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I INTRODUCTION

Measurements of total neutron cross sections for
nuclel using fast neutrons of various energies have been pre-

1-6 Severall’2 of thege used neutrons which

viously reported.
were not monoenergetic. However, with the advent of monoenergetic
neutrons from the reaction T(d,n)He“, investigations have been
reported giving total neutron cross sections at 14 Mev using
monoenergetic neutrons in ®good" geometry to various accuracies.
Of these various reports, the data of Coon, Graves, and Bar-
echall5 point to deviations from the schematic theory of nuclear
cross sections proposed by Feshbach and Weisskopf7 for the
lighter elements as well ag some of the heavier elements. A
systematic deviation from a plot of the equation
L ¢’ = total neutron
ﬁ - L A3 cross section
av A = atomic weight
wag observed for the elements Be9, Blo, Bll, and 012. For
these four elements the cross section was observed to be a de-
creasing function of the atomic weight. Thie effect is consis-
tent with the data of Lasday’ and Goodman® for Be? ana cl2,
Neither of the latter did the boron isotopes. The data of
Lasday and Goodman alsgo represents l4 Mev total neutron eross
gections.

Of these 1nveatlgational'6

s Do one group carried out
cross section measurementes at more than one particular neutron
energy. It 1s of lnterest to see over what energy range these

systematic deviations appear. The results of Cook, et als,

1



show that at 90 Mev the total neutron cross section for H, D,
L17, Be9. cl2 are increasing with atomic weight. This indi-
cates that at some point in the energy range 1li to 90 Mev these
deviations disappear. The investigations carried out here are
meagurements of total neutron cross sections for some of tne
light elements over the energy range 14 to 18 Mev.

In addition to checking for a systematic deviation
similar to that found by Coon, et al‘; conslderable attention
was given to determination of the neutron-proton total cross

section over the above energy range.



II EXPERIMENTAL PROCEDURE
l. Elements Investigated

The investigation carried out here involved the
eleven elements shown in Table 1. The scatterers used were
in cylinders of various diameters and lengths. The form or
compound which wasg used for each element is also shown along

with the dlameters, lengths, and densities in Table 1.

Table 1
prosess | sample | dtamever | iangm | denesyy

8 gm/cm
gl CH, 0. 7463 0.4903 0.903
HE D0 0.7300 2.0000 1.00
L1/ Metal 0.706 1.633 0.519
Be’ Metal 0.6237 0.9993 1.82
Bt Powder 0.7300 1.5000 1.26
pil Powder 0.7300 2. 5000 0.557
12 Graphite 0.7518 1.5204 1.63
ot® H,0 0.7300 2.0000 1.00
g2t 3 Metal 0.7493 1.5078 1.79
1?7 Metal 0.7501 1.5052 2.89
g2 cast 0.7500 1.5149 1.94

The purity of each sample varied and will be discugsed
in gection III.

The lengths of the scatterers were chosen to give
transmissions of 60 to 70%. This choice of transmissions kept
the multiple scattering corrections negligible, and at the same
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time permitted a sizeable difference in the counting rate with
the scatterer in and the scatterer out of the neutron beam. The
diameters of the scatterers were guch that no neutrons entered
the crystal that did not pass through the scatterer when in place.

The effect of the scattering of neutrons into the de-
tector from the floor was checked by measuring the transmission
of a five and one quarter inch copper rod. The floor effect
was found to represent seven per cent transmission. Thig effect
of the floor scattering neutrons into the detector would give
a count in the detector whetner the scatterer were in place or
not. This would make the transmigsion measurement too high.

The resulting cross section would then be too low. In as much
that the chief concern here was the reletive cross sections at
the various energles, thls correction was not appllied to the
data. The one correctlon applled to all of the data 1s discussed
in gection 3 of Experimental Procedure.

In the four cases where powders and fluilds were used
ten mil aluminum cylinders were used for holding the material.
The transmissions of these aluminum oylinders were measured
before £1lling with each material and were found to be 100%
within the statistics taken in this experiment.

