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INTRODUCTION

This thesis consists of the original work using the‘
Argonne National Laboratory Electrostatic Generator.'
Measurements of this type were sultable for the initial
use of the machine, "

The thesls work waskdoﬁe during a year leave of
absence from the faculty of the University of Cincinnati
during the gchool Year 19&8-&9 and short pefiods since.
The author was employed as a physicist in the Van de .
Graaff Group of the Experimental Nuclear Physics Division
of the Argonne Natlonal Laboratorye

It ;s'ndvisasie to divide this presentation into
three distinct sections which the phases of.the work
supgest. The initial phase consisted of completing the
electrostatic accelerator and the aséociatéd equipment
required to do this.work and other work planned rof the
Van de Graaff. The salient points of the construction
Program will be set forth for the following roasonse.

(a) The design and constructioﬁ of several piecéa

of equipment were undertaﬁen as a part br this thesis.

(b) The techniques of operation and moasurements

with a Van de Graaff indicate 1ts range and limits.

(¢) The nature of the neutrons obtainod from the

Van de Graaff bears directly upon the accuracy and

techniques of the measurementse.
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The second phase of ghe work 1s the measurecmont
of the total neutron cross-sections of soveral elements
using a single neutron counter with a limited amount of
shielding. The roasons for these measurements, the
tochniques, and the results are. given.

The third phase is tho measurement of the total
neutron cross-section of molybdenum ﬁsing a gioup ol
shielded counters, This technique is different from

" that of part two. The recasons for these measurements,
the techniques, and the results ére given,

Lastly the nature of the total neutron cross-sections
of many olements 1s discussed and the results of this

work are compared to the general picture.

~
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PART T EXPERIMINTAL HKQUIPMENT

I - a Argonne Electrostatic Accelerator.

.

l. Introduction

The Argonne National Laboratory built their Van
de Graaff to provide facilities for the Experimental
Nucloar Physics Division to measure nucleai properties,
reaction thresholds, scattering of particles, etc.

The Van de Graaff is an outstanding instrument
due to its high energy resolution and versatility in
nccélerating various types of particles, also due to
its wide range of neutron energy production.1

The operating principle is simple but the number
of components required'ko coﬁplote the machine 1s large
and precludes the early use of the machine. The photograph
of fhe completed machine is ample proof of the complexity
of the instrument. This photograph is Fig. 1.
2. Description of the Van de Graaff Accelerator

The construction of an electroétatic accelerator
was begun by the Argonne. National Laboratory in 1946
under the direction of Dr. Roland Perry.2 The accelerator
was patternod after those at the University of Wisconsin3
and thus is pressurized. It is planned that the machine
have & top energy of six million volts And all the

accesaoriea are designed to allow operation to that voltage.
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The initlal use of tho machine for nuclear measure-
‘ments was in August 1949 when the initial cross-section
measurements of this thesls were started. . i
The Van de Graaff is i1llustrated by the dnawing.'
Fig. 2, and operates in the well Jnown fashionlt of this
type of accelerator. This particular machine has the
Tollowing unlque features:
(a) The horizontal construction of the machine permits
rolling away the outer tank and the sholls giving
convenlcnt access to the 1ﬁner components of the acceloratore.
(b) A Zinn type ion source.5 '
(c¢) Two accelerating tubes which permit differential
pumping and make available an additional vacuum tube
for experimontal use, . ,
(d) A pair of analyzers which perﬁit'rapid switching
from one experimental setup to another.
(e) A variable corona system rér most advantageous
distribution of the voltage through the machine.
Fig. 1 shows the complexity of the machine and the
use of guard rings and corona ncedles and plates to
obtqin a large voltage .gradient and an opfiﬁum acceleratinﬁ
field. '
1, Energy Control of the Van dé Graaff
The control of the accelerating voltage of the

machine, and thus the energy of fhe beam, was accomplished

by the use of an electrostatic analyser! whi-h deflects
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the HH*beam, i.e., the hydrogen ion beam. The lons are
aeparatod from the total beam by a magnetic analyser.
The neutrons viere produced by the Li(p,n)Be reactién.8
Thus, only the acceleration of hydrogon gas was involved., .
The H*, or proton, was deflected by the magnetic analyser
so a3 to fall down the target tube.

Since the control of energy 1s of such importance
.An all work, a‘great amount of effort was directed
towards precise éontrol.‘ Fig. 3 illustrates the systgm
o? enorgy control using the electrostatic anélyser and
.the-associated equipment. The establishment of an
accelerating potontial and its control is 1hitia11y
dependent upon the charging rate, 1.0., the belt current.
Socondly, 1t is dependent upon, the loss of charge down -
_the, insulators, the corona svétem and across the gaps .
between sﬁells. Thirdly, it depends on the conduction
of charge down the accelerating tube by the beam and up
the tube by the waste current. | -

The waste cufront is aeconddry electrons caused by the
beam hitting rosiduui gas in the accelerating tube, of
the defining slits,and the electrons purposely introduced
by a control element. These electrons produce high
energy X-rays whose maximum energy is the opergting energy
of the machine, Spocial ;recautions must be taken to
avold exposing the resecarchers to these X-rays,

The beam passes down the accelerating tube.and then
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is deflectod and sebarnted by the magnetic analyser. The
jon beam proceeds into the eleétrostatic analyser., It is
deflected by tho oloctrostatic analyser go that it falls
on one or both of two electrodes. The current divldes
1tsolf equally betweon the two if the energy of the beanm
i3 corroct for the preset ananlyser voltage and magnetic
field streﬁgfﬁ. However;lif one or the other receives
more current, a d.c. amplifier observes the error in the
voltage of the machine by means of this current difference.
I the energy of the machine is too high the beam is not
deflected as much.due to the greater velocity of the
particles and the currcﬁt.incfoases on the upper electrode.
The difference in the current to the d. c. amplifier
changes the blas on a pentode to control the corona
current from the lower accelérat{ng section of the Van
de Graaff., The corona current is induced by a set of
needles which are suppérted br the outer tank of the
machine und'point towards the large shell. This system
can be seon Iin the upper center of Fig. l. The overall
control circuits are adjusted to reduce hunting and to |
achieve the closost adherance to the Eorrect energye
Thd'charging rate, i.c., boelt current, is chnnged if the
machine energy 1s consistantly being corrected in one *

diroction.

The voltage of the machine is established by the
Operator in the following way, First,the electrostatic
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analyser and magnetic onalyser are ad justed to the
proper clectric and magnetic flelds, respectively, and
then the belt current is increased manually until the
automatic control locks in, The voltage Bn the electro-
stacic analyser dofermines the enefgy at vhich the beam
is to be held. To change the energy of the beam it 1s
only necessary to change the analyser voltgge. .If this
chupgo 18 slow enough the machine energy automatically
trackss The magnetic analyser 1s adjusted at the same
time to keep the beam into the electrostatic analyser,

The aécuracy of the ﬁccelerating voltage of the
Van de Graaff is directly related to.the accuracy of
the voltage on the electrostatic analyser. The analyser
voltage 1s controlled by reference to a Rubicon potent-
‘iometer which 13 accurate to one part in ten-thousand.
The overall control 1s expected fo be within.o.l per
‘cent during proper operation;

L. Proton Beam and Rotating Target‘

A current of up to 5 microamperes of protons was
obtained and controlled by adjusting the ion source,
This beam is directed down a target tube which is hor-
izontal and six foet above the floor. The target tube
13 torminated by a shuttor and a rotating target.® The X
Shutter 1is operated electrically from the control coﬁsole
bY & switch vhich simultaneously starts and stops the

8calars, The target tube is ten fect long and places

-
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the source of neutrons about 15 feet’ from the massive
end of the tank which férms the outside>of the Van de
Graaff, The scattering or.neutrons from the floor is
much gredter than from the tank.

The.rotnting target is Insulated from ground so
the beam curront that falls on the target may be measured
by a curront integrator. Since the current is a good
measure of the actual r.amber of neutrdns being produced,
the current integrator 1s a monitor for the-data taken.
An oven for evaporating lithium on to'a tantalum target
disc 1s contained withinAthe rotating target. The target
1s rotated so the heat produced by stopping the beam may
be dissipated over a large area. This prevents burning
a8 hole. in the tantalum disc and retards the .oxidatlion
of the 1lthium and the evaporating away of it. |

The range of neutron energyl available to thé neutrons
Produced by the known reactions is from 10 kev to 20 mev.
Thig range is one of the most valuable properties of a

Van de Graaff with an energy maximum of four to six mev.
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I -b CONSTRUCTION OF NRUTRON COUNTER TUBES

l. Introduction

The init2al step to start the moeasurements reported
‘horein was to construct tho neutfon counter tubes sultable
for the measuroments planned. Iﬁitially,'suitablo
neutron counter tubes wore not avallable and the problem
was to design and consiruct ones for these experiments.

The counters were suitable for these measu;ements and for
the other experiments anticipated for the machine. The
result was two types of counters which are described below,
Additional stand-by counters of the exact same design have
been constructed because of the'excellent pefformance of .

the initial counters.

2. Required Characteristics of Neutron Counters .
The efficiency of a counter is an important factor

in the meusuroménts of the type in this thesis and, in

general, for those with a Van de Graaff. The total

nﬁmber of counts for each measurement determines the

statistical error in the data, The number of counts is

Usually made as large as possible to keep the errors small.

A high officiency counter enab10§~tho counting time to be

Teduced to a minimum. This is very important sinecs the

8

neutron flux i1s small” .and in order to obtain high enefgy
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regolution a small solid angle is subtended by the counter,.
Other factors, vhich are important, are freedom from
counting gamma rays, microphonics and pick-up from the
eloctrical system of thé laboratory. The latter 1s
determined by the electrical arrangément of the coun%ting

system including the scalars, amplifiers, power supplies, etc. .

3+ Mechanism invthe bouhting Tube
The design of thevcounters was based dn achieving
the best counting rnpes and avoiding the difficulties
mentioned above, The natﬁre of the ccunting arrangoﬁont,
the background, the solid angle necessary for high energy
resolution and the elecérénio requirements of the amp-
lifiers aﬁd acalars determined the additional roquirements
on which the design was based, . .
Counters for measuring neutrons use the’foliowing‘

nuclear reaction? in their operation.

BI04 nl — B L 147 + Rt 4 q

Since this 4s an exoergic reaction, l.e., Q is poaitive,
the alpha particle and the lithium nucleus have kinetic
energy which lonizes the gas filling of the tube. Thus

this reoaction can be used in counting thormal neutrons.

