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VARIATION OF NEUTRON TOTAL CROSS SECTION
OF BISMUTH AND URANIUM BETWEEN 45 AND 160 MEV

William I. Linlor
(Thesis)

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

July 30, 1953
ABSTRACT

The variation of neutron total cross section with energy
of bismuth and uranium between 45 and 160 Mev has been measured
with a time-of-flight instrumentétion in a good geometry transmission
expériment. Bismuth shows a dip in cross section to 4.14 £ 0.14
barns at 62 Mev, followed by a rise to 4.92 + 0.12 barns at 70 Mev.
Uranium shows a dip in cross section to 4.53 + 0.17 barns at 62 Mev,
followed by a rise to 5.30 = 0.15 barns at 70 Mev.

’ The points for both bismuth and uranium show the same
general variation .with energy as the data first obtained by Taylor

and Wood6-’ 7 for lead. Variation of neutrén total cross section with
energy for carbon also was measured with the same instrumentation
as a check. The results agree well with values published by others. 7
) As part of the data, the direct beam neutron spectrum

has been measur_ed; it seems to agree with the theoretical curve given

by Serber3 for an ""opaque-nucleus’ model with 195 Mev deuterons

being stripped on a '"thin' target.
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VARIATION OF NEUTRON TOTAL CROSS SECTION
OF BISMUTH AND URANIUM BETWEEN 45 AND 160 MEV

William I. Linlor
" (Thesis)

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

July 30, 1953
INTRODUC TION

The purpose of this research is the experimental deter-
mination of the variation of the total attenuation cross section with
energy for neutrons in materials of high atomic number, in the 100
Mev region. For reasons to be mentioned later in this section, the
materials used were bismuth and uranium.

It would be desirable to discuss in detail the relation of
this research to the general field of neutron physics. However, at
the present time the state of theory in regard to nuclear forces seems
- to be undergoing modification. Keeping this in mind, we merely sum-
marize the relations which approximately describe neutron behév_idr
in the various energy regions.

Very slow neutrons can be diffracted by nuclei arranged
in planes, in accordance with the well-known Brégg condition:

n\ = 2d cos 8

X =h/Mv
(Meaning of symbols in given in Section XII, '""Nomenclature.'')

Values of X for representative energies are given in Table
1, though of course only for values of X of the order of 10_8 cm. \does

the diffraction occur.
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. Table 1

Neutron Energy and de Broglie Wave:Length.

- Energy ' - X (approximate)-

kT (20° C) 2.86 x. 10-20'-cm-.

lev S 4.55 x 10 .13 ©

1 Mev 4,55 x 10~ 1‘,‘cm.
100 Mev ~ 4,55 x 107" 7 cm,

In the: region of an energy resonance, resonance theory
is-employed. An approximate expression for the cross section for
a particular (a, B) reaction 1s given by the Brelt ngner1 one-level
‘relation. In the notation of Blatt and Welsskopf with the effect of

spins and other refinements neglected:

otv(a, 8) (22 +1) K2

(e, - €.g)
Elastic scattering is described by:.

iTs
o, (a; a) = (22 +1) w X2 a + Al
8 ®lle -e J4xiT"
eas 2

a

pot

For a capture reaction, with emission of a gamma ray:

s’ S
T‘a —Prad
(e - e )+ (5 T

a

p(cf)=(zz +1)1r’k(21

For neutron energies not near a resonance and up to tens
of Mev, the theory of the compound nucleus is employed. This is
based on the assumption, due to Bohr, that the mode of disintegration

of a compound nucleus depends only on its energy, angular momentum,
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- and parity. The manner in which it had been produced is irrelevant,
because the incoming particle is presumed to be ""mixed thoroughly"
with the other particles in the nucleus before any decays occur. A
further assumption of the compound nucleus theory is that the char-
acteristic propertie’s of nuclear matter are mé.intained evén if the
nucleus is excited so highly that it is capable of emitting particles.
In terms of energy levels, one might say that the density of states
of the compound nucleus is very high, so that the level widths over-
lap each other.

There are two other as sumptions regarding the nucleus
which are needed to obtain cross sections on the continuum theory:
a) The nucleus has a well-defined surface which is a
sphere of radius R. _ | l
b) When the particle is inside the nuclear surface, it
moves with an average kinetic energy which is much higher than its
energy outside. | |
A mathematical outline of a method of calculation, again
using the notation of Blatt and Weisskopf, 2 follows.

"For large values of kr:

o
~exp (i k 2) :%%VZI +1 2+ fexp [- i (kr -%l m)] - exp [+1 (kr

“é‘ 1 “)]}Yl,o

| —
1l
e

b @I S V2 +d ' fexp [- i (kr - 24 m] - m, exp [+ (kr



Y

scatt ='¢ (?) -exp (iksg) -

, A+ R T 1
2 e T e e L - 2 em] Y

The scattering cros’s section is obtained by dividing the
number of scattered particles per second by the number of incident
particles per square Cerifirhet‘er'per" second. This leads to:

2 5, - 2 -
sc,g TTRT @@L+ .|1 “'“1'
. The reaction cross section is obtained by dividiﬁg the
number of particles taken out of the beam per second by the number
of incident partiéleé per square _cghtimeter pe.i' second, and yields:

o =m -7:2 (‘21 + 1 )(_1 -lnl\z)

r,{
The determination of up involves the solution of the Schroe-
dinger equation, and becomes: .

.:fl < A!

n, =
/] fl-Al

+is

s, e (218

The result for the total cross section of a nucleus is the

sumof ¢ and o
T, sC

© - 4s, R(k +k,)
o= wxt S (20 4 1) L 1
T 2 - 2
, - 1=0 Ay R (k+Xk) +5,]

2 <2 ' Zis2
o__ =mx" > (20 +1) .
sc 750 AI +1[R (k _+k1) +Slj

+exp(-21§2)—1
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For values of kR £ 4, the total cross section is close to
the value for a perfectly reflecting sphere. _

At neutron energies in the range of 100 Mev, the mean
" free path of the incident neutron within the'nucle_u.s is-.of the same
order of magnitude as the nuclear radius. An incident neutron may
leave the bombarded nucleus after a few internal collisions with
nucleons--certainly without the *"thorough mixiug".nec‘essa_ry for
the idea of a compound nucleus to apply. (The mean free peth is
' presumed to be the same in all nuclei because of the constant density
of nuclearr matter.) This "transparency" effect3 has led to the de-
uelopment of an optical model of the nucleus by Fernbach, Serber,
‘and Taylor 4 They regai‘d the nucleus as e sehere of nuclear mat-
ter of uniform den51ty, havmg an absorptlon coeff1c1ent K, radius
R, and an index of refractmn determmed by the mean potentlal en-

ergy, V, of the neutron in the nucleus

k——\' =1/

k+k, =k (1 +V/E)vl/2

=——3—-3- Agc
4 7R

%[ or"p+(A-Z)ann

For E = 90 Mev, k = 2.08 x 10'°

13 cm, the Fermi energy is 22 Mev, and

For R = 1.37 A3 x 10
V is about 30 Mev. This gives k) =3.22 x 10'% cm™ !,
A wave going a dlstance T in nuclear matter has an ampli-

tude and relative phase
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1 .
a=a exp(_—ZKflkl)T

" Using the above relations, Fernbach, Serber, a.‘hd‘Ta,ylor4

‘calculate for a spherical nucleus

6 =mR®{l-[1-(1+2KR)exp(-2KR)]/2 K° R%}

o =2n§ '1-exp(-K+2ik1)sZ_odp>

From these expressions they obtain calculated véhies
of R which when plotted against Al/3 yield essentially a straight
hne u51ng experlmentally determined values of total cross section.
| Values of k1 and K are chosén so as to g1ve the best straight line

fit. The result for R 1s
R=1.3724"3 %1071 cm.

Up to this.point the various theoreticsl treatments seem
reasonably satisfactory for the associated energy ranges. With the
development of more refined experlmental methods both in low and
hlgh energy reglons, however, results have been obtained which do
not seem to admit of explanation on the basis of theories described.

Considering experimental cross sections for neutrons
having energies in the vicinity of 270 4Mev, one has to set k1 =0 to
get an approximate fit of experimental data with the transparent model;
this implies that at such an energy a neutron experience‘s'no'potential
change on entering the nucleus. For neutron energies between about
50 Mev and 270 Mev, the resultsof DeJuren and Moyer5 show that
' the total cross section for carbon, alumlnum copper, and lead plotted
aga1nst neutron energy drops rather abruptly in the region of 100 Mev,

and flattens to a slowly—varylng region at about 200 Mev.
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» More unexpected rsults were recently obtained by Taylor
and Woodé’ 7 in measurement of the total neutron cross section for
lead with apparatus having relatively sharp energy resolution. They
find a "'dip'" in the total neutron cross sh‘ection at about 60 Mev, fol-
lowed by a maximum at about 80 Mev. Similar dips, thougﬁ not as
pronounced, seem to be present in their results for copper and cad-
mium at about 30 to 40 Mev.

Calculations are in progress by members of the theoret-
ical section of UCRL using electronic computers to see if the optical
model can reproduce the high-energy experimental results, using
whatever parameters are necessary.

A version of the optical-model approach to the problem

has been employed recently also by V. F. Weisskopf{. 8 The "old"
| picture of strong interaction of an incoming nucleon with the other
particles of the nucleus is equivalent, 'in optical language, to assum-
ing that the nucleus is black--the incb_ming nucleon has zero mean
free path; Weisskopf proposes, still speaking in optical language,
that the nucleus be considered to be a cloudy crystal ball. The in-
coming nucleon is presumed to have a mean free path £ which is of
the order of the nuclear radius R; the absorption coefficient is de-
fined to be K = X/2. His initial theoretical results with this model
seem promising.

One sees from these introductory cbmments, however,

that the theoretical bases are being modified and developed to bring
them into agreement with the new cross section evidence.
) 7 From the experimental point of view, it appeared desirable
to confirm the results of Taylor and Wood, using an independent method
if possible, and to obtain additional results for new eiements. Because
it seems that the ""dip" is more pronounced in materials of high atomic
number, this region is obviously the first place to search.

Boris Ragent and the writer, | having developed a time-
of-flight neutron spectrometer, 9 accordingly undertook the measure-

ment of the variation of the total neutron cross sections with energy
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in the 100 Mev region, paying particular attention.. to the energy
resolution necessary for examination of variations in cross section
for materials of high Z.

The results of the time-of-flight measurement for leadlo
confirm Taylor and Wood's dip. v

To obtain information about possible dips in materials
other than those investigated by Taylor and Wood, the present re-
search is concerned with bismuth and uranium as scatterers. Con-
current research by Boris Ragent, using the same equipment, in-
cludes antimony and tantalum as scatterers, _

Because the time-of-flight technique employed in this
investigation has not been described in publication except in abstract
form, the instrumentation will be described in considerablé‘detail,

particularly with respect to the checks which were made to insure

that the instrumentation was working properly.
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II PRINCIPLES OF THE EXPERIMENTAL METHOD

The basic requirement of a time-of-flight spectrometer
is a burst of neutrons that occurs in an interval short compared to
the time of flight. It is equally important that the detection interval
~ be short compared to the time of flight; this latter requirement is
relatively easy to meet'with scintillation counters. _

In Table 2 are given times of flight for neutrons of various
energies, together with other related qﬁantities. Times of flight are
plotted versus energy in Fig. 1. L :

. As fiﬁally developed, the system had a time resolution
(full width at half maximum) of 0.7 shake, and a flight distance of
43,7 meters, yielding a resolving time (base of equivalent triangle
denoting time uncertainty) of 3 x 10'10 second/meter. This is equiv-
alent to a probable error in energy of £ 1.2 Mev at 90 Mev and 43. 7
meters. A general description of the time-of-flight method follows.

