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ABSTRACT

Neutron total cross sections have been measured for
Hy, Dy, He, Be, C, Al, Fe, Cu, Cd, W, Pb, and U at 5.7 # 0.6
Gev/c incident momentum. The hydrogen and deuterium cross
sections were also measured at 4.0 + 0.6 Gev/c.

The deuteron screening factor was determined from the
hydrogen and deuterium cross sections. The resulting values
are compared with the previous experimental evaluations and
theoretical predictions. The total cross section vs atomic
number data were fitted to an optical model.

The experiment was performed at the Bevatron of the

Lawrence Radiation Laboratory.
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CHAPTER I
INTRODUCTION

A. Objective

This thesis is a report of a neutral beam experiment
performed at the Bewvatron in the fall of 1968. Neutron total
cross sections for twelve elements were measured at 5.7 Gev/c
incident laboratory momentum. The total cross sections of
two of the elements, hydrogen and deuterium, were also
measured at 4.0 Gev/c. The deuteron screening factor and the
charge independence of strong interactions were investigated
as well as the atomic number dependence of neutron-nucleus

total cross sections.

B. Summary of Previous Results

Proton-proton total cross sections have been measured
at closely spaced momenta from 1 to 28 Gev/cl"11 with generally
good agreement among the various data sets. Proton-deuteron
total cross sections have been measured3’5’6’8’12 in this same
momentum range. The agreement among the various data sets
is generally good; however, there appears to be a systematic

error in one of the two most extensive experiments3’5

that
causes the O (pd) values of Bugg et gl.S to be about 2 mb
larger than the values of Galbraith et gl.S The other pd
measurements do not indicate which of these two data sets

is incorrect as they are about equally divided in their agree-

ment with these data.



The data on the neutron-proton total cross section

above 1 Gev/c are limited to 15 points,13'21

half of which
lie below 4 Gev/c. The neutron-deuteron total cross section
data are even more limited with only 8 pointsl2'l9 above
1 Gev/c and only 4 points above 1.5 Gev/c.

The nucleon-nucleus total cross sections for a few
elements have been covered reasonably well below 3 Gev/cl’3’

9,15,16,18,19,22 21,23-26

but the data above 3 Gev/c re

limited in extent and agreement. The results of the experi-

ments of Atkinson et gl.21 2k

at 6 Gev/c and Pantuyev et al.
at 8.3 Gev/c are in considerable disagreement with the trend
of the other experimental results. The results of the 19
Gev/c proton measurement25 and the 27 Gev/c neutron measure-
ment26 differ by 10% to 20%. This is difficult to understand
in view of charge independence, and the slow variation of

the nucleon-nucleon cross section in this momentum range.

It is difficult to compare the results of Engler Eﬁ.il'23
with other experiments since that experiment was performed

with a neutron beam having a very broad momentum distribution.
The authors specify their data as corresponding to a mean
momentum of 10 Gev/c; however, the very wide momentum spread
limits the value of this specification. Their data are in
good agreement with the 19 Gev/c proton data;25 however,

with a factor of two difference between the specified momenta
and the assumption of equal neutron and proton cross sections,
one would expect the 10 Gev/c data to be about 5% higher, at

least for the light elements, as is the case with the nucleon-



nucleon cross sections.

All of the data discussed in the above paragraphs are

presented graphically in Chapter IV.

C. Theory

The deuteron cross section is equal to the sum of the
np and pp cross sections minus a correction, ¢, that, in the
semiclassical view, allows for the eclipsing of one nucleon

by the other in the deuteron; i.e.

o(pd)=[lo(pp)to(np)I[1-6] (1)

and

o(nd)={o(nn)+o(np)I[1-81]. (2)

Glauber27 has developed a model that considers the effects
of elastic scattering in the "high energy limit" to estimate
the size of this screening factor. He obtained the following

approximate expressions:

