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

Boris Ragent

Radiation Laboratofy, Department of Physics
University of California; Berkeley, California

August 28, 1953
ABSTRACT

The total neutron cross sections for carbon; .iron, antimony,
and tantalum 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 184" cyclotron. Tantalum exhibits a
shalioﬁ dip in the cross section curve in the region of 50 to 70 7
Mév° It is apparent within the statistics that antimony has a dip
in this region, and that iron and carbon also show uﬁexpected be-

havier at these energies,
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INTRODUCTION

The development of high-energy sourceé of neutrons within the .
past decadé has given to investigators an extremely useful tool for
the iﬁvestigation of the nucleus and of nuclear properties. The very
nature of the high-energy neutron--that is, its absence: of electrie
charge and its short wave length--make it an ideal probing mechanisms.
However, we have not yet extensively realized fhe simplification in
understanding the nucleus which we had hoped to gain from the results
Qfﬂmggsurements on nuclei bombarded with high-energy particles. The
measurements ;n 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
notiohs of what constituted the mean freé path for nucleons in the

1 An attempt to explain these phenomena at low energies has

nucleus,
been made by Wéisskopfz, who finds remarkable agreement with experi-
mental values by assuming a very small absorption coefficient for

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

sticking probability.
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At somewhat higher neutron energies, of the order of 1 Mev,
the nucleus has been considered'as an opaque spherical diffracting'
object that would yield cross sections of 2 7T RZ‘9 R being the nuc-
lear radius. 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 ®"transparency"

3 On thiS~basiS Fernbach, Serber ‘and Taylor censtructed the

effects,
optical model of the nucieus that characterized nuclei by‘an absorp-
tien coefficient and an index of.refraction;'as well as a radius,h
The resulfs éf the calculations with the optical model agreed ﬁairly
sgtisfagtorily with experimentél results from the region of about 80
- Mev to 300 Mev, using reasonable values for tﬁe parameters, and
judicious guesses as to the variation of these parameters,with energy.
However, in order to obtain agreement at 300 Mev, the index of re-
fraction had to be reduced to zere. In ﬁarticular,_this model gave
éood agreement with the angular distributioﬁs of elastically-scat-
tered particles. This was not true until recently, when an exact
calculation based on the optical model was carried out .17
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 ébout 35
to 180 Mev, since it is just at these wave lengths that the neutrgn is
of an appropriate size. In the past; one of the difficulties in work-
ing in this region hés been the lack of monoenergetic 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 ﬁeigﬁted over the energy spectrum of the neutron source and the

55657

: detegtion efficiency of the detector, Such measurements, there=
fore, tended to de-emphasize any fine structure in the total crosse
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-

859,10 These experiments, sur-

section curves as a function ef energy.
prisingly, displayed a rather sharp dip in the cross-section curves for
lead in the region of approximately 60 Mev, as well as hints of dips in
elements of lower atomic number at lower energies,

With the advent of highespeed scintillator detectors and elec-
tronic techniques it became feasible to devise a time-of-flight
apparatus for highuenergy_neutrons, and thus desirable te 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 does occurollslz This report is an ex-

tension of the work to other elements,



EXPERIMENTAL METHOD

Time-of -Flight Technique

The neutron time-of-flight technique developed for use with the '
}ﬁh-ipch synchrp-cyclotron is discussed here only briefly since a com-
prehensive discussion of the method and aﬁparatus has been made else=-
where.lo’11 ‘

A short burst of high-energy neutrons is obtained by elect;o-
statically deflecting the 190-Mev deuteron beam radially within the
tank of.the cyclotron unfil it impinges upon an elecirically insulated
probe situated two to thfeé‘inches outside of the equilibrium orbit.
This probe is long enough in the direction of the beam to stop the deu-
V-fefonS‘by ioﬁiéation‘loss, and is thin enough radially so tnat a single
“ff:pﬁlse of the deuterons may-£é selected from the region outside of the
‘eqpilibripm orbit. The details of the probe as shown in Figs. 1 and 2.
The electrical pulég resulting from the deuterons impinging on the probe
is amplified b& wide-band amplifiers and is displayed on one of the
vertical defléction-plates of a high-speed oscilloscopes

