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THE VARIATION OF HIGH-ENERGY 
TOTAL NEUTRON CROSS SECTIONS WITH ENERGY 

Bori~ Ragent 

Radiation Laboratory$ Department of Physics 
University of Calif.ornia$ Berkeley, California 

August 28, 1953 

ABSTRACT 

The total neutron cross sections for carbon» .iron, antimony, 

and tantalu~ have been measured in the region of 35 to 180 Mev in a 

good geometry absorption experiment using time-of-flight instrumen­

tation developed for the 184n cyclotrono Tantalum exhibits a 

shallow dip in the cross section curve in th~ region of 50 to 70 

Mevo It is apparent within the statistics that antimony has a dip 

in this region, and that iron and carbon also show unexpected be-

havior at these energieso 
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INTRODUCTION 

The development of high=energy sources of neutrons within the 

past decade has given to investigators an extremely useful tool for 

the investigation of the nucleus and of nuclear properties. The very 

nature of the high-energy neutron==that is, its ab'senc'e' ofL elec:tr·ie·· 

charge and its short wave length-=make it an ideal probing mechanismo 

However, we have not yet extensively realized the simplification in 

understanding the nucleus which we had hoped to gain from the results 

of measurements on nuclei bombarded with high-energy particles. The 

measurements on total cross sections for neutrons, which yield interest-

ing information on the nuclear radius and==it is thought=-on the nuclear 

potentials, have not yielded results as definitive as could be hoped. 

Even the recent information at low neutron energies, in the one- to 

three=Mev energy region~ has yielded data inconsistent with the prior 

notions of what constituted the mean free path for nucleons in the 

nucleuso1 An attempt to explain these phenomena at low energies has 

been made by Weisskopf2, who finds remarkable agreement with experi-

mental values by assuming a very small absorption coefficient for 

nuclei--that is, a long mean free path, or alternatively, a small. 

sticking probability. 
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At somewhat higher neutron energies, of the order of 14 Mev, 

the nucleus has been considered as an opaque spherical diffracting 

object that would yield cross sections of 2 rr R2 
1 R being the nuc-

lear radiuso Several investigators have been measurements in this 

region that agreed fairly well with this concept. 

At even higher neutron energies the wave length of the neu-

tron becomes of the order of, or smaller than~ the nuclear dimensions, 

and the nucleus should begin to exhibit the so-called "transparencyn 

effectso3 On this basis Fernbach, Serber,'and Taylor constructed the 

optical model of the nucleus that characterized nuclei by an absorp­

tion coefficient and an index of refraction, as well as a radiuso4 

The results of the calculations with the optical model agreed fairly 

satisfactorily with experimental results from the region of about 80 

Mev to 300 Mev, using reasonable values for the parameters;and 

judicious guesses as to the variation of these parameters,with energyo 

However, in order to obtain agreement at 300 Mev, the index of re-

fraction had to be reduced to zeroo In particular, this model gave 

good agreement with the angular distributions of elastical~-scat-

tered particleso This was not true until recently, when an exact 

calculation based on the optical model was carried outol7 

Measurememts. of neutron cross sections at extremely high 

energies are not likely to yield much direct. information on the gross 

nuclear properties or structure since, at these energies, the inter-

actions are presumably between neutron and nucleon within the nucleus . 

However, the synthesis of nuclear properties from nucleon-nucleon 



interactions will very probably arise from the study of these very high 

energy phenomena. 

The most promising regions in which to investigate the nucleus 

with the neutron probe, therefore, seems to be the region from about 35 

to 180 Mev, since it is just at these wave lengths that the neutron is 

of an appropriate size. In the past, one of the difficulties in work-

ing in this region has been the lack of ~onoenergetic neutron sources, 

as well as energy-insensitive detectors. The net effect of such a 

difficulty has been to make the measurements yield mean values which 

were weighted over the energy spectrum of the neutron source and the 

. detection efficiency of the detector.5»6»7 Such measurements 9 there= 

fore, tended to de-emphasize any fine structure in the total cross= 

section measurements. 

