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George Patrick Millburn 

Radiation Laboratory 
University of California 

Berkeley, California 

February 21, 1956 

ABSTRACT 

Neutron yields from thick targets bombarded by 32- and 18-

Mev protons were measured for 59 elements and compoundso Als,o, 

for 23 metallic elements yields were measured from targets thick 

enough to degrade the proton energy from 32 to 18 Mev. The neutrons 

were detected by counting the Mn 56 activity produced by neutron 

capture in MnSO 
4 

solution contained in a 3-by- 3-ft tank that sur

rounded the targets. The efficiency of the n~utron- detection system 

was determined with a calibrated Ra-a-Be sourceo For all three 

energy intervals, the neutron yields increased abruptly by a factor of 

2 at Z = 20 and Z = 30, and Ni had a yield 1/3 that of neighboring ele

ments. 

When analyzed in terms of the average number of neutrons per 

nuclear interaction, N, the data may be examined in terms of the 

statistical theory of nuclear reactionso The increase inN with energy 

agreed with a rough estimate from the theory, but values of N were 

30o/o to 60% lower than the predicted values for Z < 400 N showed a 

close correlation with et = (N- Z}/ A of the target nuclei, and a term 

proportional to et - ec added to the exponent in the usual expression 

for the probability of neutron emission from a compound nucleus gave 

fair agreement between measured and calculated valueso Some such 

term was found to be necessary in order to obtain correct values of 

Nand to reproduce the observed discontinuitieso 
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I. INTRODUCTION 

The production of neutrons in nuclear reactions has been of 

interest for more than 20 years, first from reactions produced by 

naturally occurring a: particles, 
1 

and later from reactions of accel

erated particles. 
2 

The interest in neutron sources today is confined 

largely to the production 'Of monoenergetic beams, and general total

production measurements are of relatively little concern. Neverthe

less, data on total neutron production in nuclear reactions may be used 

to check the predictions of the statistical theory of nuclear reactions, 3 

and are needed in order to design shielding for particle accelerators, 

The data are valuable in,indicating nuclei whose neutron 

emis sian is anomalous, and form the first step in a systematic survey 

of proton reactions in this energy region that lead to neutron emission. 

In this connection the discontinuities in neutron yields observed at 

Z = 20, Z = 30, and for Ni are of special interest. 

Total neutron production by protons has not heretofore been 

thoroughly investigated; most of the work has been with deuterons and 

alpha particles. 4 • 5 In recent years the total neutron production by 

high-energy protons in thick targets has been measured for 12-Mev, 6 

340-Mev, 7 and 400-Mev8 protons as well as for other particles6• 7 by 

the technique used in this experimenL The work reported here is 

much more comprehensive in surveying the neutron production through

out the periodic table, and .extends the measurements to a new energy 

region. Cohen has recently published similar data for nine elements 

bombarded by 21.5- Mev protons, 9 but his measurements are subject 

to greater uncertainties in the total yield. 

In the work to be described, the neutron production of 32-Mev 

protons bombarding thick targets of 59 elements and three separated 

i-sotopes, and of 18-Mev protons bombarding thick targets of 49 elements 

has been measured. In addition the neutron production of protons with 

energy between 18 and 32 Mev has been measured for 23 elements. 
10 

The source of the protons was the 32-Mev proton linear accelerator, 

and the incident proton flux was measured by placing the targets in a 
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Faraday cup. The neutrons were detected by surrounding the targets 

with a solution of MnSO 
4

; after the neutrons were thermalized by 

collisions with the hydrogen atoms, a fraction was captured by Mn
55 

to form radioactive Mn, 56 and the activity of the solution was deter

mined with Geiger counters immersed in a sample of the solution. 

The detection system was calibrated against a standard Ra-a-Be 
11 

source. 

The MnSO 
4 

tank method is probably the most accurate one 

available for the measu:r:ement of total neutron production. The major 

limitation is the accuracy with which neutron sources are calibrated. 

Although a great difference between the energy spectra of the source 

and of the target could lead to e"rrors in the measurement, this limi

tation is not important except for very high-energy neutrons. 

In the energy region under consideration, nuclear reactions 

are usually analyzed in terms of the statistical theory developed by 
3 12 

Weisskopf and based in part on the concept of a compound nucleus. 

Even though it is now recognized that other types of reactions may be 

more important than the compound nucleus, the first step in our 

analysis begins with the statistical theory because it is the only theory 

sufficiently well developed to permit detailed calculations. According 

to this theory, a nuclear reaction such as X + p -+ C -+ Y + n may be 

thought of as occurring in two steps: first the target nucleus X and the 

incident particle (here chosen to be a proton for definiteness) form a 

compound nucleus C, and second the compound nucleus C decays to the 

residual nucleus Y and the outgoing particle _{here chosen as a neutron 

for definiteness). The cross section CJ {p, n) for the over-all reactions 

may then be separated into two parts: 

(I) 

where CJ C (E) is the cross section for the formation of a compo~nd 

nucleus by a proton of kinetic energy E and 11 (E) is the probability 
n 

that the compound nucleus decays by the emission of a neutron. The 

two factors of Eq. (I) may be further separated: 



... 

.,. 

-6-

a C {E) = S{E )s (E) (2) 

where S(E) is the cross section for reaching the nuclear surface and 

s (E) is the probability of formation of a compound nucleus {sticking 

probability), and 

_f'n(E) 
T'Jn(E}- ~(E) ' (3) 

where fb(E) is proportional to the emission probability per unit time 

of a particle b and the sum is over all particles that can be emitted. 

For energies greater than approximately 1 Mev, s(E) = 1, and 

tables of a C(E) for various energies and nuclear radii may be found 

in Blatt and Weisskopf. 13 An approximation for protons that is quite 

simple and useful is 

2 YR a C (E) = 1f(R + ?::) {1 - R + K ) . (4) 

Here R = r 
0

A1 / 3 is the nuclear radius, ~ = n/p is the de Broglie wave

length of a particle with momentum p, and Y = [(Zze 2)/R] ( 1/E) is 

the ratio of the Coulomb barrier to the incident-particle energy E 

(our Y as defined is the inverse of Blatt's and Weisskopf 1s}. The 

approximation is accurate to approximately 15-o/o for Y < 0.8. 
14 

We 

have used the laboratory. energy E Because the Coulomb effect is 

small for light elements where the difference between laboratory and 

center-of-mass energy is important. 

If we consider the emission from the compound nucleus of a 

particle b such that the residual nucleus is left in the definite state 

j3 with energy E[3, then v:e may write the width for the emission of b 

as the sum of the pa~tial widths~l3 (£)' where~£ U + 1) 1i is the 

angular momentum of b, 

(5) 

and the energy with which b is emitted is eb = E - Eb - El3 where 

Eb is the binding energy of b. Now ~[3 (£) refers to a process that is 

the reverse of the formation of a compound nucleus by particle b, with 

orbital angular momentum4£ {£ + 1 )-11, hitting the residual nucleus in 

the state j3; from the cross section for that process, abl3 ~£·), we may 
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calculate jl;l3 (£)by using the reciprocity theorem. 
13 If n

12 
is the 

transition probability per unit time from a State 1 to a State 2, and p2 
is the density of states of State 2, then, from the theorem, we have 

0 12P1 = 0 21P2· (6 ) 

n/ -n (1 ) - (l ) Nowr.l:::;l 11, q.ndherenn12 -bl3 , p 1 =we' n 21 -vb<Tbl3 , and 

. . 2 -3 -1 
p2 = (21 + 1) (2S + 1} 41Tp (21Tii) v for a free particle of spin S and 

residual nucleus of spin I. Then 

or, since 2 
% 

~13 (1) ~ (E) = v <T (l ) 
h c b bl3 

= 2mEb, 

(2S. + 1) (21 + 1) 

wC(E) 

(21 + 1) (2S + l)Pb 
2 

21T211 3 

1 

(7) 

If we substitute in Eq. (5), sum over l. and replace the sum over 

13 by an integral, we have 

l
-E 

wc(E)[1 ~ ~ 2 (2S + 1) . b e<T c(e )wy(E- Eb - E )de' (8) 
n. 1T 

0 

where wy(E) is the level density of the residual nucleus at an excita

tion energy E. 