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

13

proton and neutron each by the so-called "stripping" process,™ the neu-
t?ons pyoceeding into a smali forward coretargent to the direction of the
incident deuteron beam, The protons formed are deflected by the mag-
netic field out of the forward direétion, sovthat a relatively "clean"
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

A

detector., This results in a collimated beam 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 6f energies extending from about 30
to 190 Mev with a peak at approximately 95 Mev, .

A detector consisting of a small transstilbene crystal viewed
by two 1P21 photomﬁltiplier tubes is placed at the maximum convenient
distance (43.7 meters) from the probe on the beam axis, The arrange-
ment is shown in Fig. 3,- Pulses from the photctubes arising from
proton recoils in the stilbene crystal activate a coincidence circuit
whose output is amplified and triggers the sweep on the high=speed
Qgcilloscope° 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
fime) is then determined by the distance on the oscilloscope sweep in
time'betﬁeen the beginning of the signal pulse and- the probe pulse,
Calibration of the oscilloscope sweep is accomplished by use of a
standard SOQnegacycie oscillator. A curve or'neutron time of flight
versus energy is given in Fig., L, .

The phototubes in the detector are operated at a sensitivity
high enough to also detect Compton electrons from ‘3}=rays eriginate
ing in the probe. By inserting appropriate cable delays, then, in the
signal, probe, and trigger lines to the oscilloscope one may obtain a
display that contains signal pulses due both to neutrons and to

J -rays; and also the probe pulse. This then automatically cali-
brates éll the delays in the circuit as well-as yielding the over all
resolution -of fhe entire system, since the 2}~ra§%~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 3/ -rays all the factors entering into the
resolution of the system are automatically taken inteo account. The block
diagram of the electronics is shown in .Figi=5 and a typical sweep is
shown in Fig, 6.

The counting rate in the detector is adjusted in order to avoid
a "jamming" phenomenon by varying the size of the transstilbene crystal.
This need for a jamming correction arises from the possibility of having
twg 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 photogréphed on a continuous=-film camera
with no shutter, and after development the film is projected énto a
calibrated mat, which may be aivided into any number of convenient
channels for reading purposes.

The ultimate resolution in the system as finally developed for
a roughly gau$sian' gj—ray distribution of 7 x i0”9 seconds fullaﬁidth
at half-maximum and a flight path of 3.7 meters was + 8 x lO’S micro-
seconds/meter.

Total Cross-Section Measurements

The total cross sections for antimony, tantalum, iron,gnd carbon
were measured with the usuval 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
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of counts so recorded was tallied per unit time of flight and the irans-
mission so measured was converted to a relativelo cross section (since

no beam monitor was used) from the equations

1 1, 1|3
J-T_%: /n%) > -Aa'_‘“ . \:Io I-J * (1) )

is the transmission, N is the number of nuclei

where T =

per gmg_in the path of the beam, Ioiis the number of counts without
absorber, I is the number of counts with absorber, and BIo and By are
the respective backgrounds, As will be described later, BIo and By
were‘negligibiy small,

The reason that the cross séction Wa; measured on a relative
basis was twofold., First, the m;in interest in these measurements has
béenvto investigate the variation with energy of the cross sections, and
since each burst of neutrons coﬁtains a complete spectrum of energies it
is only the comparison between the spectra with and without absorber_that
is necessary for our purpdseo Second, in-order to measure an.absqlute
CToss sectiogg a beam monitor would have had to be em.plojedo This would
have had to’be of an electronic type in order to avoid counting any
background neutrons not due te the main burst, and thus would suffer from
the same jémming phenomenon previously discussed. If the counting rate
were adjustéd in the moﬁitor to avoid jamming, the total cyclotron run=-
ning time in order to achieve the statistical accuracy desired would have
had to be increased by a factor of abopt four,