The source is the "stripped-deuteron' beam of the 184-

1, 12 By appropriate manipulation of the con-

inch synchrocyclotron. !
trols, one causes a single pulse ,Qf deuterons to be deflected onto an
insulated probe placed inside the éyclotron. This probe is thick enough
to stop the deuterons by ionization loss. Collection of charge on the
probe, which produces a usable voltage. pulse, and production of stripped
neutrons occur simultaneously, re.sulting in a pulse of neutrons start-
ing at a known place within a known time. In the path of the beam is
placed a scintillator whose detection efficiency for neutrons is adjusted
to give a desired counting rate.

A given pulse from the probe and the corresponding pulse
from the scintillator, due to the detection of a neutron, are displayed,
after fast amplification, on the sweep of an oscilloscope. If, for il-
lustration, one takes all delays in the probe and signal lines to be
equal, the separation in time of the two pulses on the oscilloscope

sweep would represent the time of flight of a particular neutron.
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Table 2

Neutron Energy and Time of Flight, etc.

® Energy Probable Err8¥
« Shakes  uncertainty in Energy
Neutron Shakes for for 1 shake @ (for 0.2 shake
Energy per 43.7 uncertainty uncertainty
in Mev B meter meters at 43.7 meters at 43.7 meters)
20 0.2032 1.6410 71.7 0.58 0.12
30 0.2468 1.3504 59.0 1.07 0.51
40 0.2829 1.1784 51.4 1.62 0.32
50 0.3139 1.0620 46. 4 2.33 0.47
60 0.3413 0.9767 42.7 3.09 0.62
70 0.3659 0.9110 39.7 ©3,92 0.78
80 0.3883 0.8584 37.4 4.83 0.97
90 0.4089 0.8151 35.6 5.81 1.16
100 0.4279 0.7788 34.0 6.85 1.37
110 0.4457 0.7479 32.6 7.97 1.60
120 0.4623 0.7210 31.4 9.13 1.85
130 0.4778 0.6974 30.4 10. 37 2.07
140 0.4925 0.6766 29.5 11.70 2.54
150 0.5064 0.6583  28.7 13.08 2.62
160 0.5195 0.6414 28.0 14. 48 2.90
170 0.5319 0.6270 27.4 16.0 3.2
180 0.5438 0.6131 26.8 17.5 3.5
190 0.5551 0.6006 26.2 19.2 3.8
200 0.5659 0.5893 25.7 20.8 4.2

Gammas 1. 000 0,3333 14.57
* One shake = 10-8 second
*% See section III F for basis on which probable error is obtained
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A camera provides a photographic record of the sweeps. By use

of a coincidence circuit actuated by the detected neutron, the oscil-
loscope trigger circuit is actuated only when an event has occurred,
allowing the use of film speeds about 1/20 as fast as would be neces-
sary if every probe pulse were photographed. The use of the oscil-
loscope and camera makes it possible to have all energy channels
"open" at the same time. Subsequent film analysis determines the
specific number of energy channels into which data are to be col-
lected. The sweep is calibrated in time units by photographing a

50 MC sine wave. Energy calibration is accomplished by detection
of gamma rays from the probe. . |

Let us now consider how cross sections are obtained with
this system. Because the purpose of this research is the determin-
ation of the variation of total cross section with energy, no beém
monitor is necessary. To see why this is so, let us note that when
the deuterons are deflected to the probe, each pulse (or burst) con-
tains a complete spectrum of neutrons. The spectrum is constant,
providing there is no change in cyclotron operating conditions. After
sampling the neutrons from a large number of probe bursts, the de-
tector will have reproduced the energy spectrum (Io) of the neutrons
in the bursts, modified by the variation of detector efficiency with
energy. Let us call this the IOF spectrum, where F rep.resents the
factor involving varying detector efficiency with energy.

Interposing a scatterer in the beam in good geometry
changes the spectrum as seen by the détector, Let us call this the
IlF spectrum. In obtéining the IIF spectrum, let us for the moment
assume that the IO intensity (direct beam spectrum ahead of the scat-
terer) is constant, and that the running time is the same as for the
IoF case.

The cross section is therefore:

LF =1 F exp (- n 0'1)
(1)

1
o, = () ¢n 10/11
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Now let us consider the effect of variation in deuteron
beam current. An n-fold change in the number of deuterons strik-
1ng the probe per second, which produce neutrons by strlppmg, re-

sults in an n-fold change in the rate of detectmg neutrons at all en-

ergies. The shape of the I 'F or I F spectrum is not affected by beam
current variations. Suppose that the result of the variations is a
spectrum that is A times as intense as the spectrurn, which would
have been obtained if the beam current had been kept cons_tant. . Then

Eq. 1 becomes:

(1/n) fo AL /I, =(1/n})(4n A +4n1 /1)

Obviously the In A term does not affect the variation lof o, with en-
ergy.

Inasmuch as the dip, if any, in the cross section for bis-
muth and uranium is of main interest, a modification can be made
in the usual procedure for obtaining cross section data,‘l, resulting
in considerable saving in cyclotron running time. The modification
is the direct comparisdén of.lead (for which the cross section is now
presumed known) with the two unknown materials, without recourse
to unattenuated beam (Io) data. To .illustrate the point, suppose that
we have two mean free paths of each of the three elements, and have
obtained the respective spectra {(discarding the factor F that denotes
variation of detector efficiency with energy) designated by IPb’ IBi’
and IU. If all three spectra have the same shape, the elements have
the same variation of cross section with energy. (We presume that
the Io spectrum is the same for all three, which is assured by inter-
changing the scatterers during the run without distrubing the cyclo-
tron conditions in any way.) |

The saving in running time arises as follows: As will
be discussed in a later section (Section III.G), the maximum rate

of taking data, without jamming, is about 3 counts per second. If
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one had to take an 16 spectrum at this maximum rate, then the IBi
and IU spectra would come in at a rate 1/e2 as fast. But by using
lead as the comparison material, one can adjust the counting rate
so that all three spectra come in at the maximum rate, be‘caus'e no
Io rate is needed. |

It is an important check on the accuracy of the experi-
ment to obtain data on another element for which the cross section

variation with energy is well known, and for which it is quite certain

that no dip exists, Carbon was selected for this purpose.

L4
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III DETAILS OF EXPER_IMENTAL METHOD

A . Geometrical Layout

The geometrical layout is shown in >Fig. 2. All distances
are measured from the probe along the beam axis, definebd as the
line between probe and scintillation detector., The forward cone of
‘neutrons passes through the cyclotron tank wall, about one ihch thick
steel. It is collimated into a square beam with dimensions 7.6 cm
x 7.6 cm by about two meters of concrete in the "igloo, ' whose center
+is 8 meters away from fhe probe., The hole in the main concrete
shielding wall is sufficiently 1arge so that no further collimation of
the main beam takes place here. | | “

The scatterer position is about 18 meters f,rofn the probe.
A hole in the wall of the cyclotron building allows the beam to emerge.
The scintillation detector is 43. 7 meters away from the probe, the
maximum convenient distance. .. it happens to be under the eaves of
Radiation Laboratory Building 15, tucked away like the nest of an
uhjudicious bird. The scintillator consisted of a stilbene crystal
with irregular dimensions, but approximately 1 cm x 0.5 cm a.rea
and 1.5 cm in the .dvirevction of the beam. Two 1P21 phototubes looked
at it; the tubes weré arranged so their axes were horizontal, and
parallel to each other and to the beam. _

Determination of the beam axis had to proceed by indirect
means. A line was first established with a telescope by sighting
on the coﬁnter and on the probe, the latter through a glass port in
the cyclotron tank wall. This was a line tangent to the 81. 0-inch
radius of the cyclotron. The position of the probe during the runs
was 83.8 inches, at which position it could no longer be seen through
the glass port. Knowing the distance of the telescope from the probe,
one could calculate the amount to move the telescope to place it on
the beam axis. Using the telescope in this new position, one could
now establish referencle markers. Confirmation that the line of sight
was indeed the axis was obtained during the run by placing a seven-

foot long steel shaft, six inches in diameter, in position with its axis
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coincident with the beam axis. Measurement of the scintillator count-
ing rate versus shaft displacement parallel to the beam showed that
the beam axis had been located to within + 1/4 inch. Inasmp.ch as the
scatterers were 6 inches x 6 inches area, this was sufficiently pre-
cise. '

The four scatterers we‘rev interchanged manually every
four minutes during the data runs, being mounted on a platform with
wheels. The platform was pushed along a pair of rails; this could
be done without having to turn off the beam. The direction of motion
of the platform was 90° to the beam to vs}ithin +0. 3°, as measured
by a telescope which cvould measure angles to 1 minute of arc. The
place of the scattere:rs was perpendiéuléf to the beam axis to within
one degree, and pe-rhap-s cloSevr._: Since the cosine of 89° is 0.99985,

this was sufficiently dccurate. |

‘B. Instrumenta tion and Ele,c'trohics .

A block diagram of the electronics is given in Fig. 3.

A charge pulse due to the single burst of deflected deuterons occurs
at the probe at the end of each modulation cycle (rate about 60 per
second). This pulse, unamplified, is fed into a doubly-shielded cable
(designation #21406) 150 feet long, leading t_b the counting area. Here
the pulse is amplified by two Hewlett-Packard 460B amplifi‘ers and
by the amélifier which is built into the Tektronix #517 oscilloscope,
ending on the positive y-axis deflecting plate. A suitable amount

of delay is introduced into the '"probe line.'" A detailed diagram of
the electronics components is given in Fig. 4.

When a neutron produces. a signal in the stilbene scintil-
lator, the two 1P21 phototubes actuate a double-coincidence circuit,
whose output, through a linear amplifier and blocking oscillator, trig-
gers the oscilloscope. The voltage pulse from one of the 1P21 tubes
is amplified, suitably delayed, and placed directly on the negative
y-axis deflecting plate. Thus each sweep has a '"'probe pulse' and
a '"'signal pulse' on it, the deflections being in opposite directions

to avoid any possible confusion. A small number of sweeps occurs
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because of neutrons havingless,than about 30 Mev energy, for which
‘no probe pulse would be visible on the sweep. The coincidence cir-

7 cuit also ensures that only pulsels having a height greater than a cer-
tain minimum will. be counted .which facilitates.film reading.

