrum is 

multiplied by the response matrix to obtain a doubly-folded spectrum. 

Each channel or element of the observed spectrum is individually corrected 

by a factor of the ratio of the original to the doubly-folded value of that 

element. The corrected spectrum is multiplied by the response matrix and 

the ratios again found element by element. These ratios are applied as 
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corrections to the original observed spectrum, not to the first corrected 

spectrum. The process is repeated until the desired degree of convergence 

is obtained. 

If we denote the original observed spectrum by C and the 
0 

approximations to the incident gamma spectrum by N., we have 
~ 

The corrected observed spectra may be denoted C.; therefore we can write 
~ 

c
1 

= RxN
1

, 

(Nl)i 

In practice, 50 iterations were found to give convergence within one 

part in 10
4. 

In the routine GAMSPEC a group of several spectra is unfolded 

at one run. The spectra of this group must have the same energy inte~vals 

and angle of observation, while a gain adjustment factor is specified for 

each spectrum individually. The data cards for the spectrum are preceded 

by a card specifying the following constants: 

MESH, the number of channels in the spectrum and the 

dimension of the response matrix; 

NRUNS, the number of spectra in the group; 

THRES'J' the lower gamma-energy limit; 

EMAX, the upper gamma-energy limit. 

The data cards then follow, with each spectrum preceded by the factor 

GAIN by which the energy scale is to be multiplied. The formats for 

these cards are given in the Fortran listing at the end of this appendix. 

If the value of GAIN is not unity, subroutine GAINAJ is called in 

to apply the correction. It interpolates linearly between the points of 

the input spectrum and corrects for changed channel width. In extra­

polating at either end of the spectrum, it assumes an exponential 
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dependence on pulse height. The corrected input spectrum is written on 

tape 3. 

The response matrix may be generated in subroutine RESPON or 

read from tape 5, according to the position of sense switch 5. If it 

is available on tape, the program proceeds to smooth .the spectrum if 

sense switch .1 is down; then it unfolds the spectrum according to the 

iterative scheme mentioned. The successive approximations ~e listed on 

tape 3 if sense switch 3 is depressed. 

The geometry factor for 45-deg runs is used if sense switch 4 is 

placed down. This switch is left up for the 90-deg spectra. Sense switch 

2 is used to call for smoothing of the spectrum after unfolding. 

After unfolding, the resultant incident spectrum is multiplied by 

the response matrix as a check and the product written on ·xa_p.e 3:~~ ; The 

product should be equal to the input spectrum corrected for gain and 

geometry. The unfolded spectra are written smoothed and unsmoothed 

on tape 3. 

In writing the response matrix, subroutine RESPON selects the 

energy and pulse-height intervals according to the specified values of 

MESH, THRES, and EMAX. The pulse-height intervals are divided into 10 

subintervals, the response of the crystal calculated in function sub­

routine CURVE, and an average take~. The response is calculated accord­

ing to the functional dependences on energy and pulse height given in 

Table II Section III. 

The running time for the evaluation of the response matrix is 

about 3 minutes for 20 channels and 18 minutes for 50 channels. If the 

matrix is on tape, the running time per spectrum is less than 30 seconds 

for 20 channels and slightly over 1 minute for 50 channels. 

Fortran listings of program GAMSPEC and associated subroutines 

are given on the following pages. 
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C GAMMA SPECTRUM ANALYSIS - PROGRAM GAMSPEC 

DIMENSION RISOtSO)t FISO)tHI50)t 8150t50it X(50t501tDC50•50)t 
XWI50t50lt SUM(50)t ESUM(50tt E(50)t RESIDCSO)t Olf(50t501~ 
X Yl50t50) 

READ 5• MESHt NRUNSt THRESt EMAX 
5 FORMAT 1215t 2F10.3 ) 

WRITE OUTPUT TAPE 3tl3 
13 FORMAT (14HllNPUT SPECTRA 
10 DO 35 JS•lt NRUNS 

READ 12t GAINt CFCllt l•ltMESH 
12 FORMAT C7F10•3l 

WRITE OUTPUT TAPE 3t 93t JSt (f(Jit J•1tMESH) 
CALL EFM COtOI 

C ADJUST GAIN IF REQUIRED 

IF IGAIN-1.0) 20t30t20 
20 CALL GAINAJ Cft Ht MESHt GAIN, THRESt EMAX) 