2. Description of Apparatus

The neutrons for this experiment were from the

4 reaction. The target used was tritium absgorbed in

T(d,n)He
a thin layer of zirconium. The neutron energy was varied from
14.1 Mev to 18.0 Mev by variation of the incident deuteron
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energy. The energy of the neutron as a function of the bombard-
ing energy and the angle of emlssion with respect to the inci-
dent deuteron beam as measured in the laboratory system of co-
ordinates is shown in Appendix 1.

A convenlent arrangement to obtain 14.1 Mev neutrons
from the deuteron-on-tritium reaction 1es to observe the neutronsg
at right angles to the incident deuteron beam ag measured in
the laboratory system. Such an experimental arrangement is
shown 1in Flgure 1 along with a block diagram of the electronics.
The source of deuterons in this case was a 160 kev unresolved
deuteron beam from the Rice Institute Cockroft-Walton acceler-
ator. The major content of the beam was previousgly known to
be molecular in nature. Monitoring of the neutron flux was
accomplished by counting the assoclated alpha-particles from
the reaction with a proportional counter at 90° to the incident
deuteron beam in the laboratory. The counter window was three-
thirty-seconds of an inch in diameter which resulted in a solid
angle of 4.09 1074
volts and the resulting pulse height distribution exhibited

ster-radians. The counter voltage was 1000

a plateau of some thirty volts.

An anthracene scintillator placed six inches from
the neutron source was used as the neutron detector. The an=-
thracene orystal was one inch long and three-quarters of an
inch in diameter and wag mounted on a 5819 photomultiplier.

The blas voltage of the 5819 was approximately 750 volts.
Pulses from the 5819 were fed directly to a cathode follower,
to an Atomic Instrument Model 204B linear amplifier, to a Model

5
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101 scaler and filnally to a register. Pulges from the propor-
tlonal counter were fed to a preamplifier and then to a simi-
lar amplifier, scaler, and register combination.

Higher energy neutrons were obtained by using the
Rilce Institute two Mev pressurized Van de Graaff accelerator
as & source of deuterons. The deuteron beam was bent through
a 90° magnetic analyzer so that the energy was defined to about
ten kev. 1In order to obtain the highest energy neutrons avail-
able with this accelerator and to minimize the number of changes
during the entire experiment, the neutron detector was Placed
at zero degrees to the incident deuteron beam. In place of the
alpha=-monitor used on the Cockroft-Walton accelerator, a second
anthracene scintillator wag used as a neutron monitor. The
anthracene crystal was one-half inch in length and one and one-
half inches in diameter and was mounted on a gecond 5819 photo-
multiplier. This monitor was placed eight inches from the
target and at 90° to the incident deuteron beanm. Since the 96°
magnetic analyzer used here had a fringing field, it was neceg-
sary to provide magnetic shielding for the two photomultipliers.
This was accomplished by using a mu metal ghield surrounded
by an iron shield one-thirty-seconds of an inch thick. The
experimental arrangement uged here is shown in Figure 2 with
the block diagram of the electronics.

Whenever scintillation counters were uged, a differ-
ential bias curve was run using the incident neutrons. The
voltages of the 5819 and the galn of the amplifier were chosen

go that the largest neutron pulses were approximately eighty
6
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volts. The scaler discriminator bias was set go as to be on
the linear portion of the differential bias curve and in general
counted only those neutrons which made pulses in the crystal

of height greater than one-half the maximum pulse height. A
typiocal blas setting with a cut off of eighty volts was forty-
five volts. A settling such as this insured that the 3.1 Mev
gamma radiation coming from the C® (d,p)¢l3 reaction was not
counted.

A background count was interspaced througnout the
taking of the data and at no time was it greater than 0.1% of
the neutron counting rate in either orystal. In general, how-
ever, 1t was conegiderably less than 0.1%. The relative count-
ing rates of the two crystals were adjusted so that the monitor
crystal counted at approximately twice the rate of the neutron
detector.