The ionization causes a pulse to be rogistered by the
tube if the current is sufficiently large. The proceas
of gas amplificationl® 1s used to insure a pulse suffic-
lently 1arge to be counted. In the cuse of very high
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gas amplificafion the tube caséades into a discharge,
as in a geiner tube, and thé output pulse is independent
of the energy which initiated the pulse.

The size of the pulse in case of moderate gas amp-
lification 1s dependent on the energy of the neutron,
because the energy given to the alpha particle and the
lithium nucleus by the neutron increases the initial
amount of lonization., To use the pulse size, the additional
amplification is obtained in the slectronic equibment
attached to the.counter. \then a linear amplifier is
used the size of thb final pulse i3 a measure of the
neutron enefgy. Such operation is in the proportional
reglion of the tube and the counter is called a proportional
counter., Another advantage of the proportional counter
1s its short dead time of about 10'6‘aeoonds. It 1a
several hundred times faster than a cqunter tube operated
in the geiger fegion. |

10 may be made in two ways. The

The boron counters A
counter walls may be covered with a boron compound, usually
boron oarbido,:and the tube filled with an inert gas which
will act as the ionizing medium. The other type of neutron
counter is the BF3, boren trifloride, counter vhich has
s its gas the BF3 and the nuclear reaction takes place’
within the gas 1tself. It was decidod that this type

¥ould be better for the measuremonts Planned. Since the

-
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pl0 is only 19 per cent o.bundant11

as an 1sotope in
natural boron,.the efficioncy of the counter 1s increased
by the enrichment of the Blo'isotope in the BFB' The
counters were fiiled with BF3 enriched to over 90 per
cent’ in BO, : '

Another factor in the design of the counters is the
voltage required for their operation. It 1s desirable
that the voltage be reasonable, i.e., obtainable by
convontional ‘and available power supplies. The limit-
ations .placed on the voltage required by the counter
tube is that it be less than,BOOO volts. and preferably,

congsiderably less, 1.e., about 1000 volts,

. Design Calculations )
The cholce of a mas amplification factor of ioo
was based on previous practice At the laboratory and
data available from the war time reports of several
laboratories, particularly Los.Alamoa. The design
calculétioné below are principally tho.conversion of
data from other counters to the dimensioﬁé-and charact-
eristics of the ones under design and construction. |
This data has since been assembled by Rossi‘and Staub.lo
The assumption, which 1is substantiated by expériment.
s that tho gas multiplication s a function of the form

M = ¥ -
[1n(b7a) » pa] .
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M 1s the gas multiplication, V, 1s the voltage‘across
the counter, a is the radius of the wire, b 18 the
radius of the cathode, and p is the preassure of the gas,
If the terms in the function are alterod in such aﬁay
that the overall value does not change the gas multi-
plication remains uncﬁanged. Thus a and b may be multi-
Plied by the same4constant and provided the pressure,
P, 18 divided by that constant, M is unchanged. This
implieé that thevratio 5etween the mean-free path of
the electrons in the gas and the electric fleld strength
is unchanged. Using this aﬁd the datsa avallable it is
possible to confirm the\performance of the particular
design in mind. ' | .
The following calculation ‘1s.baaed on this procedure.
Dimensions chosen for counter: ‘

Inside diameter - 1.00 inch

Wire diameter - 0,002 inch -

Gas multiplication - 100 (Moderate wvalue)

Data from curve on pagoe 83 in Rossi and Staubl0

Gas multiplication - 100

Inside dlameter - 1.56 inch

\ilre dlameter -0.,001 inch

Pressure -80.4 om of Hg.

Counter voltage - 2650 volts

Consider the term :
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Vo 2650 Vo
In(b/z}  1In(1.56/.001) 1n(1.00/.002)

Vo = 22,0 volts

also ‘
pa = B0.rx0.000 = p 0,002
P = 10.2 om of Hg.

Thus the volthge is within the 1imit set forth above,
and the gas pressure in the counter being designed should
be 0.0 cm of Hg. A

The diagrams, Fig. ﬁ. show the goneral construction
of the two types of counters. The diffqroncea'arb
aubst&ntiai in size and appearance but the calculations
Tor gas multiplications are the samo. The long counter
was made and tested several monfhs before the short
.counter was found to be required., The unsatisfaﬁtory
nature of the long counter for the measurement of eross-
soction is discussed in the -section on background

measurementse

5. Countor Oparating Characteristics

The curve showing the operating characteristics of
the long counter ié Fig. 5. The plateau that appears
1s not the same as the plateau in a geiger tube. It

does not represent a constant counting rate with
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voltage but a constant counting rate with tﬁe ampli-
ficatlon of the linoaf amplifierla. The pulse sire has
an effective minimum within.the counter tube, due to
the exoergic reaction, and the gain in tﬁe platvau
region is sufficient for virtually all the pulses to be
counted. The. output ﬁulse of the linear amplifier is
large enough to tfigger the scalaé for tﬁe‘amalleat
real pulse. The rise at the right end'of the curve 1is
not due to a continuous or spurious discharge in the
counter, In this case, the amplification is so large
that the noise of the\countor and the pfeamplirier is
being counted aiong with thé true pulses from the
neutron-boron reaction. ,

The.operation at lower volfage than that calculated
Indicates the total gas amplification is not required
with the amplifiers ﬁsed. The increase in the width of -
the plateaus is due to the greater gas multiplication
at higher voltages.,-

As a word of caution; these tubes can be damaged
by spurious counts or discharges which are caused by too
great a voltage. Ths counters have A definlite life, as
do gelger countors, ﬂut they are pot refilledl3 veocause

of the corrosion by the fluorine in the counters when

they are opened,
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6. Counter Assemblies

The long counter was placed in a cylinder of
parnffin.to increase the counting efficiency of the
counter., Since the' cross-section of boronlh increases as
the energy of the neutrons is reduced to therﬁal values,
1,605 1/1i0 ev, the modoration of the neutrpns.by tﬁe
paraffin 1s an effective way of increasing fhe counting ‘
rates The increased size of the counter assembly in the
measurements of neutroné from a spot source, which are
energy dependent on angle, makes the energy resolution
poor, . R

The short counter is enclosed in & small amount of
paraffin 1ﬁ order to increase the counting efridieﬁcy
but limited to maintain energy résolution. This counter
is patterned after one used by Seagondollar and Barsha111§
The use of the spider support for the wire ia a useful
innovation and increased the effective length of the
counter, '

TheAcircuits used with the counters are convential
and thus will ﬁot be discusseds They may be seen in
Elmore and Sundsl6. The preamplifier and the cables
that ran to the linear amplifier were shlelded to prevent
pick-up of electrical nolse resulting from the control
circuits of the Van de Graaff., Voltage regulated a; Ce
power supplies wore used to avoid changes in the ampliriérs
due to the variations in line voltape,. ' )

@
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7o Rosolution Time of the Counting Systém
The resolution ti&elo of a counting system must be
as low as possible so as to avold Goincidence losg in
tho counting of random events. In order to measure ths
resolution time, the qomplote'equipment, 1.0., short
countef, proamplifier, linear amplifier, scalar, power
supply and the mechanical register, wore taken to the
graphite roéctorl7(tha original neutron chain reactor
rebuilt at Site A of Afgonne.) Tho counter tube was
placed in one of the experimental holes and the control
rods wore withdrawn from the pile. The rise in neutron
flux 1s exponential and the counting ratq increased
exponentidlly until the counter equipment could no longer
count as rapidly as the flux riée 1ndicatad it should.
The failuré'of the counter system to keep up is due to
tho dead timo of the counting s:'stome Tho QOpnrture» ‘
Trom the exponential rise 1s noted and corroction19' 18.
may be applied to account for tho loss of counts; The
eounting syvstem followed up to 10 6counts por minute
before an error of as much as 1 per cent. Since none’
of the data in this thesis ever reached, or even closely
approached, this rate no correctipn vas applied to the
experimental data, The rosblution time of the system
was1l2 microsoconds, T@p mechanical register19 was the

initial 1imiting plece of equipment.



The data on the counters used are tabulated below.

Long Counter . Short Counter

Length - 113 3 inches
Inside Diameter - 15/16" _ 15/16 1inches
Viire Diameter «002 : «002 1inches
Filling ‘ BFS, enriched ' BF,, enriched
Proasure : 40.0 ' . 0.0 cm of Hg.
- Outside Diameter 1.00 1.00 inches

Kesolution time : ‘ < 12 microseconds



T -0 - Calibration of Counters A

'1. Introduction .

The calibration of the counters was started upon
their return from the groupao that filled them with the
BF3 to the pressure specified. The propor'performanco
of the counters is ocssential for successful experimonts -
~ and must be obtained before the construction of the
counters could be abandoned and the éther phases of
the measurements started.

A R;a-Be21 source of neutrons was used 1n1t1aily
iIn the callbration. There were two sources actually
used in the calibration, one wvhich weighed 1 gram and
the other which weighed 500 milligrams. The neutron
flux from such a source i1s of the order or'lo6 neutrons
per.seconﬁ over the ontire solid angle. This insures
a high counting rate for a countor placed near the
source and the rate was further increased by surrounding

the counter by paraffin to thormalize the neutronse.

2, Electrical Arrangement

First the counter was tested %o insure that it
would withstand the voltage across it with out break-
down and that the resistance from the wire to the

tube was very large. This indicated no shorting within



- 20 -

the counter tube due to soldering, corrcsion, or .
contamination of the insulators. .

The oporation 1s in the proportional region where
the pulse size 1s proportional to the neutron eﬁergy
"and other factors. The amplifier used with the counter
consists of two parts.. One 1is the preamplitier16
attached to the counter and its power for filaments is
supplied by the power circuits of the linoar amplifier,
the second part., The high Voltage is suppnlied. by the
separate high voltage regulated power supply. The
output of the preamplifier and the power for it are
fed through cables taﬁthe input of the linear amplifier.
Since cableé are quite susceptable to picking up ex-
ternal signals, 1t‘was necéssary &o put a metal sheath
around the cables and ground the entire system. This -
remnoved any counting from eitornal noise not In the build-
ing nower lines as electrical noise. Additional
precautions were necessary to remove ﬁhis wire conducted
noise. The a ¢ voltage regulators were helpful and the
Tfiltor circuits in the power supplies of the amplifiers
and scalars removed it from being effoctive in causing
cdunts. A ¢ line filters were also used.