DO 25 1•1t MESH 
25 B( ltJSI • HI 11 

GO TO 35 
30 00 34 K•1t MESH 
34 BCKtJSI • F(K) 
35 CONTINUE 

FLMESH II MESH 
DO 36 Jr~1t MESH 
ElNDEX • J 

36 EIJI • II EMAX-THRESI/FLMESHl * CEINDEX-0.5) + THRES 

C GENERATE RESPONSE MAT~IX OR REAO IT FROM TAPE 

IF (SENSE SWITCH 5) 40,47 
40 CALL RESPON I MESHt EMAXt THRESt R I 

WRITE OUTPUT TAPE 5t 45• lCRIItJlt I•1tMESHJt J•l• MESHI 
45 FORMAT 11P5E18.9) 

END FILE 5 
REWIND 5 
GO TO 48 

47 READ INPUT TAPE St _45t CIRCltJit 1•1tMESHlt J•1• MESH) 
REWIND 5 

48 CONTINUE 

C OPTIONAL SMOOTHING BEFORE UNFOLDING 

IF ISENSE SWITCH 11 50t58 
50 DO 55 Nr~1tNRUNS 

MINUS • MESH - 1 
DO 53 L•2t MINUS 

53 XILtNI • 0.25*BfL-ltNI + 0•5*BCLtNI + 0.25*6(L+ltNI 
XIMESHtNI • Oe25* BfMlNUStNJ + 0.75* B(MESHtNI 
Xl1tNI = 0.7S*BI1tNI + Oe25* 8(2tNI 
DO 55 L•lt MESH 

55 BILtNI = X(LtNI 

C UNFOLD BY SUCCESSIVE APPROXIMATIONS 

58 DO 140 N•ltNRUNS 
DO 110 1•1• MESH 
DO 11 0 J • 1 t 50 
DIF IItJ) • D.O 
DIItJI • o.o 

110 W( ltJ) • 0.0 



DO 115 l•lfMESH 
115 Wlltll • ~lltNI 

DO 120 1 • lt MESH 
DO 120 J = 1t MESH 

-104-

120 Dllt11 • RlltJI * WIJt11 + 0Clt11 
DO 130 L• lt49 
LL• l+1 
DO 122 I•lt MESH 

122 WlltL+11 •IWIItLI I OCitLII * Wlle1J 
RESlDC 11 • o.o 
RESlO ILLI • 0.0 
DO 125 J•1t MESH 
DlFIJtLI • WIJtL+ll - WCJtLI 

125 RES10 (LLI = REStO ILL) + DlFIJtLI * DlFIJtll 
RESID CLLl • SORTF IRESlDCLLll 
IF CL-2) 127tl27tl26 

C CHECK FOR DIVERGENCE OF APPROXIMATIONS 

126 IF IRESIDILLl -RESIOILL-1) l 127t230t230 
127 DO 130 1•1• MESH 

DO 130 J•1t MESH 
130 DlltL+ll • RlltJI*WIJtL+11 + 0CitL+11 

GO TO 131 
230 LL•LL-1 
131 DO 132 1•1t MESH 
132 XlltNI • WCltLLI 

C OPTIONAL wRITING OF APPROXIMATIONS 

IF ISENSE SWITCH 31 133t140 
133 WRITE OUTPUT TAPE 3t 134 
134 FORMAT 128H1 SUCCESSIVE APPROXIMATIONS 

DO 135 J•lt25 
135 WRITE OUTPUT TAPE 3 t l36t NtJtiWIIeJlt 1•1tMESHit RESIDCJJ 
136 FORMAT 14HORUN 12t 3H J•l2t1Pl0El0e3111PE21•3t1P9El0•3 ll 
14u CONTINUE 

C GEOMETRY FACTOR FOR 45 DEGREE RUNS 

lF !SENSE SWITCH 41 142tl50 
142 DO 146 N•l• NRUN$ 

DO 146 I•1t MESH 
146 XlltNI • XCitNI * 2•25 
150 DO 69 J•1tNRUNS 

C COMPUTE SUM OF COUNTS AND AVERAGE ENERGY 

SUM (J) • OeO 
ESUM (JI • OeO 
DO 68 L • lt MESH 
ESUM CJI • ESUM CJI + E CLl*XCLtJ) 

68 SUM CJI • SUM CJI + X ILeJJ 
69 ESUM (JI • ESUM CJI I SUM CJJ 

C WRITE SMOOTHED INPUT SPECTRUM AND UNFOLDED SPECTRUM 

90 WRITE OUTPUT TAPE 3t 92 
DO 91 J •ltNRUNS 



c 

c 

91 
92 
93 
94 

96 

95 

320 

324 
325 

.240 
250 
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WRITE OUTPUT TAPE 3• 93o Jt I 6 IItJit 1 = lt MESH I 
FORMAT I 41 HO SPECTRA ADJUSTlD fOR uAIN AND SMOOTH~D I 