During the earlier runs a current integrator was
used as an additional check on monitoring. No consistent dif-
ference wag noted in the calculations of transmissions using
the two different monitors. In gome cases, which will be noted
at the proper time, the current integrator was used as the
monitor,

In both experimental arrangements shown in Figures
1l and 2 the front edge of the three-quarter inch diameter an-
thracene crystal was placed six inches from the Zr-T target.
The scatterers were supported midway between the front edge of
the crystal and the target by a thin brass support. This type
of holder kept the unwanted scattering material in the neutron

1



beam to a minimum,

The apparatus was aligned by using an aluminum rod
five and one~half inches long and three quarters of an inch
in diameter. This aligning rod was placed in the thin brass
support and the target, cylinder, and orystal were aligned by
eyesight. No systematic deviatlions from day to day operation
were observed that might bLe attributed to misalignment. The
alignment was checked once before and once after each run,
Those runs in which the alignment had changed were discarded.
This misalignment also made itself known in the data by the
presence of conslderably higher transmission value for that

particular run.

5. Measurements

In an experiment such as this, data is taken that
enables the measurement of the total cross gsection from a
knowledge of the experimentally determined transmission of
neutrons through a scatterer of a given length. With either
experimental arrangement as shown in Figures 1 or 2, the
transmlssion of a beam of neutrons may be mezgured by taking
a detector to monitor ratio with no scatterer in place and
a simllar ratio of detector to monitor with scatterer in Place.
Calling these R1 and R_ respectively, the transmission T ig

2
given:

7 = R
R
From the transmigsion and a knowledge of the number of target

&
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nuclel per cme, n, 1in the scatterer, the cross section, as may
be determined from the following equation:

a s'-';ir- o T
This formula however represents an idealized experiment, using
a point source, point scatterer, and a point detector. Here
we have none of these and insoattering corrections must be
applied to the data taken. The inscattering corrections applied
are those outlined by Mciillan and Sewell9 and for most scatterers
amounted to about 10%.

The number of separate runs and total number of counts
taken varlied conslderaoly from one sample to another as well as
from one energy to another. However, all data was taken with
counting statistlics of one per cent or better. In the scatter-
ers which could not be obtained in pure form, better statistics
were required in order that the errors did not accumulate too
rapidly due to subtraction.

A run conslsted of four separate determinations of
the transmisgsion of a given scatterer. Counting statistics
were in general 1% or better for each determination of scatterer
in and scatterer out. The average of the four determinations
represents one value of the transmission of a given sample at
a given neutron energy. It was a genersal policy to run two
scatterers alternately until a run on the two were completed.
Particular attention was given to the pairing or the samples
in some cases. The carbon and the paraffin were paired as
were the heavy and ordinary water. The remainaer of the gamples
were rotated in their pairings.

9



4. Neutron Energy Spread

Appendix 1 gilves the formula for the calculation of
the neutron energles as a function of the bombarding energy
for the T(d,n)He“ reaction. There are two sources of energy
spread of the neutrons, namely the target thickness and the
finite s0lld angle as seen by the neutron detector. Each of
these will be discussed separately.

The target thickness was calculated using the stopping

power of Zr as given by warsnaw.lo

The actual target thick-
ness was 200 micrograms per cmS., This regulted in an energy
spread of at most 35 kev for a deuteron of the lowest energy
ugsed with tnis target. If the center of the target 1s to be
consldered as the average energy of the deuteron, the average
correction in the energy of the deuteron should be about 18 kev.
At the lowest deuteron energy used with this target, this en-
ergy spread in the target corresponds to an energy spread of
40 kev in neutron energy. At the highest deuteron energy the
spread is reduced to about 20 kev,

For the calculation of the spread in neutron energy
due to the finite solid angle subtended by the crystal, it ig
necessary to calculate the rate of change of neutron energy
ag a function of the angle of emission with respect to the in-
cident deuteron beam. This is gimply the derivative of the

expression derived in the Appendix 1 and results in an expres-

sion ag given below:

10
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Since the angles involved are small, approximations may be
used to determine the energy interval AE_ due to the finite
angle A© . This gives slimply:

AE = 66 3’-5—"': -2 @AG[#AG + 246 A(p6)

as
+ 240
A@e

Shown in Table 2 are results of both of these calculationg for
the neutron energy spread. Column 1 gives the energy of the
incldent deuteron, column 2 gives the calculated neutron energy,
column 3 the neutron energy spread due to target thickness,
column 4 the neutron energy spread due to the finite solid

angle, and column 5 the total spread in neutron energy.