The sweep speed of 2 x- lO7 cm, per second is selected
so that the entire desired neutron energy range in displayed on each
sweep, as well as gamma ray photons when they occur. .Because
the scope is triggered by neutron-produced signals, all signal pulses
come at essentially the same place near the start of the sweep. The
probe pulses come at varying sweep distances: the less the time of
.. flight, the greater is the separation of probe' and signal pulses. For
a gamma ray photon the probe pulse comes nearly at the end of the
sweep

A General Radlo camera u51ng Llnagraph Pan LP 420
' 35-mm fllm photographs the scope screen. The fllm runs steadily,
with no shutter, at a speed determmed by the average rate at which
sweeps occur,

_ Time cal1bratlon is accompllshed bv plac1ng a 50 MC
" 81ne ‘wave on the scope, and photographlng it under the same condi-
tlons as prevall durlng the experiment. Non—llnearltles due to sweep
speed fllm development fllm pro_]ectlou etc. are all compensated
_by the sine wave calibration. v |

For reference, it might be mentloned that the film is
developed ona ”leor" 100 -foot reel w1thout agitation in Atkinson
A-T2 developer d1luted with an equal amount of water, for 3 l/Z :
minutes at 20° C. The film is briefly swished through water, then
fixed for 5 minutes in Kodak A01d leer, mlxed in accordance with
manufacturer s mstructlon . '

The voltage on the lPZl phototubes was. kept constant at
1100 volts for at least 40 hours before the run, and was not turned
off durlng the two- day run, It was obtamed from a regulated power
supply which is constant to about 0.5 percent ‘The scintillator was

in a 11ght-—t1ght shield, and was not altered in position during the run.
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The delays and amplification in the probe and signal lines
were adjusted at the start of the run. Once the data runs were started
no changes of any sort were made. Interchanging scatterers was done
with beam on. Even distinguished visitors who wanted to see the cy-
clotron, and were escorted by a prominent member of the professorial
staff, had the situation explained to them. The only interruption of

data-taking was the unavoidable shut-down overnight.

C. Source of Neutrons

The source of neutrons is the stripped-deuteron beaml‘2

of the 184-inch synchrocyclotron. An insulated and shielded probe

of copper is inserted into the cyclotron tank, tangent to the radius

at a distance of 83.8 inches. This tangent line is also the beam axis,
so that only neutrons in the forward direction are counted--the scin-
tillator subtends a solid angle of about 3 x 10;8 steradians. The probe
is long enough in the direction of the beam, 3.18 cm, to stop 195 Mev
deuterons by ionization loss. The other dimensions are one inch

in height and 1/16 inch fadially. The shield around the probe consists
of two flat pieces of copper sheet 0. 010 inch thick. With glass and
asbestos tape as insulating material, the built-up radial thickness

of the probe is 1/4 inch. A schematic diagram of the probe is given
in Fig. 5. Photographs of the shielded probe assembly which was"
used are shown in Fig. 6. Electrical connection from the probe to
the external circuit is made through a Kovar seal. Doubly-shielded
coaxial cable (#21406) carries the unamplified pulse to the counting
area. .

The cyclotron is operated in a somewhat special way to
6btain the single short burst of neutrons. Initially, this single pulse
.was obtained more or less by intuition and accident. The conclusion
after half a dozen runs involving successful single-pulse settings is
that the parameters are interdependent in rather complicated ways.
A group of settings which reproduces the single pulse (that is, from

run to run) is given in Table 3.
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Table 3

Settings of Cyclotron Controls for Single Pulse Operation

Indicated Radius

Actual Radius

Rotor Speed

Electric Deflector, Entrance
Electric Deflector, Exit
Electric Deflector, East-west
Dee KV

Dee Bias KV

Oscillator Bias KV

Electric Deflector KV

Arc Tank Position

Electric Deflector Pulse Timing
Arc Pulse Timing

Arc Pulse KV

Tank Filament Amperes

Arc Pulse Width

Arc Pulse Current

Magnetic Shunts

Magnetic Field Amperes
Gas Flow, Meter Units
Synchronizer Setting

87.,3 inches
" 83,8 inches

. 680 rpm

57
63
63
8.8
2.3
0.67
7.25
- Y"Normal®
.95
385
1.6
9.2
125
40 ma
61/2
1508 amperes
220
5.0
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In this section it wou‘id be appropriate to describe an ad-
dition to the usual cyclotron controls, which has been a considerable
help in obtaining single-pulse performance. This is a "synchronizer"
which triggers the deflector voltage at a constant phase with respect
to the rf accelerating potential. What the circuit accomplishes
physically can be visualized by supposing that the cyclotron is marked
off in degrees, starting with zero at any arbitrary ‘position.. The
azimuthal angle of the deuteron bunch is correlated with the phase
of the rf accelerating potential. If the electric deflector circuit is
energized in each modulation cycle whenever deuterons pass the zero
marker, say, such deuterons will be deflected in a certain charac-
teristic manner., But if the electric deflector circuit is energized
whenever deuterons pass the 73-degree marker, to specify another
angle, these deuterons will be deflected in some other characteristic
manner. The optimum angle is determined by test: one varies the
angle at which the synchronizer trigg'ers the deflector circuit and
observes the result.

Thus the electronic synchronizer circuit produces two
important results: it allows one to select the angular position of the
deuteron in its orbit when the electric deflector is energized, and
it ensures that subsequent deflections will occur in the same char-
acteristic manner,

The synchronizer was developed by Don Paxon, and has
performed so well that it has been incorporated.in the regular cyclo-
tron control set-up for use by experimenters who want a stabilized

' deflected beam.

The single pulse as seen the oscilloscope has a width
at the base of about 3 x,10-8 second, but it appears from other evi-
dence that this width is due mainly to broadening by transmission
“and amplification. According to measurement of the gé.rnma distri-
bution in time, which is the best indication of the probe pulse width, .

the full width at half maximum is 7 x 10'9 seconds. (See Section IIl E).
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The probe pulse was. observed on a monitor scope through-
out the run. This scope was triggered by the electric deflector trig- '
gering circuit so that the pulse appeared stationary, and could be

examined during the run for signs of a second pulse, if any.

D. Neutron Energy Spectrum

The as-measured spectrum of the neutrons obtained by
the present time-of-flight instrumentatiofn is shown in Figs. 7, 8,

9, and 10 for carbon, lead, ‘bismuth, and uranium respectively. Ac-
fual number of counts per channel one shake wide is plotted versus
time -of-flight in shakes.

The histograms of Figs, 7 and 8 for carbon and lead can
be vmultiplied by e!A, to remove the effect of the scatterer, the values
of 4/\ being obtained from published cross section data versus en-
ergy.

The variation of detector efficiency with energy must next
be included. The variation in detector efficiency with energy has
been dssumed to be proportional to the n-p total cross section. The
reason for this assumption is the fact that the signal circuit bias was
sufficiently low to allow detection of gamma rays from the probe.

The energy of these rays was roughly measured by their absorption
in carbon, magnesium, copper, and lead, as given in Table 4. From
these data one calculates the photbn energy to be about 5 to 10 Mev

at most. Because the signal pulses from the photons could have been
half as great, and still be counted, an estimate of 5 Mev seems justi-
fied as the value of bias cut-off. The lowest neutron energy being

. measured was about 40 Mev, so the 5 Mev energy corresponds to

a point sufficiently low on the n-p differential cross section curve

to justify using the total n-p cross section as an approximation,

The direct-beam neutron spectrum obtained for lead after
taking into account the el/)‘ factor and the variation of detector ef-

ficiency with energy is shown in Fig. 1l plotted against time.



Element

Direct Beam
Carbon
Magnesium
Copper

Lead
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Table 4

Attenuation of Gamma Rays

Amount
(Inches)

— = U1 O

- Counts in 2 Minutes

Run 1

106
38
68
48
23

Run 2

123
42
53
57
31

Average

115
40
60
52
27
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No correction has been made for the effect of the copper
in the probe in attenuating the neutron beam, nor for the steel in the
tank, nor air scattering in the flight path, because a. detailed study
of the neutron beam spectrum is incidental to this investigation.

Such a study is planned as a subsequent investigation, and will include
various materials as probes. One can convert Fig. 1l into an energy

histogram by numerical ihtegration, with the result shown in Fig. 12.

E. Time-o0f-Flight Calibration

~ As mentioned in the preceding section, the oscilloscope
sweep is calibrated by use of. a 50 MC sine wave. The projected image
of the sweep in the viewer (Eastman Kodak Recordak Model No. 74MPE)
can be read, if one is very (‘:'areful, with an accuracy of 10—9 seconds,
for the sweep',speed employéd, Using the oscillator sine wave, one
divides the sweep distance as projected in the viewer into pieces of
slightly-varying length, such that each represents a time increment
of one shake,

) .. The sine wave osciliator which was used was a Tektronix
Mark 180 signal generator. It was adjusted in thermal equilibrium by
comparison with a laboratory standard, which in turn had been checked
against‘radio wtation WWV. The frequency of the Mark 180 was 50
megacycles within 0. 001 percent,

Calibration of the delays in the probe and signal lines,
as well as in the 1P21 phototube, was accomplished by use of the gam-
ma rays from the probe. Assuming that the velocity of the gamma
‘ray photons is ¢ = 2.9978 x 101_0 cm/second (the index of refraction
for air is 1,00029), one may obtain the velocity of a neutron as fol-

lows (see Fig. 13): .

D =D_+(TOF), + X
b S{ byt X

. P

D_=D_+(TOF)_ +x

P
TOF) =(TOF) +x -

{ ), = by FXpy T X

(TOF) =53.9-%x (2)
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The time of flight of the gamma ray photoh is obtained

of course by dividing the disténce of the detector from the probe (43.7
meters) by the velocity of light. The result is 14. 6 shakes. The
average Vseparation of the probe pulse and the signal pulse due to pho-
tons was 39.3 shakes. These are the values which were used in ob-
taining Eq. 'Zla_bov‘e. |

" The variation of the time separation of the gamma ray
photons followed an approximately gaussian-shaped distribution.-
Seventy-six photons comprised the sample; all of them fell within
a one-shake interval. A conservative estimate of thé full width at
half-maximum is 0.7 shake, corresponding to a probable error of

0.2 shake.

F. Energy Resolution and Effective Channel Energy

The limiting energy resolution arises from the variation
of the time separation between the probe pulse and the signal pulse
due to detection of a gamma ray photon, which as just mentioned in
the previous section, followed a gaussian-shaped distribution having
a standard deviation of 0.3 shake. The break in the probe pulse and
signal pulse, as viewed in the projector, can be read reproducibly
to 0.1 shake, if care is taken.

In the literature as well as in other theses the term "time
resolution" has various interpretations. As used here it will be de-
fined as the full base of the triangle which approximates the actual
time distribution of gamma ray photons. For a probable error of
the gaussian distribution of 0.2 shake, the corresponding standard
deviation is 0.3 shake, the half-width at half maximum is 0. 35 shake,
and the full-width at half maximum is 0.7 sha‘ke. Hence, the base
of the equivalent triangle is 1.4 shakes. For the flight distance of
_43. 7 meters, this leads to a time-resolution (per meter) of 3 x 10-10

seconds/meter.
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It-is to be noted that the time- resolution includes the ef-
fects of deuteron burst-duration upon striking the probe, all electronics
jitters in the phototube, amplifiers and oscilloscope, as well as ob-
server errors in film reading. Seventy-six photons comprised the
sample, all of which fell within a one-shake interval. The width of
the probe pulse as seen on the oscilloscope is about 3 shakes at the
base, but it appears that most of this width is due to broadening by
the coax1a1 cable and amplifiers.