1Pl0El0o3) 
15H AVERAGE ENeRGY 

FORMAT I llHORUN NUMbER I2o1Pl0El0o3/113H 
FORMAT (26H TOTAL COUNTS Fl0o1 t 

X F8o3 I 
WRITE OUTPUT TAPE 3t 96 
FORMAT 125HOUNFOLDtD ~AMMA SPtCTRA 
DO 95 J = lt NRUNS 
WRITE OUTPUT TAPE 3t 93t Jo IX lltJit 1•1• MESH I 
WRITE OUTPUT TAPE 3t 94t SUM IJI t ESUM IJI 

MULTIPLY UNFOLDED SP~CTRUM BY RESPONSE MATRIX TO CH~CK 

WRITE OUTPUT TAPE 3t320 
FORMAT (14HOCHtCK SPECTRA I 
DO 325 N=loNRUNS 
DO 324 I=lt MESH 
DO 324 J=l• MESH 
YlloNI = YlloNI + RlloJl *XIJtNl 
WRITE OUTPUT TAPE 3t 93o Nt IYIItNlt 1=1• MESH) 

OPTIONAL SMOOTHING AFTER UNFOLDING 

IF !SENSE SWITCH 21 '40, 97 
WRITE OUTPUT TAPE 3t 250 
FORMAT 126H SMOOTHED UNFOLDED SPECTRA 
DO 350 N=ltNRUNS 
MINUS = MESH - 1 
DO 340 L=2t MINUS 

340 YILtNl = Oo25*X(L-ltNI + Oo5*XILtNI + Oo25*XIL+1oNI 
YIMESHtNI = Oo25* XIMINUStNl + Oo75* XIMESHtNI 
YlltNI • Co75*XIltNI + 0.25* X(2tNI 
DO 345 L= 1 ,,.lESH 

345 XILtNI • YILtNI 
350 WRITE OUTPUT TAPE 3• 93• No IXIltNlt I=1oMESHI 

97 CONTINUE 
END FILE 3 
REWIND 3 

100 END I OoloOtOtC 

SUBROUTINE GAINAJ IFtHoNBOXESoGAlNt THR£St EMAXI 

DIMENSION El50), £A1501t Hl501t Gl50), Fl501 
BOTE = THRES * GAIN 
TOPE • EMAX * GAIN 
DO 10 N=l• NBOXES 
BOXES a N80XES 
P=N 
EINI •IIITOPE-BOTE )/~OXcSI * (P-Oo51)+ bOTE 
GIN) a FINI/GAIN 

10 EA(Nl•IIIEMAX-THRESI/BOXESI * (P-Oo511/ + THRES 
IF I GAIN - 1.0 I 60o60tl4 

C GAIN TO BE INCREASED ~ 

14 Hill= Gill- CGI21-GIUI*IE(lJ-tA(lli/IEI21-Eilll 
15 DO 50 N=2tNBOXES 

DO 30 L=2•N 
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M=N-L+l 
IF IEAINI-EIMI) 30t30t45 

30 CONTINUE 
45 HINI :G(MI + (GIM+li-G!MII*!EA1Nl-EIMIII(EIM+11-EIMII 
50 CONTINUE 
55 GO TO 90 

C GAIN TO BE DEC~EASED 

6u DO 80 N=1tNoOXES 
NLESS = NBOXES - N 
DO 70 L=ltNLESS 
M~:N+L 

IF !EAINI -E.IMII 75t75t70 
70 CONTINUE 

72 HINI a G!NBOXESI *IG!NBOXESJIG(N60XES-11I**IIEAINI-EINBOXESIII 
X !E!NBOXESJ-EINBOXES-111 

GO TO 80 
75 HINI = GIMI -CGIM)-.GCM-111 * CECMI-EA(NJI/Ct:(MJ-EIM-1)) 
80 CONTINUE . 
90 RETURN 
95 END (Ot1t0tUtl) 

SUBROUTINE RESPON CMESHt EMAXt THREStRI 

DIMENSION Rl50t50) t ECSOI 
FLMESH = MESH 

C LOCATE ENERGY INTERVALS 

DO 12 J•1t MESH 
ElNDEX • J 

10 EIJI • II EMAX-THRES I /FLMESH I * I EINDEX- Oo5 I + THRES 
DO 12 K D l• MESH 

12 R IJtK I • OoO 

C LOCATE PULSE HEIGHT INTERVALS 

15 DO 60 J e lt MESH 
DO 50 1 a 1t MESH 
El.EM • o.o 

C AVERAGE HESPONSE OV~R 10 PULSE HEIGHT INTERVALS 

DO 25 L a lt1v 
XINDEX :a 10* I 1-1 I + L 
X a II EMAX-THRESI I IFLMESH*lOoOII * IXINDEX-Oo5l + THRES 
ELL • L 
IF IX- lo25*EIJII 25t25t55 

