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I. INTRODUCTION 

A large portion of the current work of nuclear 

physicists is concerned with the energy release, or Q-value, 

for a nuclear reaction: 

A + x —B + y + Q. 

An accurate measurement of the Q-value for the reaction 

can be used either to gain information regarding the masses- 

of the nuclei involved in the reaction or to determine the 

positions of excited states of the residual nucleus. The 

accurate determination of the threshold energy for the 

emission of neutrons is a particularly valuable tool in 

the study of either of these problems, since this measure¬ 

ment determines the Q-value for the reaction. As an example 

one can consider the (p,n) reaction: 

A + p —B + n + Q. 

Since the masses of the proton and the neutron are quite 
* 

well known, a precision measurement of Q determines the 

isobaric mass difference (A - B). It is not really sur¬ 

prising, then, that so much effort has been spent on the 

development of accurate techniques for the detection of 

neutron thresholds. Another application of the techniques 

of neutron threshold measurements is to the study of excited 

states of nuclei, through the detection of the neutron 

thresholds associated with these states. A third, and 

perhaps the most frequent, application of neutron threshold 

techniques is one which is directly related to both of the 

previous problems. Since ground state neutron thresholds 



2 

are relatively easy to detect with present-day techniques, 

several reactions possessing large cross sections for neutron 

emission have been applied to the calibration of charged 

particle accelerators. It is to this phase of the neutron 

threshold problem that this thesis will be devoted. 

The present study was initiated primarily to 

investigate the accepted data for several of the (p,n) 

reactions which are in widespread application as calibra- 
13 13 

tion reactions. For this reason the reactions C (p,n)N 

7 7 
and Li (p,n)Be were selected for this study. Since the 

threshold energy of these reactions is often used to cali¬ 

brate the energy of charged particle accelerators, it is 

obvious that the presence of only a small error in the 

accepted thresholds for these calibration reactions would 

introduce extensive errors in the resulting data. 

The major portion of the previous determinations 

of neutron thresholds have employed electrostatic deflection 

techniques for the determination of bombarding energy. 

The more recent of these experiments have been performed 
1 

by the groups at the University of Wisconsin and the 
2 

Naval Research Laboratory. There has also been some work 

3 
done employing an absolute velocity gauge and, more 

4 
recently, magnetic deflection of the bombarding particles. 

1. Jones, Douglas, McEllistrem, and Richards, Fhys. Rev., 
947 (1954). 

2. Bondelid, Butler, and Kennedy, A/Conf.15/P/675• 
3. Shoupp, Jennings, and Jones, Phys. Rev., 76, 502 (1949). 
4. H.H. Staub, Nuovo Cim. Suppl. , 6_, 306 (1957). 
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The electrostatic deflection methods fall into 

two distinct classes: (1) those employing a secondary, 

well determined, reaction for calibration of the data, and 

(2) those making absolute measurements based upon calculated 

electric field intensities. The precision work done at 

the University of Wisconsin is a good example of the first 

7 
method. The Wisconsin group has used the Li neutron 

threshold as the standard reference in all their work. 
7 

Their measurement of the Li threshold was based on the 

24 
energy of the first excited state of Mg . Unfortunately, 

24 
this energy level of Mg has not been precisely determined. 

The independent determinations of this level made with the 

crystal spectrometer at California Institute of Technology 

and by Lind and Hedgran at Stockholm are significantly 

different 

The crystal spectrometer at California Institute 

of Technology was used to determine the energy of the 

198 
gamma-ray associated with the beta decay of Au , which 

subsequently yielded a value of 1.36995 ±.00040 Mev for 

24 
this level of Mg . This value was obtained by first 

comparing the momenta of the photoelectrons from the 

. 198 60 
gamma-rays of Au and Co : 

HP (Au
198) ,, , 

■Hj = 0.44924 ± .0010. 

This information was then combined with the ratio of 

5. Jones, op.cit.. 949. 
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/f r\ 

the momentum of the photoelectrons from the Co° gamma- 

ray to the momentum of the beta-rays resulting from the 

24 24 
decay of Na to the first excited state of Mg : 

Hp (Na2i+) 
—mr 
(Co ) 

= 1.0229 ± .0020. 

These ratios were determined by Hedgran and Lind. 

Lindstrom and Hedgran have performed an experiment 
zr 0 

which measured the energy of the Co° gamma-ray in a man- 
IQ g ry 

ner which was independent of the Au gamma-ray. The 

momenta ratio which they used was that associated with 

, rs I 6(3 the 1415.8 kev transition in RaC to the Co gamma-ray. 

The subsequent ratio of the Co^° photoelectron momentum to 

24 
that of the Na beta-ray gives a value of 1.36868 ± .00045 

24 
Mev for the first excited state of Mg . This compares with 

, , 198 
a value of 1.36995 ± .00040 Mev as determined by the Au 

gamma-ray. Obviously, the difference in these two deter¬ 

minations is considerably outside their individually 

assigned errors. This discrepancy results in a difference 

of 1.7 kev in the two values subsequently obtained for the 

7 
neutron threshold of Li , despite the fact that the experi¬ 

ment itself was performed to an accuracy of better than 

± 1 kev. The workers at Wisconsin have chosen to use the 
7 

determination of the Li threshold as their standard, 

and one must necessarily question the threshold determinations 

which they have subsequently made with this value. 