5 (pd) =0 (pp)+0 (np)=(r™") (1-a o Jo(np)o(pp)/hn  (3)

and

c(nd)=o(nn)+o(np)-(r-2>(1-anpann)c(nn)o(np)/4n, (4)

where o is the ratio of the real to imaginary part of the

zero degree scattering amplitude and
-2 = z . e . 2 2-). . .
(r™)=/8(a)-Rel-f, (@), (Q)1a°q/2m Relf, (0)-f, (0)]  (5)

where S(a) is the deuteron form factor, and the f's are the

elastic scattering amplitudes at momentum transfer gq. We



assume that the np scattering amplitude has the same form as
the pp amplitude, and that the imaginary part of the scatter-

ing amplitude can be written as
~bq? /2
Im{f(q)]=Im[f(0)]e (6)

where q2 is the four-momentum transfer squared. We also
assume that the real part of the amplitude is proportional to

the imaginary part of the amplitude for small q2 so that
Re(f(q)]= a(0) -Im(f(q)] . (7)

Experimentally, above 2 Gev/c, b is found to be a weakly
momentum-dependent parameter. With these assumptions we can
write

2

=2 [s(d) et a7 . (8)

(r

Table I lists values of (r_2> calculated from Eq. (8) using

a fit to the Gartenhaus wave function for the deuteron.28
Since experimentally b is found to be between 6 and 10
(Gev/c:)—2 above 2 Gev/c, we conclude that (r =) is essentially
constant above 2 Gev/c. Its calculated value is, however,
dependent upon the assumed deuteron wave function. For
example with a Hulthén wave function and a b of 9.6, Bugg

g}_gi.3 derive a value of 0.034 mb L.



TABLE I
Theoretical Values of (r_z) for Various

Choices of b

b (r~2)
2.0 (GeV/c)™° .031 mb™1
4.0 .030
6.0 .028
7.0 .027
8.0 .027
10.0 .025
12.0 .022

If we combine Eq. (1) and (3) we get

5=(r"2) (1-a, o Yo (pp)o(np)/In (o (pp)+o(np))

2{r™%) o (pp) /81 4 1.6(r °)mb (9)

<<1 3,29

since a__-a and o(np)ao(pp)aslOmb, We therefore

np pp
conclude that the Glauber model predicts an energy-independent

screening correction factor of about 0.05.

Pumplin and Ross30 have expanded the Glauber model to
include the screening effects associated with inelastic inter-
mediate states of the incident nucleon. They conclude that
the effects are not important below 5-10 Gev/c because of the
coherence requirement that kRyl, where R is the radius of the

nucleus, and k is the three-momentum transfer required to



produce an inelastic state of mass m with an incident labora-
tory momentum K, i.e. kmm2/2K. Above 5-10 Gev/c the effect
should increase with energy, ylelding a decrease in the o(pd)
cross section of 1.8 mb at 30 Gev/c. This translates into an
increase in 6 from about 0.05 below 5-10 Gev/c to 630.06 at

30 Gev/c.

Tne total cross sections of more complex muclei can
also be expressed in terms of the nucleon-nucleon cross

sections, i.e.

o(pA)=[(A-Z)o(np)+Zo(pp)I[1-6] (10)

and

o(nA)=[(A-Z)o(pp)+Zo(np)][1-6] (11)

assuming charge symmetry [o(nn)=o(pp)]. As in the deuterium
case, § allows for the elastic and inelastic shadow effects.

30

Pumplin and Ross have also calculated these effects for
A=9,64, and 207 and conclude that inelastic effects are insig-
nificant below 5-10 Gev/c but can give § a significant energy
dependence above 10 Gev/c. Specifically they calculate a 50%

increase in § for Be at 30 Gev/c relative to its low momentum

value. They predict an increase of about 10% in 4 for Pb.

D. Report Outline

The scheme of this report is as follows: Chapter II
contains a detailed description of the experimental apparatus
and set-up, Chapter III discusses the data analysis and the

various correction factors that had to be considered and



Chapter IV discusses the results in terms of a simple absorp-
tion model and also compares them with most of the available
nucleon total cross section measurements above several hundred
Mev. The deuteron and nuclear screening factors are also

evaluated and compared with the theoretical predictions.