3., Extraneous Counts

The method of testing for extraneouﬁ counts was

to adjust the counters t§ the proper voltage and
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amplification for hormal counting apd remove the
gource of neutrons to a large distance and observe the
background. Under these conditions the background 1is
small ﬁnd of the known value for that location. A
| Furthermore, the counts from noise is different in
nature from the legitimate counts. The noise counts
.come in bursts and the scalars quickly_aocumulate many
more counts. The counting appears as an avalanch and-
the nolse can be plainly seen on an oscilloscope and
distinguished easily from other signals. Through all
the experiments the countefs were checked for any
extrancous counts by observing the background and the

nature of the counting.

lle Linocar Amplifier .

~ The pulées vere amplified by the 11neaf amplifierla
and were attenuatedprior to being fed to the output
circuit of the linear amplifier. The output circult
selacted pulses of sufficient size, and for each
accebtable one, tripggered a univibrator which gave a
uniform pulse, several volts high, to the input of
the scalar. This madéfthe counting rate 1ndependent‘
of the particular scalar\ahed since the pu;se was always
large onough to insure a count being registered on any

of the scalars available. This elim;nnted one variable
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and improved the cbunting arrangement.

The output of the linear amplifier prior to
the unividrator could be fed directly to a discriminator
to distinguish botween the different size pulses as a
measure of neutroﬁ energy. Another use of tﬁe latter
output was for observing the nature of the pulses and

background noise in an oscilloscope.

5. Gamma-ray Sensitivity

The gamma ray sensitivity of the counters was
checked using an intense gamma ray source, a radium
sample, placed along side the counter during the-
background checks. The failure to-coﬁnt the gamma rays
was ovserved and deéired. It is important not to couht
this type of radiation because of the high energy X-rays
given off by the Van de Graaff. During these measurcments
the maximum energy of the accelerator is 3 mev and Lhe
X-rays have up to this energy. There is an additional
possibility that the reactions caused by the protons or,
more importantly,dby the neutrons in the matérials near
the counter during the heasurémonts ﬁay involve a
gamma radiation. This would, increase the background,

if counted.
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6. Periodic Check of Countirg Sensitivity

Periodic checks of the entire counting systém,
including all tﬁe electronic components, were made
using a small Ra-Be source, about 10 milligrams. The
small source was placed adjacont to the counter in a
reproducable position and the counting rate was measured
over many minutes while the machine was not running,
The counting rate should not be differont from day
to day if the characteristics of the counting system
remain unchanged because the half 11fell of the Ra-Be
source is so large. This check 1s useful for laarping
of deterioration of the counting syvstem but does not
reveal any difficulties during the exﬁurimental measure-
ments since then the counting rate is so high that the
presénce of the cascading counts is not observable.
Also any saturation or hystersis effects are not ‘
observable in this way. These effects were not considered
to be important because of the performance of the system

during the measurements of the resolution time.
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I ~-d Lithium ( p, n ) Berylium Reaction 8 _

1. Introduction

The precise energy control of the Van de Graaff
1s only one factor in the control of the energy of
the neutrons produced by it. The second factor, of
the same magnitude eas the uncertainity in the enérgy
of the accelerator, is the spread in the energy of
the neutrons from the reaction in the targeﬁ.' Firstly,
this i3 due to the creation of neutrons at any place
In the target from the side toward the proton source
to the 1ayoi farthest away from it. Secondly, it is
due to the variation of neutron energy as =a function of
angle. _ .

Since the protons are charged particles they lose
energy in going from the {irst sidg to the latter in
the iithium £ilm. The amount of energy which 1s uaad:
in this process is the energy thickness of the target,
Neutrons are not effected by this phenomena and thua'
the energy variation 1s dependent directly upon the
Position in the target at which the reaction takes
Place, The maximum variation, due to this cause, 1s the .
Snergy thickness of .the target, |

The target thickness may be detormined by the
Sxperimeter and usually is from 1 kev to 100 kev
4d°Pend1ng on the type of measurements that are plannod:“-ﬁ-

For high resolution work the target is made quite thm, -
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while for measurements that are intended to show the
mean or avorage cross-section the targets are purposeoly
made thick in order to accomplish this averﬁging.

The yleld of the target i1s proportional to the
amount of material present in a targete For this
reason a compromise of target thickness with energy
rosolution 1s made. An increase 1in target thickness
rosults in a more efrficisnt use of the counting time.
In mosf cases the statistica1 accuraéy, whioch depends
on large numbers of counts, 1s of equal ;hportance to
the energy resolution and theré is a limited time in
'which to do the work since the use of the accelerator
1s'exponaive in manpower and cost. The dete:minatlon of
the target thickness is based upon the actual meaaufemeht
belng attempted. There are no limitations in the accuracy

except the time and cost,

2. 1i(p,n)Be Reaction

The neutrons used in these measurements of total
neutron cross-section were obtained from the Li(p,n)Be
reaction. The reaction is as follows,

147 + B — B’ + n' + Q

This reaction is endoergic, thus Q is negative,
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Ffom the observed threshold in the laboratory system of
1.882 mev,! the Q of the reaction is - 1.65 mev.

The high threéhold causes tho velocity of the center
of mass, as scen in the laboratory system, to be
considerable, Thls results in the neutrons at energles
Just above threshold being concentrated in the forward
direction even thoﬁgh the reaction is isotropic in the
center of mass system. _For thls reason there are two
energy groups of neutrons in the forward direction until
the proton energy 1s well above thresholde The lower
energy group; as measured in the laboratory system,
becomes directed to 180 degrees in the laboratory svatem
when the neﬁtron energy of the forward group is equal
to or greater than 130 kev. Ihe measurements in thﬁ
Torvard direction, 1.e., at zero depgrees, are taken only ‘
abore 130 kev.

For meaauremonté with neutréns of 1953 than 130 kev,
monoonergoetic neutrons obtained at angles grpator than
90 degrees are used, These meésurements are referred
to as back anpgle work. In these meaaurempnts the back
angle of 120 degrees in the laboratory system was used,

The velocity dilagram of the reaction is given bolow,

' Velocity diagram,
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where E, is the neutron onergy
©® i1s the angle in the laboratory system
8’ 1s the angle in the conter of mass system
a 1s proportional to the velocity of the conter of mass
b is proportional to the velocity of the neutron in thec of
mass svstem, ‘
The solution of the diagram glves the foliowing

relationse

2 + 2ab cos 6’

= 82 cos 20+ b2+ 2a cos 91/—1)72- a2 sin? 9
b2= 0,762 ( Ep - By )
- a%=E, / 63.38
8'=8+sin"1( sin 8/ (b/a) )

. .2
En-a + Y

Por this reaction with the threshold of 1.882 mev
and the angles chosen and for typi_.cal iralueg' of proton

energy these reduce to the following.

Forvard Diroction. Backangle at 120°
E, = 2500 kev. Ep = 2500 kev.
a = 6,29 | ' a .= 6,29
b = 21,75 . b = 2175
Ep = 78l kev. : E, = 175 kov.
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The backangle of 120 degrees was choson for several
reasons, Firstly, this angle, which 1s moasured in the
laboratory system, 1s convenient as a position for the
counter. At any greater angle the target tube prevonts
the equipment from being moved into proper position.
Secondly, the proton energy required for the low energy
neutrons at this angle is obtained at moderate machine
voltages. Thirdly, it is free from double energy neutron
) fluxéa.

3. Measurement of Target Thickness

The measurement of the target thickness is made by
observing the incrense of the neutrons flux immedlately
above the threshold. The machine i1s operated at a few
kilovolts below throshold and the onergy 1s gradually
increcased in small increments tovab§ut 20 kev above
threshold. The rise in the neutron flux is plotted as

in Fig. 6 and the following calculation 1s made.

Target Thickness Pot., setting at end of rise -
1.882 x Pot. setting at thrashold

Potentlometer setting at threshold

. = 1.882 x 1,050 - 1:036 .
4036

= 6,0 kev
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This process is ropeated during the experimental -
" measurements in order to check upon the condition of
the target. [The target may change in two ways during‘
its use. If the température gets too high the lithium may
be evaporated away. This seldom happens, but the heat
may accelerate the oxida@ion or.the tasgets As the
1ithium is oxidized it becomes thicker due to the additional
material presente Thié.thickness 18 an increase in the
energy thickness of the target, just as the depositing
of more 1ithium would be, but the yileld does not 1ncreas§.
The growth of the target is proportional to the age of
the target 1f the vacuum i1s good .and maintained constantly.

Vhen the target thickness has reached a value that
15 excessive a new turget 1s placed oﬁ the disce The
vacuum system 1s arranged‘so that the target tupe may be
cut off from the rest of the systom and let 'down' to
air, The old target 1; removed by washing the target
disc with distilled water.

The new target 1s replaced by evaporating the
lithium on to the tantalum disc while the disc is in
Place on the machine and the target tuBe 1s at a good
vacuum. The machine 1is operated at an onergy vell above
threshold and the thickness of the target is monitored
as 1t 1s being deposited., At this-enérgy of the machine,
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the counting rate for the desired target thickness is
calculated prior to the atart‘or.evaporation of the
lithium, The counting rate is also dependent on the
position and efficlency of the noutron counter used as
a moﬁitor. Once an initlal target'has béen placed on
the machine and 1ts thickness measured there 1s enough
data to calculate the conditions for any aﬁbsequently
desired target thickness. The position and counting
efficliency is‘carefuily reestablished in order to use
the initial data accurately.

When this counting rate is achleved, the evaporator
1s quickly pulled away from the target face and the
electrical heater is turned off, The machine 1is then
.adjusted to operate at the threshold energy and the
new target's thickmess is measured. If 1t 1s satisfactory
the machine may be used ror'the experiment in ming,
otherwlse the now target is removed and replaced in
the samo fashlon. '

Since an increase in theienergy thickness of
the targeﬁ is anticipated with use, a slightly thin
target may be placed on the machine. This is not
nocessarily expedient since the increase in the counting
time due to the decrease in yield may be greater

than the time roquired to replace the target more
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froquently. The data from each target 1is usually
indicatod by a different symbol. |

e Monitoring the Neutrons

The neutron flux may be monitored by two methods,
one a counter, called the monitor, and the other, a
current integrator. In the meésurembnts described
boelow the monitoring was acéomplished in two ways and
the most indepondent way was use to nbrmalize the data,
.Howover, tho alternate way was a useful check on the
other and continually used for this purpose.