Furthermore, since the c¢ross section of carbon had been measured

1

10,
over an overlapping energy region by at least three different observegés :
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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

Ty = R - = An Lr (2)
N carbe %® Tcarben

from which the error (from the law of the propagation of errors) is

i

W~

| 1 } 2 : 1
Ao=-= o (Ncarbon A Gggrbon) L = (2a)
N ¥ Icarbcn

The point chosen for normalization was one at which the cross section
for carbon was not varying rapidly with energy, and at which the statis-
tical accuracy of Ic and Ix were good,

In making the measurements the abserbers, which were mounted on
a cart perpendicular to the beam axis about 18 meters from the probe,
were changéa at three- minute intervals without turning off the beam,
The thicknesses of absorbers were adjusted so as to giﬁe almost equal’
counting rates,

The absorbers were accurately machined blecks, excépt for tanta-
Jum, in which case the material consisted of smooth sheets of metal
varying in thickness from one-eighth of an inch to one-thirty-second 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 fhe absorber dimensions are
given in Table I, and the arrangement of the apparatus is shown in Figs.,

3 and 7.



ABSORBER DIMENSIONS N
| ' N'= No, of
- % Toward Atomic Atoms per 1
Absorber __Dimensions __ beam _ Mass _ Density Wi, sq. Cm., BN

T ANTATUM 1,020"x8, 025" ,6737] 11,85cms 39, 98Lgms| 16,19 |180.8¢] 6.395x1023 | 1.562x10"2L
IANTTMONY I 3037h"XS.880“x5,872" 25,.59%cms {12,749 6.685 |121.76| 8.453x1023 | 1.182x10-2k
| II| 3.206"x5.891"x5,851" 12,089 ‘

III 3 nh90"x5 0993"3(6 0092'} o
TRON 1| 1.L877x3.983"x8,116"| 15.06cms | 6,117.0 | 7.853 | 55.85012.79 x10%3 .78lx10-2L

IT| 1.L80%x3,973"x8,113" o] 65133,.8 '

- IIT| 1.487v%3.986"x8,109" 6,180.5

V| 1.4837x%3.972"x8,109" 6,15,1
| Vi 1.481"x3,9L5"x8,204" 65,1741
f VI| 1.481"x3.945"x8,204% 6,176,7
i vII| 1.L81"x3,9L5%x8,204" 6,175,9
: vIIIr| 1.L81"x3,9L5"x8.203% 6,177.0
| . ] N
CARBON I 9.000"x6.0000x6,0001|68.57 | 8,86k | 1,693 | 12.01] 5.83 x10?* | .1726x00-24
L II| 8,995%"x6,000%x6,000% 8,797
| . III| 9.000"x5,996%x5,995" t ] 9,288

TABLE 1
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Aljgnment, Background, Sources of Error

1. Alignment

Initial alignment over the L3.7-meter path was accomplished with
a cathetometer, The beam at the detector was also mapped by moving the
detector and recording the counting rates° The width of the beam so
mapped was almost exactly six inches; and fell off rather steeply when
the defector was moved more th;;‘three inches in a vertical or ﬁorizon-
tal direction off the beam axis. A check on the absorber aligrnment was
made by plotting the counting rafe of the detector as a function of ab-
sorber traverse. Finally a traverse perpendicular to the beam was made
with a bar of iron three inches in diameter by six feet long. All these
measurements insured that the equipment was aligned to within one-e?ghth
inch over the entire flightbpatho Since the minimum overlap of the ab-
sorbers was one-half inch and the detector was only O.5cm x 1;0 cm X 1.5 cm
it was felt that the alignment was Satisfactory,