Au1?8 

6. D.Lind and A.Hedgran, Arkiv. Fysik, 5L, 29 and 177 (1952)* 
7. G.Lindstrom and A.Hedgran, Phys Rev., 89. 1303 (1953). 
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The absolute threshold measurements made at the 

Naval Research Laboratory are based on a calculated electric 

field intensity, determined from a measured voltage, the 

plate separation, and the radius of curvature of the 

detected particles. The inherent accuracy of this method 

is open to discussion, since there is no way to actually 

measure the electric field intensity. Their recent deter- 

7 
mination of the Li threshold is in good agreement with 

198 8 
the Wisconsin value which was based on the Au gamma-ray. 

The measurements of neutron thresholds by the 

velocity gauge technique were performed at Westinghouse, 

9 
in 19^9. The basic technique is entirely unique, though 

somewhat less accurate than electrostatic deflection 

methods. The principles applied are those associated with 

a resonating RP cavity. A coaxial cavity was tuned to 

70 Me resonance, and the bombarding particles caused to 

pass through the length of the cavity. The ion beam 

induced a 70Mc voltage as it passed through the gap at 

either end of the cavity. These induced voltages possessed 

a phase relation which was a function of the velocity of 

the particles and the length of the cavity. By properly 

adjusting these parameters it was possible to obtain a 

nulled voltage output which corresponded to a velocity 

of v = 2fL/n, where L is the length of the cavity and n the 

8. Bondelid, op.cit. 
9. Shoupp, op.cit. 
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harmonic of the basic frequency required to null the 

signal. Although the principle appears to be promising 

in its application to charged particle velocity deter¬ 

minations, it has not been further pursued since the 

original paper. 

7 
The most accurate determinations of the Li 

neutron threshold which have been made are the results 

of these three groups of experimentors: 

198 
University of Wisconsin (Au , ): 1.8814 ± .0011 Mev. 
University of Wisconsin (RaC ): 1.8797 ± .0011 Iiev. 
Naval Research Laboratory (absolute): 1.8812 + .0009 Mev. 
Westinghouse (absolute velocity gauge): 1.8812 ± .0019 Mev. 

The presently accepted value for this threshold is 1.8811 Mev, 

despite the discrepancy resulting from the determination 
1 

which was based on the RaC gamma-ray. 

Magnetic deflection techniques have been applied 

to the neutron threshold problem recently by H.H. Staub, 
10 

at Zurich. He has used a precision magnetic spectrometer 

to deflect the bombarding particles through 180°, at which 

point the target was placed. This method of precision 

neutron threshold measurements appears to be basically 

sound in view of the fact that accurate measurements of 

the radius of curvature and magnetic field strength are 

employed. However, the measurements reported to date have 

been concerned with excited states of nuclei rather than 

ground state thresholds, which eliminates comparison of the 

results of this method with those of electrostatic deflection. 

10. Staub, op.clt. 
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II. EXPERIMENTAL PROCEDURE 

In view of the problems inherent to electrostatic 

deflection techniques it was deemed advisable to attempt 

the present study with a technique which eliminated as much 

uncertainty from the measurements as possible. The exist- 

ance of a high-resolution 180° magnetic spectrometer in the 

Rice Nuclear Laboratory suggested the application of mag¬ 

netic deflection techniques to the problem, though in a 

11 
manner somewhat different to that of Staub. In essence, 

the technique employed has been magnetic analysis of 

elastically scattered protons, to provide calibration of 

the bombarding energy, while simultaneously employing the 

same target for the determination of the neutron threshold 

energy. The 180° magnetic spectrometer used to determine 

the energies of the elastically scattered protons has been 

in active operation for several years, and has been thoroughly 
12,13,14 

described in several recent theses and publications. 

The instrument was modified slightly for these experiments 

in order to decrease the neutron background originating 

from the Faraday cup. One of the primary assets of this 

instrument to these experiments was its ability to deter¬ 

mine the bombarding energy while introducing a minimum 

number of possible errors. In order to determine precisely 

the energy of the bombarding protons it was necessary only 

11. Staub, op.clt. 
12. K.K. Famularo, Ph.D. Thesis, The Rice Institute (1952). 
13. C.R. Gossett, Ph.D. Thesis, The Rice Institute (1955)* 
14. K.K. Famularo and G.C. Phillips, Phvs.Rev.,91, 1195 (1953). 
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to determine the magnetic field strength and the radius of 

curvature of the elastically scattered protons. The radius 

of curvature of the particles was determined by a micro¬ 

scopic comparison against a standard meter bar. The magnetic 

field strength was measured with a proton moment magne- 

15 
tometer. This magnetometer provides a frequency which 

is proportional to field strength as its output datum. 

In order to convert this frequency to a measurement of 

field strength, a knowledge of the gyromagnetic ratio, 

and the charge-to-mass ratio, e/mp, is required. Both 

Ifp and e/nip have been accurately determined for several 

years, being found to differ by only 3 parts in 25,000 

in all the data reported since 1952. The values employed 

in this experiment were those reported recently by Cohen 

16 
and DuMond: 

= (2.67530 ± .00004) x 10 rad./sec.-gauss 

e/mp = (9*57946 + .00004) x 10^ emu./gm. 