From the standpoint of the phase- stable bunchlng of charged
particles in synchrocyclotron orbits, one would expect a deuteron
probe pulse of about 3 shakes duration. However, the deuterons were
deflected through a region of non-constant magrnetic field, which may
have had a "sharpening' effect; this, plus the fact that the probe was
only 1/16 inch thick radially (insulation and shielding may have added.
about another 1/16 inch of material), may'account for the considerably
shorter deuteron burst.

Using the probable error of 0.2 shake for the time uncer-
tainty, one calculates the corresponding energy probable error for
the flight distance of 43. 7 meters, given in Table 2 for various en-
ergies., The derivation of the relativistic expression for energy reso-
lution is given in the Appendix°

Because of counting statistics, the above energy resolutions
could not be quoted as the uncertainty. For reasons to be discussed
in Section VII, enefgy channels had to be employed which varied from
8 Mev to 31 Mev in width. | The shape of the portion of the neufron
spectrum in each of these channel-groups varies considerably, and
none resembles a gaussian in the least, so the effective energy reso-
lution is a matter of more or less arbitrary definition.

 We define energy resolution in terms of an ""equivalent
probable error." Using the Law of Propagation of Errors we combine
the 0.2 shake discussed in the preceding paragraph with one-fourth
of the width in shakes of the channel group being considered. Dividing
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the result by 0. 6745, we obtain the "equivalent standard deviaﬁon. "
The energy increment which this "equivalent standard deviation' rep-
resents is defined as the standard deviation in energy, at the "effec-
‘tive energy' of the channel group.

The "effective energy' for a channel is defined as the en-
ergy corresponding to the centroid of the portion of the neutron spec-
trum included in the channel. Let Nj represent the number of observed
counts in the shake-channel j. Let Ej be the energy of the shake-
channel, taken at the high-energy side. The effective energy for

a composite channel consisting of m shake-channels is:
j+m j+m
Eegg =2 Ny By > Ny (3)
j-1 -1
In the actual calculations the equivalent of the above re-

lation on a time-of-flight basis was employed:

j+m +m ) :
Teff = J}-__; N, T. _Zl Ni (4)

J

and the energy corresponding to Teff was calculated, using Eq. 2.

G. Rate of Taking Data (Avoidance of "Pile-ups'’)

This section is a discussion of the maximum rate of tak-
ing data. One must consider this. limitation carefully or risk consid-
erable error.

The single burst of neutrons occurs once each modulation
cycle, or approximately 60 burst per second. The shape of the spectrum
is such that nearly-all the neutrons arrive at the scintillator within

10 shakes at the distance of 43.7 meters. The width of the pulse from
the scintillator as seen on the scope is about 3 shakes; at the mode

of the neutron spectrum about 40 percent of the neutrons arrive in
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a three-shake interval. From a statistical consideration it is obvious
that if one the average 60 neutrons were detected per second (one
per burst), there would be many bursts when two neutrons would acti-
vate the scintillator within a time interval of three shakes. The per-
son reading the film might miss the second neutron altogether; at
best he might correctly interpret the result as being due to two neu-
trons by the size and shape of the resultant pulse, but would have '
to guess at the location of the "break' for the second neutron pvulse.
To be on the safe side, therefore, the size of the stilbene
crystal is selected so that the average counting rate is one neutron
in about 20 bursts, or about 3 counts per second, as a rnaxirn_um:
This is the reason why the small crystal was used (one cm x 0.5 cm
x1.5 cm long). ,
Only the first signal pulse on each sweep is tabulated

in film reading, and the usual dead-time correction is made. (See

Section VI C). |
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IV EXPERIMENTAL PROCEDURE

The experimental procedure consisted of adjusting the
cyclotron controls to obtain a single pulse of neutrons, a job that took
about six to eight hours on the average. Any given parameter was
set not at the value which would give a maximum pulse (flux of neu-
trons was not limiting at all), but at the value such that if it drifted
during the running time it would still be in the single-pulse region.

Four attenuator materials (carbon, lead, bismuth, and
uranium) were used, described in the next section. At 90 Mev each
represented about two mean free paths of scatterer, so that the count-
ing rate would be nearly the same for each. The scatterers were
mounted on a table equipped with wheels which ran on a track, and
could be pushed into the beam manually without turning off the cyclo-
tron. Index lines insured proper line-up of the scatterers.

Each scatterer was in the beam for four minutes; the
sequence bi_smuth, lead; carbon, uranium was always followed. All
of the data for a given sequence were taken on a single 100-foot reel,
to insure that if the film dimensions were affected by processing, all
scatterers would be influenced in the same way. The film reels were
changed at the end of the uraniurh data. Actual running time for each
element was noted, and marks were placed on the film to separate
the data. At the beginning of each reel about six feet were exposed
with 50 MC sine waves, ‘ 7 |

All probe line and signal line delays and amplification

were constant during the run,
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V ATTENUATOR MATERIALS

L The carbon, bismuth, and lead (ordinary isotopic consti-
tutibﬁ) were furnished by the metals section of the Radiation Labo-
ratory. It was not considered necéssa'ry to check the chemical purity
of the substances. The materials were weighed and measured with
what is believed to be an accuracy of 99. 9 percent. The data is given
in Table 5 below. N

The uranium was furnished by Dr. Walter Cfandé.ll‘s
» group, and vconsi.sted of machined bars about 8. 6. cm x 8.6 cm x 30.5 cm
long. Three bars were piled up to compriée the scé;tterer; the mid-
dle bar was displaced vertically by 1/4 inch, so that the edges would
not be in line. Because the ends of the bars were somewhat rough
the density of most of them could nof be measuréd directly. A value
of density was obtained by seleét’mg a smooth bar. It was assumed
that the variation indensity from bar to bar would be smail, and would
be sufficiently cancelled by the effect of three bars. The dimension

in the direction of the beam was measured with micrometer calipers.



Table 5

Attenuator Materials

Weight ‘Dimensions Atoms per Density
Length*  Width - Width Volume  Sq. Cm. (Gm. /cm3)
Element  Grams In. In. _ In, Cm., x 1024 Measured Hndbk.
Carbon 26,949 26,995 6.000 6.000 15,917 5.82 . '1.69‘ 2.25 .
Lead 58, 650 7.500 6.500 6.500 5,193 ; 0.625 11.3 11.0
Bismuth 54, 484 6.962  6.997 6.998 5,556 ~0.499 9.80  9.67

Uranium 4, 793%% 1.136 12.000 1.136 254.0 0.411 18.87 18. 7

*In the direction of the beam

#%One bar only
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VI SOURCES OF ERROR

The errors, t§ be divscuss_ed in this -section inciﬁde back-s
ground, forward écatt_efihg, and dead-time effects. It will be seen
that only the last is appreciable, but it is small enbugh so that the
error it Vin.tr’oduces in a cross section value is in every case less
than the associated c0uﬁting statisfics error. |

What might be considered to be the flnal check on all er-
rors--systematm and statistical--is afforded by the use of carbon
as a scatterer. Treating data for it in exactly the same way as for
the unknowns, one obtai.ﬁs a cross section which can be compafed '
to the accepted vaiue%s. "The agreement, to be discussed in Section

X, 1s satisfactory.

A, Background

A background run was taken for 21 minutes at the conclusion
of the first day's run (cyclotron having been secured for the night).
A total of 202 counts were received. Thus the background counting
rate was about one count in 6 seconds. The lowest of the counting
rates while taking data for a scatterer was about two countés per
second, averagé° This rate must be multipliea by the ratio of the
time per modulation cycle fo the time per sweep. The time per
modulation cycle is about 1/60 second, the time per sweep is 50 shakeé,
so the effective data counting rate is about 6 x 104 counts per second,
compared to which the noise counting rate is truly negligible.

Another check on this point is the fact that the projectio;l
of the scope sweep in the Recordak allowed one to examine 40 one-
shake channels for data grouping, plus "border" tirﬁe of about 10 shakes,
The 190 -Mev cutoff came at channel 28 and photons came in channel
40. Not a single count was observed in channels 29 through 39, on A

all the sweeps examined.
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B. Forward ("Diffr'actior'l") Scattering

Forward scattering correction of the data is based on the

relations derived by E. M. McMillan and D. Sewell.13
I =1 (¢/MK - K2)(1 + ¢/8)\)
1,2

_ 2 2 1 -
. K = (1/167) k"a o, (x]" +x;7)

For lead and 90 Mev neutrons, with the geometry as shown in Fig. 2:

k=(1/h) YZME =2.15 x 10'% cm™? |
a = scatterer "radius'" = 7.6 cm approx.
X, = distance probe to scatterer = 1,‘810 cm.,
X, = distance scatterer to detector = 2,560 cm,
o, = 4.5 barns £/\ = 2.96
K =0.,0021
I, =0.00851

D

The intensity I is represented by 1550 counts, for which ID = 13 counts
due to forward scattering. The uncertainty in I resulting from count-
ing statistics is about 39 counts. Hence the forward scattering cor-
rection for lead at 90 Mev is not relatively large.

The value of . ID/I is energy dependent, of course, and
to reduce the work of making the scattering correction, one may take
the maximum value to be conservative. The maximum value for the

four scatterers is:
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1,/1 x 1073
Carbon S 2. 0 .
Lead ' 8.4
Bismuth . 6. 4
 Uranium ‘ 6.6 : '

The forward scattering correction is listed in column labelled ND

~in Table 6.
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_ Table 6A
Observed and Corrected Counts by Channels for Carbon

Z

Ny* Nj

NPT GITWWNINNNY

30
Channel Observed 2_ N, Ny Np N7 \lNi J
Counts i. ) -Np . ‘IN?
: . Corrected
Counts

1, 2, 3 4 - 5513 0 0 4 2 0
4,:5, 6 11 5509 0 0 11 "3 0
7, 8 7 5498 0 0 7 3 0
9 7 5491 0 0 7 3 0.
10 16 5484 0 0 16 4 0
11 27 5468 1 0 28 5 0.
12 21 5441 1 0 22 5 0.
13 , 32 5420 1 0 33 6 0.
14 95 5388 3 0 +98 10 0.
15 89 5293 3 0 92 9 0.
16 278 5204 8 1 285 17 0.
17 408 4926 - 11 1 418 20 0.
18 489 4518 13 1 501 22 0.
19 892 4029 20 2 910 30 0.
20 878 3137 16 2 892 30 0.
21 924 - 2259 12 2 934 30 0.
22 568 1335 4 2 570 24 0.
23 334 767 1 1 . 334 18 0.
- 24 201 433 1 0 202 14 0.
25 103 232 0 0 103 10 0
26 70 129 0 0 70 8 0
27 37 -59 0 0 37 6 0
28 20 22 0 0 20 4 0
29 : 2 2 0 0 2 1 0
30 0 0 0 0 0 0 0

*Symbols are defined in Section XII.
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, Table 6B
 Observed and Corrected Counts by Channels for Lead

Nj* 30 N; -
Channel Observed Y N; Ny Np~ Ny ..~ \FN?
Counts i ' V -Np -
Corrected