A ocurrent integrator is used in thls work to
‘monitor the proton beam currentw.'The'neutrons yield 1s
dependent on the proton beam durrent and équal intervals
in beam current i1s more indicative of the unit bf neutron
flux than an interval of time, This 1s true of all
measurements of the fype taken with a Van.de Graaff. The
neutron yleld 1is normalized by a fixed number of current
units. The unit of current i1s not important, as long
as it is the same for all the data, 1.e., the initial
target thickness data upon which the calculations are
based and the data for the new target, During the
measurements it is necessary that it not be changed over

any set of data, The proton current is a-better neutron
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monitor than time, since if the machine sparks or the
beam current changes the neutron flux is not a lmown
function of fimo.

A better and more accurate way of monitoring the
neutron flﬁxiia by the use of an independent neutron |
counter, The difficulty of its use arisos from the.
changes in the neutron flux to it,due to changes during
the experiment. The addition of the scattering sample
into the neutron flux may scatter additional neutrons

into the monitor counter.

5. 10 per cont Yield of Neutrons2

During the time of cross-scction moasurements there
was found that the Li(p,n)Be reaction had another yield
~of noutrons which appear when the energy of the lmown
noutrons is above 640 kev. The yleld of.thié seéond reaction
i1s believed to be about 10 per cent of the yleld of the
Lirst reacﬁion. .

The energy of these neutronS'is much less than those
from the initiai yield. The efficiency of the counters
18 higher for the low energy neutrons, thus their proasence
in the neutron flux for the moésuremont of cross-section
above 6h0 kev neutrons might modify the data in that rogion.‘
It 1s expocted that the low éhergy.data will be superimposed
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on the higher enorgy data. It is possible that the low
energy structure might ﬁe recognizable in this region
i1f the high energy cross-secfion 1s rather smooth. The
effect would be at least as great as the percentage of
the yleld.,

The neutron cross;aection data was examined for
this effect which was not found, or at least the nature
of the effect could not be determined. Therefore, no
correction was made to ﬁhe data for this éffect. The
information available on the 10 per cent yleld is not
complete enough to warrent any arbitrari correction to

the data,
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PART II  MFASUREMENT OF THE TOTAL NEUTRON CROSS-
SECTION OF COBALT AND MANGANESE AND OTHERS

II - a Introduction to the Measurements

1. Reasons for the Measurements

The measurements of the total neﬁtron cross-
sections for cobalt and manganese and the preliminary
cross-aéction moasurements of other elements were
made for several reasons. The primary reasons are
the following: ‘ ‘

8e .'.l'he neutron cross-sections of thése elements
were not availablo and wers needed for calculations
in t;he design of nuclear reactors and for other
purposes, '

b. The elements were related to each other in

a unique and 1nterestihg WaYe .

ce lNeasurements of this type were suitable for

the Initlal use of a Van de Graaff, Earlier data
from other me.chines woere ugsed as a check on the
performarice of the new machine by i'epeating selectpd
measurements.

de. The equipment cons‘tructe& and assembled

is comparatively simple and uqoi‘ul for many prua, .
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-1 The measurements could be made in a limited

time,

f.  Work of thls typo is unclassified and publishable.

2. Transmission Measurements

The measurement of total neutron eross-section
is atransmission type measuremont, It is assumed that
the neutron is scattered 6n1y once or enters-only one
reaction in passing through the sampléf. “The thickneas
of the sample must ha made to conform with this latter
assumption, i.e., be not more than one mecan-free path

thicke The cross-section 1is calculated by the following
formulas '

I=1I, ‘exp(-.-nrx)
thus

V:.—lﬂS_ILI’.L.

-nx .

where: I, is the intensity of the neutron beam with
no sample in the beam, ‘
I is the intonsity of ',the neutron beam with
the sample In the bean, .
n is ?he number of atoms:_ pe;; cubic centimeter
in the gample, '
x 1s the thickness of the sample in centi-

me'ters,
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’ .

g 1s the total neutron cross-~section in
barns, 1.6., 10”2h square centimeters.
nx 1s the number of atoms per square centimeter of the
surface of the sample. The sample must have paQﬁllel
faces and uniform donsity.

nx is calculated by the following formulas

(Avogradrot's Number) (Weight of Sampls)

(Atomic Weight) (Area of Sample)

The reactions that take place as the neutron
passes through the sample are:
a, Capture- The neutron may be captured by the
nucleus and it 1s transformed by the addition of
. one neutron. The nucleus may then remain in this
state, if 1t i1s a stable state, or more likely, the
nucleus may be transformed to another state or
nucleus by radioactive decay. Such decay is knovwn as
artifiolal radﬂoacfivity and follows a radloactive
decay process in a&cord with the natural lawa
governing those processes,
b, Elastic Scattering- The neutron may be elastically
scattored and removed from the direct beam. If the
. sample subtends more than the same solid angle as
the detector from the source of neutrona; some of
the neutirons vhich would not have been counted by
the detactor are scattered into the détector and are

counted, Such scattering is called scattering-in
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and introduces an.orror in the data. The correction
of the data to account for this is discussed later,
c. Inelastic Scattering- The neutron may be scattered
inelastically and .removed from the beams The
inelastic acattering reduces the energy of the
neutrons. The inelastically scatterod neutrons may
also contribute to the scattering-in error. In this
case, the counter is ﬁore sensitive tp tﬁese neutrons
because of their lower energy. '
There are other nuclear processes possible but
are not considered to make any contribution to the
measurements at the enorgies of these measurements,
The total neutron cross-seotion 15 the sum of the
Individual reacfion cross-section,.
Tg = O + T3 + g
where o  is the total neutron crosa-section
T s is the capture cross-section
'd'e 1s the eiastic scattering cross-section
04 1s the inelastic Qcattering cross-section.
The unit of cross-section is a barn which ias

10'2h square centimeters.

3. Comnilation of Neutron Cross-sections

In preparation for this work a search for the neutron
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cross-gections of all elementé was made, A compilation
of unpublished cross-section measurements waa made in
the form of a laboratory report®3 and distributed to
interested groups. Between the time of these measure-
monts and the present, a compilation of neutron cross-
soctions has been made by Adairlu. The cross-sections
of cobalt and manganese discussed below appeared in
Adair's compilation. All the measurements have appeared

in the progress reports of the Argonne National Laboratoryau.
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II - b Initial Group of Elomonts

1. Choice of the Elémnnta.

The elements chosen for the initlal measurements
were scandium ( A= |5, 2= 21 ), vanadium ( A=51, 2=23 ),
manganese ( A=55, Z=25 ), and cobalt ( A=59, 2=27 ).
Later as the measurements were being started, 6inmb1um
( also calledniobium, A=93, Z=}j1 ) and cerium ( A=110-1)2,
258 ) were made avallable to the Van de Graaff gfoup
with airequost to include them in our measurements.

The first four were chosen on the baasls of the
relation ‘their nucleil have to one anoyher. They have
similar nuclei and vanadium, manganese and cobalt
each differs from the previous by the successive addition
of a helium nucleus, i.0., two protons and two neutrons.

The unique relation between the nuciei,plus the
fact that none of these had been measured at neutron
energles above -socveral kilovolts made tﬁem-or great

Interest. Another factor 1s the.isotopic abundance. All

four are single 1sotopes,11 i.6., 100 per cent abundant,

so that the structure of their neutron cross-sections
In elements of many isotopes the

neutron resonances are different for each isotope and

'the ccmbination masks the nature of each. For these,
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if tho structure 1s to be resolved the isotopes must be
separated and examined individually.

The resolution of the structure of the neutron
cross-section 1s of great value in conf{irming thé
theorotical predictions. These elements were expected
to have similar cross-sections because of the similarity
of thelr nuclei., The resolution of structure depends
upon the énergy precision of the machine and the tﬁick- -
ness of tho lithium target. The selection of a thin

target was in the effort to resolve the atructure,

‘'2¢ Exclusion of Scandium

Scandium is a rare element ;nd the amount avallable
1ﬁ a purified form is quite small. It is only available
as scandium oxide and not in the quantity required for
the measurement technique used at this time, The measure-

monts of scandium was thus abandoned.

3. Physical Charactoristics of the Samplea

The samples of cobalt, manganese, and vanadium
wera-obtained from the special materiels group of the
labbrutory. The samples wore knovm to be of hipgh purity
and had been obtained for experimental purposes by the
laboratory. Since they were special it was decided not

.y

,»/ o :

Ny
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to_alter their form for these measurements, although
thelir sizes were not the desired sizes, The thicknesses
of the samploé wero satisfactory for the initial assumption
of a single neutron process occuring, sinco the thicknesseag
wore less than a muan-free path, The diametor of the
vanadium was satisfactory but the diameters of the ~
cobalt and manpanese samples were too larges This caused
a sizeable scattering-in error. |

A spectro-chomical analysis of the purity of the
manganese sample, made by the Chenistry Diviéion of the
Argonne National Laboratory, showed the total impurities
wore less than 1 per cent. No single elemont was present
as an impurity of more than 0.l per ceh?.

The columbium and cerium samples were in powder
form and packed tightly in aluminum cans vhich were sealed
with zapon lacquer, Similar empty.cans were provided.
" to be used as duplicates for measuring the direct beam,
These cans were spun out of thin aluminum and were
glike as far as examination, measurement and weighing
could aeterﬁine.
. The columblum and cerium were moasured because of
the interost in them by the recactor development people
at Argonne. Only preliminary measureménts wvere made on
these two. These measurements were useful since the
.magnitude of the cross-sectlons were desire@ rather thah

the details of resonance structure.
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The values of  the important characteristics of he

samples are as follows:

Vanadium Manganese Cobalt Columbium Cerium

Mass Rumber 51 55 59 93 140
2

Atomic

Number - 23 25 - 27 I 58

Atomte . | '

Weight 50.95 5,93 58. 9l 92,91 1k0.13

Isotopic 100% 1003 100% 100% 88.1;3%

Abundance ’ 11.07%

Thickness . .

in Cm, 2.51 1.596 117l 2.5, 2.5l

Diameter ' .

in Cm. L.li0 7.62 7462 .40 ly.4o

Weipght .

in grams 238.5 530.15 1,70.17 147.15 231.16

Atoms per .

3qe cm. .. 0.181531021’” 0.127511021* 0.1053ﬁ02u Q. 0675:(102!" :

Atoms’ S 0.0690x1024--Cersum
8(Qe ONMe '
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II - ¢ Arrangement of the Target, Sample and Detector

1. Experimental Réquirementn

The arrangement of the target, sample, and detector
was made on the basis of the following experimental
requiremonts: |

a. The counting rate required for economical use of

the time, . ‘

be. The enérgy apread‘in the neutrons which is a function
of the angle subtended bé the scatterer and the detector.
c. The physical limitations in placing the scatterer
and detector.