Table 2
R

Deuteron Neutron Target AE Total Spread
Energy Energy Thickness ™~ Neutron Energy

Mev Mev Mev Mev Mev
0.190 15.08 0.040 0,009 0.0l9
0.333 15.43 0.037 0.011 0.048
0.596 16.09 0.035 0.017 0.050
0.870 16.58 0.032 0.021 0.053
1.200 17.09 0.029 0.026 0.055
1,500 17.51 0.025 0.029 0.054
1.780 18,00 0.021 0.032 0.053

11



III DISCUSSION OF RESULTS
l. Carbon and Hydrogen

In order that the neutron proton cross section be
determined fairly accurately, a large number of rung was made
on the carbon and the paraffin scatterers at each energy.

The mean transmission at each energy, the standard deviation,
and the number of runs for the carbon and paraffin scatterers
are shown 1in Table 3. The calculation of the errors in the
oross sections used the standard deviations given in Table 3.
For carbon this 1s a straight forward process. However, since
the calculation of the hydrogen cross section involves the
subtraction of two separate cross sections, the manner usged
to calculate the error in the hydrogen cross section is out-
lined below.

Let T be the transmission and 4 T be the standard
deviation given in Table 3. Also let ® be the eross section
and A the number of atoms per square cm of the scatterer.

There are two limits for the carbon cross section:

Gz 7 I (@ A1),
. = é" &1 (T-AT)¢

Likewige for paraffin:

'
‘E“’f = 7-:‘ % (Tf‘Aﬂc”‘



Table 3

Neutron Transmigsion std. Number
Energy Mean deviation of
Mev Rung
C GH2 c CHi
14.1 .688 . 689 .001 .002 13
15.0 674 «693 .001 .001 13
15.5 . 668 «693 .001 «002 12
16.0 . 663 . 703 .002 . 002 17
16.5 671 . 702 .00k .004 7
17.0 .678 . 704 .001 .002 4
17.5 .679 . 710 .002 .004% 6
18.0 675 <717 . 002 .00k ]

From these four equations two extreme valueg for the hydrogen

cross section may be calculated,

l [ o~
s -——— f
+ 3( CH‘

= 5(%u ~

-

c-

namely:

)

<)

The error in the hydrogen cross section used here is Jjust:

where 07,

mean carbon and paraffin transmissions at each energy.

. (07}0

- %

SRR CEE S

is the hydrogen cross section determined from the

)

In addition to the above data, some forty runs were

made on the carbon scatterer alone over the energy range 15.8

to 17.0 Mev in approximately 40 kev neutron energy steps. A

13




different Zr-T target of deuteron thickness about 10 kev was
used. The monitor used for thig data was the current integra-
tor rather than the anthracene monitor previously described.

No sharp changes in the transmigsion were observed and the
transmissions are shown in Figure 3. The plotted points repre-
gent the gverage of the runs at four energies and are plotted

at the midpoint of the energy interval.
2. Oxygen and Deuterium

The oross section for oxygen was determined from the
cross section of ten mil aluminum cylinder filled with ordinary
water. The values for the hydrogen cross section used in the
oxygen determination were those obtained for hydrogen disg-
cussed in the previous section. The oxygen cross section is
given by:

0;'13 qz&" -2 a;;

The error in the cross section wag determined in a manner
similar to that described for the calculation of the hydrogen
ocross section in the previous section.

The oross section of deuterium was determined by com-
paring the transmigsions of two identical ten mil aluminum
cylinders, one filled with ordinary water and one filled with
heavy water. The purity of the heavy water wasg known to be
994%. No impurity corrections were applied. To check the
identity of the two cylinders, each of the cylinders was filled

with ordinary water and the transmissions were measured. The

14
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transmissions of the two cylinders were identical within the
gtatistics of this experiment.