2. Background

There are three types of background counts to be considered,

fhe first is caused when more than one rf pulse of deuterons
strikes the probe. This might necessitate a "recycling" correction, to
use the terminology of low-energy time-of-flight workers. The separation
in time of the deuteron pulses would be about 10“7 seconds, the period of
the rf of the cyciotron° The recycling would give rise to counts beyond
the maximum cutoeff energy of the cyclotron as calculated on a time-of-flight
basis,

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
?iméé;éuringAthe run, >In.a11, the recycling or épuriqusrcounts amounted
ﬁgﬂgbqut 10 counts'out of approximately 65,000 data counts. It is; there-
fore thought that this correction is negiigibleo

The second type of background is that due to random counts in the
detector caused by cosmic rays, noise pulses, and activation of the carbon
in the transstilbene by the Clz(n, 2n) 01l reaction. This background is
in general of a random nature, and is not connected with the beam pulse
exbept for that associated with the carbon activation, It is character-
ized on the oscilloscope by the presence of a sweep and signal pulée
without a prebe pulse, This appearance alsoc happens to be characteristic
of low=-energy neutron events, for which the ?robe pulse is too far to the
left of ﬁhe sweep to be read, In any e§ent these "blank" sweeps are dis-
carded, The chance fhat a coincidence will occur between é probe pulse
and a random count during a‘beam pulse is too small te be considered.

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, mad from the long air path., An attempt to estimate the
- contribution due te this effect was made by inserting a steel shaft three
. inches in diameter by six feet long.in place of the absorbers, . This in-
sured that almost all ﬁhe incident neutrons would be scattered out of the
beam, hence would perhaps accentuate the effect., Alse, the shaft was slight-
ly smaller than the beam dimensions, so that some small-angle elastic .scat=-

tering could have occurred. The effect of intreducing the shaft was to lower
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the counting rate of the detector to much-iess than one percent of its
counting rate with no absorber, and in fact was statistically insigni-
ficant. This measurement along with the large distanCes’invol%ed and the
small solid angle presented by the detector for any scattering process
gave confidence that this background was also very small.

.3. Sources of Error

a, Diffraction Scattering;

Generally two to three mean freelpaths,of absorber were used,
except for carboh where the number of mean free paths véried:ﬁrqm two
to six over the energy regien covered, By tﬁe-method of DeJuren15 or
of McMillan and Sew-ell:,l,‘6 the maximum correction to the data was found
to be of the order of one-tenth of one percent; it was accordingly not
made. |

b. Systeﬁatic Errors

Systematic errors are by their very nature unknewn, since if they
were known they would be corrected, The most serious systematic error
that could occur in this experiment would be a transient change in the
time-of-flight calibration of the system. In particular this.chénge
would cause én apparent shift in the energy spectfum of neutrons with
‘absorber, and that without absorber° This shift would lead to spurieus
dips in the cross-section curve that could not be diverced from any
real effects, which would show up similarly, It is hoped; of course; .
that no such change did eccur, ahd in fact each reel of film taken with

. absorbers in place had at least a few alwfay pulses at the apprepriate

mean of the previously measured qafcray spectrum, - Unfortunately there
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were not enough Zy’—rays present getting through the absorbers to make
the constancy of the calibration a statistical certaintya On the other
hand, it is difficﬁlt fo‘imagine any process that would change ﬁhe energy
calibration in a manner tha#_would not have been detected,

A second type.of systematic errer may'bé a human one, that is, the
tendency of an observer to read data more favorably inte certain channels
than others, especially in borderline cases, Certain control checks were
attempted in this regard, but here again it can only be hoped that the
author, who did all the filﬁ reading, either was consistently off in his

.readings of I0 and I or was sufficiently unbiased,
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RESULTS

Treatment of Data

1. Energy Calibration and Resolution

The fi}m, after processing, was projected onto the screen of a
migrofilm projector. - Using the Sowmegacyclertraces, present on each
reel, a mat.was constructed having lines at 10"8-second intervals,