The détector was'pléced 12 inches in front of the .
target in line with the target tube for the 0 dog:ee
moasurements. The scatterer was placed midway between
the spot source of neutrons on the targét diac and the
detector. The scatterer was supported in a reproducaﬁle
manner by a'tfiangle of steel piano wire. The wire support
added very little material to the scattering system
and was in position at all times. It made the same
contribution to the direct beam measurements and back-
ground measurements as to the measuromonts with the
scattorer in place. Its effect on the cross-section 13..
believed to be inalgnificant. |

. The diagram of the support is given in.Fig. 7
while the arrangement of the elements i1s shown in Fig. B;
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Fig. 9 shows the arrangemont for the backangle work.

The actual position of the necutron source, 1.6.,
the spot where the proton beam strikes the rotating
tantalum disc, was found by hoiding a plece of temp-stik
agalnst the tantalum disc when 1t was not rotating and
observing the position and size of the spot at which it
melted. Frequent checks of the position of the spot were
made since it may shift due to the ad justments on the
Van de Graaff, Such'adjustments as the focusing voltage.
and the ion source or on the structural memﬁers of the
machine. This method showed the apot source of neutrons
to be about 3/8 inch in dlameter,

The detoctor was attached to the preamplifier in the
manner showvn in Fig. 8., Note tﬁat 1f 18 included within
the shadow of the counter and the.baék-scattering from
1t should be very 1ittle, if any. This arrangement was
planﬁed to avoid back-scattering. The supporting arm
which he}d tﬁe detector was made as lipght as'possibie
to avold significant scattering by it. In any event, the
scattering due to these components was unchanged through
out the entire experimental period by not altering their
positions during this time.
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IT - 4d Procision of the Measurements

“ 1. Variations:in“Energy

The energy stability of the Van de Graaff was
determined by the varihttons of the points from the mean
curve of the rise of neutron flux at threshold. These
measurements reveal the cnorgy stability of the machine
to be ] keve. ‘Thia uncortainity holds through out the
data. The defining slits in the target tube prevent
protons of a large enorgy difference from that expecfed
from falling on the 1ithium target. The result of
large proton energy differences, due to spafking or other
faults.with the machine, is to rdduco the neutroﬁ fNux
to zero and increase the time required to obtain a .
predotermined number of counts, .

The energy variations due to the thicknoess of the
1ithium may be calculate& 6n the basis that the total
difference in the neutfon energy 1s due to the thickness
of the tgrget as meésured in keve In the forward direction
this variation is 6 kev and the same in the back angle
worke } |

The third uncertainity in enérgy of the neutrons 1s
due to the variation of noutron energy as a function of
angle., The anpgle subtonded by the sample determines the
range of tho variation or_the'neutron energy, which
13 small for a small solid angle. Actually the plane

angle is a good measure of this since the neutron
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distribution is symmetrical about the line extended along
the direction of the proton beam as it falls on the
lithium target.

1

The use of a MoKibben chart™ shows this orror

to be as tabulated below for the different samples in

their two positions.

Zero degree position.

T A T
Manganese 3.00" 181 . 29°
Cobalt 3.00" .81 -29°
Columbium  1,75" 0613 16°38¢

Cerium L.5" .0613 16°381

120 degrée boaition

Vanadium Not measured in the Backangle
Manganese ~3,00" .0348 %160
Cobalt 3.00" .0348 . 1%16e
Columbium Not measured in the Backangle

Cerium Not measured in the Backangle

The maxiumum and minirum variations in the neutron

energy from all these sources are tabulated below,

Maximum Energy Variation-Neutron Energy
Zero degree position

Vanadium b xey . 500 kev
Manganese 10 kev 500 kev
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Cobalt - . 10 kev
Columbium 6 kev

Cerium _ 6 xev -

120 dogree position
Cobalt 4 xev

Manganese -l kev .

2, Statistical Errors

500 kev
500 kev
500 kev

100 kev
100 kev

Anothor source of error in the data, but not

in neutron energy, is the statistical errors which drise

due to the independent neutron processes in the térgot,

in the scatterer, and in the detector. These errors

are considered on the basis of the following assumptions:

a. The reaction of a proton which forms a neutron

1s independent of the formation of any other neutron.

be The scattering or 6ther process which takes place

in the sample 1is ihdepehdent of all other processes

in the sample,

¢. The number of neutrons actually counted is a

saml]l fraction of the total neutrons involved in

the experiment, 1.e,, the neutrons which-go through'

the solid angle subtended by the detector from the

spot source of neutrons.

d, During any counting interval or taking data, which.

are compared, added,4subtracted,yd1v1ded or referred
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to one another in any way,.there are no changes in

the system excepting the proaencewor the scatterer

or the background cone, and the counting efficiency

of the ayétem is not changed. The counting interval .

includes all the coﬁﬁta made ag one timo at one

singie energy setting of the Van de Graaff, apecitically,

the counting of the diréct beaﬁ, the beam with the

scatterer, and the babkground measurement,

e. The normal distribution of repeated moasurements

will be a Poiaaon-di#tribution.

The statistical distribution is then calculated

using the following formulasl® The standard deviation

‘18 defined, on the basis of our assumptions, as

) (n)% -
where U 1s the standard deviation and n 1s the numbor'
of neutrons cbunted in the particular measurement,
For the addition of data the atandard deviation for
the sum 1is given by

2 2,...
Gs:ﬁlfcéf

whereTy , 0 5 , etc. i1s the standard deviation of each

individual measurement,
For the subtraction of data the standard deviation of
the difference 4s given by

2 2 -
U'd =,,U'1A+<Ta

where Ty is the standard deviation of the minuend and
U} i1s the standard deviation of the subtrahend,
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I the quotiernt of two data is Q = Ry / Rp, the caloulation
of the standard deviation of the quotient 1is

)T ()

Rp
where Uh 1s the standard deviation in the quotient,

and 0y 1s the standard deviation in R;, etoc.
If the product of two data 18 P - Ry R « .+ , the
standard deviation of the product 1s

i (CEIRNC )

vwhere?d p i1s the atandard deviation of the product and

the ‘other terms are as above,

Note the probable error which is usually used in
reporting data is related to the standard deviation by
the roilowing:

P = 0,674 0 _
where P 38 the probable error and@ i1s the standard -
deviation, The probable error is the value by whinh
one half of the measurements willl exceed or fall short
of 'the mean or average of all the measuremonts. The
probable error is often indicated by the sige of th@
aymbol indicating the point'or data. | |

The following table 1ndicate§ the dependence of

the standard deviation in the cross-section as a function
of the atandard deviation in the transmission data.

As soen on page 35, the cross-section is a constant
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times the natural logarithm of the ratio of the trana-
mitted beam to the direct beams This ratio is éalled the
per cont transmission, of simply, the transmission. Thus,
the statistical error in the transmission 1is related to
the statistical error in the cross-section by the
logarithm. The following table of transmissions and
cross-section errors indicate  the relative size, The

probable error is about two thirds of these values,

Transmission Values

0.40 0450 0.60 0.70 0.80

Error
in T 1% 1% 1% 1% 1%

B :
131&9: 1.2% 1.6%8 1.9% 2.5%  lL.5%
Error ‘ -

in T 3% 3% 3% 3% 3%

Error

ingy  3.3F L.5% 5.9 8.4%  13.0%

Note that in this table the symbol Uy stands for
the to@al neutron oross-section and the valussgiven

are the standard deviations in transmission and cross-section.
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-3; Errors in the Monitor

Another source of errors was the process of
monitoring the neutron flux. Two monitoring methods are
available to the exporimenter, The first method is the
use of a monitor céunter placed at a fixed position and
used to observe the neutron flux. Equal intervals in
counting the diféct beam and the transmitted beam 1is
iAditated by équﬁl counts by the monitor. The monitor
counts for any intorval are used to normalize the data
obtaineds Tho second method 1s the use of a current
integrator which accurately méasuros the proton current
which falls on the 1ithium target. It 1s assumed, that
sinco all the data is taken well above the threshold.'.
the total neutron flux is proportional to the proton
ocurrent, | |

‘ In the use of a monitor, the statistical errors

of the monitor enter the data. These can be reduced
bj.uslng a very efficient counter for the monitor,

and obtaining a iarge number of counta per interval.
This implies a'countef surrounded with a lot of paraffin
and placed close to the source of neutrons.

The use of a current integrator is handicapped by
the 1imited number of current 1ntérva13 which can be
measured by the recording unit on the 1ntegrator;

The error in stopping the beam Just aftar or Just



before another click of the integrator may be as
large as one full current intorval. If the number of
clicks is not large this error may be several percent.
FPor this reason, the cut-off circuit was arranged to
wait for the click on the integrator following the action
of the experimenter and be activated by it. This
removed uncertainity in the monitorinﬁ of the data and
improved the accuracy of the data. .

~ The system was arranged 80 that a single switch |
oberatos all of the scalars and fhe.shuttef. The
operation of the shuttor was slower than the electrical
relays on the scalars. This allowed a unique check for
spurious counts since it was possible éo observe the .
interpolation.lights on the scalars during the‘short
interval after the scalais would record counts and the
time the shutter had fallen out of the proton beam
path 1n1tiat1né the counting due to the neutron flux.

This interval was sufficient to allow positive

observation of spurious counts. Some times the interval
was longer than desired, even for this purpose, because
the intense heat on the quartz shutter made it stick .
in its guide, Since there were never any counts
registered during this interval, its length made no
error in the data, Slmilarily. the current 1nteérator

received no current during this interval.
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The use of a neutron counter as the primary monitor
was not advisable in these measuremonts, ainqe the
rlacement of the scattering sample in the neutron
beam increased the neutron flux in the region of the
monltor by scattering the neutrons out of the direct
beam, Thus, in the direct beam measurements, the unit
of monitored neutrons consfitutes a larger'total
flux than in the measuremcnta with the acattaror.

This is due to the longer time required in acoumulating
the game numbor of counts in the monitor without the
help of the additional neutron scattering due to the
scatterer. .