Recently measurements have been made in which it was attempted 

to narrow the band of energies detected and thus to obtain total cross= 

section curves as a function of energy.8a9alO These experiments» sur= 

prisingly, displayed a rather sharp dip in the cross=section curves for 

lead in the region of approximately 60 Mev9 as well as hints of dips in 

elements of lower atomic number at lower energies. 

With the advent of high=speed scintillator detectors and elec= 

tronic techniques it became feasible to devise a time~of=flight 

apparatus for high~energy neutrons, and thus desirable to investigate 

the behavior of the neutron cross section for representative nuclei 

as a function of energy. The first test of this apparatus was in 

measuring the total cross section for lead from 35 to 160 Mev and in 

confirming that a dip actually doe& occur.11»12 This report is an ex= 

tension of the work to other elements. 

• • 
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EXPERIMENTAL METHOD 

Time-of -Flight Tecbnique 

The neutron time-of-flight technique developed for use with the 

184-ihch synchro-cyclotron is discussed here only briefly since ,a com­

prehensive discussion of the method and apparatus has been made else­

where.lO,ll 

A short burst of high-energy neutrons is obtained by electro­

statically deflecting the 190-Mev deuteron beam radially within the 

tank of the cyclotron until it impinges upon an electrically insulated 

probe situated two to three inches outside of the equilibrium .orbit. 

This probe is long enough in the direction of the beam to stop the deu­

terons by ionization loss, and is thin enough radially so th,at a single 

rf pulse of the deuterons may be selected from the region outside of the 

equilibrium orbit. The details of the probe as shown in Figs. 1 and 2. 

The electrical puls~ resulting from the deuterons impinging on the probe 

is amplified by wide-band amplifiers and is displayed on one of the 

vertical deflection plates of a high-speed oscilloscope. 

Some of the deuterons incident upon the probe are sheared into a 

proton and neutron each by the so-called "stripping" process,13 the neu­

trons proceeding into a small forward com·~ent to the direction of the 

incident deuteron beam. The protons formed are deflected by the mag­

netic field out of the forward direction, so that a relatively "cleann 

beam of high-energy neutrons is obtained in the forward direction. This 

beam is collimated by approximately two meters of copper, lead, and con­

crete to a dimension of approximately six inches by six inches at the 

detector. This results in a collimated b~am of neutrons of bunching time 
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approximately equal to 7 x 10=9 seconds full~width at half-maximum at 

the probe and containing a spectrum of energies extending from about 30 

to 190 Me< with a peak at approximately 95 Mevo. 

A detector consisting of a small transstilbene crystal viewed 

by two 1P21 photomultiplier tubes is placed at the maximum convenient 

distance (43.7 meters) from the probe on the beam axis. The arrange­

ment is shown i.n Fig. 3 • . Pulses from the phototubes arising from 

proton recoils in the stilbene crystal activate a coincidence circuit 

whose output is amplified and triggers the sweep on the high-speed 

oscilloscopeo Simultaneously the output of one of the phototubes is 

amplified and is displayed on the remaining vertical deflection plate 

of the oscilloscope in a polarity opposed to that of the probe pulse. 

The time of flight of a neutron (within the uncertainty of the bunching 

time) is then determined by the distance on the oscilloscope sweep in 

time between the beginning of the signal pulse and· the probe pulseo 

Calibration of the oscilloscope sweep is accomplished by use of a 

standard 50-megacycle oscillator& A curve of neutron time of flight 

versus energy is given in Fig. 4o 

The phototubes in the detector are operated at a sensitivity 

high enough to also detect Compton electrons from J'=rays originat= 

ing in the probeo By inserting appropriate cable delays.!> then» :i.n the 

signal, probe~ and trigger lines to the oscilloscope one may obtain a 

display that contains signal pulses due both to neutrons and to 

ty' -rays» and also the probe pulseo This then automatically cali~ 

brates all the delays in the circuit as well··as yielding the over all 

resolution ··-of the entire· system~ since the ~-rays·furnish pulses for 

a particle of known velocity over a known flight path. By measuring the 

.. 
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distribution in time of the Jl ~rays all the factors entering into the 

resolution of the system are automatically taken into accounto The block 

diagram of the electronics is shown in '" Fi1gr~ ~ 5! · and a typical sweep is 

shown in Fig. 6o 

The counting rate in the detector is adjusted in order to avoid 

a "jamming" phenomenon by varyd.ng the size of the transstilbene crystaL 

This need for a jamming correction arises from the possibility of having 

two neutrons activate the detector within such a short period of time 

that the detector would register only one pulse. For reasonable count-

ing rates this correction can be made negligible. 