The distribution of Q/Arays-was next plotted on a more exact basis,
tabulating these pulses inte 2 x 10°9-second channels, This distri-
bution was roughly -gaussian in shape and comprised 172 samples yielding
a full-width at half-maximum of 0.7 x 10"8 seconds, From the pesitien
of the mean of this distribution and the known flight time for 3/ -rays
of_lh.SB x 10"8 seconds, each line on the mat was calibrated on a rela-
tivistic basis. The mean energy corresponding to the center of each
10'8-secondripterval was then computed.

The data wefe treated on an individual channel basis cerrés=
ponding to the means determined above,'and alse on a grouped basis in
order to improve the statistiecs. In order te calculate the mean energy
of a group of channels the channels were weighted according te the Ie

spectrum such that

_ - K NJE s
Enean Z"“"‘_‘NJ

s or actually en a time basis

correéponding to

. LNy

Tmean Z NJ
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The energy resglution is usually arbitrarily'defined. ~In this
case one-fourth of each channei 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 10'9-seconds),
the result being divided by 0.6745 to yield the standard deviation in

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

relativistic formula AE = _A_%_ A t,

ﬂ? = _U” _ velocity of neutron
¢ - velocity of light

5
where M,c = rest energy of neutron

102 . = 939,43 Mev
t
t

7

R A

time of flight of neutron

V1-6%

2e Normalization bf Data
The data which were calcuated\cn an ihdividual channel basis were

9,10, gy

normalizéd at 100 Mev using the results of three observérs.
value‘ﬁsed at fhis'point wés T Total cafbéﬁ = 175 £ 10 millibarné.

For the grouped data a pointbon the éarbon cross section was
chosen aﬁ 102.8 Mev, at which pointvthe carboﬁ cross séction was taken
as."of=,ué'2_«gvémb. | |
| The.cress sections and the associated errors at fhe-ﬂéfﬁalization
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 these 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_generouso In any event,
this normalization error affects the entire cross-section curve equally
end may be considered as an error on the absolute scale of the cross
section rather. than cn tﬁe;individual points themselves., (In other words,
the entire curve goee up{er,dcwnvaccerding tc_the ncrmalizaticn error,
rather than any one point,)~

Calculation of Cress Section

The 1nd1v1dual channel cress sections and'thelr standard dev1ae
tions wer calculated using formula (1) For some of these data it can
“be seen that the statistical errors are quite large. Therefore, the
dete;Were:reCalculated for each element, grouping channels together,'te'
achieve the maximum statistical accuracy still consistent with a reason=
~ able energy res_ol_utiono The grouplngs varled from five channels at the
low-energy end te two channels, The 1nd1v1dua1 channel data are tabu-
1ated in Table II and plotted in Flgs. 8 - 11, whlle the grouped data are
glven in Table III and Flgo 12.

For comparlson purpeseo, theplets of the spectra of the dlrect
beam and the elements on a tlme—of-fllght b331s, and the direct beam as