Then from Eqs. (3) and (8) we can calculate the probability of 

neutron emission from the compound nucleus, and hence the average 

number of neutrons emitted per nuclear interaction. We shall now 

show how we determined the latter quantity from the yield data. 

Consider the production of neutrons by protons; we may define 

a cross section for the production of one neutron as 

<Tln (E) = <T (p, n) + <T (p, pn) + 2 [<T (p, 2n) + <T (p, p2n)] 

+ 3[<T (p, 3n) + <T {p, p3n)] + ... , (9) 

if we neglect those processes in which more than one proton is 

emitted and those whkh involve pickup reactions. In order to compare 
; 

our results with theory, it is helpful to introduce the average number 

of neutrons per nuclear interaction, N(E), defined by 

•. 

i' 
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a ln (E) = a C (E)N(E). (10) 

Then the yield of neutrons produced by cj> protons striking a target 

with range R (in g/ em 2) and atomic weight A is given by 

r cj>A rE d. 
a 1ndx = -J!- (J 1n aE- dE, 

0 0 

cj>A 
0 

y = A ( 11) 

where A is Avogadro's nurnber. Now we may approximate the rate 
0 15 

of energy loss by 

d-E -a. 
dx = - CE , ( 12) 

so we have 

or, from Eq. (10), 

cj>A
0

C 
y = A 

Then from Eqs. (13) and (14) we have 

y A 
-(]- = a:N' = 'K" (ij'j\ . 

ln C 't' o 

*~ - 'iU"" If we approximate (J cl'll by (J c 1'11, then we have 

(J ln 
N"=-- =-y- A 

a C Ra C cj>Ao 

We use Eq. (4) to approximate a C(E) in forming a C : 

(13) 

(15) 

(16) 

dx 1 /E a ac(E)aE dE= KC a c(E)E dE, (17) 

where B is the Coulomb barrier of the nucleus. We can calculate (J C 

The approximation is s~tisfactory as long as a C(E) is not rapidly 

changing; it begins to break down for the heavier nuclei for 18-Mev 

protons. 
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and we can measure a ln' so that we can estimate the number of 

neutrons emitted per nuclear interaction when protons bombard thick 

targets. 

After we have det'ermined N from the data, we may compare 

it with the predictions of the statistical theory of nuclear reactions. 

Consider a compound nucleus C = X + p at an excitation energy E. 

This nucleus will, if E is high enough, lose energy by emitting parti

cles until its excitation energy is too low for further particle emission 

(gamma emission from highly excited nuclei is not as improbable as 

had been formerly suppose'd, 13 but is still only about 10- 3 of the re

action cross section 
16 

and so may be neglected in our discussion). 

We need to know the binding energies of neutrons and protons to 

various nuclei, and the level densities; with this information we may 

use Eq. (9) to calculate the probability that the excited nucleus decays 

by proton or neutron emission (except for the light elements, to which 

the statistical theory is not applicable anyway, the probability of alpha 

I or other particle emission is negligible except in special cases}. 13 

We then can use Eq. (9) again to determine the probability that the 

residual nucleus is left highly enough excited to emit further particles, 

and repeat the process. 

Tests of the predictions of the statistical theory of nuclear 

reactions have been made by many experimenters. Partial summaries 
. 17 18 

of their results have been given by Lang and LeCouteur, Cohen, 

and Blatt and Weisskopf. 
13 

The most striking success of the compound 

nucleus was the explanation of res0nances in nuclear reactions, 13 and 

these dat~ alone are sufficient to prove the validity of the concept of a 

compound nucleus (at least at energies near the binding energies of 

particles). Lang and LeCouteur showed that a portio'n of high-energy 

nuclear reactions may be included within the framework of the theory. 

On the other hand, it has become increasingly clear that the theory as 

usually applied does not lead to predictions in accord with the data. 
20 

The success of the "cloudy crystal ball" model of ~he nucleus in 

explaining neutron cross sections at 1 to 3 Mev, and the striking 

success of the shell model 21 in explaining regularities in nuclear 

19 
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ground states, tend to contradict the fundamental assumption of the 

theory that the incident particle amalgamates with the target nucleus 

to form a highly excited compound nudeus. Thus we might expect 

that nuclear transparency 22 will be important at energies much lower 

than previously supposed; and that nucleon-nucleon (or knock-on or 

direct)
23

' 24, 25 reactions will be superposed on the evaporation of 

particles predicted by the statistical theory. 
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II. EXPERIMENTAL PROCEDURE 

Beam 

Protons accelerated to 32 Mev in the linear accelerator were 
0 ' 

deflected 10 by a steering magnet and passed through a strong-focus-

ing magnetic quadrupole system and into the annex target room (see 

Fig. 1). The entire path of the beam was in vacuum. A carbon 

collimator approximately 1 in. thick and 0. 7 5 in. in diameter was 

placed 4 to 6 ft in front of the target. The targets were placed in a 

Faraday cup (Fig. 2} in order to measure the total charge. A clip 

lead from the cup led to a low-leakage Fast condenser, and the volt

age across the condenser was measured by a lOOo/o inverse-feedback 

integrating electrometer; the electrometer output was read on a 

Speedomax recorder that was calibrated (semiautomatically) against a 

standard cell before each measurement. The condenser was com

pared with a secondary condenser that had been calibrated by the 

National Bureau of Standards to within 0.1 o/o. The electrometer was 

calibrated against a Leeds and Northrup potentiometer to within 1 o/o, 

so that the measurement of the voltage across the condenser was 

accurate to within l"o/o. The electrometer was carefully checked for 

drift and grid current before each run, and the rare corrections that 

were necessary never amounted to more than lo/o. No provisions were 

made for a magnetic field in the cup, but separate tests with and with

out a field of 400 gauss failed to show any effects of secondary elec

tron emission greater than 0.5o/o (the measurements were accurate to 

approximately 2o/o, and both polyethylene (CH
2

) and Pb targets were 

used). The time constant of the charge-collecting and measuring 

system was very much greater than the longest bombardment. From 

this data we concluded that the total charge stopping in the target was 

determined to within a standard error of 2o/o. 

Proton Energy 

The range of the protons was measured on seven occasions. 

A. thin aluminum wedge 3.00 in. long and varying in thickness from 0.121 

to 0. 223 in. was backed by a 1-by- 3-in. nuclear emulsion. The beam 
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Fig. 1. Schematic diagram of experimental setup . 
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Fig. 2. Schematic diagram of Faraday cup. 
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passed through the Al wedge and blackened the emulsion; by measur

ing the distance from one edge of the wedge to the cutoff of the beam 

pattern, one could determine the range in Al of the protons to within 

0. 001 in. The ranges varied between 0.196 and 0.190 in., correspond

ing to energies of 32.6 and 32.0 Mev. 15 

Targets 

The targets used were usually 1. 5 in. in diameter and were 

equal to or greater than the range of protons of the appropriate 
15 

energy, except for the differential targets described below. In cases 

where metallic targets could not be obtained, or were not convenient 

to use or form, powdered or liquid targets were used. The liquid 

target holders had a 0.001-in. stainless steel foil on the front and left 

a clear area of 1. 25 in. The powdered targets were placed in alumi

num holders and scotch tape was placed over the front of the holder 

to hold the powder in place; these holders also provided a clear area 

of 1. 25 in. Three targets (Si, Mn, V} were available only in the form 

of lumps; these were placed in one of the powdered-target holders with 

sufficient thickness to make it unlikely that the beam would pass 

through the target and hit the holder. Na, B, and B 
10 

targets were 

available only in l-in. diameters. Some elements were bombarded 

in the form of a compound. 