Counts

1, 2, 3 65 6739 2 1 66 8
4, 5, 6 144 6674 -5 1 148 12

7, 8 112 | 6530 4 1 115 11
9 90 6418 .3 1 92 9
10 78 . 6328 3 1 80 9
‘11 104 6250 4 1 107 10
12 100 6146 : 4 1 103 10
13 . 176 6046 6 1 181 13
14 290 5870 10 2 298 17
15 254 5580 8 2 260 16
16 487 5326 15 4 498 22
17 - 593 . 4839 16 5 604 24
18 552 4246 13 5 560 23
19 998 3694 21 8 1011 32
20 854 . 2696 13 7 860 29
21 . 797 1842 8 7. 798 28
22 441 1045 -3 4 440 21
23 294 . 604 1 2. 293 17
24 - 133 310 o 1 132 12
25 97 177 0 1 96 10
26 30 . 80 0 0 30 5
27 36 50 0 0 36 6
28 14 14 0 0 14 4
29 0 0 0 0 0 0
0 0 -0 0

30 0 0

#Symbols are defined in Section XII.
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Table 6C
Observed and Corrected Counts by Channels for Bismuth

2

Nj* 30 - Ni

Channel Observed Z Nj N N +N7 \lNi
Counts i .-1 ST 7D -Np Ny
Corrected
Counts

1, 2, 3 120 12, 345 8 1 127 11 0.7
4, 5, 6 “186 12,225 12 1 197 14 0.9
7, 8 165 12,039 11 1 175 13 0.9
9 139 11,874 9 1 147 12 0.8
10 142 11,735 9 1 150 12 0.8
11 247 11,593 16 2 161 16 1.0
12 . 204 11, 346 13 1 216 14 0.9
13 312 11,142 19 2 329 18 1.0
14 519 10,830 31 3 547 23 1.4
15 406 10,311 23 3 426 20 1.2
16 904 = 9,905 49 6 947 30 1.6
17 1108 9,001 54 7 1155 33 1.6
18 1120 7,893 48 - 7 1161 33 1.5
19 1822 6,773 69 12 1879 43 1.6
20 1579 4,951 43 10 1612 40 1.1
21 1517 3,372 28 10 1535 39 0.7
22 828 1,855 8 5 831 29 0.3
23 462 1,027 3 3 462 21 0.1
24 233 565 1 1 233 15 0.1

25 191 332 0 1 190 14 0

26 80 141 0 1 79 9 0

27 40 61 0 0 40 6 0

28 20 21 0 0 20 4 0

- 29 1 1 0 0 1 1 0

30 0 0 0 0 0 0 0

*Symbols are defined in Section XII.
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Table 6D ...

Observed and Corrected Counts by Channels for Uranium

Nj* 30 Nj N

Channel Observed 2 Nj Ny Np +N7F \'Ni

) Counts . 1. : -Np

Corrected
Counts

1, 2, 3 98 14,357 8 1 105 10
4, 5, 6 280 14,259 24 2 302 17
7, 8 228 13,979 19 2 245 15
9 170 13,751 14 1 183 13
10 189 13,581 15 1 203 . 14
11 269 13,392 21 2 288 16
12 223 13,123 17 1 239 15
13 366 12,900 28 2 392 19
14 576 12,534 43 4 615 24
15 - 543 11,958 38 4 577 -23
16 1139 11,415 77 "8 1,208 . 34
17 1252 10,276 76 7 1,321 35
18 1327 9,024 71 9 1,489 36
19 2182 - 7,697 98 14 2,266 - 47
20 1847 5,515 60 12 1,895 43
21 1655 3,668 36 11 1,680 41
22 . 943 2,013 11 6 948 31
23 493 1,070 3 3 493 22
24 250 577 1 2 249 16
25 160 327 0 1 159 13
26 ' 91 167 0 1 90 10
27 61 76 0 0 61 8
28 15 15 0. 0 15 4
29 0 0 0 0 0 0
30 0 0 0 0 0 0

DOO0COOCOOOOOm NINNDN M o = = s = O

#*Symbols are defined in Section XII.




_42-

C. Dead-Time Correctioﬁ

Only the signal pulse which initiated the scope sweep was
counted in taking data off the film. There were various reasons for
fhis, such aé increased rate of film reading, elimination of need to
distinguish between electronics "'ringing" and a true second pulse
(amplification in the signal line was great enough to detect gamma
‘ray photons, so some of the amplifiers were over-driven by pulses
from high-energy neutrons which happened to cause recoil protons
in the forward direction), loss of true second pulses by their being
merged with the initiating pulse, etc.

.' The scope sweep as projected in the viewer was divided
into 40 one-shake channels, into which the signal pulses were sorted.
Because only the first pulse of each swéep was‘noted, the calculation
of the dead-time counting loss proceeds along the Way which is desig-
nated in the literature as the "'non-extended' problem, 14 modified
in»-. detail but not in principle by the féct that the counts come within
a .shor't. tim‘.e interval fol_lbwing" each modulation cycle. The derivation
of the relation which is to be applied to the present problem is given

in the Appendix. The result is:

N = —25 - (5)

Since this correction is only a matter of tabulation, it
is given in column N, in the data tabulation of Table 6.

The effect of the dead-time correction can be seen by
comparing the calculated cross section with and without the correction.
Taking that energy channel for which the correction in cross section

is largest:
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Mev A B |a-B a B-A

do
Carbon 45 0.937.  0.943 0.006 .0.046.. . 0.13
Bismuth 78  4.78 4,74 0.04 0.10 0.4
0.6

Uranium 78 5.20 5.13 0.07 0.12

Column A is the cross section calculated without the dead-time ef-
fect. Column B is the cross section calculated with the dead-time
effect. do is the error in o due to counting statistics only,

The corrections for all energy channels are given in column
N, of Table 7. '
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Table 7

Comparison of Cross Sections with and without Corrections

o = cross section from adjusted counts (Ni + NJ - ND) in barns
o' = cross section from observed counts (Ni) in barns

SD

standard deviation due to counting statistics only in barns

Carbon Bismuth Uranium
Mev |o-a| SD lo-0'| = sD lo -0 SD
45 0.006  0.046 0.054 0.184 0.100 0.215
53  0.002 0.035 0.052  0.178 0.099  0.206
62 0.001 0.022 0.050  0.140 0.082 0.168
70 0.002 0.016 0.042 0.125 0.080 0,148
78  0.001 0.010 0.044 0.098 0.067 0.117
89  0.002 0.008 0.031  0.089 0.055 0.106
100 0.000 0.008 0.014 0.087 0.033  0.105
113 0.001 0.010 0.006 0.112 0.009  0.134
131 0.002 0.016 0.000 . 0.175 0.008 0.214
155 . 0.000 0.027 0.000 0.312 0.000  0.368
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D. Line-up Check

As a check that the scatterers were properly lined up,
a run was taken with a steel shaft 7 feet long.a'nd 6 inches in diam-
eter in the position of the scatterer. To increase ”the counting rate,
the stilbene detector which had been used throughout the experiment
was replaced by a liquid sc1nt1llator v1ewed by RCA 5819 phototubes.
" “The scintillator was 5 l/Z inches in diameter and 1 inch long filled
with phenylcyclohexane saturated w1th P- ferphenyl
- While the cyclotron beam was constant, the shaft was
displaced sidewise, parallel to the beam, and the counting rate was
observed as a function of positioni‘ The plot of co'untihg rate vs.
position showed that the center of the shaft, and therefore the scat-
terer, was within 1/4 inch of being in line with the bearn‘.. Because
a motion of about 2 1/2 inches was needed before the counting rate
began to'increase'appreciably, it was certain that the detector was
horizoritally close to the center of the "shadow” of the scatterer.
» It was not convenlent to move the shaft vert1cally As-
surance that the detector was in the center of the vertical shadow
of the scatterer came from the telescopic line-up. By s1ght1ng through
the coll1mat1on from inside the shielding, one placed a telescope on
 the beam axis. The relative 51zes and pos1t1ons of the detector and
.s;catterer were observed: the detector was in the center of the scat-
terer, with ma.ny'""detecto‘r-diamevters” to spare along all the sides.
Inasmuch as the horizontal position checked so well with.the counting—
fate_ test, it is quite certain that vertically the detector also .was cen-
tered with respect to the scatterer shadow. |
Though hardly necessary, further assurance regardmg
the vert1cal line-up is obtained from the sizes of the stilbene crystal
| and the l1qu1d scintillator. The latter had its 5 1/2 inch diameter
in the vertical direction, of which perhaps three inches contributed
to the counting rate, whereas the stilbené crystal had at most a one-
centimeter extent in the vertical direction. From the couhtihg—rate
check with the shaft the liquid scintillator obviously was in the shadow
of the shaft, and therefore one would conclude that the stilbene crys-

tal was properly lined up.
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VII FILM TRANSCRIPTION

Transcription of film is the bottleneck of the present in-
strumentation. This section deals with the precautions taken to be
sure that it would not become a stumbling block as well.

The observed data are given in Table 6. ‘It is to be noted
that all of the film reading was done by the author--not because other
help was not available, but because it seemed important that the as-
signment of pulses to one-shake channels be done in a consistent way
to avoid possibility of systematic error. All of the data were trans-
cribed from the film before any histograms were plotted, so that
there would not be any unconscious tendency to fill out valleys or
" round off peaks, in accordanf;e:with what one might think "looked" |
good. The reading co.nsisvted of 1inin’é up the break of the. signal pulse
on a reference line; and visually notirig the channel in which the break
of the probe pulse occurred. The n_ufnb_er designating that channel
was dictated into a Sound Scriber. A piéture of the mat on which the
film was projected is given in Fig. 14. The slope of the lines was
chosen to eliminate the necessity for lateral displacement of the scope
sweep image.

Two checks were made concerning the consistency of
film transcription. The first consisted of marking a representative
portion of the film to give about 600 counts.‘ This portion was re-
read four times on separate days. The four histograms agreed in
each channel to less than one-tenth of the square-root of the number
of counts in that channel. '

The second check consisted of dividing the data for a given
element into two portions; the first portion contained about the first
two-thirds of the data, the second portion contained the rest. Treat-
ing these as if they represented data for two elements, and using the
same channel groupings as for the case of a bona fide cross section,
one could calculate the ratio of the two portions. These ratios are

given in Table 8, and are plotted against "energy" in Figs. 15 and
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16, showing standard deviations due to counting statistics. The agree-
ment of the ratios in the various cﬁannel -.gr,oup.ings,seemed sufficiently
consistent to give confidence in the accuracy of the film transcr1pt1on

Also listed in Table. 6 are the adjustments to the observed
data, as discussed in Section VI. These adjustments arise from cor-
rections for forward scattering and dead-time. Noise background
is negligible. | (

Havmg the adJusted data., consisting of counts per one-
'shake channels, one next combines channels in such a'way as to strike
a balance between counting statistics error and energy resolutlon

Two shake channels seemed to give suff1c1ent1y smaH
counting errors for the last seven of the ten points tpt,_'—.tl. The first
pointrequired:ﬁve one -shake channels, the second and ﬂﬁrd.bbints
required three one-shake channels each. To be sure that the group-
ing of channels did not result in a fortuitous trend of pbints', another
grouping was made using the same number of channels for each of.
the ten points, but with a shif.t of one shake. To illustrate, the group-
ing of channels 20 and 21 furnished data for the energy channel desig-

‘nated as 103 Mev. In the comparison grouping, channels 21 and 22
were combined to furnish data for the energy channel designated as
110 Mev. |

Now having two sets of cross section points vs. energy
one could see if the sets showed the same type of trend. As a matter
of fact, one set showed a rather sharper dip in cross section (for
both bismuth and uranium) near 60 Mev than the other. In the interests
of conservatism, the set which showed the lesser dip was selected.