Figure 1 shows the vacuum tube of this spectro¬ 

meter, with its photographic detection apparatus and the 

neutron sphere counter in position. 

The counter employed in detecting the neutrons 

was a polyethylene sphere counter developed by Professor 

17 Bonner's neutron detection group at the Rice Institute. 

15. R.D. Jones, li.A. Thesis, The Rice Institute (1950). 
16. Cohen, Dumond, Layton, and Rollett, Revs. Mod. Phys, 

2Z, 363 (1955). 
17* Ewing, Bramblett, Gabbard, and Bonner, to be published. 
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This counter employs a Li I crystal for detection of 

neutrons which have been moderated by the surrounding 

polyethylene sphere. 

The frequency of a magnetic-moment probe placed 

in the field of the 90° analyzing magnet of the Van de 

Graaff accelerator has been used as the common reference 

for the neutron threshold data and the elastic proton 

data. The neutron threshold was detected as a function of 

the Larmor frequency of the probe in the Van de Graaff 

magnet, and the elastic proton data subsequently used to 

determine the bombarding proton energy corresponding to 

this frequency, in this way the 90 analyzing magnet 

served only as a common reference for the neutron and elastic 

proton data, and did not actually enter into the accuracy of 

the determinations 
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III. DETECTION OF NEUTRON THRESHOLDS 

There are a number of problems which require 

consideration when attempting an accurate determination 

of the threshold energy for neutron emission. In parti¬ 

cular it is necessary that close attention be given to the 

problems associated with the energy dependence of cross 

section near threshold, counter geometry effects, target 

thickness effects, and errors introduced by the dispersion 
18 

in bombarding particle energy. Several theoretical 

treatments of the energy dependence of reaction cross 

19,20 
sections have been presented, based on both R-matrix 

theory and Born approximation calculations. The zero- 

order approximation to these results shows the neutron 

emission, slightly above threshold, to be proportional to 
2S+1 

, where is the emitted neutron wave number and J? is 

the angular momentum of the neutron with respect to the 

residual nucleus. The validity of these calculations is 

based on the requirements that K^R << 1, where R is the 

TT, 2 
entrance channel interaction radius, and that 0"« /I^ , 

where <r* is the total reaction cross section. It is also 

necessary that the density of levels in the compound nucleus 

be small, but this is not a serious restriction for the 

light nuclei under consideration. 

18. J.B.Marion and T.W.Bonner, Fast Neutron Physics, 
Edited by J.B.Marion and J.L.Fowler, to be published. 

19. W.H.Guier and R.W.Hart, Phys.Rev.. 106. 296 (1957). 
20. A.Fl.Lane and R.G.Thomas, Revs .Mod.Phys . , 30, 

257 (1958). ~ 
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The zero-charge property of the neutron permits 

the centrifugal barrier to be the primary restriction to 

neutron emission. Consequently, the neutrons emitted 

immediately above threshold will necessarily be | = 0 

neutrons. There exist certain reactions in which neutron 

emission cannot proceed by s-wave emission due to restrictions 

placed on the neutron by the necessity of conserving angular 

momentum in the reaction. It would be impossible to detect 

the threshold of such reactions if they did not proceed at 

least partially by s-wave emission, since the centrifugal 

barrier effectively prohibits the emission of zero-energy 

neutrons possessing /> 0. This is a condition often en¬ 

countered in the detection of thresholds associated with 

excited states of nuclei, and can actually be used as a 

guide in the determination of the angular momentum of these 

excited states. 

2J1 + 1 
The • K behavior of neutron emission near 

threshold requires the relation of the reaction cross 

section with energy to be of the-form (E - E^,)8 , 

(where Eip is the bombarding energy at threshold), in the 

21 
region immediately above threshold. Since these con¬ 

siderations are valid only for an infinitely thin target, 

it is necessary to perform an integration over an infinite 

number of such targets in order to obtain an expression 

which properly predicts the form of the neutron yield curve. 

21. Marion and Bonner, op.cit. 
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This integration is seen to require the energy dependence 

of the measured reaction cross section to be of the form 

(E - EIJI)
2 . Figure 2 shows the nature of the neutron 

yield curve to be expected for the emission of s-wave 

neutrons. 

The above effect applies to total reaction cross 

section measurements. In actual experiments it is seldom 

possible to detect more than a small portion of the emitted 

neutrons at any one time. This restriction requires that 

attention be given to the counter geometry if high precision 

measurements are desired. In the region just above threshold 

all the neutrons from a reaction will be emitted into a 

small cone, whose axis coincides with the bombarding axis. 