The targets were placed in the Faraday cup and held securely 

in place with a piece of scotch tape, except for the l-in. targets, which 

were held in the center of the Faraday cup by a special holder that 

screwed into the base of the cup. The Faraday cup was held against 

the end of the beam pipe by atmospheric pressure; a raised cylindri

cal lip ensured that the cup was centered to within 1/16 in. 

Alignment 

Before each day 1s sequence of bombardments, beam patterns 

were burned into glass plates and the beam was centered in the beam 

pipe. A pattern was always taken with a glass plate in the Faraday cup. 
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The beam was approximately 0. 75 in. in diameter and was centered 

t6 within 1/16 in. Great care was always taken in this procedure to 

ensure that none of the beam missed the target. 

Neutron Detection 

A 3-by-3-ft aluminum tank with a 4.5-in. -diameter tube 

through the c_enter held the MnS0
4 

solution. The beam pipe was 

centered in the tube by a flange that fitted loosely into the tube. A 

4-in. -diameter plug, 18 in. long, was filled with MnS0
4 

solution 

from the tank and placed in the tank tube in order to intercept neutrons 

emitted in the forward direction. The plug was filled before, and 

emptied into the tank at the end of, each bombardment. 

The solution was stored in four large tanks placed approxi

mately 200 ft from the target area, and pumps were used to transfer 

the solution back and forth as needed. The alignment and range 

measurements were made with the tank empty of solution; when the 

solution in the tank became too active to be counted accurately, it 

was pumped back to one of the storage tanks and nonactive solution 

was pumped into the tank. 

Neutrons emitted from the target underwent collisions with 

hydrogen atoms in the MnS0
4 

solution and became thermalized. 
26 

After the neutrons had reached thermal energies, they diffused 

through the solution until they escaped or were captured by Mn or H 

{the capture cross sections for S and 0 are so low that they may be 
29 56 neglected ). - Those that were captured by Mn formed Mn , a (3-

and '(-emitting radioisotope with a half life of 2.59 hours. 
28 

The dis

tribution of Mn56 activity in the tank is, of course, determined by the 
27 

spatial distribution of thermal and resonance- er1:ergy neutrons; 

thorough mixing of the solution (including that from the plug described 

above) achieved an integration of the spatial neutron distribution. 

Following the mixing, a small portion of the solution was drawn from 

the tank to be counted with immersion Geiger counters. 

To guard against sudden counter failures, two separate and 

nearly identical counter systems were used. The solution to be 
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counted was placed in a lucite container and the depth adjusted with a 

syringe. The depth of the solution was chosen so that variations of 

1/32 in. caused less than a 1% variation in the counting rate, and the 

depth could be reproduced to within 1/64 in. Each counter assembly 

consisted of 5 TGC- 5 Tracerlab Geiger counters connected in parallel 

to a common scaler. The counters could be disconnected individually. 

A solution of Co 
60 

was used before and after each day 0 s run to check 

the reproducibility of the counters, and to obtain high-voltage plateaus. 

The general performance of the counters and scalers was sati.sfacto~y. 

and reproducible to within 4% {counting statistics were generally 1 o/o). 

The over-aU detection efficiency of the tank and counters was 

determined with the use of a 0. 5-g Ra-a-Be source that had been 

calibrated in December 1954, by the National Bureau of Standards to 

a standard error of 3%. The date of sealing of the source was un

known, bu:t the growth of Po
210 

in the one-year period following cali

bration should have been negligible. 

The method of calibration assumed that the tank was as 

efficient in capturing the Ra-a-Be neutrons as it was in capturing 

neutrons from the target. Measurements of the relaxation length of 

Ra-a.-Be neutrons in water 29 indicate that approximately 98o/o of them 

are thermalized in an 18-in. sphere surrounding the source. The 

great majority of the neutrons emitted from the target probably had 
. 1 9, 30 h h f 31 energ1es ower t ant e mean energy o Ra-a-Be neutrons 

{approximately 5. 5 Mev) and hence were captured more efficiently. 

Background 

In any attempt to measure neutron yields from high-energy 

charged particles, the problem of the general neutron background is 

generally complicated. In our experiment the background was deter

mined by extending the beam pipe so that the target could be placed 

approximately 2ft beyond the tank. The target and Faraday cup were 

positioned and surrounded by approximately 1 ft of paraffin with 

cadmium sheets on the outside. The yield of neutrons was measured 

with this arrangement for both CH
2 

and Pb targets. From the 
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measured yields of these targets both in this position and in the tank 

tube, the background was accurately determined. It amounted to 25% 

of the lowest yield measured, or about 0.15 x 10
10 

neutrons per micro

coulomb" 

Energy Variation 

After the yields of 32-Mev protons had been measured, it was 

decided to reduce the incident beam energy to determine if some of the 

observed irregularities in the yields were due to the particular incident 

energy used. Absorbers placed in the beam path would have resulted 

in a loss of beam intensity and a much more diffuse beam with attend

ant experimental difficulties. Instead, advantage was taken of the 20-
28 12 . Mev threshold of C for neutron produchon by protons and the very 

low yield from C by 32-Mev protons (see Sec. III). Since C 
12 

represents 

98.9% of natural carbon, 28 the yield from the C 
13 

present is negligible 

(see Sec. III). The beam energy was degraded by placing a C absorber 

directly in front of the target in the Faraday cup, and the total yield 

for 32-Mev protons on C was subtracted as a '!background". The ab

sorber was chosen to reduce the beam energy to 18 Mev; .the energy 
' . . 12 

had to be lower than the threshold for neutron production in C , but 

as high as prudence would allow so that the neutron from the target 

would be as great a fraction of the total yield (C +target} as possible. 

Twenty-three metallic targets were made of such thickness 

that an incident proton of 32 Mev would be degraded to 18 Mev; these 

targets were placed in front of a C target in the Faraday cup and the 

neutron yield measured was that for protons of 18 to 32 Mev in the 

metallic target. In all cases the yields for the three energy regions 

were consistent within the experimental error; in fact, the agreement 

was better than could be expected, indicating that the relative error 

assigned to the yields was too conservative. 

Data Reduction 

The data actually measured for each run were (a) the time 

at which the bombardment ended; (b) the length of the bombardment; 

(c) the voltage collected across the condenser during the bombardment; 



-18-

(d} the time at which the counting of the sample began; (e) the length 

of time of counting; (f) the total number of counts received during the 

counting interval. In separate measurements a calibrated Ra-a-Be 

neutron source was placed in the tank (with the Faraday cup and beam 

pipe in position), and the data listed above were recorded. A sample 

was taken from the tank before each bombardment to determine the 

. "t" 1 M 56 . . All t" d f . 1n1 1a n act1v1ty. . coun 1ng rates were correcte or cosmlc-

ray background, and a further small correction was made when 

necessary for background caused by the accelerator. 

The counting rates were corrected for dead time, but the rates 

were restricted so that this correction was never greater than 3o/o. 

When the counting rate with all five tubes became too high, the sample 

was counted with one tube, and the ratio of counting rates between five 

and one tubes determined each time by counting twice a sample of suit

able intensity. The ratio was constant to within 5o/o and a typical value 

was 4. 9. The ratio was measured at different counting rates a few 

times to ascertain that it was constant. When the counting rate with 

one tube became too high, the solution in the tank was replaced with 

inactive solution. 