If one assumes that there are the same number of
atoms per square cm in both contalners when filled with ordinary
and heavy water respectively, it is easy to show that the
deuterium cross section 1s given by:

! ya Tro
o~ = 0], +t —

-0

The calculated error in the cross section was made as follows.
Let T be the transmission and A T the standard deviation in

the transmission, then the transmission ratio has two extreme

values, namely @, and @_ given by:
a _ 70‘0 f‘re‘o q - raq.o -4 7;‘0

s 2 -
rH;a -~ 8Tu. 7;’30 1A r‘/zo

The contributlon to the error in the deuterium cross section

would be given by the term:

L g 4.
Jfﬁl’o X

This must be added to the error of the hydrogen to give the

error in the deuterium cross section.
The neutron energies, mean transmissions, standard
deviations, and number of runs for the ordinary and heavy water

are given in Table 4.

15



Table 4

Neutron Transmission Standard Number
Energy Mean Deviation of
Mev Rung
HZO D20 H20 D20
14,1 . 622 .612 . 002 002 4
15.0 . 626 .611 «002 .003 6
15.5 .633 <617 «003 . 002 10
16.0 <658 .6l45 «005 . 006 "
16.5 . 6l .632 .003 . 004 6
17.0 .653 <634 .006 .005 4
17.5 . 650 «631 .00k .005 4
18.0 . 652 o 644 .003 .002 3
3. Lithium

The transmission of lithium was determined from a
lithium cylinder enclosed in an air tight aluminum eylinder
which contributed negligible scattering. The energies, trang-
missions, and standard deviations are given in Table 5. Only
one run was made at each energy on the lithium cylinder. No

impurity corrections were applied to the lithium cylinder.

16




Table 5

Neutron Transmission Standard
Energy Deviation

Mev

14,1 . 780 . 003
15.0 . 787 .002
15.5 . 786 .003
16.0 . 798 «003
16.5 . 805 .003
17.0 «803 « 002
17.5 .810 .002
18.0 «831 « 002

4, Beryllium

The transmission of beryllium was determined using &
cylinder obtained from Brush Beryllium Company. The purity of
sample was at least 98% beryllium, with at most 1% beryllium
oxide.

The remaining impurities were less than 0.1% each,
the heaviest of which was iron. Since the corrections for the
pregsence of the heavy impurities were probably less than %%,
thelr presence here was neglected. At most, the oxygen in the
beryllium oxide could contribute about three quarters of one
per cent to the cross section. Since the exact composition of
the beryllium scatterer was not known, this correction was not
applied. The transmisslons and standard deviation of the beryl-
lium scatterer of each energy are given in Table 6. Only one
run was made at each energy.

17



An additional twenty two runs were made on the beryl-
lium scatterer over the neutron energy range 15 to 16 Mev. The
target used was the thin Zr-T target described previously in
the dlscussion of the carbon scatterer. For these twenty two
runs the current integrator was used as the monitor rather than
the anthracene scintillator. No rapid changes in the transmis-
slon were observed. Figure 4 shows the average values of the

transmissgions for these runs.

Table 6
Neutron Standard
Eﬁgﬁgy Transmission Peviation
14.1 . 655 . 002
15.0 .659 . 002
15.5 «669 .003
16.0 <663 .002
16.5 «662 . 002
17.0 669 .003
17.5 <677 . 002
18.0 .678 .003

5. Boron 10 and Boron 1l

The boron 10 used here was that supplied by the AEC.
The composition of the enriched boron 10 supplied was stated
as 98% boron (96% boron 10), 2% Fe, Mg, and Si. The ratio of
the lmpurities 1s unknown. The average cross section for Fe,
Mg, and Al at 14.1 Mev® was used for the impurity cross section
18
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value. The nuclear density of the impurity atoms was estimated
from the average atomic weight of the three known impurities.
This correction although calculated for 1l4.1 Mev cross sec-
tions, was applied over the entire range of energies in this
investlgation. A relation exists between the oross sections

of the scattering cylinder, boron 10, boron 1l and the impuri-

ties.
rl. - o~ Ld -O] ‘\’