The oscilloscope is photographed on a continuous-film camera 

with no shutter, and after development the film is projected onto a 

calibrated mat, wliich may be divided into any number of convenient 

channels for reading,pprposes. 

The ultimate resolution in the system as finally developed for 

a roughly gaussian J'-ray distribution of 7 x 1o=9 seco~ds full-width 

at half-maximum and a flight path of 43o7 meters was ! 8 X 10-5 micro-

seconds/meter. 

Total Cross-Section Measurements 

The total cross sections for antimany:J tantalum, iron:Jand carbon 

were measured with the usual good geometry absorption technique. The 

absorbers in the order listed were interposed into the direct beam of 

neutrons, and the counts were recorded as previously described with 

each absorber in place, and with no absorber in place.10 The number 



·14-

184- INCH SYNCHROCYCLOTRON MONITOR SCOPE 

PROBE 
PULSE 

TEKTRONIX 

# 517 

SCOPE 

TEKTRONIX 

# 517 

SCOPE 

TRIGGER FROM 
DEFLECTOR CIRCUIT 

TRIGGER 

MU-5975 

Fig. 5 - Block Diagrarr of Electronics 

. . 



,.• .,.' 

J: 
1-

PROBE 

I 

I 
(/)I 

15 

Dp 

SIGNAL I 
~ 
1- L 
J: 

~I 
~+ 

PULSE -V'---
~ IPROBE 

~I 
(.!) 

...J 
LJ... 

!---X ---11 PULSE 

I 

1 Ds 
-- ---{8JCJf------''l5lnf"-----'---~lltllt!l 

..... '-
STILBENE~ I p 21 

OSCILLOSCOPE 
SWEEP 

CRYSTAL 

Fig. 6 - Typical S:rJeep 

MU-5~72 



of counts so recorded was tallied per unit time of flight and the t:rana= 

mission so measured was converted to a relative10 cross section (since 

no beam monitor was used) from the equation8 

> (1) 

where T ... I ., Br 
I - Br 0 0 

is the transmission~ N is the number of nuclei 

per crn2 in the path of the beam~ I
0 

is the number of counts without 

absorber$ I is the number of counts with absorber 9 and Br and Br are 
0 

the respective backgroundso As will be described later9 Br and Br 
0 

were negligibly smallo 

The reason that the cross section was measured on a relative 

basis was twofoldo First9 the main ~nterest in these measurements has 

been to investigate the variation with energy of the cross sectionsj and 

since each burst of neutrons contains a complete spectrum of energies it 

is only the comparison between the spectra with and without absorber that 

is necessary for our purposeo Second2 in order to measure an.absolute 

cross section9 a beam monitor would have had to be employedo This would 

have had to be of an electronic type in order to avoid counting any 

background neutrons not due to the main burst9 and thus would suffer from 

the same jamming phenomenon previously discussedo If the counting rate 

were adjusted in the monitor to avoid jamming~ the total cyclotron run= 

ning time in order to achieve the statistical accuracy desired would hav~ 

had to be increased by a factor of about fouro 

Furthermore 3 since the cross section of carbon had been measured 

over an overlapping energy region by at least three different observef~;o,~ 

.. 



the cross-section curves could be normalized on an absolute basis at a 

point of agreement by referring all such curves to carbon at that point 

from the relation 

.. 
Ncar bon 

Oc~bon 
~ ..fn I~ 
N~ Icarbon 

(2) 

from which the error (from the law of the propagation of errors) i~ 

(2a) 

The point chosen for normalization was one at which the cross section 

for carbon was not varying rapidly with energy 3 and at which the statis-

tical accuracy of I and I were good. 
··· C X 

In making the measurements the absorbers, which were mounted on 

a cart perpendicular to the beam axis about 18 meters from the probe 9 

were changed at three= minute intervals without turning off the beam. 