The samples were counted for times that were short compared 

with the half life of Mn 56 , so that the average counting rate was equal 

to the counting rate at the mid-point of the counting interval. After 

subtraction of the steady-rate backgrounds (cosmic rays and acceler

ator), the activity remaining from previous bombardments was sub

tracted and the net activity at the end of bombardment, A
0

, was deter

mined. A
0 

was then corrected for the decay that occurred during the 

bomb<!-rdment, and 

>..t 
Aoo = Ao ----_ >..t 

1 - e 
(18) 

was the net counting rate added to the solution as a result of neutrons 

emitted during the bombardment of t minutes; >.. is the decay constant 

of Mn 
56

. The longest bombardments were less than lOo/o of the mean 
~? " 

life of Mn, '-' 0 so we could neglect possible fluctuations in the beam 

intensity. If A 1 was the net saturation activity of the solution as the 
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result of irradiation with a Ra-a-Be source emitting N neutrons per 

minute, then 

N 
f = 'XAf 

was the number of neutrons per unit activity and 

Aoo N 
fAoo = -,::r-~ 

( 19) 

(20) 

was the number of neutrons emitted during the bombardmenL If V was 

the voltage collected across the condenser C during the bombardment, 

then Q =. CV was the charge collected by the Faraday cup, and 

Aoo Aoo N 1 
y = f Q = ar- x--er (21} 

was the yield of neutrons per unit charge. 

Errors· 

Some possible sources of error in the experimental method 

have been mentioned above. The most serious ones that have not been 

discussed include variations in the depth of the solution in the tank and 

insufficient mixing of the solution prior to sampling. Very few neutrons 

were captured in the outer layers of the solution, and a decrease in the 

s.olution level would have resulted in an increase in the specific activ

ity of the solution. The height of the solution was carefully controlled 

and a limit of 2% may be placed on this source of error. The solution 

in the main body of the tank was stirred continuously by an electrical 

stirrer, and after the tank-~ube plug had been emptied into the tank, 

the solution was stirred for 5 min before the sample was drawn out. 

A test showed that 0 min. delay before sampling gave a net activity, 

10 ± 1. 7% low; 2 min. delay, 1. 7 ± 1. 7o/o high, compared with the net 

activity determined after a 5-min delay. 

The measured half life of the MnSO 
4 

solution checked the 

published value 30 within experimental error. 

The value used for the dead time of the counters was that 

given by the manufacturer (90 ._.,sec) and was checked both by observ

ing the height of the pulses on an oscilloscope as a function of time 

after a pulse, and by' measuring the same yield at very different count

ing rates. 
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I.t was finally decided that the filling, mixing, sampling, and 

counting procedures were such that a standard error of 2o/o represented 

the uncertainty in the gross activity measured for a bombardment. 

Since the activity of the solution was approximately doubled during 

each bombardment, the net activity added during a bombardment was 

determined with a relative (rather than absolute) standard error of 

approximately 4.5o/o. This figure was adopted as the standard error of 

a measurement unless the counting statistical errors were larger. 

A comparison of the yields measured for the three different 

energy regions showed an internal consistency compatible with a much 

lower relative error. The yields for the 0-to-18- and 18-to- 32-Mev 

energy intervals were added and compared with the yield for the 0-to-

3 2-Mev energy interval measured directly. The percentage deviations 

were compatible with a standard error of 3o/o; the yields themselves 

would then be accurate to approximately 2o/o on a relative basis. 

Neutron absorption by the targets was a possible source of 

error, but calculations indicated that this amounted to less than 0. 5o/o 

because of the small size of the targets. 

In addition to the relative error quoted above, the absolute 

values have errors arising from beam monitoring (2o/o) and neutron

source calibration (taken as 5o/o to account for both the uncertainty in 

the source strength and the measurement of the saturation activity). 

The yield values quoted are then reliable to a standard error of 7o/o on 

an absolute basis. In the next section further sources of error that 

arise in the calculation of (J 
1 

n and N are discussed. 
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III. RESULTS 

The yield data actually measured are given in Table I in 

neutrons per J.Lcoulornb (n/J.Lcoul). In all cases an average cross 

section for the production of one neutron, C1 ln' was calculated (see 

Sec. I): 

- _ y A -13 
(Jln-RA 1.60xl0 , 

0 
(22) 

where y is the yield in n/J.Lcoul, R is the range of the proton in g/ ern 
2, 

A is the atomic or molecular weight, 
32 

A
0 

is Avogadro's number, 
33 

and 1.60 x 10- 13 is the charge of the proton33 in J.Lcoul. The ranges 
15 

were taken from the tables of Aron et al. ; for elements not given in 

the tables the ranges were found as follows. The energy loss for a 

given particle and energy is proportional to {Z/A}[log bE+ log (1/Z)] 15, 

so that the range is roughly proportional to A z-l (log bE +log (1/Z)] -l. 

The ranges given by Aron et al. were multiplied by Z/ A and plotted 

against log Z; a smooth curve resulted (see Fig. 3}, and ranges for 

the other elements could be determined easily. For compounds, ranges 

were determined by as surning that the stopping power added atomically. 
34 

Thus for a compound U V, if dE/dx is in Mev grn-l cm 2, we have 
rn n 

{23) 

where 

M =rnA + nA 
l.l v 

(24) 

is the molecular weight. The rate of energy los:; was found for all 

elements by plotting {A/Z} {dE/dx) against log Z; a straight line resulted 

(see Fig. 3) and was used to find dE/ dx for elements not given in the 

tables. For finding the range of a proton in a compound, dE/dx should 

be found for several energies and integrated: R = f(fj-1 
dE. Because 

0 

of the labor involved in this procedure, we instead approximated the 

ranges in the following manner. The major contribution to R arises 

from energies ne<n the maximum proton energy, where (dE/dx)-l is 

greatest, so that an estimate of the range is given by 
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Table I 

Neutron yields for thick targets bombarded by protons 
(in 1010 neutrons per ~coulomb) 

Tar![et EnerfY interval of protons 

0 to 32 Mev 0 to 18 Mev 18 to 32 Mev 

Li 9.69 3.16 .± 0.20 
Be 17.7 6.95 *9.46 
B 4.21 1.14 .± 0.10 
BlO 2.00 
c 0.567 ± 0.037 
Na 3.81 0.51 ± 0.07 
Mg 1.98 0.25 ± 0.08 1.74 ± 0.10 
A1. 3.16 0,46 ± 0.06 2.64 
Si 0.98 0.10 ± 0.06 
p 2•44 0.35 ± O.o6 
s 1.07 ± 0.10 0,008 ± 0.05 
Ti 7.61 1.76 ± 0.13 **7.10 
v 9.24 2.30 ± 0.15 
Mn 7.16 1.27 .± 0.11 
Fe 6.00 1.00 ± 0.09 4.78 
Ni 3.06 0.32 ± 0.06 2.68 
Cu 8.30 1.71 ± 0.12 6.45 
Zn 7.16 1.32 ± 0.11 5.85 
Se 12.5 ± 0.7 
Zr 11.0 1.67 ± 0.13 8.67 
Nb 11.5 
Mo 11.5 2.02 ± 0.13 9.8o 
Pd 12.4 
Ag 12.2 2.10 ± 0.15 9.65 
Cd 12.8 2.14 ± 0.15 10.5 
In 12.9. 1.98 ± o.zo lili.!l: 
Sn 12.1 1.94 ± 0.19 10.0 
Sb 12.7 2.08 ± 0.15 11.0 
Te 12.0 ± 0.9 
Ba 12.8 
La 12.5 
Ta 12.6 1.40 ± 0.23 *10.4 
w 12.5 1.30 ± 0.19 ~10.2 
pt 11.4 1.11 ± 0.10 9.26 
Au 10.8 1.05 ± 0.09 9.48 
Pb 10.0 0.85 ± 0,09 9.15 
Pb206 10,0 
Bi 10.0 0.99 ± 0.10 8.79 
Th 20.3 1.94 ± 0.13 16.0 
u 23.3 2.28 + 0.15 *18.0 u238 19.5 .± 2.0 