These measurements were normalized by reference to
the current integrator. The monitor was used as a
secondary reference, It brought to lightany errors in
the data because it was one of threeiindepcndent meas~
urements. The total counts on the monitor did not vary -
‘ By large values dus to the presence or absence of the

scatterer,

e Errors in Cross-section

The accumulation of erfora from the ab§§e sources
and the computation involving taking the logarithm
result in a net error in cross-aeofion. The net error
in oross-section 1s a fundamental consideration in the

presentation and interpretation of the.data.
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A stuéy of these orrors and their relative magnitudes
indicate the precautions which are. to be taken in
experimental work and the relative importance of each
precaution. Unnecessary accuracy in some measurements
may be time consuming and not yield a corresponding
improvement in the data, ‘

Such 1s the case with background msasurements
when the background is a amall fraction of fhe direct
beam, in these measurements the background is a small
fraction of the other two counts thus the standard.
deviation in it is a small fraction of the standard
deviations of the other two co&nta. The length of
counting to obtain the same accuracy, i.e.. one per sent,
in backgrpund counts 1s very large. It is expedlent
to use the background counts obtained in the same
monitoring interval as used for the other counting,
rather than counting background many times longer than ‘
the other counts,

A study of the best countinpg procedure for the
measurements was made to determine the experimental
arrangement best for the meaauromehta and the best
division of the counting time. Ah analysis by Rose
and Shapiro2> vus most useful and suggests that for
the transmissions used the optimum division of counting

with the background shown is as in the following table,
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Optimum Division of Counting Time

Transmisaion
0.50@ m:1.0 . 0,602 m«1.0 0.80@ 1.3

Direct Beam 23% 26% 30%

Transmitted . . .

Beam ,oZ 38% . 36%

Background 37% _ 36% 34%

"here m 1s given by

= Vo where V_ 1s the direct beam counting rate

o

Vo - V2 Vo 1s the background counting rate

These divisions are not very critical with m.

This division was not rigorously followed but
observed to msome extent. Note;.however, the use of
equal counting intervals for all counts is a rather
satisfactory division of the counting time. Actually the
time lost in observing a detailed counting scheduld .
destroys the advantage of doing so. As an example, the .
best use of counting time 3is important when the time
available is very limited due to radioactive decay of
short half life, ‘

Since several of the aamples could not be altered

.and since their cross-sections were not kmown prior to
the measuremonts the analysis was not completely’
applicable,

Another effect of the sample fhickneaa) or its
transmission, 1s to slightly shift the croas-section

because of the self-protection effect obsorved in neutron
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absorption or transmigaioﬂ measurements, The self-
protection comes from the selocuive'use of neutrons of

a speciflc energy by the sample which then removes them
from the system. For example, assuming a capture procaas
wvhich is highly selective to energy, it will be seen that
the neutrons of this energy will quickly pe removed and
thetransmission will be small. The presence of additional
material, i.e., a thicker sample, will not add equally

to the subtraction of the neutrons. Since the calculation
13 based on the assumption that each atom per square
centimoter contributes equally to the process an error

18 introduced. Thus for thick samples the oross-saction’
is less thah for thin samples in whiéh each atom con-
tributes to ﬁhe removal- of the noutrons.

- For low pross—sections this process 1s.ﬁaefu1 in
detormining the depth of the hole in cross-section -
because 1t provides a method of selecting the neutrons
vhich have this very low cross-section. As an application
of this technlque see Blair and Wallace.2o

Tﬁe Imowledge of thls dependence of ocross-gsection
on sample thickness led to a useful conclusion in the

measurcments of molybdenum, .
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II - > Measuremont of the Background,

1. Nature of the Nautron Background,.

The background of neutrons as counted oy the countér
used in the transmiaéion measurements 1s due to the
neutrons being soattered into it. These neutrons do
not.come directly to the counter but come by a path
outside the cone which is formed by the solid anéle
between the spot source of neutrons and the face of the
counter. The laboratory floor is the chief contributer
to this scattering but other material in the vieinity
and the walls of the building add to.the background.

The background neutrons are scafterod, several times

in many cases, and are reduced in energy correspondingly.
. The neutrons frem the 1ithium targete emsrge in

all directions and are reflected and then pass through
the counter. They qonatitute a baokgrouﬁd since they
are not in thé direct beam to the counter and are not
effected by the aqattéring sample.

Since the background neutrons apnroach thermal
energies during their scattering, in order to reduce
the background the counter was wrappedlin cadmium
and surrounded with boron carbide on all sides except

the end facing the source of neutrons., Thia.utilixea
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the large absorption cross-section of cadmium®! and boron?!
Tor low energy neutrons, |

The direct neutrons fall on the end of the counter
tubq and that area 1s the effective area of the cbunéer
in the moasuremonts. The side area of the counter
is presiented to the background neutrons and the measure-
ment of these neutrons is proportional to this area, It
was noceaéary fo abandén.the long counter and construct

the short counter to avold a large background,

2. Measurement of the Background,

<

The method of measuring the backéround due to
the neutrons which come indirectly to the counter was
to £i1l11 the 8s0lid angle to avoid any direct neutron
counting by preventing the neutrons from going directiy
to the counter. Por this purpose, a right ciroular cone
vas constructed which just filled the solid angle. The
cone was paraffin poured in an aluminum foil rolled to
the proper shape. The cone was cut off at each end.
The small end just covered the spot source of neutrons
at the target and the large end just covered the face of
the counter. '

Thé'large end was covered with a layer of cadmium

about 1/8 inch thick to stop thermal neutrons. This
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was implemented in a latter cone by a 1/2 inch of boron
carbide in addition to the cadmium. In tﬁis case there
was no additional reduction in the counting rate, thus
both cones were considered adequate for the purpose.

An additional cone of twice the lengtﬁ was made
for use 1n the background measurements in the back angle
measurements, This longer cone was used at the zero
degree poaitibﬁ to verify the background measurements,
The counter was backed away to twice the normal distance
from the target and the longer cone used between the
target and the detector. As was expected, the background
rate was reduced by a factor of 1/r2 alnce the solid
angle wﬁs chanéed by that amount. The proper installation
of a Van de Graaff requires a floor remote from the
target to lessen the background.

The cone used in the forward direction was 12 inches
longe In order to determine its effectiveness in stopping
the neutrons the following calculation was made to

indicate the number of mean-free paths in the paraffin.

5 .
ag 0 = 10 barns 7 (Average from O.1 to 1.0 mevfor
hydrogen) atomic cross-section

Ap =_1_ mean-free path
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T . 0.602 p(gA 1in barns )
T = R

Mol. Wte

P=1 for paraffin

Mol. Wt. = 1l

U'TzO.S per cm. Macrosqopic croas-section

MT1/0.5= 2 cm. Mean-free path

Por the cone whose longth wag 12 inches, 30 cm,

the¥e were at least 15 mean-free paths. The carbon in
the paraffin 8so contributes ﬁo this effect and réduces
the mean-free ﬁath even more. |

4

3. Varfiations in the Backgronnd.

S

The backgrouhd'kéaaurements-varied from 3 per-
cent to 10 percent in the forward direction and from
20 per cent to 23 percent in the back angle measurements.
There 1s an increase in the background in the region
of 500 kev neutrons due to the resonance in the 1lithium
target yleld at this energy. The increase in background
18 not completely off set by the faater oountiné time,
Because the background varies smoothly with energy
i1t was not necessary tolmeaaufe it each time the
machine energy was changed. Since the time involved is
large for such measurements they subatantially increase

the time required to obtain the data., A plot of the

!
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background rate as a function of machine energy and
monitor counts was made, and the intermediate points at
which data were taken were lnterpolated. The background
rate was checked on each repeatition of the energy
setting of previouﬁ background meaauremehta.and at
intermediate poilnta. The checks establiaﬁed the validity
of this method of obtaining the background used through-

out the measuro@entu.
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II-~-°¢ Scattering-in Correction
1.. Meaning of Secattering-in

A scattering sample vhich is so large that it more
than fills the solid Angle formed §y the detector
from the spot sourée of neutrons causes an error in )
the measurements. The material beyond the solid angle
is also in the beam of ﬁeutrons and reacta to the neutron
flux just‘as the rest of the sample. This 1s principally
scattering at the energles of these measurements and some

of this scattering is in a direction to carry the neutrons

.into the détector, These neutroﬁa would not have been
counted if the sample were of a Qmaller silze and thus
constitute an error in the data. This error 1s called
the scattering-in error. )

The data had to be corrected to account for thia;

the correction is called the scattering-in correction,

"2, Calculation of the Scattering-in Correction

The scattering-in correction may be calculated
in several ways which give the same result. The method
used in this work was suggested by A, Wattenberg and
some time latter appe#red in the literaturs in an article
by Jon032§ ‘

The calculations are based on the following
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assumptions: . ‘
Qe The.acattering takes place only once in the sample,
be The solid angles calculated on the basis of a

. point source and a point sample are adequate,
This calculation was done in detall at Los Alaﬁos
LY numerical integration over the entire area of the
source or the sample, Thers is no subséantial
difference betwéen thé results of the detalled
caloulation and the mathod used here.

The ealculation is @

Target Soatterer Detector
| |

N, 1s the counting;}ato
Q 1s the atrength of the source .
k 1s the erriciency of the detector
N5 1s the counting rate from the sample
Wpp 1s the a0lid angle of the detector from the target
Vipg 18 the Qolid angle of the scatter from the target
Wgp 1s the 5011d angle of the detector from the scatterer
£ 18 the form factor ( 1 for spherical symmeterical

-

scattoring ).

Yo
Na

Wpp Q Kk o
. -no- : -
Wpp Qk o 4 Wps Q(1-0") Wy £ ok



-6l -

-ng - ‘hv‘ .
Tmonsured = Ns_ = © %7 Vg Q k¥pg Q (10 ") wgpf k
) W QK
-ne.
- °.n:(“"rs Wgp - (1 -e"7) f)
\ Wy, |
= o7 (1- Wrs Wsp r) Weg Wop T
Wy +

- ) W.m’)
Let the right hand term in the above equation be b.’

Tmetmured:_ = o™ (1-b)+d
'..' '-nv
Thus - e - Theasured = b
1 -

To reduce the computation in cases where b is amall
expand the term,

1 = 1+b+p2+ B34
T-%

" then e M xT. (1-7) b,
3. The Magnitude of the Scattering-in Correction

The marnitude of the scattering-in correction
depends upon the size of. the sample and 1ts position,
The correction for the various cases are tabulated belowe.
In the case of the cobalt and manganese samples.the
correction is a large factor since it is seen in the

oross-section as the logarithm,



Yanadium
Manganese
Cobalt
Columbium

Cerium

Blair
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Scattering-in Correction

Zero Degree

T

060
.60
.60
.60
.60

b

T-b

15

.0155

00625

20625

.0155
.9155

5938
«5725
<5725
+5938
5938

~ 120 Degree

T b T-b

.60 . 015 591
60 L0145 L5941 .

and Wa11a0626 calculated the scattering-in

correction when thoy completod the measurements on

vanadium in a different manner.