CHAPTER II
EXPERIMENTAL SETUP AND APPARATUS

A. Experimental Arrangement

Fig. 1 1s a diagram of the experimental layout on the
floor of the Bevatron. The neutron beam was produced in a
6 in. x 1/4 in. x 1/4 in. Be target mounted in the Bevatron
vacuum tank and was defined by a 10 ft. length 5/8 in.
diameter collimator located in the shield wall. Charged
particles were removed from the beam by the large C-type ( 36
in. pole length) electromagnet located just downstream of the
machine port, and a small (24 in. pole length) permanent
magnet located just downstream of the defining collimator.
The large magnet had a field strength of about 20,000 gauss
and the permanent magnet had a strength of about 1200 gauss.
In order to reduce the background radiation near the monitor
counters, the magnet gap was filled with lead except for a 4
in. x 4 in. tunnel along the beam line, and a 5 ft. x 1 ft. x
6 in. Pb block with a 1 in. diameter collimator was located
just upstream of the magnet. A 1 in. diameter, 5 ft. length
collimator was placed downstream of the defining collimator to
minimize any halo from scattering off the collimator walls.
The solid targets, i.e. Be-U, were mounted on a platform
located where the beam exits from the shield wall, and the
liquid target was located 2 ft. downstream of the shield wall.
The transmission counters and the calorimeter assembly were

mounted on a cart and track that allowed the target-calorimeter
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separation to be varied by about 20 ft. This feature was
included primarily for utilization in a small angle elastic
scattering experiment that followed this total cross section
experiment. For this experiment the converter plate-solid
target position separation was 313.5 in. and the distance
between the converter plate and the center of the liquid
target was 262.5 in. The beam monitor was located in the
beam just upstream of the shield wall and consisted of a

1/2 in. thick block of CH2 viewed by a three counter telescope.

Specific details of these various components are given

in the following paragraphs.

B. Beam

The beam line was at an angle of 2.5 degrees relative
to the proton beam direction at the Be target. The distance
between the Be target and the center of the defining colli-
mator was 575 in. and the distance from the collimator center
to the converter plate was 480 in. The beam was 1.12 in. in

diameter at the converter plate and had no noticeable halo.

The momentum distribution of the beam was not measured

in this experiment; however, the small angle neutron spectrum

31

from Be has been measured under quite similar circumstances
and was found to be well represented by an empirical fit to
the data on the production of inelastic protons by protons

32

on Be; i.e.
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where Pb is the momentum of the incident beam, and 6 is the
production angle. The beam intensity was typically about 2

to 5 x 104 neutrons per spill.

A small y-ray contamination can produce a significant
error in the total cross section, and great care was taken to
assure that there was no significant y-ray component. This
was accomplished by measuring the attenuation cross section
for a 0.625 in. thick Pb target as a function of y-ray filter
(Pb) thickness. The radiation length in lead is much shorter
than the nuclear collision length; therefore, the beam
attenuation factor for the 0.625 in. Pb target will be strongly
dependent upon the y-ray to neutron ratio. This ratio is
strongly dependent on the amount of filtration. When it has
been reduced to a negligible value, the beam attenuation fac-
tor will become independent of the filter thickness. The
resulting data are shown in Fig. 2. On the basis of these
data a 3 in. lead filter was placed in the beam at the sweep-

ing magnet.

C. Beam Monitor

The beam monitor and its assoclated logic are shown in
Fig. 3. The anticounter was a 2 in. x 2 in. x 1/2 in.
scintillator mounted on a 6810A PM tube and the three coun-

ters in the telescope were 1.25 in. x 1.25 in. x 0.125 in.
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scintillators mounted on 53AVP PM tubes. The converter was

a 0.5 in. thick by 1.5 in. diameter CH, disc. A very small

2
fraction (Vv1%) of the incident neutrons interacted in the CH,
converter and produced a forward-going spray which was detected
in the telescope, thereby giving a count rate directly propor-
tional to the incident neutron intensity. The anticounter

was used to assure that the monitor was counting incident
neutrons and not charged particles. Although Ml-ME-MB-MO

was the primary monitor, the various double coincidences were
scaled and recorded to have a continuous check on the stabi-

lity of the monitor counters. Counter instabilities were

negligible throughout the experiment.