Compounds 

D20 5·17 1.23 ± 0,11 
HzO 0.98 ± o.o6 o.o6 ± 0.06 
CH2 0.392 ± 0.036 
BN 2.92 0.47 ± 0.06 
NaF 3.96 0.72 ± 0.08 
CC14 3·34 0.46 ± 0.08 
K2S04 1.19 ± 0.07 0.03 ± 0,05 
KCl 2.70 ± 0.13 0.25 ± O.o6 
CaO 0.569 ± 0.036 o.oo ± 0.03 
Sc203 4.25 .± 0.28 0.69 :I: 0.08 
Ti02 4.50 
Cr203 4.60 0.82 ± 0.08 
Coz03 5·69 1.08 ± 0.10 
Ga20, 8.91 1.58 ± 0.22 
aeo2 7.44 1.31 ± 0.09 
AB203 9.01 1.96 ± 0.13 
NaBr 11.0 1.82 ± 0.-13 
NiBr2•3Hz0 6.81 
SrC03 5·59 0.68 .:1:. 0.07 
Y203 7·2 ± 0.7 
Nai 11.3 2.02 ± 0.13 
CsCl 9·5 
BaS04 6.60 0.91 ± o.oa 
Ce02 8.5 
Nd20, 8.5 ± 0.7 
HgO 9·51 0.81 + 0.08 
Bi203 8.5 

Uncertainties are 4-1/a{o except where noted (standard error of o.. 
single measurement) 
* Target too thin for indicated energy interval. 
~Target too thick for indicated energy interval. 

ZN-1481 
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Z, ATOMIC NUMBER 
MU-11099 

Fig. 3. The straight line is dE/dx for 32-Mev protons 
multiplied by A/Z, and the curve is range R multiplied 
by z; A. The figure (and a similar one for 18-Mev protons) 
was used to obtain dE/qs and R for elements not given in the 
Range-Energy Tables. Itwas also used for compounds 
with the total charge Z and the molecular weight M replacing 
Z/ A, although this was done only to check other methods of 
calculating R 

comp 
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Rcoffip = Ru (~ comp (~ U-

1 

The relation would be strictly true if (dE/dx)U were a constant times 

(dE/ dx)V for all energies. To check the validity of this method, we 

also calculated ranges of compounds by the following two methods. 

From the calculated (dE/dx) we formed (dE/dx}M(mZu + nZy)-
1

, . comp 
-1 

and used Fig. 3 to find the corresponding Zeff and R(mz
0 

+ nZy}M , 

from which we obtained R Also we plotted dE/ dx vs R, and for 
comp 

the calculated (dE/ dx} , found R . All three methods agreed 
comp comp 

within 2o/o, and so we believe the estimated ranges for compounds are 

accurate to 3% (standard error). As a further check, we measured 

(f 
1 

n for a few elements, using both compounds and metallic targets; 

in all cases the agreement was within experimental uncertainties. 

The cross section for a compound is 

a 1 n = ina 1 n ( U) + na 1 n ( V) ' (25) 

so that if either a:---
1 

(U) or cr-
1 

(V} were known, the other could be 
n n 

obtained from the measured a ln of the compound. 

For targets thick enough to degrade the incident proton energy 

from 32 to 18 Mev, a cross section averaged over that energy interval 

was calculated from Eq. (22) with 

6R = R(32)- R(l8) (26) 

replacing R. 

In cases where only the yields for 32- and 18-Mev protons were 

measured, the yield for the 32- to-18-Mev energy region was obtained 

by subtraction and a ln was calculated. This procedure is justified by 

the excellent agreement in the 23 cases where all three yields were 

directly measured. 

Values of a ln are given in Table II. 

The errors shown in Tables I and II follow the discussion given 

in Sec. II. The values for 18-Mev protons had larger errors than the 

other values because they were determined by subtracting .the 32-Mev 

yield for C .from the measured quantity, as discus sed in Sec. II. 
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Table II 

Cross section for the production of one neutron 
(in barns) 

Element Energy interval of protons 

0 to 32 Mev 0 to 18 Mev 18 to 32 Mev 

D 0.105 ±. 0.007 0.082 ±. 0.017 0.119 ±. 0.022 
Li 0.161 0.148 ±. 0.009 0.170 ±. 0.014 
Be 0-372 0.415 0.339 
B 0.108 0.081 ±. 0.007 0.122 ±. 0.017 
BlO 0.052 
c *0.0166 ±. 0.009 0 0.047 ± 0~003 
N 0.066 ±. O.Oll o.oo ± 0.01 0.108 ± 0.023 
0 0.0482 ± 0.0030 0.008 ± 0.007 o.o7oo ± o.oo6o 
F 0.170 ±.0.020 O.ll ± 0.02 0.204 ± 0.031 
Na 0.187 0.071 ±. 0.010 0.249 ±. 0.015 
Mg 0.103 0.037 ±. 0.009 0.140 ±. 0.008. 
Al 0.176 0.074 ±. 0.009 0.234' ± 0.012 
Si 0.058 0.016 ± 0.010 o.o81 ±. o.oo6 
p 0.154 0.062 .:1:: 0.013 0.205 ±. 0.037 
s 0.071 .:1:: 0.007 0.002 .:1:: 0.013 0.104 ± 0.012 
Cl 0.258 ± 0.013 0.10 ±. 0.02 0.33 ±. 0.02 
K *O.ll :1: 0.01 o.oo ± 0.06 0.17 .:1:: 0.02 
Ca 0.040 .± o.oo6 -0.01 ± 0.03 0.71 ± 0.18 
Sc 0.52 .:1:. 0.04 0.25 .:1:: 0.04 0.68 ±. 0.07 
Ti *0.640 0.415 ± 0.030 0.80 ± 0.05 
v 0.819 0-530 .:1:: 0.036 1.00 ±. 0.07 
Cr 0.61 .:1:: 0.04 0.32 .:1:: 0.04 0.78 .± o.06 
Mn 0.681 0-332 .:1:: 0.028 0.88 ±. 0.06 
Fe 0.586 0.266 .:1:. 0.027 o. 75 
Co 0.82 ± 0.05 0.45 ± 0.05 1.04 ± o.oa 
Ni 0.316 0.091 .:1:: 0.017 0.429 
Cu 0.879 0.494 :1: 0.034 1.07 
Zn 0.784 0.394 .:1:. 0.033 1.00 
Ga. lo39 ±. 0.08 0.72 ±. O.ll 1-79 ± 0.13 
Ge 1.31 ± 0.07 0.66 ± 0.05 1.73 ±. 0.12 
As 1.51 ±. 0.08 0.91 ± 0.07 1.85 ± 0.14 
Se 1.49 ±. o.oa 
Br *1.65 ± 0.09 0.78 .:1:: 0.06 2.30 ±. 0.16 
Sr 1.38 ± o.oa 0.49 .:1:: 0.05 1.87 .:1:. 0.13 
y 1.29 .:1:: 0.14 
Zr 1.49 0.61 .:1:. 0.09 1.86 
Nb 1.58 
Mo 1.63 0.77 .:1:: 0.09 2.20 
Pd 1.86 
Ag 1.88 0.87 .:1:: 0.07 2.36 
Cd 2.02 0.90 .:1:. 0.06 2.71 
In 2.06 0.84 .:1:. 0.05 2.80 
Sn 1.95 0.84 .:1:: 0.09 2.57 
Sb 2.10 0.91 .:1:. 0.07 2.90 
Te 1.99 ± 0.15 
I 2.30 ± 0.13 l.ll ±. 0.08 3.01 ± 0.21 
cs 2.07 .:1:: 0.12 
Ba *2.32 0.93 ± 0.10 3-34 ± 0.22 
La 2.24 
Ce 2.11 .± O.ll 
Nd 2.03 .:1:: 0.17 
Ta 2. 76 0.80 .:1:. 0.14 3-95 
w 2. 76 · 0.75 :1: O.ll 3-94 
Pt 2.61 0.66 .:1:. 0.06 3-57 
Au 2.49 0.63 .:1:. 0.05 3-53 
Hg 2.36 0.56 ± 0.06 3-74.:1::0.22 
Pb 2.38 0-53 .:1:. 0.05 3.61 
Pb206 2.34 
Bi *2.40 0.62% 0.06 3-52 
Th 5.18 1.28 % 0.09 6.54 
u 6.05 1.52 .:1:: 0.10 8.10 
0238 5-06 ± 0.51 

* Average of two different targets. 
Uncertainties are 5% except as noted (standard error of a single 
measurement) • 

ZN-1482 
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Unless the yield for 18-Mev protons was large, the subtraction 

introduced sizable uncertainties in the 18-Mev yields. 