As the bombarding energy is increased further above threshold 

the solid angle which the cone subtends is increased until 

it reaches 90°, at which point the velocity of the center of 

mass is equal to the velocity of the neutron in center-of- 

mass coordinates. Further increase in the bombarding energy 

results in neutron emission into the total sphere. The 

equation which relates the half angle, \j/t of the cone con¬ 

taining all of the emitted neutrons to the energy above 
22 

threshold is: 

V/ = BIITM/. W.4-MI1 
T
 U MJMJ E 

where: E = bombarding energy, ^E = E - ET, and the sub¬ 

scripts 1,2,3,4 refer to the incident particle, target 

22. Hanson, Taschek, and Williams, Revs.Mod.Phys.,21,635 (1949). 
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nucleus, emitted particle, and residual nucleus respect¬ 

ively. Figure 3 shows the results of this equation for 

13 7 
the cases of C and Li . For the apparatus employed in 

the experiments reported in this thesis, the half-angle 
o 

intercepted by the counter was approximately 7 . Inspection 

of Figure 3 shows that the counter intercepted the entire 

neutron cone only for those bombarding energies less than 

■| kev above threshold energy. 

Due to the small region over which the entire 

neutron cone was being intercepted by the counter, a cal¬ 

culation has been made to obtain an expression representing 

the portion of the emitted neutrons which could be detected 

by the counter as a function of bombarding energy. When 

the anisotropy of the neutron distribution within the cone 

was included in the considerations, the expression was found 

to be: 

F = 1 - cos -©-c>nu 

F = Fraction of emitted neutrons which 
were intercepted by the counter. 

The angle -0^ m was determined by making the laboratory-to- 

.0 
center of mass coordinate transformation for-9^^= 7 » as 

a function of bombarding energy. The results of this cal- 

13 13 
culation for the C ^(p,n)N reaction are shown in Figure 4. 

In order to obtain a correct prediction of the neutron 

yield curve which could be measured by the present counting 

apparatus, it is necessary to combine the basic neutron 

yield curve (Figure 2) with the neutron interception curve, F. 

Graphical multiplication of these two curves is also shown 
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in Figure 4, for the C reaction. A similar consideration 

7 7 of the Li (p,n)Be reaction is shown in Figure 5» The curves 

FY represent the nature of the detected neutron spectra which 

the present apparatus should be expected to yield. The 

results of these calculations (FY) indicate the linearly 

extrapolated threshold determination made with this counting 

arrangement should be expected to fall slightly below the 

13 true neutron threshold. In the case of C the error is 

7 
seen to be approximately 1 kev, while for Li' the error is 

slightly in excess of 1 kev. It should be noted that this 

effects (resulting from considerations of the behavior of 

neutron yield with bombarding energy, and errors introduced 

by counter geometry effects), is strictly valid only for the 

existing counter arrangement. Experiments performed with a 

counter which subtended a larger half-angle could not be 

expected necessarily to possess the characteristics predicted 

for the present counter. 

Careful consideration must also be given to the 

problems associated with beam dispersion and target thick¬ 

ness. Studies conducted by Newson on the total cross 

7 7 
section for the Li (p,n)Be reaction have shown that the 

apparent thresholds for finite beam resolutions occur at 

an energy which is somewhat lower than the true threshold 

23 
energy. This can be seen to result from the presence of 

protons in the bombarding beam which possess an energy 

23. Newson, Williamson, Jones, and Gibbons, Phys. Rev., 108, 
1294 (1957). 
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slightly higher than the average energy of the beam. 

Figure 6 shows the form of the total neutron yield curve 

near threshold, as determined by Newson, for the case of 

an infinitely thin target and beam resolutions of 1000, 

2000, and infinity. In these considerations Newson defined 

resolution by R = E/<f E, where £ E was the energy spread 

of the beam at half-intensity, and E was the bombarding 

energy. This study also considered the effects due to 

target thickness, and found them to be such as to effect¬ 

ively shift the data in a direction which would determine 

the threshold to be slightly above the true threshold. 

Figure 7 shows these results of Newson. This effect is 

seen to be about $00 ev for thick targets. The combined 

effects of beam dispersion and target thickness, for beam 

resolution of 2000 and target thickness of about 10 kev, 

would introduce essentially no net error. However, poor 

beam resolution can normally be expected to introduce a 

dominating error. 
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IV. EXPERIMENTAL APPARATUS 

The experiments reported in this thesis were 

performed using the Rice Institute Van de Graaff accelerator 

as a source of monoenergetic protons. An analysis of the 

o 
line shape observed by the 180 magnetic spectrometer for 

elastically scattered protons has been performed in order 

to determine the energy dispersion of the bombarding protons. 

Figure "8 shows a typical spectrum of the leading edge of 

13 
the elastic proton group obtained in the C experiment. 

The "tailing" effect observed in the proton spectrum results 

from the dispersion in' bombarding energy. The observed 

effect represents about 1 part in 5000 in momentum dis¬ 

persion, which corresponds to 1 part in 2500 in beam energy 

dispersion. It is necessary to consider the possibility 

that a part of the observed dispersion is a result of the 

focusing properties of the spectrometer. However, previous 

experiments with this spectrometer have demonstrated its 

resolution to be almost an order of magnitude greater than 

the resolution observed in this experiment, indicating the 

observed dispersion to be due entirely to dispersion in the 

energy of the bombarding protons. 