D. Transmission and Anticoincidence Counters

Anticoincidence counters were located just upstream and
downstream of the targets. The upstream counter was a 1.5 in.
x 1.5 in. x 1/16 in. scintillator mounted on a 6810A PM tube
and was used to veto events due to any charged particles in
the beam. The downstream counter was a 4 in. x 4 in. x 1/16 in.
scintillator mounted on a 6810A PM tube and was used to veto

events due to charged particles coming out of the target.

The four transmission counters were 0.25 in. thick discs
having 1.5 in., 2.5 in., 4.5 in., and 7.75 in. diameters and
mounted on 6810A PM tubes. They were mounted in series
between the converter plate and the body of the calorimeter
as shown in Fig. 4. The axes of the counters were coincident

with the beam center line to within 0.1 in. The two smallest
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counters were fitted into 0.25 in. thick lucite sheets so
that regardless of where a neutron hit a counter, it had
previously passed through the same amount of material. The
4,5 in. counter light pipe was large enough to cover the
7.75 in. counter. The solid angles and mean |t| (four-
momentum transfer) ranges subtended by these four counters

relative to the geometric centers of the liquid and solid

targets are given in Table II.

TABLE II

Transmission Counter Solid Angles

Counter Solid Angles (sterad.) Mean t Range (Gev/c)2

Diameter liquid solid

(inches) liquid solid 5.7Gev/c 4.0Gev/c [5.7Gev/c
D4-1.5 2.6x10'5 1.8x10‘5 2.2x10'Ll 1.1x10‘” 1.6x10'Ll
D3-2.5 7.1x107° 5.0x10"°2 7.5x10~% | 3.7x10™" |5.1x207"
D2-4.5 2.3x10~ " 1.6x10 " 2.5x1073 | 1.3x1073 |1.8x1073
D1-7.75 | 6.8x10~" y.8x10 " 7.8x1073 | 4.0x1073 I5.5x1073

E. Ionization Calorimeter

The calorimeterl

leaved with scintillators as shown in Figs. U4 and 5. The

scintillators were 32 in. x 22 in. x 0.25 in. sheets of Pilot

Chemical Co. type F plastic scintillator. The scintillators
were divided into two interleaved groups of seven which were

summed optically and viewed by an RCA 4522 PM tube, a 5 in.

Discussions on the theory and applications of calori-
meters are given in Ref. 33 and 34.

consisted of 14 aluminum plates inter-
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diameter, 12 stage tube with a bilalkali photocathode. The
outputs of the two PM tubes were passively summed. The Al
sheets were 19 in. x 19 in. x 1.25 in. The original design
called for Fe instead of Al absorbing layers; however, an
experimental evaluation showed that Al yielded a slightly

better resolution than Fe at Bevatron energies.

The response characteristics of the calorimeter are

discussed in Appendices I, II, III, and IV.

F. Electronics

Fig. 6 is a diagram of the electronics for this experi-
ment. The labels "50% Cal"™ and "10% Cal" signify that the
input attenuation for the two calorimeter discriminators was
such that only the upper 50% and 10% of the calorimeter out-
put pulses could trigger their respective discriminators.

The effective neutron spectra for these two attenuation levels
are shown in Appendix I. The largest transmission counter,
D1, was in coincidence with the 10% Cal and in anticoincidence
with the anticounters. The Cal(10%)+D1-A output was then put
in coincidence with the 4.5 in. disc counter, D2. This out-
put in turn was put in coincidence with the 2.5 in. disc
counter, D3, and finally this output was connected in coinci-
dence with the 1.5 in. disc counter, D1. This coincidence
cascade was duplicated for the 50% Cal. The 50% calorimeter
was included primarily as a check on the operation of the 10%
logic and as a convenience for making various tests during

data runs.
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Fig, 6
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The "delayed Cal(10%)+D1:A" coincidence was included
to give a continuous measure of the accidentals rate and also
an indication of the instantaneous beam intensity for making
rate corrections on the data (see Appendix II). The delay-
line length was equal to one period of the Bevatron RF system,

i.e. about 400 ns.