The yields and a ln were straightforward results of our meas

urements, but were not susceptible to interpretation. A more funda

mental quantity was the average number of neutrons per nuclear 

interactions, N. As was pointed out in Sec. I, we needed an average 

inelastic cross section, a C, before we could estimate N from a 
1
n. 

Inasmuch as any value of a C(E} was uncertain on the basis of theory, 

d 'd d h :. . 13 f t we ec1 e to use t e approx1mat1on or pro ons, 

2 R 
a c<E) = 'IT(R + ~} p - Y R + * L {27} 

• 

0 S I F th 1 d' R d R 1.5 A 1/ 3x.lO-l 3 as g1ven 1n ec. . or e nuc ear ra 1us we use = 

and neglected the term '11'1<'
2 

in the calculation of a C. Eq. {27) gives 

values approximately 10% higher than those listed in Blatt and 

Weis skopf 
14 

for Y = 0. 7. Its use for Y > 1 is questionable, for it devi

ates by a factor of 2 from the more exact calculations; but for values 

of y near 1, (J c is so small that the error introduced in calculating (J c 
in this way is less than the uncertainty in a C itself. Recent measure

ments of (p, n) reaction cross sections 35 at 12 Mev indicated radii near 
-13 36 r 0 = 1. 7 x 10 , whereas Kelley 1 s results for 32- Mev protons on 

. -13 37 
B1 gave r 0 = 1.47 x 10 and Ghosha!Us measurements on Cu gave 

-13 
ro=l.35xl0 0 

The values of a C used are given in Fig. 4, and the resulting 

values of N in Figs. 5 through 8. Only relative errors based on a In 

are given for N, and it is to be under stood that the absolute values may 

be significantly in error because of the uncertainty in a C. 

Three independent experiments 9• 36
• 37 have measured a ln {E) 

in this energy region. Cohen 1s results agreed very well with ours 

throughout the periodic table; Kelley's data gave a a ln(O to 32) for Bi 

of 2. 77 compared with the 2.40 ± 0.12 that we measured; Ghoshal's 

data gave a ~{0 to 32) for Cu
63 

of 0.87 c.ompared with the 0.88 ± 0.04 
' n 63 

that we measured for natural Cu (70o/o Cu ). 
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0To32 Mev 

Z, ATOMIC NUMBER 
MU-11100 

Fig. 4. Cross sections (] C for the formation of a compound 
nucleus. Equation (4) was averaged over the energy interval 
indicated on the figure. 
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Fig. 5. Average number of neutrons per nuclear interaction 
N, plotted against atomic number Z of the target element. 
Relative errors only are shown and N may be in error by 
an additional 25o/o because of the approximation of a . The 
data in this figure are for thick targets bombarded t?y 32-Mev 
protons. The crosses are for the BlO and Pb206 targets. 
Data for Th and U are not shown. 
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Fig. 6. Data similar to those of Fig. 5 for thick targets 
bombarded by 18-Mev protons. 
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Fig. 7. Data similar to those of Fig. 5 for targets bombarded 
by 32-Mev protons. The target thickness was chosen to 
reduce the incident energy to 18 Mev, and some of the data 
were obtained by .subtracting thick-target data for 18- and 
32-Mev protons. 
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Fig. 8. The data of Fig~ 5 plotted against number of neutrons 
in the target nucleus, N. Only the odd- Z elements are shown, 
and short horizontal lines join points that represent isotopes 
of one target element. 
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IV. DISCUSSION 

As we mentioned in the introduction, it is possible to use our 

data to make a detailed comparison with the statistical theory of 

nuclear reactions. Before doing so, we wish to point out some of the 

obvious features of the data. 

The most striking features are the discontinuities at Z = 20 

and 30, and the very low value of N for Ni compared with the neighbor

ing elements. The regular fluctuations in N for Z < 30 according to 

whether the target nucle"\lS is even- even Or odd-even are very pro

nounced. 

Two nuclei, D and 'Be, are worthy of special mention. Aside 

from the rather unlikely reaction p + D - He 3 + y, the only inelastic 

reaction with deuterons that may occur at these energies is the break

up of the deuteron with the emission of one neutron: p + D - 2p + n. 

Thus (] ln closely approximates the total inelastic cross section of D 

for protons, averaged over the appropriate energy interval. 

The behavior of (J ln for Be is unusual in that it shows a steady 

decrease with increasing mean energy. From Ref. 6, (J ln = 0.51 ± 0.03 

barns for 12-Mev protons incident on a thick Be target. Taking the 

mean energy to be_ the energy of a proton at the mid-point of the range, 

we find that the value of (J ln in barns as a function of mean energy is 

0.51 ± 0.03 at 8 Mev; 0.42 ± 0.02 at 12 Mev; 0.38 ± 0.02 at 22 Mev; 0.3 5 

± 0.02 at 26 Mev. The differences in success.ive values of (J ln are 

within the experimental uncertainties, but the regular decrease makes 

it likely that the effect is a real one. 

One reason for such a drop in (J 
1 

n would be the slow increase of 

R +-)(with decreasing energy; for an element as light as Be, and in this 

energy region, -x_ is of the same order as the nuclear radius R. The 

increase in the cross section, however, is more than compensated by 

the effect of the Coulomb barrier. Also, if the increase in· R + -x were 

the sole reason for the inc'-;.ease in °(1 ln' we should expect Li and perhaps 

B to show a similar behavior; the data give no such indication, although 

the differences would not be much lar'ger than the experimental 
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uncertainties. It may be that the odd neutron in Be spends a large 

fraction of time outside the nucleus proper, in which case the Coulomb 

barrier would not reduce the (p, n) cross section as much as the calcu

lations indicate, and the- reaction would not proceed through the com

pound nucleus pattern. 

U and Th both have anomalously large values for N, presum

ably because fission competes favorably with gamma emission after 

the residual nuclei are no longer highly enough excited to evaporate 

neutrons. 

The variation of N with N, the number of neutrons in the nucleus, 

does not exhibit any effects much different from those shown in the 

variation with Z. The fact that the targets were composed of more 

than one isotope in several cases may have 4epressed any sharp de

pendence of N on N that cannot be explained by the correlation of N 

and Z. 
'', 

In Fig. 9 we have plotted () = (N - Z )/A vs Z. The general 

trend Cif () and N with Z is very similar, but more striking is the 

appearance of discontinuities in () and N at Z = 20 and 30, and at Ni. 

Further, for Z < 30, () reproduces the individual fluctuations inN. 

Above Z = 30, () shows the same trend as N, but individual fluctuations 

are no longer matched, and the increase in () at Z = 30 is not as 

great as the increase inN. Such a strong correlation between two 

quantities cannot easily be ascribed to chance. A good approximation 

toN in terms of() is N = 25 e1. 4 for the 0-to-32-Mev data. 

Cohen and Newman 38 have found a similar break in f /f at p n 
Z = 29. The fact that the break occurs at Z = 29 in their data may be 

due to their use of a neutron-rich isotope of Zn that had () = 0. 12, 

appropriate for elements with Z > 30. The anomalously low yield for 

Ni is probably a consequence of the large (p, 2p) cross section of NL 39 

The difference between (J ln for O.o,to-32-Mev protons for Ni and its 

neighbors is approximately 150mb less than the measured (p, 2p) cross 

section at 21.5 Mev. 