This "tailing" effect,resulting from the finite 

beam resolution,is also observable in the neutron threshold 

data, though to a lesser extent. Since straight line extra¬ 

polations of the data were made for both the detected 

protons and the neutron threshold, it is reasonable to assert 

that the actual error introduced by beam dispersion was 
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considerably smaller than would normally accompany a bom¬ 

barding energy resolution of 1 part in 2500. 

A. MAGNETIC SPECTROMETER 

o 
The 180 magnetic spectrometer employed in these 

experiments was of the homogeneous field variety, requiring 

a knowledge of the radius of curvature of the particles 

detected and the field strength for its energy measurements. 

Figure 1 shows the vacuum tube which fits into the gap 

of the magnet, with photographic detection apparatus in 

position. Although the spectrometer is adapted for particle 

detection by means of either a scintillation counter or 

photographic emulsions, the photographic technique was desir¬ 

able for these experiments due to the resolution require¬ 

ments. Determination of the radius of curvature of the orbits 

of the particles requires a measurement of the distance from 

the target to a light line which is exposed upon each 

photographic plate. A subsequent determination of the 

distance of a detected particle group from this light line 

provides an accurate knowledge of the radius of curvature of 

these particles. The measurement of the distance from 

target to light line was made immediately before and after 

each experiment, and employed microscopic comparison of this 

distance against a standard meter bar. 

An additional precaution was taken by attempting 

to detect expansion or contraction of the vacuum tube when 

it had been evacuated and placed in its position in the 

gap of the magnet. However,' these measurements indicated 
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any distortion due to vacuum effects to be less than one 

part in 25,000. 

The determination of magnetic field strength was 

made with a proton moment magnetometer similar to the one 

used in the analyzing magnet of the Van de Graaff accelerator. 

Although the magnetic field of the spectrometer is essentially 

homogeneous, it has been found necessary to make a small 

correction to the measured frequency due to slight inhomo- 

genieties in the field. The determination of the magnitude 

and position of these inhomogenieties was made by probing 

the field at 15° intervals throughout the particle trajectory 

with a second magnetometer, and comparing the readings of 

the two simultaneously on separate frequency meters. These 

frequency measuring instruments were found to be accurate 

to 1 part in 25,000 by systematic comparison with radio 

station WWV. Any discrepancy which was detected in the 

readings of the two magnetometers was analyzed by the Hartree 

24 
method, and this correction was then added to the measured 

frequency. Determination of the magnitude of this cor¬ 

rection results from graphical integration of the expression: 
TT 

AB - ^ AB(0) sin 0 6.0 , 
O 

where AB(0) is the measured difference in field strength 

between the field at 0° and that at the angle 0, 

During the course of the experiments it was found 

possible to detect simultaneously the elastic protons from 

24. D.R. Hartree, Proc. Camb. Phil. Soc.. 21, ?46 (1923). 
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12 13 7 
C and C J (or Li'). This made possible the determination 

12 of the bombarding energy based on the proton group from C 

as well as the nucleus under study, thereby supplying 

information regarding target contamination. If the cal- 

12 culated bombarding energy from the elastic protons from C 

was found to disagree with that based on the protons scattered 

13 7 
from C (or Li ), it was concluded that a contaminant of 

12 
C had been deposited on the target. Previous experiments 

have shown that the contamination which builds up on a 

target during bombardment is primarily carbon. Since a 

fresh target was used for each experiment, it was possible 

to make a correction for target contamination based upon 

this discrepancy in the two measurements of bombarding 

energy. Figure 9 shows a spectrum of the simultaneous 

12 13 
detection of the elastic protons from C and C . No 

target contamination was detected in the majority of the 

experiments, although as much as 2^ kev was found to be 

present in one case. 

B. NEUTRON COUNTER 

The neutron sphere counter used in the detection 

6 
of the neutrons employs a Li I (Eu) scintillator for the 

detection of neutrons which have been moderated by a 3-inch 

polyethylene sphere surrounding the crystal. This counter 

was developed by Professor Bonner's neutron detection group 

25 6 
at the Rice Institute. The Li I crystal was restricted 

25. Ewing, op.cit. 
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to being sufficiently small to permit discrimination of 

the gamma-rays, while still providing the desired pulses 

6 3 
from the Li (n,c*)l-r reaction. A 20-channel pulse height 

analyzer was employed to separate the pulses and determine 

the neutron energy spectrum. Figure 10 shows the pulse 
£ 

height distribution from two sizes of Li I crystals. The 

larger crystal was found to be about three times as effi¬ 

cient as the smaller, although the discrimination between 

pulses produced by gamma-rays and neutrons has been im¬ 

paired. Ewing and Bramblett have measured the efficiency 

of this counter as a function of incident neutron energy, 

26 
and this data is shown in Figure 11. The efficiency is 

seen to be essentially constant over the small energy 

region required for these threshold measurements. Bramblett 

and Ewing have also compared this counter (using the larger 

crystal) with a BF^ counter, and have found it to have an 

efficiency about 1/3 that of the BF^ counter. However, 

none of the BF^ counters available in the Rice laboratory 

could have been placed as near the target as was possible 

with the sphere counter. The spherical symmetry of the 

sphere counter was also desirable, since this permitted 

somewhat less accurate allignment to 0°. 