The thicknesses of absorberswere adjusted so as to give almost equal· 

counting rates. 

The absorbers were accurately machined blecks; except for tanta= 

lum, in which case the material consisted of smooth sheets of metal 

varying in thickness from one-eighth of an inch to one-thirty-~econd of 

an inch mounted in a special holder which held the sheets under com= 

pression. In all cases the dimensions perpendicular to the beam were 

... larger than the beam. The actual values of the absorber dimensions are 

given in Table I, and the arrangement of the apparatus is shown in Figs. 
~ '• 

J and 7. 
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Absorber Dimensions 
" ---

It' ANT ALUM 4.020ttx8.025"x4.673n 

~IMONY I 3o37411 x5.88011 x5.872" 
I II 3 .20611 x5 0 891 "x5 0 851" 
' III 3 .490"x5 o993"x6.092'.' 

" 

moN I 1.487nx3 .983ttx8 .116n 
II 1.48011x3 o97J 11x8.113~' 

III L487 11x"3. 986"x8 .109~ 
I 

IV 1.4831ixJ o972"x8.10911 
1 
I v 1.4811!x3 o945"x8.2o4a~ 

VI 1.48l"x3.945~x8o204~ 

i VII 1.48111x3 o 945nx8.204ii 
i VIII 1.481'.'x.3 .945'!x8. 203't 
I -- - -

--

~ARBON I 9.ooovrx6.00011x6.ooon 
II 8. 995'! x6. ooo~'x6. ooo~~ 

i III . 9 o OOO~x5. 996~~x5. 995i~ 
' .. - - -

' 

ABSORBER DIMENSIONS 

·-

';..Toward Atomic 
beam M8.8s Density_ Wt. 

--- -~ ' -- .. - ':• ......... -
'---_ --

11.85cms 39$984gms 16.19 180.8£.! 

25.59cW! 12i749 6.685 121.76 
12~089 

15.06cml! 6~117.0 7.853 $5.85 
.. --- ·-- --- 6.;133.8 

6$180o5 
6~145.1 
6i174o1 
6$176.7 
6$175.9 
6~177o0 

68o57 8ie64 1.693 12.01 
8, 797 
9,288 

,_ ----- - , ___ - ---- ------

TAB:GE I 

-· . 

N-=No.ef 
Atoms per -

sq. Cm. 

6.395xlo23 

8.453xlo23 

12.79 x1o23 

5 .. 83 x1o24 

L.:....~---------

1 
T 

1o562xlo-24 

1~ 182xlo-24 

.784xl0.:.24 

-· 

.1716xlo-24 

~ 
CD 
0 
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Alignment, Background, Sources of Error 

L Alignment 

Initial alignment over the 43.7-meter path was accomplished with 

a cathetometer. The beam at the detector was also mapped by moving the 

detector and recording the counting, ratesc The width of the beam so 

mapped was almost exactly six inches, and fell off rather steeply when 

the detector was moved more than three inches in a vertical or horizon-

tal direction off the beam axiso A check on the absorber aligrunent was 

made by plotting the counting rate of the detector as a function of ab-

sorber traversee Finally a traverse perpendicular to the beam was made 

vJith a bar of iron three inches in diameter by six feet long.. All these 

measurements insured that the equipment was aligned to within one-eighth 

inch over the entire flight path. Since the minimum overlap of the ab-

sorbers was one-half inch and the detector was only 0.5cm x 1.0 em x lo5 em 

it was felt that the alignment was satisfactory. 

2, Background 

There are three types of background counts to be consideredo 

The first is caused when more than one rf pulse of deuterons 

strikes the probe. This might necessitate a 11 recycling 11 correction, to 

use the terminology of low-energy time-of-flight workers. The separation 

in time' of the deuteron pulses would be about lo-7 seconds, the period of 

the rf of the cyclotron. The recycling would give rise to counts beyond 

the maxLmltm cutoff energy of the cyclotron as calculated on a time-of-flight 

basis o 

Precautions were taken to prevent recycling by monitoring the probe 

pulse (so as to note the appearance of any secondary pulse), as described 

.. 
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in Reference 10, and by analyzing the film to detect such counts, several 