It is important that the cross section for carbon for either
grouping be consistent with published values. This is indeed the case;
the grouping which has been selected turns out to be the one for which
the carbon cross section most nearly matches the published values.

_ Two other groupings of data were examined, but led to
no conclusions differing from those obtained from the grouping se-

1ected.
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‘Table 8

Comparison Between Reels for the Same Element

N
, 1 1
D = Na./Nb ‘Error = -N—ai [N— +N2—] /2
b a b
D ' D D - D

"Mev" Carbon Error Lead Error Bismuth Error Uranium Error
45 1.50 0.85 1.51 0.21 1.65 0.22 4.41 0.61
.53 1.00 0.61 1.37 0.20 1.52 0.20 4, 68 0.57
62 1.86 0.38 1.64 0.16 1.85 0.14 4, 37 0.42
70 1. 46 0.24 1.63 0.13 1.89 0.13 5.33 0.40
78 1.96 0.13 1.58 0.09 1. 65 0.09 4,65 0.26
89 1.69 0.09 1.60 0.08 1.63 0.07 5.17 0.22
100 1.55 0.08 1.43 0.08 1.62 0.07 5.07 0.22
113 1.49 0.11 1.50° 0.11 1.61 0.11 4,59 0.33
131 1.40 0.19 1.35 0.20 1.76 0.19 3.57 0.56
155 1.68 0.32 1.27 0.38 1.18 0.34 4,64 1,02
ALY 1.62 . --. 1.52° - 1.67 -- 4.84 -
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VIII CALCULATION OF CROSS SECTION AND STATISTICAL ERROR

v The comparison of cross sections of bismuth and.uranium
with lead entails only a minor modification of the-usual method of

calculation..

I e Px9x

1 =
X 0
- - -npPbHoOPL
IPb = Io e
no_=4nl  «fInl_
X X o] X
NpL0py = In Io - In‘;IPb‘
_"Pb 1 : L

The assoc1ated error is obtamed by the Law of Propagatlon

of Erro‘rs We assume that the error in oy and n_ is neg11g1b1y

small, so that these parameters are to be con51dered constants

"pPb b

Ox = n “pb +f1— in (I'Pb/Ix)
X X
do > Bcrx 5 5 )cr

+ (h—;;;’z (6I5,)° + (;;i—{)z (51,)°

00y = (l/nx)'T(nPb(SUPb).z ¥ 1/pr * I/Nx] /2 (7)
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‘ As already mentioned in the previous section, - the group-
ing of one-shake channels into energy channels was made so as to
obtain a balance between counting-statistics error and energy reso-
lution. The value of the lead cross section was taken from a curve
- fitted by eye to the Harwell data (see-Fig, . 17), and a constant error
-of 0.05 barn was taken to apply to each point. Fitting a least-squares
curve to the Harwell data did not seem to be_necéssary, in view of
the statistical errors finally obtained, as well as for the reason next
to be r-menti‘oned. - -

| Direct comparison of bismuth and uranium with 1ead‘,
which is the primary purpose of this research, can be accomplished
' by assiéning a constant cross_section_to.lead, say 4.5 barns. If bis-
muth should have exactly the same variation of cross section with
energy as lead does, the experimentally determined cross section
should also turn out to be a constant, Iexcept forﬁstatistical errors.
In this case of assigning a constant cross section to lead, one does
not obtain the absolute value of the bismuth cross section, and there-
fofe only countihg statistics are involved in the error (not the error
associated with the lead absolute cross secfioh); The result of such
a calculation is given in F1g 18 for bismuth. |

A similar curve which compares uranium directly with

lead is given in Fig. 19,
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IX ESTIMATE OF SYSTEMATIC ERRORS

‘ No beam m0n1tor was used ur1ng the run, for Varlous
reasons. One reason is that a var1at1on in 1ntens1ty would not affect
the var1at1on 1n Cross sectlon at a11 (1t would 51mp1y be represented
by a constant to be added to a11 cross sectlon values) Another reason

__1s that 1nterchang1ng scatterers every four m1nutes tended to cancel
the effects of beam changes, 1f present Perhaps the rnost 1mportant
reason is that it was noted 1n prev1ous runs that the 51aes of the in-
dividual probe pulses var1ed as much as 2 1 and presumably so would
the neutron 1nten51ty in such bursts To av01d hav1ng too great a dead-

' \ t1me correct1on, the 81ze of the stﬂbene detector wasmade small
enough so0 as to count one neutron in about twenty,,bursts (th(e ratlo
actually turned out to be 1:32, 1:26, 1:15, and 1:12 respectwely, for
carbon, lead, bismuth and uranium). A beam monitor would be
limited by the fact that its maximum counting rate would have to
be less than one neutron per burst. The question would remain
whether the monitor, in its sampling of bursts, would be really
representative of those bursts which the detector was sampling.

To make an estimate of the error in the absolute value

of the cross sections obtained by assuming that the beam was constant,
one can compare the cross section for carbon with the published
values. The curve fitted by eye to points obtained in this investigation
differed by about 1 percent from the curve fitted by eye to published
values. This would suggest that the absolute value of the cross sections

~obtained for bismuth and uranium might have a systematic error of
one percent also. To be conservative, one might increase this esti-
mate of the systematic error to 5 percent, leading to a value of

+ 0.2 barn as the estimate of the systematic error in the absolute
values of the bismuth and uranium cross section.

The energy scale was calibrated by the time of flight of
gamma rays, as discussed in Section III E. The time of flight of

a neutron or photon could be measured with a probable error of 0.2
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shake, which includes the effect of neutron production time (deuteron
probe burst), jitter in phototube and electronics, and film reading
uncertainty. This leads to a time resolution per meter of 3 x 10710
seconds per meter, at the distance of 43. 7 meters. |

The distance of 43. 7 meters is uncertain to 0.3 meter
at most I(scaling off distances inside cyclotron from drawing), and
film reading is uncertain fo 0.1 shake, with care being taken. The
uhcertaiﬁty in absolute time-of-flight is thus about 0.2 shake, so
at 90 Mev the absolute value of quoted energy seems not to be in er-
ror by more tha‘n 1.2 Mev. To be conservative, one might quote a
figure of + 2 Mev at 90 Mev as the estimate of absolute enefgy scale.

v e e L -10 .
error, or, in time units, 5 x 10 seconds/meter error in absolute

time of flight.”



53—
X RESULTS AND DISCUSSION

‘The variation bf n.euti'on total cross section with energy
for bismuth and uranium is giveﬁ in Table 9 and in Figs. 20 and 21
respectively. Comparison with a curve drawn by eye for TaYlor and
Wood's lead results is shown in Fig. 17, Résults obtained in this
research for the carbon neutron total cross section (intended to serve
as a check on the instrufnentation) is given in the same table and in
Fig; 22, where published values are aiso shown. A smooth curve
has been fitted by eye to the published values to facilitate compari-
son. ) i

Variation of the cross section for bismuth and uranium
relative to lead is given in Table 10 and in Figs. 18 and 19.  These
results were obtained by taking a constant value of'4.‘50 bérns for
the lead cross section. v

Considering the results of Fig. 18 first, it seems that
bismuth has, within the statistical error, the same variation of cross
section with energy as does lead, from 70 to 160 Mév.v'v Two points
at 45 and 53 Mev seem to lie about two standard deviations above
the lead value. If significant, these values would suggest that bis-
muth has a sharper rise in cross section on the low-energy side of
the lead dip in cross section. |

Turning to Fig. 19, one sees that all of the values for -
the uranium cross section lie above the lead value, which had been
taken éonstaht at 4. 50 barns. If one draws a reference line (shown
dotted) at 4.90 barns, it is seen that only two of the pbints,are as
much as two standard deviations away. This shows that uranium
has the same variation in cross section with energy as does lead,
within the statistical error. Also, to the extent that the value of
4.50 barns represents the average value of the lead cross section,
the value of 4.90 barns represents the average value Qf the uranium
cross section, for the entire 90 Mev neutron spectrum. The values
quoted by DeJuren and Knable for 95 Mev" neutrons are 4. 48 barns
for lead and 4. 92 barns for uranium. The agreement seems to be

satisfactory.



Table 9

Cross Section and Energy for Carbon, Bismuth, and Uranium

All cross sections are in barns

All errors are in standard deviations

Neutron Channel
Mev Error* Width Carbon Bismuth - Uranium
Effective Mev Mev Channels g Error (o] Error o Error
45 3.8 9.5 345 0.943 0.046 4.74 0.18 4.96 0.21
53 3.0 7.5 8,9, 10 0.825 0.035 4.50 0.18 4.44 0.21
62 3.8 8.5  11,12,13  0.742 0.022 4.14 0.14 4.53  0.17
70 3.2 7.5 14,15 0.698 . 0.016 4.92 0.12 5.30 0.15
78 3.8 9.5 16, 17 0.590 0.010 4.74 0.10 5.13  0.12
89 4.6 11.5 18, 19 0.531 0.008 4.71 0.09 5.10 0.11
100 5.5 13.5 20,21 0.476 0.008 4.54 0.09 5.00 0.11
113 6.5 17.5 22,23 0.418 0.010 4.22 0.11 4.67 0.13
131 8.4 22.0 24,25 0.363 0.016 3.63 0.17 4.29 0.21
155 11.0 30.0 26,27 0.271 0.027 3.02 0.3l 2.90 0.37

*See discussion in Section III F.



Neutron
Mev.
Effective

45
53
62
70
78

o

100
113
131
155
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Table 10

Cross Sections bReferred_to_:LeAa_d _

(Lead ¢ = 4.50 at all energies)"

Cross Sections are given in barns

All errors are in standard deviations -

" Channel

30.

Error* s Width.
Mev Mev
3.8 9.5

3.0 1.5
3.8 8.5
3.2 7.5
3.8 9.5
4.6 11.5

5.5 13.5

6.5 17.5
8.4 . 22.0
11.0 0

Channels
3,4,5
6,7

©8,9,10

11,12,13
14, 15

16,17
18, 19
20,21
22,23
24,25

26,27

*See discussion in Section III F.-

N N N N Y N O U U N

.orel Error
.96 |
.90
.32
. 65
. 48
.43
.46
. 59
.49
.52

Bismuth

O 0O 0O 0o o o o o

0.
0.
.13
11
.08 "
. 06
.06
.09
.16
.31

17
17

L € L L~ N U Y N N

Uraniufn’
Orel Error
.26 0,20
.95 0.19
.76 0.15
.99 0.13
.81 0.09
.76 0.07
.92 0.07
.12 0.11
.35 0.20
,7\8 0.36
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It remains to be seen whether the statistical error is-
sufficiently small to reveal variations in cross section. Referring
now to Fig. 20 for bismuth, one sees that the points at 62 and 70 Mev
are separated by 0. 78 barn. The errors in standard deviations (which
include the uncertainty in lead cross section as well as counting un-
certainty) are 0.14 and 0.12 barns respectively. The difference in
cross section is thus 5. 6 times as great as the larger standard devi-
ation, which may indeed by considered a si'gnificant amount. The
trend of pointé seems to show a dip in cross section at about 63 Mev.