The only serious problem encountered in the actual 

neutron detection was a neutron background which was con¬ 

siderably too high when these experiments first were 

26. Ewing, op.clt. 
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attempted. This problem was solved by replacing the 

phosphor-bronze walls of the Faraday cup with pure aluminum. 

This change eliminated the background produced by the low 

neutron threshold in copper. The Faraday cup was further 

altered to provide collection of the bombarding protons 

at a point nearer the target, thereby effectively increasing 

the distance from the Faraday cup to the counter and decreas¬ 

ing the background still further. These modifications were 

found to decrease the original background by a factor of 

ten, thereby providing a more accurate determination of the 

onset of neutron emission. 
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V. DETERMINATION OF THRESHOLD ENERGY 

The determination of threshold energy was made 

from the simultaneous detection of threshold neutrons and 

elastic protons. Figure 12 shows a typical measurement 

13 
of the neutron threshold for C , as does Figure 13 for 

7 
Li . The straight line extrapolation was made for the 

assignment of threshold frequency, in accordance with 

convention and the arguments presented previously on this 

subject (Section II.). It was obviously possible to assign 

the neutron threshold frequency to an accuracy considerably 

better than +1 kev. 

The calibration of bombarding energy by the 

magnetic spectrometer was made continuously while the 

neutron threshold was detected with the sphere counter. 

Figure 8 shows a typical spectrum of the leading edge of 

13 
the elastic protons detected in the C experiment, and 

indicates the accuracy to which the scattered proton 

momentum could be determined. Figure 14- shows the sub¬ 

sequent calculation of the momentum of the elastic protons 

as a function of bombarding frequency. This is the infor¬ 

mation required to calibrate the bombarding frequency. 

The slope of this data was corrected to pass through the 

origin at zero-frequency according to the method of least 

squares. This method determines the slope to be: 

where m is the slope of the line, and (fp). is the calculated 
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elastic proton momentum corresponding to a bombarding 

frequency of F^- . From this straight line the value of 

elastic proton momentum corresponding to neutron threshold 

was chosen. The determination of bombarding energy based 

_ o 
on the magnetic rigidity of protons scattered at 180 to 

the incident protons results from the familiar Q-value 

, . 27 
equations. 

A. CALCULATIONS 

The equations required for the calculation of 

bombarding energy require a knowledge of the constants 

and e/nip, which were obtained from Cohen and DuMond for 

28 
these experiments. It is necessary to make two cor¬ 

rections to the energy calculation resulting from the 

2 
basic E = A(fp ) . These are the relativistic correction 

and a correction for the detection angle being slightly 

o 
different from 180 . The magnitude of these corrections, 

for these experiments, was never greater than k kev. 

The energy of the elastic particles was determined 

from their measured magnetic rigidity (f p): 

E2 - A<f0 fo>
2 

fo = *l2Ro + xo> 
E AE rel 

*Erel= V2m2c _ 

AE, = 2Eg °Cp 

-I 

1 + ((E2/m^m2E1) 

= E, AE oi 

27. Gossett, op.cit. 
28. Cohen and DuMond, op.cit 
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In this notation f0^0 - elastic proton momentum corres¬ 

ponding to threshold, 2RQ = distance from target to light 

line, xQ= distance on photographic plate from light line 

to leading edge of particle group, °<0= (180° - angle of 

detection), m^= mass of bombarding particle, m2= mass of 

detected particle, E^= energy of detected particle, and 

A = 2 TT z Yp (mp/m)(e/m ) = 2.64195 x 10 . 

In the calculations of bombarding energy the 

29 
mass values of Wapstra were used in the Q-value equations 

o 
for particle detection at 180 : 

i 

Q= (M2+m2)(E2/M2) - (M2-m2)(E1/M2) + (2/M£)(E1E2m1m2)
2. 

Solving this equation for E2 yields: 

E2 = (M^p+m^pjM^Ei + (Mp/MjQ _% 

‘“iW'oX + • al uo -J 
For elastic scattering Q = 0 and : 

where: E^= energy of bombarding particle, E2 = energy of 

detected particle, miSm0,M ,M„, and M0 = mass of incident 1 2 o i 

particle,detected particle, compound nucleus, target nucleus, 

and residual nucleus respectively. 

29. A.H. Wapstra, Physlca, 378 (1955)* 

-(2m2E1)(l/M0) 
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VI. THE C13(psn)N13 EXPERIMENT 
13 

For the determination of the C neutron threshold, 

13 
solid C J targets were used which had been enriched to 68% 
13 13 

C . These targets were prepared by "cracking" C -methyl- 
2 

iodide on a piece of tantalum, and were about 0.28 mg./cm in 

thickness. This thickness corresponds to about 30 kev for 

3 Mev protons. This experiment was performed 8 times, and 

the results obtained are summarized in Table I. It will 

be noticed that experiment IV gave a value for threshold 

considerably below that of any other experiment. It was 

found in experiments III, IV, and V that the targets used 

12 13 
were too thick to separate the C and C groups, and 

target contamination corrections could not be made. In 

addition, experiment IV was performed using the same 

target as III, and it would appear that an inordinately 

large target contamination was present, for which it was 

not possible to correct. 