times during the runo In all, the recycling or spurious counts amounted 

to about 10 counts out of approximately 6.5,000 data countso . It is, there-

fore thought that this correction is negligibleo 

The second type of background is that due to random counts in the 

detector caused by cosmic rays, n.oise pulses, and activation of the carbon 

in the transstilbene by the c12 (n, 2n)c11 ·reaction, This background is 

in general of a random nature, and is not connected with the beam pulse 

except for that. associated with the carbon activationo It is character-

ized on the oscilloscope by the presence of a sweep and signal pulse 

without a probe pulseo ·This appearance also happens to be characteristic 

of low-energy neutron events, for which the probe pulse is too far to the 

left of the sweep to be reado In any event these 11blankn sweeps are dis-

cardedo The chance that a coincidence will occur between a probe pulse 

and ·a random count during a beam pulse is too small to be consideredo 

The third type of background,· and the most difficult to assess, 

is that due to particles scattered into the detector from neutrons, in 

particular particles scattered from the walls of the building, supports, 

and other objects, a1d from the long air patho An attempt to estimate the 

contribution due to this effect was made by inserting a steel shaft three 

inches in diameter' by six feet long in place of the absorberso This in-

sured that almost all the incident neutrons would be scattered out of the ... .. 
beam, hence would perhaps accentuate the effecto Also, the shaft was slight~ 

ly smaller than the beam dimensions, so that some small-angle elastic .scat-

tering could have occurredo The effect of introducing the shaft was to lower 



the counting rate of the detector to much less than one percent of its 

counting rate with no absorber, and in fact was statistically insigni-

ficanto This measurement along with the large distances involved and the 

small solid angle presented by the detector for any scattering process 

gave confidence that this background was also very smallo 

3 o Sources· of Error 

ao Diffraction Scattering 

Generally two to three mean free paths of absorber were used, · 

except for carbon where the number of mean free paths varied from two 

to six over the energy region coveredo By the method of DeJuren15 or 

of McMillan and Sewe11;6 the maximum correction to the data-was found 

to be of the order of one-tenth of one percent; it was accordingly not 

madeo 

bo Systematic Errors 

Systematic errors are by their very nature unknown, since if they 

were known they would be correctedo The most serious systematic error 

that could occur in this experiment would be a transient change in the 

time-of-flight calibration of the systemo In particular this change 

would cause an apparent shift in the energy spectrum of neutrons with 

absorber, and that without absorbero This shift would lead to spurious 

dips in the cross-section curve that could not be divorced from any 

real effects, which would show up similarlyo It is hoped, of course, 

that no such change did occur, and in fact each reel of film taken with 

absorbers in place had at least a few ;/-ray pulses at the appropriate 

mean Gf the previously measured , ;;/-ray spectrumo · Unfortunately there 

.., . 

. . 
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were not enough /-rays present getting through the absorbers to make 

the constancy of the calibration a statistical certaintyo On the other 

hand, it is difficult to imagine any process that would change the energy 

calibration in a. manner that would not have been detectedo 

A second type of systematic error may be a human one, that is, the 

tendency of an observer to read data more favorably into certain channels 

than others, especially in borderline caseso Certain control checks were 

attempted in this regard, but here again it can only be hoped that the 

author, who did all the film reading, either was consistently off in his 

readings of I and I or was sufficiently unbiased. 
0 



RESULTS 

Treatment of Data 

lo Energy Calibration and Resolution 

The film, after processing, was projected onto the screen of a 

microfilm projector. Using the 50~megacycle traces, present on each 

reel, a mat was constructed having lines at lo-8-second intervals. 

The distribution of ~~rays was next plotted on a more exact basis, 

tabulating these pulses into 2 x 10~9-second channels. This distri-

bution~ roughly gaussian in shape and comprised 172 samples yielding 

. -8 .a full-width at half-maximum of 0.7 x 10 seconds. From the position 

of the mean of this distribution and the known flight time for i -rays 

of 14.58 x lo-8 seconds, each line on the mat was calibrated on a rela-

tivistic basis. The mean energy corresponding to the center of each 

lo-8-second interval was then computed. 