» The vresults for uranium, as shown on Fig. 21,.a1so seem
to show a dip in cross section at about 55°to 60 Mev. The difference B
in cross section between points at 62 and 70 Mev is 0.77 barn. The
corrseponding uncertainties in cross section are 0.17 and 0.15 barn.
The difference in cross section is 4.5 times as great as the larger
standard deviation, and this may be considered significant. The trend
of points seems to vleave no doubt that a definite dip is present,

The variation of carbon cross section, as obtained in this

experiment, agrees well with published values. 6’_15

The results are
given in Fig. 22. It will be recalled that no constants have been added
to the cross section or energy scales. The agreement therefore seems
to be conclusive proof that the time;of-flight equipmeht'had no great
systemaﬁc error.

The importance of the agreement of carbon cross section
with results obtained elsewhere stems from the fact that time-of-
flight technique in this energy region is extremely sensitive to sys-
tematic errors of the order to one shake. If for example, a shift of
one shake were to take place in the lead time- speétrum, a completely
artificial "dip'" or "rise" would result in the cross sections obtained
for the other elements.

The single-pulse operation of the cyclotron, in view of
all the interdepeéndent variables which might drift over a period of
two days; had to be checked regularly during the runs. A monitor

scope, triggered by the electric deflector circuit, showed a single
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pulse of deuterons to be striking the probe. .However, if other material
were present (such as the probe support base plate, etc.), those deu-
terons which missed the probe might st.r‘i‘ke.’_che-.othe_l."v material after

a revolution, and give a second pulse of neutrons which would make

' the spectrum hopelessly garbled. Such an oc_cu_rren_ce--which,.in fact
did happen during the March 15, 1953 run--could not be seen on the
monitor scope. It is necessar'y to examine the neutron spectrum it-
self, to see if spurious pulses are in evidence. . They would show

up as modes displaced 10 shakes from th'e'ma.in mode (ten shakes
répresents the period of a 195 Mev deuteron in the 15,000 gauss mag-
netic field). The spectra given in Figs. 7, 8, 9, .and 10 for carbon,
lead, bismuth, and uranium show no signs of second pulses anywhere,
which assures 6ne that single-pulse operation had been achieved.

. (It might be remarked at .thi_s point that spurious pulses,
not seen on the monitor scope because they originate from material
other than the probe being struck by deuterons, could be resolved
from statistical fluctuations on the time-spectrum only after much
film transcription, long after the run had been concluded.)

Another check on the reliability of the instrumentation is
furnished by Fig. 11 which shows the "direct beam neutron spectrum"
on a time-scale. The histograms of Figén 7 and 8 for carbon and lead
are multiplied by el /)\, to remove the effect of the scatterer, the
values of £/\ being obtained from published cross section data versus
_energy. Presurn;ing' that the direc"t‘ neutron Béam was conétaﬁt,' these

spéétra defived flrorh cérbon and‘le'ad ‘data should be the sa-rhe; within
| countihg stétistiqs. Examination of Flg 11 éhdws this to bé the case,
which is one more a.ssuranc.‘e that the instr.urhentatioﬁ.Ahadl b.éenvfree
from systematic errors for these two elements, and therefore pre-
sumarly for the others as well.

The direct beam neutron spectrum, 6btained from the
"detected bean neutron spectrum™ by including the factor taking care
of variation of detector efficiency with en'erg}'r- is shown in Fig. 12.

A study of the direct beam spectrum is not directly related to the
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purpose of this'invéstigation, and so further rémarks concerning deu-
teron-stripping theory are placed in the Apperidix. "Assurance is ob-
tained from the shape of the direct beam spectrum, however, regard-
ing reliability of the instrumentation. No counts at all were observed
above 195 Mev neutron energy. The sharpness of the spectrum, par-
ticularly the rapid drop-off on the low energy side indicate good agree-
ment with Serber's stripping theory. ’

| Congerning_ the theoretical interpretation of the cross
" section results, a note has been published by J. D. Lawson, 16 but
it is so approximate as to be almost spe(_:ulation-:.- The argument is
based on an optical analogy. The change of phase of the neutron wave
 is calculated for a slab of nuclear matter of thickness D, placed with
its faces parallel to the wavefront. The diffraction scattering is a
maximum when the phase change is an odd multiple of 7, and a min-
‘imum when it is an even multiple. A phase change of nm Lawson states
is expected to occur at an energy given by a
- 1026 2 bZ Dz/nz
0.6
2.8 x 10713 A1/3

Atomic weight

]

1

>0 o |
1l

The value of energy he calculates for various materials for a'phase
change of w is given below. The maxima and minima predicted by
his formula at lower energies he dismisses as not being in the region

of validity of the assumptions upon which the relafion is based.

Material Energy (Mev)
Carbon 14
Aluminum - 26
Copper : 46
Cadmium 64
Lead 100
Bismuth : 100

Uranium 109
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Other theoretical calculations are in progress by members
of the theoretical group-at UCRL.: * -
_ ~ At the time of this writing the complementary investigation
of neutron cross.section of antimony and tantalum by Boris Ragent
is nearly finished; when completed, it :should throw additional light

on the nature of the dip in cross: section at high energy.
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XII NOMENCLATURE

Page Symbol Meaning

6 ] Angle of incidence
n Order of diffraction.
d Separation of planes .
A de Broglie wa.v_é(length._..‘
M ‘Mass of neutron
h Planck's constant
7 a Incoming particle
B.. ., Outgoing particle .
o Cross section
2 . Angular momentum in X units
TS _ - Width of level s
T\Z Partial widfh of Ts associated with emission of a
TS ‘Partial width of T° associated with emission of B
f'ad Partial width of T-° associated with emission of y
€ Energy of’ incident particle, near €as
as Resonance energy
Al - Potential scattering amplitude corresponding to
p(_)'tA scattering which would take place if I}ucléus were
.replaced by a perfectly reflecting sphere
- 8 T Vector between center of nucleus and neutron
' ko Wé.vévhtim‘t‘)e'r c'>AfIIWav.e ,l(:)iltéide nucleus |
n, - Complex coefficient of outgoing wave with angular
momentum ‘
Y, o Spherical harmonic (m = 0)
9 f! ’ L;oglafifl:hl;nic;‘vdélfi\‘}ativca: of wave function at nuclear
+boundary EEREE ‘ ‘
'AI R Rea;.l.-numbers which depeﬁd on wave: number k, and
S } © 7 radii of nucleus and neutron, and angular momen-
L tum
gl Phase constant
k +k Wave number of wave inside the nucleus

1
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Meaning

10

16

27

36

O P 3 H < N
)

H 5

Absorption coefficient

Radius

‘Wave number of wave inside nucleus
Atomic weight’

Atomic number

Mean potential energy of neutron in nucleus
Neutron en_er'gy _

Distance in nuclear matter

Amplitude of wave

Distances involved in geometrical calculation

- Direct beam neutron spectrum

Factor involving variation of detector efficiency
with energy '

Spectrum following a scatterer

Number of atoms per sq. cm.

All delays in probe line

~All delays in signal line (including 1P21 delay)

Average separation on scope sweep as projected
in viewer, between probe pulse and signal pulse

"due to gamma photon, in shakes

Separation on scope sweep as projected in viewer,
between probe pulse and signal pulse due to neutron,
in shakes ‘ '

(1/80) 2 M E

Scatterer »radius"

Distance from probe to scatterer
Distance from scatterer.to detector

Number of neutrons diffracted into detector by scat-
terer during time that spectrum is observed.
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Meaning

37

42

49

49

p4

.xq W %o

Yo
X

Pb

Observed number of counts in channel i

Correction to observed counts due to.'"dead-time"

-effect - :

Correction to observed counts due to forward scat-

_tering

True number of counts in channel s
Observed number of counts in channel s

Observed number of counts per sweep in channel i

Direct beam vint_ens'it'y
Beam intensity after passing scatterer x
Number of atoms of scatterer x per sq. cm.

Cross section in barns for scatterer x

Error in ¢
: x

Counts for lead in ¢hannel grouping selected
-Counts for scatterer x in channel grouping selected

.- Momentum compbonent of neutron in deuteron per-

pendicular to motion of center of mass
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XIII APPENDICES '+ ' #4w

A. Direct Beam Neutron Spectrum and Stripping Theo,r'y

The direct beam neutron spectrum has bbeenvbrieﬂy dis -
cussed in the preceding material. Here wle'consider the spectrum
from the viewpoint of Serber's stripping theory. 12 He has derived
expressions fof the energy distribution for "transparent"” andv';opaque",

nuclei as follow: -

dE

E. ¢
- d "Transparent'
P(E) dE = T(E-LE )2 FE. €] (all angles)
| z d d
do =— TR R . Nopaquen
4 d[(E -—;—Ed)Z +Ede]3/2 (All angles)

The comment ''all angles' refers of course to the fact

. that the above energy distributions are what one would expect if the
neutrons from stripped deuterons were measured over the forward
cone (ranging from 0° to at least 10°). '

. If we neglect multiple scattering for the moment, then
because of the collimation, only neutrons in the forward direction
are measured in What is called the '""90 Mev beam. ' Particularly
for the geometry of this experiment, only neutrons at angles of 0
approximately 0. 05° or less have been measured. For such forward

angles, one derives, following Serber's method, the distributions:

' 2 3/2
P.(E) dE = 1 (Pj-)max Ed YedE "Transparent" (8)
T K M 1 2 A (forward only)
(E -5E,))" +E, ¢
27d d
2 2 | ~ -
P (E) dE = 1 (P_L)max Ed ¢ dBE "Opaque'' (9)
o W M 572 (forward only)

[E - > E,)° +Ej €]
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The relative sharpness of the four distributions (in terms
" of fullyv_vidth at half maximum) are given in Table 11 below, for 195

Mev deuterons.

Table 11

Relative Sharpness of the Four Distributions

Type of Nucleus and Full Width at
Angle of Observation Half Maximum
In Mev
Transparent, all angles 41.0
Opaque, all angles ' 31.4
Transparent, forward only 26.4
Opaque, forward only 23.2

- These distr’i_btifion"é; refer to "thin" 'targets;. i:.:e. 5 fargets
in wh'ich the deuteron loses practically no energy;' The spectrum ob-
tained in this experiment comes from a ''thick" target, because it
is necessary to stop the deuterons completely by ionization ivn order
to covllect a charge pulse on the probe. To obtain a theorevti.cal ex-
pression for the energy distribution for a "thick'" target one must
include the deuteron—.energy-dependent factors‘which affect yield of
neutrons. | _ | _ 7 o

In a thick target the number of atoms encountered by a
deuteron per unit energy loss dE is proportional (apbroximateiy) to
the deuteron energy. | ‘This is obtaiﬁed from the expression for energy
loss:

d

E _1
ST E

- dx ~EdE
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Because the experimental spectrum is rather sharp, one
might try Eq. 9. An exprlession for the thick target spectrum would
therefore be:

E; EJdEdE
1 d d ,
E, [(E-—E +Eg €]

(10)

[Po (E) dE]thick - S

572
d)

The spectrum obtained from this equation does not fit the experimental
one at all.