In the previous section on Neutron Threshold 

Detection (III), it was found that the neutron detection 

methods employed in these experiments possessed an inherent 

error resulting from the small solid angle of the counter. 

In addition, it was shown that errors were also introduced 

by "thick target" effects and beam resolution effects. 

Consequently, the following corrections to the determined 

thresholds are required: 
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Table I 
Experiment; I II III IV V 

2RQ (cm) 69.4132 ± .005 69.4162 1 .005 

f90o(Mc) (27.869 27.869)*.005 (27.857 27.864 27.861)1.003 

fl806Mc) (27.063 27.063)1.005 (27.066 27.060 27.072)1.002 

AErel(kev) 3.0 3.0 3.0 3.0 3.0 

AE* (kev) 0.3 0.3 0.3 0.3 0.3 

Af (kc) ( 11 
mh 

11) + 2 ( 8 8 8 )± 2 

f0po(Mc-cm) (947.5 947.5)*.5 (947.50 947.42 947.56)1.10 

AE .(kev) (1.6 
tg.ct. 

1.6)+.3 ? ? ? 

Weight 3 3 1 1 1 

ET (Mev.) (3.235 3.235)±.004 (3.2330 3.2324 3.2335)±.003 

Experiment; VI VII VIII 

2R0 (cm) 69.4170 ± .005 69.4171 ± .005 

f90o(Mc) (27.887 27.893)1.003 27.886 ± .003 

fl8o6Mc) (27.068 27.057)1.002 27.057 1 .002 

AErei(kev) 3.0 3.0 3.0 

AE* (kev) 0.3 0.3 0.3 

Aflnh (k3) ( 10 10 )± 2 9.0 + 1.0 

fofo(Mc-cm) (948.06 947.77)+.10 947.65 ± .10 

ABtg.ct<.kev> lo 0) +.3 2.5 + .3 

Weight 9 9 8 

■ET (Mev) (3.2350 3.2345) +.002 3.2344 + .002 

Weighted neutron threshold for 
13 

C J\ 3.2345 1 .0017 Mev. 
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Error Source 

Counter geometry + neutron yield effect: 

Beam resolution effect (R = 2500): 

Target thickness effect (T = 30 kev): 

Correction: 

Upon adding this correction to the detected threshold value 

of 3.2345 ± .0017 Mev, the neutron threshold energy for the 

13 1-3 

C (p,n)N J reaction is determined to be 3.2359 ± .002 Mev. 

13 
This result for the C threshold is compared in Table II 

30 31 
with the previous work of Richards, Bondelid, and 

32 
Chapman. A comparison is also made with the threshold 

energy determined by Mattauch from adjusted mass values 

33 
calculations. 

+ 1.0 + .25 kev. 

- 0.3 ± .15 kev. 

+ 0.7 ± .15 kev. 

+ 1.4 ± .35 kev. 

30. Richards, Smith and Brown, Phys.Rev., 80, 524, (1950). 
31. Bondelid, op.cit. 
32. R.A. Chapman and H.Bichsel, unpublished. 
33. J.Mattauch and F.Everling, Progress in Nuclear Physics, 

Edited by O.R. Frisch, Pergamon Press, (1957). 
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Table II 

13 13 
C (p,n)N neutron threshold: 

Richards: 3.236 ± .003 Mev. 
Bondelid: 3.2372 ± .0016 Mev. 
Chapman: 3.238 ± .004 Mev. 

Mattauch: 3.2362 Mev. 

Present work: 3.2345 + .0017 Mev. 

Present work: 
(corrected) 3.2359 ± .0020 Mev. 

7 7 
Li (p,n)Be neutron threshold: 

Jones (Au ): 1.8814 ± .0011 Mev 
Bondelid: , 1.8812 ± .0009 Mev 
Jones (RaC ): 1.8797 ± .0011 Mev 
Shoupp: 1.8812 4. .0019 Mev 

Mattauch: 1.8807 Mev. 
Li: 1.8816 Mev. 

Present work: 1.8797 ± .0012 Mev 

Present work: 
(corrected) 1.8809 .0015 Mev 
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VII. THE Li7(p,n)Be/ EXPERIMENT 

7 
An evaporated layer of separated Li P approximately 

7 
5 kev thick was used for the determination of the Li thresh- 

19 
old. Since the neutron threshold in F is at 4.25 Mev, no 

neutron background was introduced by the presence of the 

fluorine in the targets. The evaporation was made on thin 

carbon films, prepared in a manner recently developed by 

34 , 2 
Kashy and Perry, which were approximately 15 micrograms/cm 

thick. There has always been a considerable problem asso¬ 

ciated with any lithium experiment due to the difficulty of 

retaining a stable target under bombardment. Lithium metal 

itself is highly hygroscopic, as are most of the lithium 

compounds other than LiF, and since it was not possible to 

make the target evaporations in the spectrometer vacuum 

chamber, it was highly desirable to use a compound which 

would not decompose upon exposure to the atmosphere. 

Another problem associated with lithium experiments 

results from the low melting point of lithium and its com¬ 

pounds. LiF melts at 870° C, which makes it difficult to 

retain a target under bombardment in the spectrometer. 