.76 9gie © L)) “p

The boron 11 used was supplied by Fairmount Chemical

Company with a stated purlty of 99.2% and about a quarter per
cent of Fe and C. These two impurities were neglected in the
corrections. The atomic welight of the boron 11 was stated as
10.82. An equation may then be written giving the cross sec-

tion relations of the boron cylinder, boron 10, and boron 1l1.
092 %2u = 72"‘ — /& 0“310

The two equations may be used to determine the cross section

of boron 10 and boron l1ll from the transmissions of the two

boron cylinders. The transmlssions for the two cylinders are

given 1in Table 7 with the standard deviations at each energy.

19



Table 7

Neutron Transmission Standard
Energy Deviation
Mev
10 g1l plo gll
14,1 683 + 750 .002 .002
15.0 . 680 « 750 .002 .003
15.5 . 684 . TU8 . 003 .002
16.0 .684 . 747 .002 .003
16.5 697 753 .003 .003
17.0 « (01 « 753 . 002 .003
17.5 . 684 . 766 . 004 . 003
18.0 . 7Ok 772 .003 . 003

6. Magnesium, Aluminum, and Sulphur

The impurities in these three scatterers, Mg, Al, and
S, were unknown and no corrections were made for impurities.
The counting statlstics taken on these scatterers were only %
at each energy. The current integrator wag used as the monitor
for the transmisslion data of Mg, Al, and S. No large changes
in the transmission were observed in the transmissions for these
three scatterers. The values for the cross section for thege

three elements are given in Table & for the various energies.

Table &
Neutron Energy lev Cross sections Barns
Mg Al 8
14.0 1.74 1.64 2.00
16.0 1.72 1.56 1.90
18.0 1.69 1.48 1.81

0




7. Discussion of Cross Sections

The values for the neutron cross sections as a func-
tion of the incident neutron energy for the various elements
investigated are shown in Figure 5.

The slope of the ocross section curves are approximately
independent of the atomic weight over this energy range with

7 12

the exeception of L1' and C°°. The cross section values them-

selves are in general decreasing and may with the exception of

117 ang ¢t

be explained by the decrease in the neutron wavelength
with increasing neutron energy.

The glope of the L17 cross section curve is approxi-
mately two and one-half times that of the other elements shown
in Figure 5. There are several possible explanations.

1. If the radius of the Li! nucleus is very small the
decrease in the neutron cross section due to the change in
neutron wavelength with energy would be a greater effect for
the L17 nucleus. However, even a very small radius will not
allow the decrease 1n the neutron wavelength to account for
the entire decrease in cross section over this energy range.

2. This rapld decrease in cross section may represent
similar regularities as those observed by Barschalll? in fast
neutron cross sections for some of the medium nuclei with
100 ¢ A €140 . These scattering results carried out with
neutron energies up to 3 Mev indicate that a single particle
model 1s necessary for a theoretical explanation. Barschall's
and his collaborator's results indicate that after averaging
over the individual resonanceés the behavior of the cross section
21
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curves 1s not smooth as predicted by the schematic theory, i.e.,
starting at E.i for low energies and reaching 2 T R® for high
energles. Thelr experimental results show that at low energy
the cross sections are low, increasing with energy to a wide
broad maximum at about 1 Mev. This maximum seems to shift to
higher energies with 1increasing atomic weight. Such a reson-
ance has been shown by Weisakopf13 to be predicted by the shell
model using calculations of scattering by an independent particle
from a potential trough the size of the nucleus and depth about
30 Mev. Unfortunately, however, several strong sharp resonances
are predicted by this shell model calculation which were not
observed by Barschall's group. It is possible then that the
L17 nucleus has a broad maximum considerably higher than 1 Mev
and that the decrease 1in cross section recorded here ig the
decrease due to this broad maximum occurring at somewhat lower
energy than 14 Mev.