25 ELEM = El.EM + CURVECEIJltXl 
50 R IItJI • R lltJI + ELEM 110o0 
55 R lltJl • R IItJI + ELEM I ELL 
60 CONTINUE 

DO 70 I=ltMESH 
DO 70 JaltMESH 

70 RlltJI • RlltJI * lOOoO/ FLMESH 
RETURN 
END 10tlt0t0t11 
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FUNCTION CURVE !EtXl 

C PHOTO AND E~CAPE PEAKS 

PHOT1 • o.o 
PHOT2 a 0.0 
PHOT3 • o.o 
c = 0.361 
U • 0.0815* ((fl**Oo51 

C CONSTANTS FOR 10 PERCENT RESOLUTION AT 0.66 MEV 

c 

c 

IF CE-0.651 5t7t7 
5 HITE1 • 0.00459 * E*•l-0.033) 

GO TO 8 
7 HlTEl • Oo00253 * E**! -1•461 
8 PHOTl a HITE1 * EXPF(-(X-E 

IF CE-1.751 1lt9t9 
9 HITE2 • lo437*HlT~l*LOGFIEil•751 

HITE3 = Oo569*HITEl*LOGFIEil•751 
PHOT2 a HITE2 * EXPFC-CX-E+0.51 
PHOT3 = HITE3 * EXPFC-CX-E+lo02 

102 

103 

IF IX-Oe41 10t102tl02 
IF cx-0.61 103,103,lo 

ANNIHILATION PEAK 

ANNHT = 1•2* CHITE2 + HITE31 

1**2.01 CC*U**2e011 

/2.303 
12e303 
1**2.01 IC*U**2.01) 
1**2.01 CC*U**2.0)) 

ANNIH • ANNHT * EXPFC-!X-Oe51l **2•0 I Oe00122 I 
GO TO 11 

10 
11 

12 
13 
14 
15 
16 
17 
20 

ANNIH "' 0.0 
IF IE-1o0) 14t12t12 

COMPTON DISTRIBUTION 

COMPEJ = E-Oo25 
GO TO 20 
IF !E-Oo51 l7t15t15 
COMPEJ = u.9*E - 0.15 
GO TO 20 
COMPEJ = 0.6 * E 
CONTINUE 
COMAR • 0.0077 - 0.001806 I IE+0.2351 
COMPHT • COMAR I ((E+COMPEJ I * 10.0 

C SCATTER PEAK 

c 

121 IF 1 x-o. 51 2 2, 2lt 21 
21 SCATR ., 0.0 

GO TO 24 
22 SCATHT ~ Oo455*COMPHT 

SCATPS ~ 0.145 + Oo0675*E 
SCWIO = Oo08 
SCATR • SCATHT * EXPF !-CX-SCATPSI**2oiCC*SCWID**2•0l) 

COMPTON DISTRIBUTION WITH ESCAPE PEAKS 



.... ~-
24 
25 
26 

21 
28 

29 

3"0" 
31 
32 
34 
35 

135. 
36 
38 
39 
40 
42 
43 
44 
45 
46 
47 
48 
50 
55 

IF IE-lo75l 25t25t30 
IF I X-COMPEJl 26t26t27 
COMPT • COMPHT 
GO TO 50 
IF IX-E l 26t28t29 
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COMPT • COMPHT * !E-Xl I IE-COMPEJI 
GO TO 50 
COMPT • OoO 
GO TO 50 
IF (X-E+lo22l 3lt3lt34 
COMPT • COMPHT 
GO TO 50 
IF IX-E+vo871 35t38t3~ 
IF IHITE2 - COMPHTl 3lt31t13~ 
COMPT • COMPHT+ IHITE2-COMPHTl*IIX-E+lo22l/Oo35l 
GO TO 50 
IF IX-E+Uo5ll 39t42t42 
COMPT '" H ITE2 
GO TO 50 
IF (X-COMPEJl 43t45t45 
COMPT • HITE2 + (0o1*COMPHTl *I(X-E+0.51J/(COMPEJ-E+Oe51l) 
GO TO 50 
IF (X-E146t41:1t48 
COMPT • 1HITE2 + Oel * COMPHTl * !E-XJ I IE-COMPEJ) 
GO TO 50 
COMPT = u.o 
corn I Nut:: 
CURVE • PHOT1 + PHOT2 + PHOT3 + SCATR + COMPT + ANNJH 
RETURN 
END !Otlt0t0t1l 
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