However, the use of the extremely thin carbon films for a 

backing foil has apparently eliminated this problem almost 

entirely. For the length of time involved in the neutron 

threshold measurements, it was found to be impossible to 

detect any deterioration in the target thickness. 

34. Kashy, Perry, and Risser, Nuc. Inst., to be published. 
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7 
The Li neutron threshold has been measured four 

times, and the results are summarized in Table III. 

Applying the corrections of Section III to these results, 

13 
in a manner similar to that for C , this measured thresh¬ 

old of 1.8797 Mev is raised a little more than 1 kev. 

Error Source Error 

Counter geometry + neutron yield effect: +1.2 ± .25 kev. 

Beam resolution effect (E = 2500): -0.3 ± .15 kev. 

Target thickness effect (T = 5 kev): +0.3 + .15 kev. 

Correction: + 1.2 * .35 kev. 

7 
The corrected Li neutron threshold measurement is seen to 

be 1.8809 ± .0015 Mev. This value is compared with the 

33 36 37 
recent work of Jones, Bondelid, and Shoupp, and with 

38 
the adjusted mass.value calculations of Mattauch, and 

39 
Li, in Table II. 

35. Jones, op.clt. 
36. Bondelid, op.clt. 
37. Shoupp, op.cit. 
38. Mattauch, op.cit. 
39. C. Li, Scientla Slnica, 6, 51 (1957). 
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Table III 

Experiment: I II III IV 

2R (cm) 
0 69.4162 ± .005 69.4172 ±.005 69.' 4-171 ±.005 

f90o(MO 21.233 ±.005 21.246 +.003 (21.238 21.249)±.003 

f180o(Mc) 21.661 ±.005 21.663 +.002 (21.670 21.671)+.002 

AErel(kev) 1.8 1.8 1.8 1.8 

AE* (kev) O.65 0.14 0.14 0.14 

Af, (kc) 
inh 

2 ± 1 2 + 1 2 + 1 2 ± 1 

f p (Mc-cm) 0} o 758.70 +.15 758.75 ±.05 (759.00 759.02)±.05 

AE (kev) 
tg.ct. 

? 0 + .3 0 + .3 0 + .3 

Weight factor: 1 4 10 10 

ET (Mev) I..87IO ±.004 1.8786 ±.0015 (1.8797 1.8798)±.0015 

Weighted determination of 
7 

Li threshold: 1.8797 + .0012 Mev. 
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VIII. ERROR ASSIGNMENT 

To demonstrate the error assignments made in 
7 

Table I and Table III, Experiment VI of the Li (p,n)Be 

neutron determination will, be used as an example. 

Error Source Momentum Error Energy Er 

A2R 
o 

± .005/69.^172 + 0.5 kev. 

Af o 
90 

t .003/21.249 ± 0.7 kev. 

Afl80° 
+ .002/21.671 + 0.4 kev. 

inh 
Hh .001/21.671 ± 0.2 kev. 

^^ofo + .05/759.02 ± 0.05 kev 

^Etgt.ct . 
+ 0.3 kev. 

R.M.S. Error: ir 1.0 kev. 

Assigned Error: 4- 1.5 kev. 
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IX. CONCLUSIONS 

The results of these experiments are seen to be 

in good agreement with the previous determinations of these 

thresholds, provided the corrections for counter geometry, 

etc., are made. However, they are seen to be a few hundred 

electron volts lower than almost all the previous work. 

This discrepancy would seem to result from the corrections 

which were made in the present measurements. If similar 

corrections were made to the previous work, it seem probable 

that those determinations would be lowered by a few hundred 

electron volts. In the present work, the significant cor¬ 

rection was that resulting from considering the counter 

geometry and the neutron yield at threshold. The combined 

effect was found to be about 1 kev. The effects of target 

thickness and beam resolution were found essentially.to 

cancel each other. As far as it was possible to ascertain, 

these corrections to the data were neglected in the pre¬ 

vious neutron threshold work. While it is probable that 

counter geometry effects were negligible in the previous 

experiments (assuming their counters intercepted a more 

normal solid angle than did ours), and that beam resolu¬ 

tion and target thickness effects tended to cancel, it would 

still appear unavoidable that their results contained a 

small error resulting from the nature of neutron yield near 

threshold. This effect is normally such that it causes the 

extrapolated threshold curve to yield an energy determination 

a few hundred electron volts above the true threshold, as 



3^ 

can be seen from Figure 2. Consequently, since this effect 

was included in the present work, the discrepancy between 

the present determinations and those made previously is to 

be expected. 

For the normal calibration work, in which an 

accurate value of neutron threshold is required, it would 

seem logical to continue to employ those threshold deter¬ 

minations which neglect the correction for neutron yield, 

since any experiment will necessarily contain this error. 

However, in the determination of nuclear masses these 

corrections should certainly be taken into consideration. 

While the corrections are seen to be small, they would tend 

to cause increasingly large effects in the determinations 

of the heavy nuclear masses. Consequently, the following 

values are recommended for neutron threshold energies: 

7 
Li : 1.8812 Mev. (Calibration work) 

1.8809 Mev. (Q-value calculations) 
13 
C : 3.2362 Mev. (Calibration work) 

3.2359 Mev. (Q-value calculations). 
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