The beryllium cross section over the energy range
14 to 18 Mev is greater than the B! and the 12 cross sections.
However, the Blo ocross section is equal to or greater than the
beryllium cross section over this same energy range. These
results indlcate that the systematic deviations observed by
the Los Alamos group for 809. Bll, and cl2 are gtill present
at 18 Mev. Within the limits of the experimental error, it is
possible that the same deviations hold for Be9 and Blo. In as
much as the resulte at 1l4.1 Mev agree to within a few per cent
of the data of the Los Alamos group.s deviations from the
schematic theory of the nucleus as proposed by Feshbach and
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Weiaakopr7 do occur 1in the 14 to 18 Mev energy range. A plot
of the nuclear radil as a function of the cube root of the
atomic weight is snown in Figure 6 for 14.1 Mev neutrons.

These irregularities in the calculated nuclear radii of Beg,
Blo, Bll, and c12 led to the consideration of the average
binding energles per particle for these nuclei. Thege energies
are: Be9 6. 42 Mev , pt0 6.43 , Bll 6.8% , and 612 7.64 .
The greater the average binding energy per nucleon, the tighter
binding in the nucleus. The consgideration of thesge binding
energies per nucleon might lead to a decrease in effective nu-
clear radii with increasing atomic welght for the above four
elements.

It e noted from Figure 6 that the radius of the L17
nucleus is large for its atomic weight. This would possibly
indicate a small average binding energy per nucleon., The aver-
age binding energy per particle for the Li7 nucleus is only
5.57 Mev which is rather small,

wuson14 suggested a nuclear model in which the nu-
cleon density 1s a constant out to the core radius R and then
decreases as e"?w— where of %z L:;’ and W
1s the binding energy per nucleon. Wilson's calculationg show
that the quantity Rf% 1s more nearly the average nuclear
radius. The values for R used by Wilson were calculated from
the difference in Coulomb energies between an igobaric pair of
atomlic numbers @ end L ¢+ 1, using known values of the end points
of the positron spectra resulting from transitions between

mirror nuclei. Wilson's calculations show an ilncreasing average

23



Y

alelas

TN

» 4

i

i

a
IRs

Trfyie

3

b oo

T

pegds

T
1.3

ppars

1

1282110

< ¥
L

v
b

—

i

T
4 bt

E.

g

.

I

H rid

+
4+

11

!

1%

H
a

2

(353

E2Y

Lo,

2hhi




nuclear radiue, R ¢ ;E » With increasing atomic weight for
the odd mass nuclel from A = 11 to A = 39.

Calculations of the average nuclear radius R + ;f-
for 809. Blo, Bll, and (12 have been carried out using the

average value of R given by Wileon,
Vs =13
ﬁ: /1 A JO Co

These calculations falled to produce a deoreasing average
nuclear radius for lncreasing atomic welght for the above four
elements. Table 9 shows the ratios of the nuclear radii of
the elements to the radius of the Be9 nucleus. Column 1 gives
the element, column 2 the experimentally determined ratios at

14,1 Mev neutron energy, and column 3 the calculated average

radius
Table 9
Element Rx ' Rx
RBe9 > -__—- Rseg Oalc .
Be’ 1.000 1.000
g0 1.000 1.025
pll .988 1.038
cl2 .910 1.047

One further possibility is the introduction of a new
constant into the schematic theory so the neutron cross section

would be given by

o= & ( R+ 5}

2k




The k in this equation must be a function of atomic-wéigﬁt'as
well as energy. Values for k have been obtalned at two energies
14.1 and 16.0 Mev for each of the elements shown in Figure 5.
Thege results are tabulated in Table 10. The general behavior
of k gseems to be strongly dependent on atomic weight. It is a
decreasing function of atomic welght approaching unity slowly
as the atomic weight increases. Nothing concrete may be sald

about the behavior of k with energy.