The data were treated on an individual channel basis corres-

ponding to the means determined above, and also on a grGluped basis in 

order to improve the statistics. In order to calculate the mean energy 

of a group of channels the channels were weighted according to the I 
0 

spectrum such that 

~ean"' 

corresponding to 

T mean 
= LNJTJ 

L NJ-

or actually on a time basis 
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The energy resolution is usually arbitrarily defined. ··In this 

case one-fourth of each channel width (the probable error of a channel) 

was combined by propagation of errors with- the probable error due to the 

neutron bunching time (corresponding to approximately 2 x lo-9 seconds), 

the result being divided by 0.6745 ta yield.the standard deviation in 

energy, ~ E. The uncertainty in energy was then. calculated from the 

relativistic formula ~E = ~E ~ t, 
~t 

f = tr = velocity of neutron 
c velocity of light 

where 
~ 

M(jc 
t 

2 
M0 c • rest energy of neutron 

= 939.43 Mev 

t = time of flight of neutron 

I = 1 
; 1 -~'l-

2. Normalization of Data 

The data which were calcuated on an individual channel basis were 

9 10 14 normalized at 100 Mev using the results of three observers. ' ' The 

value used at this point was ~otal carbon = 475 i 10 millibarns. 

For the grouped data a point on the carbon cross section was 

chosen at 102.8 Mev, at which point the carbon cross section was taken 

as. cr:- = 462 + 6 mb t . - 0 

The cross sections and the associated errors at the norrr~lization 

points were calculated from formula (2). Since this is a valid method 

for determining cross sections and since in general the statistical 

error associated with this method of calculation was greater than or 

approximately equal to the statistical error associated with the direct-

beam comparison method, the errors quoted were those from the direct-

beam comparison method. This was done because the estimates on the 
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errors of the normalization point were. extremely generous. In any event, 

this normalization error affects the entire cross.,.section curve equally 

and may be considered as an el;'ror on the absolute .sea+~ .of the cross 

section rather. than on the individual points themselves. (In other words, 

the entire curve goes up or do~· apcording t9 the normalizatio.n error, 

rather than any one point.) 

Calculation of .Cross Section 

The individual channel cross sections and their standard devia-

tions wer calculated using formula (l)o For some. of these data it can 

he seen that the statistical errors are quite large. Therefore, the 

data were recalculated for each element, grouping channels together, to 

achieve the maximum statistical accuracy still consistent with a reason-

able energy resolution. The groupings varied from five channels at the 

low-energy end to two channels. The individual channel data are tabu-

lated in Table II and plotted in Figs. 8 - 11, while the grouped data are 

given in Table III and Fig. 12. 

For comparison purposes, thepiots of the spectra of the direct 

beam and the elements on a time-of-flight basis, and the direct beam as 

19 a function of energy, corrected for the n - p cross section, are given 

in Figs. 13 to 18. 
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TOTAL CROSS SECTIONS 

Individual Channels 

Total Cross Section in Millibarns 

Channel 
Number Energy (Mev) Carbon Iron Antimony Tantalum 

1 34~8 .± Oo7 1491 ± 680 1429 .± 956 1712 .± 1220 
2 36.1 .± 0.7 2948 .! 287 3269 ..:t 309 4445 + 399 
3 37e6 + 0.8 2753 ..:t 234 3472 .:!: 273 4350 !. 350 

. -. 
4 39.1 .:!: 0.,8 880 .! 103 2332 ! 199. 3519 .± 182 4382 ..:t 376 
5 40.8 + 0.9 1023 :!: 124 2477 .! 171 3242 .±. 228 4425 ..:t 3o6 
6 42 .. 6 .±. 0.9 . 1142 .:!: 186 2477·..: 171 3600 + 248 4566 + 320 
7 44.4 .± 1.0 903 .: 89 2324 .± 162 3157 ; 22~ 4174 :t 244 
8 46 .. 4 .± 1.1 748.:!.: 54 2236 .±. 142 3442 .:!: 21E 4039 + 260 
9 48o6 +. 1.2 858 .±. 52 2361 ..:t 108 3382 .± 156 4202 + 194 