19

a functlen of energy, corrected fer 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 £ 0.7 1491 % 680 1429 + 956| 1712 + 1220
2] 36,1 £ 0.7 2948 + 287 3269 + 309 LS + 399
3| 37.6 + 0.8 2753 + 234 | 3472 + 273] 4350 * 350
L 39.1 %+ 0.8 | 880 +103[2332 +199 | 3519 + 182 1;382 + 376
S| L40.8 + 0.9 | 1023 * 12L [2)77 * 171 3242 + 228 Lii25 + 306
6| L2.6 + 0.9 | 1142 + 186 | 2477 + 171 3600 + 2L8 L4566 + 320
7| Lk 2 1.0 | 903 x 89 [232k x 162 | 3157 £ 224 LiTh + 24L
8] Lb6. £ 1.1 748 £ 5L | 2236 * 142 3hh2 + 218 LO39 + 260
9] LB.6 + 1,2 | 858 & 52 |2361 + 108 3382 # 156| 4202 * 19)
10| 50,9 # 1,2 828 £ 53 | 2472 + 123 3528 + 174 4255 + 23L
11| 53.h 2 1.3 | 717 & 312349 # 91 | 3L51 & 13l L4327 & 168 |
12| 56,0 # 1. | 717 # 30]2189 + 85 | 3389 £ 13Q L4117 & 160
13| 58,9+ 1,5 | 724 & 2812233 &+ 79 3316 + 118 L4033 + 145
| 62,1 + 1.7 708 £+ 23 2242 * 69 3241 + 100} 4225 + 130
151 65.4 ¢ 1.8 704 + 2L |2265 » 71 3687 & 11k} L603 £ 107
16| 69.1 & 2.0 } 6802 16 |2243 # L9 | 3560 * 7814212 & 9L
171 73,1 = 2.1 629 + 13 |2173 + U5 3600 + 73| LL30 + 88
181. 77.5 = 2.3 593 + 11 |2017 = 38 3360 + 6214293 + 79
191 82.3 + 2.6 585 + 92022 + 33 3356 + 5314350 £ 69
20| 87.6 + 2.8 520 + 7 {1851 + 26 3170 + L3{L218 + 56
21| 93.L + 3.2 509 & 711789 £ 26 3219 + L3{ Lokt £ 56
22| 100.0 + 3.6 b75 + 6 11753 + 23 | 3131 + 384256 + 52
23] 107.2 » 3.9 | L72 2 711790 2 28 | 3221 % L7| ke85 £ 62
2hj 115.3 £ L.k 439 £+ 811629 + 31 3077 + 53{ L4082 + 70
25| 2L+ 5,0 389 & 11 |1398 + L7 2725 + 78 3850 £ 107
26| 134.8 + 5.7 365 4+ 15 |1319 + 6L | 2636 # 106{ 3634 = 142
271 6.5 =+ 6.L 340 + 20 [1395 » 91 2579 £ 145) 3605 & 196
28| 160,0 + 7.5 | 379 & 26 |1331 + 110 | 2530 + 180 3L3L4 + 243
291 175.7 + 8.6 269 + 38 |1027 & 1Ll | 2459 x 268 3081 £+ 347
30| 19L.0 * 10.2 | 337 = 53 |12h1 2 229 | 2495 % 37643302 = L9
Normalization to T oarbon = L75 £+ 10 mb at 100 Mev
Trorm £ ATHorm = 475 £ 10 [1753 + 52 | 3131 x 80 L256 £ 106

TABLE 11



~ TOTAL CROSS SECTIONS
‘Grouped Channels

Total Cross Sections in.Millibarns

Channel = | L . | o
Groupings Energy (Mev) Carbon. ~  ‘Iron  Antimony - Tantalum
1,2,3,1,5 | 38.6 £ 3.0 | 2503 + 98] N

2,3,L,5 | 38.6 = 2.5 | R 3275 + 135 4306 + 178
2,3,01,5,6 | 39.6 + 3.1 1060 + 71 . | |
6,7,8 s+ 23| | 22872 00| 3209 £ 132 | 106 £ 266