Earlier in these considerations we neglected multiple scat-
tering in the target. It may be that this is not at all justified. Cal-
culation of the RMS scattering angle shows that it is relatively small
over much of the deuteron range, but individual scatterings--which
could be relative large--might introduce an "all angles" effect in
the neutron distribution. If most of the deuterons are lost by being
scattered out of the té.rgetvv‘vhile still possessing nearly their initial
energy, due to plural scattering, one would not be too surprised to
find a '"thin" target spectrum comingv from the actual "thick" target.

- Figure 23 shows the experimental spectrum in histogram
form with the Serber thin-target opaque-nucleus all-angles distribution
plotted. The experimental spectrum has been corrected for variation
of detector efficiency with energy. The cross-hatched blocks and
points with errors attached are published data of Hadley 18 et al and
Brueckner19 et al. v

It is to be recalled that no beam monitor is necessary
_ in obtaining the spectrum in the present time-of-flight instrumentation,
‘and. for..this fea.’sbn":‘alohe the measurement may be more reliable than
: 'p'révikovujs ones by other methods.

These comments are intended only to indicate that the
present instrumentation seems well adapted to a study of direct beam
spectra. It is intended to use the equipment to obtain spectra with |
different materials as targets (beryllium, copper, antimony, and
lead). More detailed and precise theoretical analyses are also to

be made, particularly with regard to scattering effects.
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B. Calculatlon of "Dead Tlme’" Cor1 ectlon T

]

Let N true number of counts 1n channel S in time T

fni = observed number of counts in channel S in time T

r, = observed number of counts 1n channell per sweep

T =-time of observatlon in seconds
f = number of sweeps per second (approx1mate1y 60/sec.)
n = Tf = number of sweeps in t1me T

R'1 = true number of counts in channell per sweep

Consider channel 1: A ‘
% = observed number of counts per second (average)

= number of sweeps per ‘second whlch are "dead"

= fractional number of sweeps Wthh are"‘dead"

Hl_?\_]'__? .
i A

1- := fractional number of sweeps which are not "dead"
Therefor -ty
erelore SR U T |
(1 - 11,’_1) R_1 =71
T,
_ 1
Ry == r,
n
. 1
Nl TT- )

Using same procedure for channel S, we obtain:

s
)

1-2r1,
1

(6)
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C. Calculation of Energy,Resolutionf on Reélativistic Basis

L = flight distance

B = v/c

m = relativistic neutron mass
mo = neutron rest mass
m=m /Y - 52

%, 2

dm = (m”~/m’) pdp

52 =1 - mi/m

= - (L/ct))dt ,
dm = - (m®/md) () &

o o', m? t

dm _ ™2 - mf g
m T mZ2t

O
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S50 NEUTRON MEV VS. TIME-OF-FLIGHT
Flight distance = 43. 7 meters
a8 (TOF) = 14.6 shakes

gamma
= 53.9 - x shakes
46 .

44} .

PROBE

a2 g
SIGNAL PULSE ©

PULSE

38
36
341

32r

NEUTRON TIME-OF-FLIGHT IN 108 SECONDS

261

24 1 1 1 1 2 1 1 1 i 1 1 L 1 1 3 1
30 40 50 60 70 80 90 100 O 120 130 140 150 160 |70 18Q 190 200
" NEUTRON ENERGY IN MEV

MU-59856

Fig. 1 Neutron energy in Mev vs. time of flight in shakes.

(TOF)gamma = 14. 6 Shakes. (TOF)neutron = 53-9 - x
shakes.
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MU-5973

Fig. 2 Physical arrangement. Neutron beam is collimated to
3 inches x 3 inches by "igloo." Scatterers are 6 inches x
6 inches area. Steel shaft is placed in position shown
when background runs are made.
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184 - INCH SYNCHROCYCLOTRON

MONITOR SCOPE

DEUTERONS PROBE PROBE TEKTRONIX
. LINE # 57
DELAY SCOPE
- AMPLIFIER >
PROBE
I NEUTRONS PULSE TRIGGER FROM
ELECTRIC : DEFLECTOR CIRCUIT
DEFLECTOR SCATTERER
TEKTRONIX e g
I # a7 G.R
: SCINTILLATOR SCOPE CAMERA
P21 {x] é SIGNAL
PHOTOTUBES LINE SIGNAL | TRIGGER
- DELAY | PULSE
AMPLIFIER AMPLIFIER AMPLIFIER
DOUBLE 25 MC BLOCKING
Co'c';‘RCé%El#CE LINEAR OSCILLATOR
AMPLIFIER
[ ]
BLOCK DIAGRAM OF ELECTRONICS
MU-5975

*

Fig. 3 Block diagram of electronics.
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RG63/U
RG63/U RG63/U RG63/U 21406 8 FT—y @
8 FT 8 FT 4 FT 474 FT "
— I
B8 B —r INPUT INPUT
4708 MONITOR
< @___@ _@ DELAY LINE TEKTRONIX
NEUTRONS: (32.0} 517
| 43.7 METERS
RG63/U RG63/U TRIGGER
40 FT 40 FT-
TEKTRONIX
. L ! . 517
ABOUT 200 SHAKES
rDIODE
- ORYSTAL :2{;0 IN COUNTING
19580 21406 3 FT RG63/U DELAY RG63/U
CABLE 300FT 19082 8 FT LINE 24 FT TRANSFER LINE TO
® (37.2) CABLE 1 (a.o;7 / DEFLECTOR
RG63/U ’ SiDE CIRCUIT
AN 4
le— 8 FT—aTF 8 8 T é INPUT >
® 3 2
[===1 A4 = o E ®_ PAXON
SYNCHRONIZER
COINCIDENCE 21406 RG63/U RG63/U RG63/U
CIRCUIT 250 FT 4 FT 8 FT 8 FT (IN CONTROL ROOM)
8 FT (31.0)
SHORTED J/—_ 25 MC OGREN
sTuB LINEAR BLOCKING TRIGGER
\ AMPLIFIER 0SCILLATOR 3
% O) DELAY VALUES ( )} MEAN SHAKES
= | LINEAR LINE OHMS: |—» 120 Q0
R
AMPLIAIER 1SCALE (8.0) |SCALER o—» 2200
. 3—» 32040

A+ HEWLETT-PACKARD 460A
B+ HEWLETT-PACKARD 4608

MU-59T1

Fig. 4 ‘Detailed diagram of electronics.
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SCHEMATIC DRAWING OF PROBE ASSEMBLY

Fig. 5

MU-5974

Schematic drawing of probe assembly‘. Radial extent of

1/16 inch for copper probe is increased to about 1/4 inch
by addition of insulation and shielding. (See photographs
of Fig. 6). ‘
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Fig. 6a Photograph of probte.
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Fig. 6b Photograph of probe.



&

Fig. 6c Photograph of probe.
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CHANNEL NUMBER ———» MU-5969

Carbon neutron spectrum. Ordinate is the observed number
of counts in a stilbene scintillator per channel {one shake
wide), plus a''dead-time' correction amounting to a few
percent. - Abscissas are channel number and time of flight
in shakes. Carbon atoms per sq. cm. = 5.82 x 1024, :
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Lead neutron spectrum. Ordinate is the observed number
of counts in a stilbene scintillator per channel (one shake
wide), plus a '""dead+ime'' correction amounting to a few
percent. Abscissas are channel number and tim% of flight
in shakes. Lead atoms per sq. cm. = 0.625 x1 4,
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Bismuth neutron spectrum. Ordinate is the observed number
of counts in a stilbene scintillator per channel (one shake
wide), plus a "dead-time" correction amounting to a few
percent. Abscissas are channel number and time of flight

in shakes. Bismuth atoms per sq. cm. = 0.499 x 1024,

&
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Direct beam neutron spectrum (vs. time). 195 Mev deu-
terons are stripped on a copper probe 1 1/4 inches long.
Ordinate is relative number of counts per channel one
shake wide. Observed counts are corrected for '"dead-
time." (Correction is a few percent.) Call/'ing this result
N;, the ordinate is (N, ef’»/)\)/anp where e?/* is the
scatterer attenuation and ¢ pp is the total n-p cross section.
Abscissas are channel number (forty channels were ''sen-
sitive'), and neutron energy. Errors shown are standard
deviations due to counting statistics only for carbon data.
Solid curve refers to carbon, dotted curve refers to lead.
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Fig. 12 Direct beam neutron spectrum (vs. energy). 195 Mev
deuterons are stripped on a copper probel 1/4 inches
long., Ordinate is relative number of counts per 10 Mev

. channel, obtained by graphical integration of Fig. 1l.
'Errors shown are standard deviations, ‘due to counting
statistics only. ' :
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Fig. 13 Schematic diagram of circuit delays.
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Fig. 14 Mat employed in film analysis.. As used in viewer, mat

was 48 cm. long, of which 35 cm.. included the 40 one-
shake channels.
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RATIO = ¥ = Na/Nb Na = first portion of data
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Fig. 15 Consistency comparison between reels for carbon and
lead. Data ior each element was divided into two portions.
Ordinate gives ratio of the two 30 /wns, with error
obtained from (N, /Nb)(N -1y Nb ) Abscissa refers
to "energy"; i.e., same channel groupings as for regular

data.
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16 Consistency comparison between reels for bismuth and

GUranium. Data for each element was divided into two

portions.

Ordinate gives ratio of the.

tions,

with

fw7 Zpor
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error obtained from (Na/Nb)(Na + N
refers to Yenergy'; i.e., same channel groupings as for
regular data.
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Curve was fitted by eye, to LEAD TOTAL CROSS SECTION

allow interpolation to energies
not listed by Taylor and Wood
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Lead total cross section
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Phil. Mag, 32, 95 {1953)
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MU-8019
Fig. 17 Variation of total cross section of bismuth and uranium

with energy. Curve shown was fitted by eye to data pub-
lished by Taylor and Wood. Experimental points from
this investigation have no adjustments in absolute value

of cross section or energy. Error in energy is not shown;
error in cross section is due to counting statistics only.
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Variation of total cross section with energy for bismuth
relative to lead total cross section. Lead is taken constant
at 4.50 barns for comparison. Errors shown are standard
deviations. :
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Variation of total cross section with energy for URANIUM
RELATIVE to LEAD total cross section. {Lead is taken
constant at 4, 50 barns.)
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Fig. 19 Variation of total cross section with energy for uranium
relative to lead total cross section. Lead is taken constant
at 4. 50 barns for comparison. Errors shown are standard

deviations.
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Fig. 20 Variation of total cross section of bismuth with energy.

Errors shown are standard deviations.
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URANIUM TOTAL CROSS SECTION
Time-of-flight Instrumentation

‘Errors shown are standard deviations
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F1g' 21 Variation of total cross section of uranium with energy.
Errors shown are standard deviations.
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Taylor and Wood, Harwell
% 'i Phil. Mag. 44, 95 (1953)

Mott, Guernsey, and Neison,
Phys. Rev. 88, 9(1952)
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.Variation of total cross section of carbon with energy.

Curve was fitted by eye to data published by Taylor and

Wood, and by Mott, Guernsey, and Nelson. Experimental

points from this investigation have no adjustments in ’

absolute value of cross section or energy. Error in energy
is not shown; error in cross section is due to counting '
statistics only. ‘
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Fig. 23 Direct beam neutron spectrum compared to results published
by others. Errors shown are standard deviations due to
counting statistics. 195 Mev deuterons are stripped on copper
probe 11/4 inches long.