Table 10
Element 14,1 Mev 16.0 Mev
H 1.58 1.55
e 1.31 1.27
Ll 1.46 1.28
Be? 1.28 1.32
gt 1.23 1.27
ptt 1.18 1.17
et 1.01 1.12
ot 1.13 1.14
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IV CONCLUSIONS

The total neutron cross sections for neutron energles
from 14, to 1% Mev have been determined for HE, H2, L17, Bo9,
10, B, ¢12, 016, g% 4127, ang s32,

There 1s & broad resonance in 012 at 16 Mev neutron
energy. It would be of interest to extend this investigation
of the 012 cross section to higher neutron energies in search
of other resonances that might occur.

The large slope of the c¢ross section curve for Li7
indicates the possibility of a neutron resonance at a lower
energy than used here. Neutrons of energy up to 10 Mev may be
obtained from D(d,n)He'+ reaction with deuteron energies avail-
able at Rice. Neutron energles from 12 to 14 Mev are avallable

& reaction. These two regions of neutron

from the T(4,n)He
energies might yleld some information on the possible neutron

resonance mentioned above.,
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V  APPENDIX

m

The kinematics of the T(d,n)He reaction are exhibited

here in a manner similar to that described by Hanson, Taschek

and Willlams.®

Let my, Py, and E; represent the mass, momentum and
energy of the 1 th particle. Let Q be the reaction energy.
Let the incident particle be 1 = 1, the target nucleus 1 = 2
with E2 = 0, the neutron be 1 = 3 and the residual nucleus
1 =4, Let 93 be angle of neutron emission with respect to in-
cident particle 1 = 1 in lab system and 8y the angle of the
residual nucleus as measured 1ln the lab system.

The conservation of momentum gives:

3 8
- 8
/z N A, P -2Ff If; Cua O3
while the conservation of energy gives:
3. 4 v - L + &

The energy of the residual nucleus i1 = 4 may be eliminated
giving the neutron (1 = 3) energy as a function of incident

particle (1 = 1) energy and angle of neutron emission 93.

X vy, _Ms { v my (Mgt M)
£y = 5 (s + )" 1oy momy

My (?Lf'”")
fhhao!’

X[% +(1- %‘)]I zaao,[m‘a_,+

a s
T2 vy
a7



! For the T(d.n)Heu reaction the above equation gives

- —2— y 05’
o = £ {acos'e, 110 -’15 + 4]

1
1265 oy 05+ 1°L 'gpfi]]i}

with a Q for the reaction of 17.58 Mev.

28




VI BIBLIOGRAPHY
1. Amaldl, Bacclavilli, Cacciapustil, and Trabacchi, Nuovo
Cimento 3, 203 (1946).
2. R. Sherr, Phys. Rev. 63, 240 (1945).
3. A. H. Lasday, Phys. Rev. &1, 139 (1951).
4. Poss, Salant, Snow, and Yuan, Phys. Rev. 87, 11 (1952).
5. Coon, Graves, and Barschall, Phys. Rev. 88, 562 (1952).
6. Leonard 8. Goodman, Phys. Rev. 88, 687 (1952).
7. Feshbach and Welsskopf, Phys. Rev. 76, 1550 (1949).
g. Cook, McMillan, Peterson and Sewell, Phys. Rev. 75, 7 (1949).

9. Edwin M. McMillan and Duane C. Sewell, U.S.A.E.C. Document
MDDC - 1558.

10. 8. D. Warshaw, Phys. Rev. 76, 1759 (1949).

11. Hanson, Taschek, and Williams, Revs. Mod. Phys. 21, 635 (1949).
12, H. H. Barschall, Phys. Rev., 86, 431 (1952).

13. V. F. Welsskopf, Physica. Deel XVIII, 12, 1083 (1952).

14. Robert R. Wilson, Phys. Rev., 88, 350 (1952).

a9



ACKNOWLEDGEMENTS

The author wisghes to express hls appreciation to
Dr. Bonner for his suggestion of the problem and his continued
interest throughout the investigation. Also to extend appreci-
ation to Mr. Van der Henst and the men of the shop for their

agslistance.