10 50.9 .± 1.2 828 ± 53 2472 .±. 123 3528 :!: 17~ 4255 ± 21:4 
11 53.4 .± 1 .. 3 717 ± 31 2349 ± 91 3451 .± 134 4327 .1: 168 
12 56e0 +- 1.4 717 .± 30 2189 .±. 85 3389 ± 13C 4117 .±. 160 
13 58.9 .± 1.5 .724.± 28 2233 .t 79 3316 !. 118 4033 !, 145 
14 62 ,.1 .!. L7 708 + 23 2242 .:!: 69 3241 .± 100 4225 .± 130 
15 65 .. 4 .± 1.8 704 .:t 24 2265 ± 71 3687 ± 114 4603 !; 107 
16 69.1 .± 2.,0 680 .±. 16 2243 ! 49 3560 .2: 78 4212 !: 94 
17 73 .. 1.:!: 2 .. 1 629 .± 13 2173 .± 45 3600 ± 73 4430 .± 88 
18 77,5 .± 2.:3 593 :.t 11 2017 .±. 38 3360 .± 62 4293 !, 79 
19 82.3 .±. 2.6 585 .:t 9 2022 + 3:3 3356 !. 53 4350 .±. 69 
20 87 .,6 .± 2.8 520 .± 7 18.51 ~ 26 3170! 43 4218 .± 56 
21 93 .. 4 .± 3.2 509 .± 7 1789 .± 26 3219 .± 43 4247 .± 56 
22 100.0 .± 3.6 475 .± 6 1753 .±. 23 3131 .± 38 4256.:!:: 52 
23 107.2 .:!: 3.9 472 .± 7 1790 .± 28 3221 .± 47 4285 .± 62 
24 115.,3 .± 4.4 439 .± 8 1629 ± 31 3077 .± 53 4082 +. 70 
25 124.4 .! 5.0 J-89 .:.!.: 11 1398 .± 47 2725 .:t 78 3850 :± 107 
26 134.8 .:t 5.7 365 .± 15 1319 .:!: 64 2636 .! 1o6 3634 .± 142 
27 146.5 .± 6.4 340 ± 20 139.5 .± 91 2579 .± 145 3605 .±. 196 
28 160.0 .:!: 7.5 379 .! 26 1331,;!: 110 2.530 ± 180 3434 .± 243 
29 175.7 .± 8.6 269 .± 38 1027 .± 144 2459 .± 268 3081 .! 347 

~;JO 194.0 !. 10.2 337 j; 53 1241 ± 229 249.5 .± 376 3302 .± 495 

Normalization to ~arbon ~ 475 .± 10 mb at 100 Mev 

crriorm ± . /j c::rriorm "" l 475 ± 10 1753 .±. 52 1.3131 .± 80 42.56 ± lo6 

... 
TABLE II 
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TOTAL CROSS SECTIONS 

Grouped Channels 

Total Cross Sections in Millibarns 

Channel 
Groupings Energy (Mev) · Carbon Iron Antimony Tantalum 

1,2,3,4,5 38.6 .± 3.0 2503 .:!: 98 3:)· ., 
' : I_·; 

' 
2,3,4,5 38.6 .± 2.5 3275 .! 135 4306 .:!: 178 

2,3,4,5,6 39.6 .± 3.1 1060·.:!: 71 

6,7,8 44.5 .! 2.3 2287 .! 90 3299 .:!: 132 4106 .:!: 166 

7 ' 8, 9' 10 ,ll 49.5 ± 4.4 771 .± 21 
; I 

J . 