.. 
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Fig. 9. The average neutron exce-ss per nucleon, 8· = 
(N - Z )/A, plotted against atomic number Z. 
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In order to make a detailed comparison of our results with the 

statistical theory of nuclear reactions, we have used the expressions 

given by LeCouteur. 
40 

He gives the ratio- of the probability of neutron 

emis sipn to the probability of proton emission as 

:: = ~:t~J exp~~-Ap/9·· (28) 

where exp (i\.2E) 1/ 2 is the er;_ergy level density of a nucleus at an 

excitation energy E. In Eq. (28), 

R = u E - v I 

X a X X ' 

1":,.2 2 
(29) 

u A 2 = 47' :::::107' a 

R is the energy available for the emission of particle x from a 
X 

nucleus a excited to an energy U , E is the separation energy of x 
a x 

from a, V ' is the effective potential barrier for x, and 7' is the nuclear 
X 

temperature. For protons we used V p 1 = 0. 7 B, where B is the Coulomb 

barrier. !\ is the coefficient in the level density expression, for the 
X 

resiqual nucleus formed when particle x is emitted from the compound 

nucleus, and LeCouteur gives 

AP=f\(1+ 

An = f'\{1 -

1.58)-/\ -x-- ' 
1. se)_ " 
-x-=-~.~, 

(30) 

LeCouteur's results are based on the Fermi gas model of the nucleus, 

and the term in e in Eq. (30) arises from taking into account the 

difference between N and Z. The terms in front of the exponential in 

Eq. (28) are nearly unity, so we may take 

p 

~ = exp (/\ VIC - I) v'R: ) . 
rp n n p p 

(31) 

A similar expression may be written for P /P . 
a. p 

The ratios are sensitive to the values of E These were . X 

taken from the measured masses 41 and nuclear reaction energies. 
42 
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Rather than use Eq. (31) to calculate N, we estimated P from 
n 

our data in the following manner. Consider a nucleus excited enough 

to emit one, but not two particles. Then 1ir = P . If the nucleus is 
. n 

excited enough to emit two, but not three particles, then 

N = 2P (l)P (2) + P· (l)P (2) + P (l)P (2), n n n p p n 

where the numbers indicate the step in the evaporation process at 

which the particle is emitted and we have neglected all processes 

* except neutron and proton emission. If we ignore the change in P 

and P during the evaporation, then 
p . 

N = 2P 
2 + 2P P = 2P n p n n 

n 

Similarly we find N = 3P if the nucleus is excited enough to 
n 

emit three particles. The approximations we have made are accurate 

to approximately I'Oo/o on the basis of more complete calculations of 

P for an excitation energy of (20 + E ) Mev. 
n p 

We now approximated N(E) as N(E) = P for ·o < E < 10, 2P 
n n 

'iU'" -1 for 10 < E < 20, and 3P for 20 < E < 30. Then we calculated !'I = R 
n t N(E)dx and found N= l. 70 P , 2.55 P , and 3 P for the 0-to-18-, 

n n n 

0-to-32-, and 18-to-32-Mev data respectively. The ratios of N should 

then beN (0-32) = 1.50 N (0-18) and N (18-32) = 1.18 N (0-to 32); the 

measured ratios were roughly 1.4 and l. 1, respectively, for Z :5. 35. 

In Table III we list the values of P found from the data for the 
n 

odd-Z nuclei with 14 < Z < 36. ** We se~ that P :::::0.3 for Z < 30,· and 
n 

These results would not be changed if we included a-emission, but 

our calculated values of P (see below} would be somewhat lower. 
n 

** We have c~>nsidered only the odd- Z nuclei in our· calculations 

because the compound nucleus is then even-even and either proton or 

neutron emis.sion leads to an odd-even or c.even-odd nucleus. The var

iation of level densities 13 between even- even and odd-odd n~clei will 

not complicate the discussion as it would if the compound nucleus were 

odd-even. 
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p 
Cl 
K 
Sc 
v 
Mn 
Co 
cu 
Ga 
As 
Br 
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') 

T11ble III 

Probability of neutron emission, Pn, for odd-Z nuclei 
(14 < z < 36) 

experimental value calculated (U ::; 20 + Ep) 

Average Eq. (31)1 Eq. (32)1 Eq. (33) rEq. (34)1 

0.08 0.05 0.08 0.07 0.24 0.24 0.02 0.01 
0.13 0.09 0.13 0.12 0.34 0.23 0.05 0.05 
0.05 o.oo 0.06 0.05 0.13 0.13 0.01 0.01 
0.24 0.21 0.24 0.24 0.67 0.17 0.15 0.10 
0.36 0.45 0.33 0.38 0.81 0.27 0.30 0.28 
0.29 0.28 0.28 0.28 0.89 0.45 0.45 0.44 
0.35 0.38 0.32 0.34 0.89 0.46 0.42 0.38 
0.36 0.43 0.32 0.36 0.70 0.23 0.26 0.23 
0.56 0.62 0.53 0.56 0.80 0.26 0.41 0.46 
0.60 o.8o 0.53 0.64 0.89 0.32 0.56 0.64 
0.65 0.69 0.65 0.66 0.90 0.47 0.65 0.73 

MU-11059 
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P ~ Oo6 for Z > 30, in agreement with the results of Cohen and 
n 38 

Newmano In column 5 of Table III we have listed the values of P . . n 

calculated from Eq. (31) with A = 1\ /(f.4A for an excitation energy 
n p . 

of (20 + E ) Mevo The break at Z = 20 is satisfactorily reproduced, · 
p 

but the calculated values are .too high, and do not show the break at 

z = 300 

LeCouteur's modification of 1\ indicated in Eqo (30) is too 
X 

slight to produce a noticeable effecL We may regard the coefficient 

of () as a parameter and attempt to force agreement, but in so doing 

we will lose the theoretical justification. Upon rearranging LeCouteur's 
I 

expression, we find 

p 

J!- = expL\(1 + 1/2 ye
2
)[ /R"n- ./i\- ii~ (()- })J, (32) 

p 

where () is calculated in this case for the target nucleus instead of for 

the compound nucleus, as was the case in Eqo (30)~ In order to reduce 

P for Z < 30 to approximately Oo3 to OA, a value of y = 40 was needed; 
n 

but then P for Z > 30 was als,a reduced to Oo3o The values of P are 
n n 

given in c:·olumn 6 of Table III. 

It is reasonable that P /P should depend upon (), or upon some 
n p 

combination of the various ()' s for the compound and residuaL nuclei, 

although such a dependence might be expected to enter P /P indi-
n p 

rectly by affecting Rxo A direct dependence might be inferred, not 

only from our data, but also from the observed tendency for proton 

0 0 b f d 0 0 d d . 19 F em1ss1on to e avore 1n proton-1n uce reactlonso or proton-

induced reactions, the () of the compound nucleus will lie below the 

stable value and proton emission should be favored; bf course proton 

emission is already favored for such reactions because of energy 

considerations, but as we have seen this effect alone is not sufficient. 

We have tried various forms containing () to attempt to match 

our results and were moderately successful in reproducing the main 

features with 

p 
n 

p-
p 

= exp f\ [ /R - JR.. - 3 ( () - () ) ( JR: + ~ ) ] · n p p c n p 
(3 3) 
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where e is calculated for the target and e for the compound nucleus. 
p c 

The values of P are given in column 7 of Table III. Since R :::::: R in · n n p 
this region, we may use only one of them and double the coefficient of 

8 - 8. The agreement is fair; the break occurs at Z = 32 instead of 
p c 

30, and the P 's for Z < 20 are too low. Another expression that gave 
n 

fair agreement was 

A = A(l + 4B ) . 
X X 

(34) 

The calculated values are given in column 8 of Table III. 