{7:8,9,20,0) b9us £ bk | 771 222 o - -

o011 | 511z 2.8 | C|essser| e 88 | M3 en
12,13,1h | 59.3 3.6 704 _+‘1':6 2 17'9 : Lh| 3308 % 66 4o15 & 83
15,16,17 | 701+ L7 | 651+ 92157 s29] 35205 U8 | e7B & 59
18,19 79.9i 4.0 577-i 711978 £ 25) 3296 + LO 4205 + 52
20,21 90.4 = L4.9 503 & 511777 £ 19 3105 # 30 | l1o5.x 39
22,03  |102.8 % 5.9 | hé2 & L] 1713 # 18| 3080 30 » | b7 2 39
2,25 [118.5 2 7.4 | 12+ 6] 1504 & 26 | 2871 + Ll 388 + 58
2'6,27 o 138.4 = 9.k 3h5 1 12 '1.300 __+ 52 2529'12 86- 3507 + 103 |
28,29 |165.2 2 12.6 | 307 # 21| 1181 2 0| 2116 * 19 .
28,20,30 [1662 2368 1 | | | 319 £ 269
Normalization to - GE;rb§ﬁ = 1,62 + 6 mb at 102,8 Mév

Trorn 2 Aoworm = | W62+ 61713 2 33| 3080% 52 | L7 s 69

- TABLE TII
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DISCUSSION OF RESULTS
The results for tantalum, antimony, iren, 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'aftér which the cress section_rises to a maximum val@e threugh
ab@ut éO te 70 Mev, Antimony ﬁay also exhibit a dip in a similar'energy
regiSn, although the statisﬁics do not preclude a relatively flat curve
through this region. .The cross section for iron rises in going from
,high;to 1ow.energies, exhibiting a rather flat region from 50 to 70 Mev,
| Cﬁrves‘for fhe total éross séction for carbon are berhaps the
' most surprising. In going from high to low energiés the curve,rises
;.sloﬁly at first, in agreement with the results of other observersé In
‘the region of 50 to 70 Mev the groupea dépa show a considerably?léwer
.hcrosé section than that meésured by the Hamwell results;? The'individ;'
ual channel data would even hint at a relatively flat region from 50
" to 70 Mev, , B » ,
The data for higher £ or A elements also indicated a relative-
1y deep dip in this same energy region.'0 The position of the dip did
not change appreciably in going from 2 = 92 to 2 = 82, although the
depth of the.dip may have decreased somewhat in going to lower Z
- elements.,
A calculation based on the opticai model, or rather on a
straightforward quantum mechanical calculatioﬁ assuming a complex po-
tential and reasonable nuclear radii, has been carried on concurreﬁtly

viththe 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 computlng ma-

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

.extremely favorable in explalnlng the rather rapid change in cross

sectlon in the reglon of the dip. 7 The model does seem to be able to
, 17,18

predlct a max1mum at roughly the rlght energies,’ but the detailed
behav1our of the crossasectlon curve shows much more gentle varlatlons
than the experlmental data reveal In order to reproduce these dlps in

detall rather v1olent changes in the- potentlal seem to be 1ndlcated°

If, for the moment, 1t is. assumed that the data actually do agree

with the‘follQWing general‘behQVIcur,“that is, that'the dip occurs at

thevsame energy for all elements measured, but‘that‘the'depth of the
dic decreeses as we govto.cher-A elements, then me'may infer the fol-
lowingvconclusions; ‘First, the}effect does not depend exclusively on
the size of’the nncleus.cuf is commongio all nuclei) With.the possible
exception Of very‘low~Z elemenns,',secondiy, this;effect does not pre-
clude optlcal effects and may be a superp051t10n of a gross- optlcal
ef1ect~upon'a detailed effect° Thlrdly, the wave length of the neutron
in this energy.region; i.e,; from 50 to 70 Mev ore;T ~ 0,6 x 10“13,
musﬁ be‘a fundamental length essogiated with all nuclei,

| It must'ce emphaSized, hcwever, that the data, esnecially for the
lomer Z.e1emenfs; are still inconciusive in this regard. Future experi-
ments are planned to 1nvest1gate this p01nt in greater detail,

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

behav1our of the total neutron cross section curves for % = 92, 83, and

82, to 2 ='73'£antaluma The similar behaviour of & = 51, antimony is



2=
hinted, but not definitely established. Iron, & = 26, and carbon,

Z = 6 may also exhibit such behavioéury but here the evidence is even

less conclusive,

i
Y
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