9,10,11 51.1.:!: 2.8 2338 .± 61 3361 .± 88 4137 .:!: 111 

12,13,14 59.3 ,:t 3.6 704 .:!: 16 2179 ~ 44 3308 .:!: 66 4015 .:!: 83 
--

15,16,17 70.1 .:!: 4.7 651 .± 9 2157 ± 29 3510 + 48 4278 ± 59 

18,19 79.9 .:!: 4.0 577 + 7 1978 .:!: 25 3296 .:!: 40 4205 .± 52 

20,21 90o4 .± 4.9 503 .± :5 1777 .± 19 3105 .± 30 4105 . .:!:. 39 

22,23 102.8 .± 5.9 462 .± 4 1713 .:t 18 3080 + 30 4147 .± 39 

24,25 118.5 :!:. 7.4 412 + 6 1504.:!: 26 2871 + 44 3886 .:; 58 
.. -

26,27 138.4 .:!: 9.4 345 ± 12 1300.:!: 52 2529! 86 3507 .:!: 103 

28,29 165.2 .:t 12 .6 327 .± 21 1181 .± 90 2416 + 149 

28,29,30 166.2 .± 16.8 3196 .± 269 

Normalization to ~arbon = 462.:!:. 6mb at 102.8 Mev 

6ernorm = 
1 

crlorm .:t 462 + 6 j 1713 .± 33 3080 .± 52 4147.± 69 

TABLE III 



DISCUSSION OF RESULTS 

The results for tantalum, antimony, iron, and carbon are given 

in Tables II and III and Figs. 8 to 12. ·_,_: The general features of the 

cross-section curves seem to be similar to the results for different 

elements measured elsewhere., Tantalum seems to exhibit a dip in cross 

section after which the cross section rises to a maximum value through 

about 60 to 70 Mev. Antimony may also exhibit a dip in a similar energy 

region, although the statistics do not preclude a relatively flat curve 

through this region. The cross section for iron rises in going from 

.high :to low energies, exhibiting a rather flat region from 50 to 70 Mev. 

Curves for the total cross section for carbon are perhaps the 

· most surprising. In going from high to low energies the c~rve. rises 

:J slowly at first, in agreement with the results of other observers~ In 
\ 

the region of 50 to 70 Mev the grouped data show a considerably lower 
9 

.cross section than that measured by the H:arwe·n results. The individ-

ual channel data would even hint at a relatively flat region from 50 

: to 70 Mev. 

The data for higher 6 or A elements also indicated a relative­

ly deep dip in this same energy region.10 The position of the dip did 

not change appreciably in going from 6 a 92 to 6 = 82, although the 

depth of the dip may have decreased somewhat in going to lower ~ 

elements., 

A calculation based on the optical model, or rather on a 

straightforward quantum mechanical calculation assuw.ing a complex po-

tential and reasonable nuclear radii, has been carried on concurrently 

wi:ththe work described above by Dr. Sidney Fernbach of the Radiation 

. " 
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Laboratory of the University of California. The calculation has been 

attempted on an exact basis using the Univac electronic computing rna-

chines of the Radiation Laboratory. The results, to date, do not appear 

extremely favorable in explaining the rather rapid change in cross 

section in the region of the dip. 17 The model does seem to be able to 

predict a maximum at roughly the right energies,l?,lB but the detailed 

behaviour of-the cross-section curve shows much more gentle variations 

than the experimental data reveal. In order to reproduce these dips in 

detail, rather violent changes ih the potential seem to be indicated. 

If; for the moment, it is.asslimed thatthe data actually do agree 

with the following geheralbehavi:<i>ur, that is, that the dip occurs at 

the same energy for all elements measured, but that the·depth of the 

dip decreases as we go to lower-A elements, then we may infer the fol-

lowing conclusions. First, the effect does not depend exclusively on 

the size of the nucleus but is common to all nuclei, with the possible 

exception of very low-~ elements.. Secondly, this effect does not pre-

elude optical effects and may be a superposition of a gross· optical 

effect upon a detailed effect. Thirdly, the wave length of the neutron 

in this energy region, i.e., from 50 to 70 Mev or A rv 0.6 x lo-13, 

must be a fundamental length associated with all nuclei. 

It must be emphasized, however, that the data, especially for the 

lower 6 elements; are still inconclusive in this regard. Future experi-

ments are planned to investigate this point in greater detail. 

In summary, the data of this experiment show an extension in the 

behaviour of the total neutron cross section curves for ~ = 92, 83, and 

82, to g = 73 tantalum. The similar behaviour of 6 = 51, antimony is 



hinted, but not definitely established" Iron, ~ ~ 26, and carbon, 

~ = 6 may also exhibit such behaviour» but here the evidence is even 

less conclusiveo 
J 
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