It may be that (;l enters into the theory in an indirect manner. 

Th . .d 19• 43 - 47 th t th .1. 1 d •t•' d t 0 ere 1s some ev1 ence a e . eve ens1 1es o no 1ncrease 

as fast as the Fermi gas model predicts for low excitation energie-s, 

and e may determine the point in different nuclei at which the level 

densities start to increase rapidly. Any change in the expression for 

the level density as a function of energy would, of course, change all 

the calculated ratios P /P . 1\. depends on the density of protons and 

neutrons in nuclear ma~ter~ 40 
or on the radii of their distributions. 

Recent measurements48 of nuclear radii have indicated that neutron 

and proton distributions in nuclei may have different radii; if the ratio 

of these radii changed discontinuously with e, A might be affected 
X 

. enough to reproduce the observed discontinuities. 

We also tried to fi~ the data by assuming that pnly a few of the 

nucleons were excited, but the agreement was poor unless we let the 

number, A', of nucleons that were excited change discontinuously at 

Z = 30. We needed A' :-- 10 and 25 for Z < 30 and Z > 30, respectively. 

It is also quite possible that the statistical theory simply does 

not apply to the majority of the processes that occur during a nuclear 

reaction at these energies. Austern et a1 23 proposed a type of reaction 

that is capable of explaining the sharp break in "N at Z = 30, if a great 

enough fraction of the reactions proceeded by their mechaniS_!ll. The 

simplest case they considered was of a lightly bound neutron in a definite 

state of orbital angular momentum; an incident proton was supposed to 

knock out the neutron and be captured into a definite state of orbital 

angular momentum. Now at Z = 32 the proton added to a nucleus 

occupies an f shell, 
21 

so,that a proton incident on Ga (Z = 31} might 
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easily be captured into a state of high angular momentum and knock 
': "'"1 :: 

out a neutron with little or :no change in the angular momentum of the 

residual nucleus. A similar situation occurs at Z = 20, where there 

are no neutrons available in states of high angular momentum, and 

the reaction might be suppressed until Sc (Z =21 ), when neutrons in 

f states of angular momentum are available. If we assume that this 

type of reaction gives N = 0. 5, then 

IN - N 
f :!: calc exp 

Neale - Oo50 

is the fraction of reactions that proceed by the Austern et al, type. 

We found f = 0.7 to 0.9 for 20 < Z < 30, and OA for 30 < Z < 36. 

It is also possible that ordinary knock-on or nucleon-nucleon 

reactions are very importanL Quantitative estimates of the fraction 

of such reactions have been made
25 

for 0-to-30-Mev neutrons on Cu
63

, 
' 

and show that the fraction increases from 0 at 13 Mev to 0. 3 at 30 Mevo 

Our data give no clear-cut evidence for such effects, and the disconti

nuities at Z = 20 and 30 probably could not be completely explained by 

such reactions. 

Direct interactions at the rim of the nucleus have been invoked 

to explain some data in this energy region. 19• 24 When e changes 

abruptly, the excess neutrons are in high angular momentum states 

and presumably near the edge of the nucleus; thus direct interactions 

may explain the sharp breaks. If we assume that direct interactions 

lead to anN of 0. 25, and use Eq. (31) to calculate N for compound 

nucleus processes, then we have 

Neale Nexp 
f=-----~ 

Neale - 0. 25 

for the fraction of the interactions .that are direct. (We assumed that 

direct interactions led to no excitation of the residual nucleus, so we 

overestimated f). We found f = 0. 7 for 20 < Z < 30, and 0.3 for 30 < 
z < 36. 
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. ,-: 

We should also point out that recent measurements 'of inelastic 

t . f 14 M 48 • 49 . d" d d" " t· . eros s sec 10ns or - ev neutrons 1n 1cate a 1scon 1nu1ty at 

Z = 20. The cross sections decreased approximately 20% between Ca 

and Ti instead of increasing slightly. We have neglected this eff~ct in 

calculating N, because it would not affect our results appreciably and 

would tend to emphasize further the discontinuity inN at Z = 20, and 

decrease N for Z < 20. 



-42-

V. SUMMARY AND CONCLUSIONS 

From the measured yields of neutrons we have been able to 

estimate the values of P , the probability of neutron emission from 
n 

an excited nucleus. Three values of P for each nucleus agreed very 
n 

well, indicating that the energy variation of N followed the crude 

estimate we made from the statistical theory. The "measured" values 

of P were much lower than the theory predicted, and showed a dis-
n 

continuity at Z = 30 that the theory could not reproduce. 

A strong correlation of N with 8 = (N - Z)/ A was noticed, and 

rough agreement with the data was obtained by introducing an arbitrary 

dependence of /\on 

[(8 - 8 )/IC]. p c n 

8, or an arbitrary dependence of P /P on exp 
n p 

No conclusions concerning the role of nucleon-nucleon inter-

actions were possible, although it seemed unlikely that such inter

actions could completely explain the discrepancies. 

We have not attempted to make a detailed analysis to calculate 

individual reactiohs such as (]' (p, pn) for several reasons. Only the 

statistical theory of nuclear reaction_s has been developed to the point 

where detailed calculations are feasible; in any event agreement 

between calculated reaction cross sections and gross yield values 

would be of questionable significance. It would be necessary not only 

to decide the relative importance of compound-nucleus and other 

processes, but also the relative importance of individual reactions. 
' . 

The chief value of the data lies in pointing to areas where more 

detailed information may be sought. The regions near Z = 20 and 30 

should be systematically studied to determine the mechanism that is 

responsible for the abrupt changes in P n' 

A d . f" d' 'd 1 t" 38,39,50,51 stu y o 1n 1v1 ua reac 10ns for elements near 

Z = 30 would show which ones are most important, and might help to 

indicate which of the possible non-compound-nucleus reactions are of 

importance. It is unlikely that much more information could be gained. 
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A more fruitful direction to follow would be a study of energy 

and angular distributions of protons, neutrons, and alpha particles 

from several neighboring elements centered about Z = 30. The theory 

of Austern et al. 
23 

predicts definite angular distributions for neutrons 

on the basis of spin changes, and by fitting observed distributions to 

predicted ones, it might b~ possible to decide what fraction of events 

proceeds through their mechanism. In addition, the statistical theory 

of nuclear reactions makes definite predictions as to the energy and 

angular distributions, so that measurements of these might permit 

assigning a definite fraction of the reactions to compound-nucleus 

processes. The remaining fraction of the reactions would then have 

to be explained on the basis of some other type of process, such as 

nucleon-nucleon or direct interactions. 

The more detailed information available from energy and 

angular distributions of the reaction products might also give clues as 

to the mechanisms responsible for the sudden c.hange in P n at Z = 30. 

A sudden change in the distributions, or in the cross section for a 

particular distribution (either in energy groups or angular distributions), 

could be compared with the various theories to determine the types of 

reactions most likely to account for the change. In particular, it 

would be interesting to see whether the cross section for proton emis

sion alone changes abruptly at Z = 30, or if the cross section for 

alpha emission also changes abruptly, and how the ratio P /P changes. 
a p 

The main interest in studying alpha particles lies in their complex 

structure; alpha emission almost certainly proceeds through a com

pound nucleus, 19 so that the behavior of P might indicate whether or 
01. 

not the abrupt changes in P we observed are caused by compound
n 

nucleus processes. 

It would also be of great interest to study neutron-induced 

reactions for elements near Z = 30 to obtain P . These should help to 
n 

determine the dependence of P on (), and the combinations of the . n 

various ()'s that are needed. The use of separated isotopes here, and 
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for proton-induced reactions, would simplify the interpretation of the 

results. However, a comparison of neutron, proton, and alpha energy 

and angular distributions offers the best chance of unraveling the 

various processes that occur at these energies. 
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