A detailed comparison

of their correction and the above showed the same resulta.
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II - g Initial Results

1. Range of the Data

The 1nitial results include the total neutron
cross~-sectlion of vanadium, manganese, cobalt, columbium,
and cerium., These measurements were taken immediately
alter fho compiotion of the Van de Grnafr to the point
where it could be used rér measurements, At this time,
September 19,9, the machine was limited in the
max;mum energy of steady operation. This limit of
about 2500 kev ﬁrotons,'or the‘correaponding 1limit
of 750 kev neutfons established tho‘upper.limit of the
data. Limited time prevented- the measurements in the
range of neutron energies below 200 kev and in the
back angle measuremonts below 130 kev.v
. ihe roints were taken to cover the range available
and with the intention of fi1lling in the spaces between
the poiﬁts. Acfually the resolution due to a thin target,
10 kev, 1s much too great to permit the 1nterpoiation
.or the points between those measured. If it had been
intended to do Just the survey work, a thicker target
would have been used., The thicker target ﬁould have
averaged the cross-gsection ahd‘reduced the counfing

time by giving a larger yleld of neutrons,
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2+ Value of the Data

| This data 1s of ccnsiderable value and was made
avallable to the other activities of the Atomic Energy
Commission by being included in the Argonne Natlonal
Laboratory progress reportah. The value and interest
in the total neutron cross-sections of vanadium,
manganese and cobalt particularily caused their
measurement to be the first task of the Van de Graaff.
Since ths data for manganese and cobalt was taken in’

more detail these will be considered in the next section.

3. Total Néutron Cross-section of Vanadium

The total neutron cross-section of vanadiuﬁ.
fluctuates rapidly betweon 200 kev an& 700 kev as
seen in the attached curve, Fig. 10. The cross-section
15 about 5.5 barns in the région of neutron enargy of
250 kev and docroanses to about 3.5 barns at 700 kev.
The poinﬁs represent a statis§1c01 accuracy of ‘about
S per cent in crosas-section and an acouraéy in energy
of ¥ 8 kev, o

This work was completed by Blair and Wallac026 and
a study of their work 1nd1cntga that these'pointa are
confirmed by their independent measurements. It
should be pointed out that they used the same exporimental

setup and counter and thus any systemmatic errors
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in these measurcments may have also been carried into

the work of Blair and Wallace,

. Total Neutron Cross-Section of Columbium

The total neutron cross-section of columbium, Fig. 11,
decreases uniformly from 10 barns at 200 kev to
about 8,5 barns at 750 kev neutron energy. The variations
are small being about 10 per cent in this region.
The energy resolution for these points 1s'8 kev and
the statistical accuracy is about 5 per cent in
oross~-section. Note the average value of thls croas-
section 1s much higher than that above., This point

'will be dlscussed in the conclusionse

5. Total Neutron Cross-section of Cerium

The total neutron cross-section of cerium, Fig. 12,
is aﬁout 5 barns at 200 kév neutron energy and increases
slowly to an average of about 7 barns at 700 kev
néutrons. The cross-section fluctuates rapidly at -
the region of 250,kev neutrons with a variation of 15
per cent. This increase in cross-soction with neutron
energy is an interesting point since 1t is éxpectod'
that the cross-aec;ion decreases with an increase in
ﬁeutron energy., However, the data is not complete
enough, particularly in range, to como tb any dorinito
conclusion about this behavior, although for a nucleus
of this mass one expects the reduction to be evident

in this range,
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II - h Final Results

1, MNeasuring the Detailed Cross-section

The last ;eek in December 1949 and the first woek
in January 1950 were used to obtain the final detailed
data on manganese and cobalt, This work followed the
proliminary measurements b§ about four months during
which time the Van de Graaff was improved to'permit
steady operation at'highef cnergies. The measurements
were with a 5 kev target and were made in the following
mnnher. The data were taken at points about 25 kev
apart and thén the spaces were filled in-at Intervals
br about 5 kev apart. The latter m@asurémenta were
made with new lithium targets and are indicated by
different afﬁbols.' Points of interest or where the
data was not'confirming were run over seyefal timﬁu
to 1ndicat§ tha\true structure, if 1t'cou1d be resolved.

The initial data fit the detalled data over the
entire range of the earlief measurements. Thg data
shows tho impossibility of interpolating for intermediate
points from the initial data,

-

2. The Total Neutron Cross-section for Manganese,

The total neutron cross-section of manganese, Fig. 13,

1s seen to fiuctuate quite rapidly in the reglon from
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fegio; from 80 kev to 200 kev and at various regiona
beyond. The fluctuations become less at higher energles
and the cross-section gradually decreases from its
average of l barns at the low onergies to about

3 barns at 1.0 mév. The energy resolution is acen to
be.good enough to resolve the structurc 1n:moat places.
The faillure to resolve the ;tructure at all points 1is
discussed below. The enefgy resolution of this data 1s

* 6 xov and the statistical accuracy in cross-sectlion

is greater than 5 per cent,

3. The Total Neutron Cross-Section for Cobalt

The fotal neutron'cross-seption Tor cobalt 13.
of the same naturo as that for manganese and is seen
in Fig. 1. The.c§osa-section fluctuates quite
rapidly at the low energles and decreases slowly to
the ﬁore uniform values at the higher energies. The
cross-section 1s about 6 barns at 100 kev and decréaaes

to about 3 barns at 1.0 mev. This duta‘ia accurate

in onergy to ¥ 6 kev and statistically accurate to

at least 5 per cont in cross-section.

W Agreement with Vanadium

The curve for vanadium is not availabie for 1noluaion
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in this thesis but may be seen in the paper of Blair .

and Wallace,a6 or in a compiiation of cross-sections

by Adairlh. " The agrooment betrween the oross-sections

of vanadium and those of cobalt and manganese 1s close

4n genoral and the differences are in dotaile The general

agreement i1s anticipated and presont. It is belleved the

data confirms the basic similarity of the nuclei of these

three elements., ' . :
The failure to observe the holes in the cross-

sections of cobélt and manganese, such as were r&und in

vanadium® , may be due to two factors. Either they

do not exist or the energy resolution of those measure-

ments do not allow the resolution of phe points of

very low cross-section. Perhaps a more detalled search

would reveal them,

5. Resolution of the Structure,

The number of points that ;are taken in this work
were many more than had been anticipated and usgd up
the available time quite rapidly. . For this reason
the bacﬁ angle‘wofk was not carrieq to the lowor energies
that were intended, The number of points iere'increased
when If_was found that in repeating the data, both at
the exact same energy points and intermcdiate points,

the structure was not easily resolved. These points
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. were supplemented by others in the rogion to trace out
the tpue nature of the cross-section as a function of
noutrén energy. |

The structure could not be resolved over the entire
range of neutron energy. This is true at high'néutron
encrgles, vhere according to theory3°, the resonance
'1eve1 density increases and the measurement method
averages the contributions of nany resonances. This
effoct 1s alsb seon to .occur in the cross-section of
manganese at neutron gnergies from 350 to 1,30 kev,
The resonan?e level density is leas at low neutron .
energlies and the resolution of the resonances there
is possibie.

-

6. Fallure to Observe the 10 per cent Yield of Neutrons

The 10 per cent yleld of ‘noeutrons?2 from the.
lithium target above the primary neutron energy of
650 kev 1s not obvious in these curves,’ The low
energy structure is not identifiable in the region
beyond 650 kev neutrons, thus no effort was made to

extract it. ' ' -
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"PART III MEASUREMENT OF THE TOTAL NEUTRON CROSS-
SisCTION OF MOLYDENUM

1II - a Introductlon

1. Reasons for Measuring Molybdsnum

fhe measurement of the totalzneutrbn cross=scction
of molybdenum was undertaken for several reasons, the
two most important of which are as fgllows. Pirstly,
the information was desired by those involved in
neutron reactor desién and calculations. Secondly,
it represented a measurement vhich could be done in
the limited time availéble to me. This work was done
in the summer of 1950 within a period.of two weeks.
The experience obtained in the construction of the
Van de Graaff and the measurements described earlier
made it possible for the work to be done in the time
available. . '

The naturally occuring molybdenuﬁ has munj isotopes
of the same relat!vevabundancell. For this reason the

resolutlion of any resonance structure 1s not expected.

iaotope Isotonic Abundance
1092 15,86

Mo9h §.12

U0 . . | 15.7

uo9° . 168

n097 . ‘ . 9.45

40?8 23,78
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2. Difference Between This and the Earlier Measurements

The fundamontal difforence between this work and
that described earlier is the method of dotection
of the neutrons. The difference is so great and unique
that this method constitutes a new approach to the
measurement of total heutron cross-sectionse

In these measuremsnts the detoctor29 conslsted of
a group of counters well shielded by a massive shleld
in contrast to the eariier measuremonts with a single
detector with very little shielding. The shield rosults
in Independence of the data on any scattering-in, and
results in a Qofy favorable background ratio,

The heutrona were produced in the same reaction,
Li(p,n)Be, as before and under the same operating
conditions on tﬁe Van de Graaff. The comments ﬁade
earlier on the production of neutrons and their energy’
spread hold exactly in these mcasurecments on molybdenum,
The statistical considerations are the same and will

_not be discussed again,
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III - b Desoription of the Detector

1. Deacfiptioﬂ of the Counter Arrangement

The detector29 used in these measurements consisted
of nine BF3 counters oach in seven concentric circles
embedded in paraffin. These rings of counters were
surroundéd by a very effective shicld. The arrangement
is showm in Fig. 15. 'The neutron beam was collimated
by the tapered hole as shown and was scattered into the
counters by a cylinder of paraffin placed accurately
at the geoﬁctrical centor of the counter assembly.

The shield consisted of many difforent elements
and moderating materials placed 1n pans and arranged
in the form of A series of discs which formed the
conical nose of the shiold. Tho material around
the barrel of the assembly was boron carbide mixod"
with a high melting-bararfin. The shielding was quite
good and reduced the background count to about 1 per
cont in the measuremsnts at zero degreos andito not more
than 2 per cent at the 120 degree position used in the

back angle work.

é. Purpose of the Detector

The detector was designed'nnd built for use in

the measurement of the neutron .scattering cross-section.
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The several rings of counters woré to separate the neutrons
of differcnt age, l.6., different diffusion lengths, which
1s a measure of their energy. This age information
is to be analysed to learn the amount of energy lost
in an 1inolastic scattering event. The instrument
has a great advantage in the measurcment of total
neutron cross-section since the amount of ﬁaterial
required may be reduced to rmuch less than in the
open scattering method. The use of self protection
6r solf detection techniques is planned for this .
detectors '
| Another advantage of this arrangement is the
efficlency of countings The time required for obtaining
a desired number of counts is much less with this
detector than the detector used in the mensureqénta
on cobalt and manganese. The ratlo of égunting time to
obta?n thé same number of - counts between the two meﬁhoda
is m;re than 5 to one in favor of the shiclded detector
vhon the same target thickness is used,

The gample was éupportad by a small angle bracket
in which the mample rosted against the front of theb
shield and concentricly with the collimating hole,.

3+ Scattering-in

The scattering-in correction was not required in

this work because only the neutrons which could enter



into the detoctor are thoss which strike the part of

the aample'covering the opening into the collimating
hole. The material of the sample which extends beyond
this hole can not scatter neutrons into the detector
because of the excellent shielding. The size of the
aamflo and i1ts shape, other than the requirement of
parallel faces, are unimpqrtdnt, ir 1t }s’largo enough
to cover the hole completely. This permits the samples
to be quite small and requires a minimum-of material for
transmiasion measurements and even leps material for

scattering measurements,

. Use of a Monitor Counter

'Since~the sample added very 11t£16 mass to the
massive shield, the scattering of the sample did not
add apbreciably to the scattering dﬁe to the massive
ahield.A Thus the scattered neutrons were uneffected
by the sample and the use of a monitor in the form of
a neutron counter was possible. The monitoricounter
was placed at 30 degrees from the proton bean,

The monitor conasisted of a long neutron counter,
10 inches, embedded in a mass of paraffin. The monitor
was placed close enough to the spdt source of neutrons

to receive the same number of counts as the sum of the

1



- 78 -

counters in the detector. Thus the statistical errors

were as small as possible for the counting intervale

5. Difficulties with the Counters

The dotécﬁor was new and the troubles it had were
associated with the nevmess. The counters would give
spurious counts‘occnsionaliy. The efforts to.eliminate
this difficulty resulted in removihg some of the
troublesome counters from the rings and in not using
the outer rings.at all, The data were taken, for the
most part, by the three sets of inner rings of counters.
The high counting efficioncy pernmitted this without too
great a éacrifice of counting time. The inner rings
were moré active in counting éhan-the outer ones because
of the neutron density variation inversely.with diétance
from the scnttéring cvlinder at the pgeometrical center

of the counter assembly.

6. Back Angle Vork

For the back angle work the entire detector was
pivoted about a point directly beneath the 1ithium
target to an angle of 120 degrees in the laboratory
syastem from the proton beam, The massive detector
had rollers to permit this shifting and leveling
platesto anchor it in place securelye. ?he distance from

the source to the detector is the same in both the O degres



-7 -
and the 120 degree wdrk.

7. Measurement of Background

The measurement of background i1s accomplished by
removing the paraffin scattering cylinder from the
center of the counter assembly and allowing the collimated
neutrons to pass on through the detector, In this
case the counting is due to scattered neutrons which get
throusgh the ahiclding'or due to alr scattering in the
collimating tube. This rebresenta a background which
is subtracted from the data. The background is about
1 per cent in the zero degree measurements and about

2 por cent in the back'angle work,

8. Additional Conslderations

The time betwoen the switching of the count switch
and the dropping of the shutter was used as a check for
spurious counts, Other checks were used as before.

The enerpy rangé of 10 to 1230 kev reflects the
improvement in the operation of the Van de Graaff
due to its use and the changes made on it during fhis
time between the earlier measurements andnbhia data,
These measurements were ahout one. year artor the
preliminary measurements descriﬁod before. The measure-

ments of the cross-section at neutron energlies of less
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than 130 kev were made in the back angle of 120 degrees
in the lubdratory'sysﬁem- .

The sealars used in this work were equipped with
decade scales rather than binary scalgs of the earlier
scalars, This speeded the measurements by making '
the interpolation of the counts easier, The counts from
séveral rings were added topether to obtain the sum of
at least 10,000 counts for oach'peasurement, excepting

the background.
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III - ¢ Molybdenum Sample Characteristics

l. Density and Purity

Two molybdenum samples wevé used in obtaining
the data, one of whichvwns lcas donse than the
solid metal due to the presence of chvitigs in the
sluge Tiis is crlled the error density sample. The
discrerancy was found when the density was cnlculated as
a check., The other édmplo was solid and replaced the
error samnle in thé measurcmente

Botlr snmﬁles were shown to be quite pure by a
spcctro-chemlcal nnalysis mado by the Chemistry Division
of the Argonne National Laboratory. Thils analysis
-showed that the tofal'impﬁritios werc less than one
per cent and no clement was present as an impurity more
than O.i per cant;

The data from the incorrect density sample was
matched with the data from the correct density sample
at one point in order to have confirming data. Thisas
match actually consisted of rodetorminlng thé number
of’ atoms pmer square centimeter for the error sample,

2. Characteristics of the Molybdenum Samples

The samples of molybdenum were obtained from.the

special materials group and had the following characteristics:



[

Atomic
Number

Atomic
Weight

Thickﬁesa
in onm,
Diamoter
in cm.

Welght
in grams

Atoms per
8Qe Ome
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Correct Density
Sample '

2
95,95
14063
2457
Sh.022

.6625x1023

Error Density
Sample

42
95.95
197
2,77

861,67

.925 x 1023
as corrected
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III - 4@ Accuracy of the Mensufements of Molybdenum

l. Energy Variations

The target thickness in this work was 10 kev,

The diameter of the hole into the detector, and thus
the effective size of the sample, was %/8 inch, This
results in the so0lild angle between the spot .source on
neutrons and the detector of 0.00213 steradians, This
is a plane angle of 3-degfees. The vafiation.of the
neutfon energy over this angle, as obtained from the
MeKibben chartl, 1s .2 kev in the zero angle measure-
menta and 1 kev in the back angle worke. The energy
stability of the machine as detarminyd from the
measuremonts at threshold 18t3 kev. The ové}all
accuracy in energy 1s% 8 kev for the forward work and

¥ 8 kev for he back angle worke The statistical
-aecuracy as'computed before i1s 5 per cent, In this work
the measurements all were for at least 10,000 counts,

excepting the background msasuremsnts,.

2. Failure to Observe Struscture

The failure to resolve any strﬁoture is due to
the several 1sotopes of molybdenum and other errors.
These other errors aré gystematic and random and
are belleved to arise in the detoctor since the detoctor

1s the only fundamental change in the avstem, In.addition,
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the spurious counting and other troubles found in the
detector prior to the actual measurements lead to
placing the responsibllity for the large errors on it,
The net result was an overall accuracy in crossﬁaection

of 10 per ceht.

3., Cross-section Dependence on Sample Thickness

The realization that the érrors in the cross-
aecﬁion were greater fhan the statistical errors indlcated,
came from the comparisdn of the cross-section measurements
with the thick sample and with the thin sample, If the
errors were not so great, then the cross-section measured
using the thin sample should be consistahtly higher
~.than the cross-section measure&'using the thick sample,
by the argument on page 56, Since reference to the .
data, Fig. 16, shows.this not to be true, it must be
concluded that the accuracy in cross-section is not that

expected from the statistical considerations, but much less.
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‘III - o Final Results on Molybdenum

l. The Total Neutron Cross-section for Molybdenum

' The total neutron cross-section for molybdenum
as seen in Fig. 16 has no atructure resolved by these
measuremonts because of the errors in the cross-section
measurements and because of the many isotopes present
in the samples, ‘ .

- The prosstectioh is practically consfant at
9 barns from the lowest energy measured, 10 kev,'to
250 kev, It.then decreases slowly and uniformly to
6 barns at 1230 keve
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CONCLUSIONS

l. Dopendence of Fast Neutron Cross-section on Nasa Number

A study of neutron pross-section me&surements for
many elements and at high energles reveal a common .
characteristic. It 1s gseen that the total cross-secction,
which at the high energy is ?rimarily scattering, for

each element reaches a constant value which is given by;
T = 2T(L.5x 10713)2 223

where A 1s the mass number of the element br isotope,
and ¥ is the neﬁtron cross-section at verv high energies.
This effect occurs when the neutron size, Lee.,
the De Broglie wave length, A'S h/p, is small
| compared to the s;ze of the nucleus, In the abo§e,
h 1s Plark's constant, (6,623632 0,00016)x10727 org
seconds, and p 1é.the momentum of the neutron. Heavier
nuclel reach this region at lower eneréiea than the
1light nuclei., This rule is not useful in the range
of neutron energies where the relatibn between neutron
size and nuclous size is notf&bove.
The following table shows the value of the cross-
section of the various elements measured at the highest

energy for each.
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Maximum Energy Measured Calculated

in kev, . Cross-socction Cross- section
Vanadium - 700 3 barns 1.95 barns
Manganese 1000 3 2.05
Cobalt 1000 3 2,15
Columbium 700 9 2,92
Cortum | 700 7 ©.3.83

6 2.97

Nolybdenum 1230

These values do not agreé closely but, in the casges
where the maxirmum energy is 1 mev or higher, it may be
socen that the curves may be extropolated to the 1imit
value. Failure for more agreement is caused by the.

1limited range in energy.

2. Cross-section Dependence on Mass Number at Particular Energles

A study of the neutron cross-aecfiop; of alll
elements at a specific energy reveals an orderly,
but nof linear, dependenc931 on the mass number of the
element. Fir, 17 shows this curve for the measurements
availablelh’27 at an energy of 750 kev, Agreement with
this distribution is a useful confirmatlon of the data and
permits the prediction of unﬁensured cross-sectionse.
The folloving table 1ists the values predicted for the
elements measured here and thelr moasured values, The
measurements vhich were terminated at 700 kev @ave.been

extrhpolated to T50 kev.
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Measured Cross~
section at 750 kev

Vanadium 3 barms26
unngdno se ‘_ 3

- Cobalt - ' L
Columbium 9
Cerium ) 7.
Molybdenum ' "{ {

Cross-section
from curve at
750 kevw

3 barns

3

3ol

8

7 (extrapolated)
8

It is believed that the agroement shown here is

not coincidental. The values used in plotting the

curve are the average value or that which would be

obtained with a thick target. More study is required

to determine the Tull value of this information. .
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