The scaler data were typed out and punched on paper
tape at the end of each run. For the solid targets a complete
in-out sequence was limited to about 10 minutes with about
30 seconds required to record the data and change the target.
For the liquid targets the sequence was extended to about 20
minutes because of the longer time required (v3 minutes) to
change the target state. These short cycle times were used
to minimize the effects of any temporal drifts in the equip-
ment. One such variation was caused by temperature changes
in the calorimeter discriminator. Although the Chronetics
logic is relatively temperature-insensitive, small tempera-
ture-induced changes in the triggering level coupled to a
very steep pulse height spectrum (see Fig. A-1) were found
to produce significant effects in the 10% calorimeter count
rate relative to the monitor. For this reason great care
was taken to avoid short-term temperature changes in this
discriminator, and, the discriminator temperature was

continually monitored and displayed on a strip-chart recorder.

G. Targets
The liquid target is sketched in Fig. 7. The flask
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was emptied for the target "out" runs by closing the flask

vent and increasing the pressure above the liquid by adding

helium gas to force the liquid into the reservoir. The target

"out" runs for liquid hydrogen were therefore not actually

with an émpty flask but rather with the flask filled with a

gaseous helium and hydrogen mixture at one atmosphere. Helium

was also used to empty the flask in the liquid helium runs;

however, deuterium gas was used for the liquid deuterium runs.

In the liquid hydrogen and liquid helium runs the flask vent

was opened to the atmosphere; however, in the liquid deuterium

runs a closed-loop arrangement was required to avoid loss of
the deuterium. Since the deuterium was condensed from the
gaseous state by passing it over a condenser at LH2 tempera -
ture, the LD2 system equilibrium pressure was 0.5 atmospheres.
Helium was added to the system to bring the pressure up to
0.75 atmospheres. Although it would have been quite helpful
to have been able to measure the temperature of the gas in
the flask during the target "out" runs, repeated attempts

to do so failed.

As stated above, the flask was 48 in. long at room tem-
perature with no pressure inside. However, this length must
be corrected for the expansion produced by the pressure
differential (1 atmosphere) and the contraction produced
by the temperature reduction from essentially 300 degrees K
to 20 degrees K. The following correction factors were
obtained from the Lawrence Radiation Laboratory mechanical

35

engineering group:
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thermal contraction 0.155 inches

pressure expansion 0.350 inches/atmosphere.
The corrected flask lengths are 48.195 in. for the liquid
hydrogen and helium runs and 48.11 in. for the liquid deuterium

runs.

The temperature of the liquid hydrogen and deuterium
was determined by the liquid hydrogen boiling at one atmos-

phere in the reservoir. This resulted in a density of 0.0707

36

+ 0.0001 g em™> for hydrogen3® and 0.1708 + 0.0003 g cm™3 for

37

deuterium. The liquid helium temperature was determined

by the liquid helium boiling at one atmosphere resulting

in a density of 0.1255 g cm_3.38

The physical characteristics of the solid targets are

given in Table III.

TABLE III

Solid Target Properties

Element Thickness Density
(inches) (g em—3)
Be 3.690 1.854
C 3.000 1.768
Al 3.012 2.77
Fe 0.9922 7.871
Cu 1.000 8.974
Ca 1.663 8.65
W 0.9233 19.3
Pb 1.504 11.34
U 0.4014 18.97




CHAPTER III
DATA ANALYSIS

A. Attenuation Cross Sections

The attenuation cross section measured by a counter
having a solid angle AQ is given by the simple attenuation

equation
_ 1
Oa(AQ)_Hiln(Io/Ii) (13)

where Ii is the intensity with the target in, Io is the tar-
get out intensity, n is the density of nuclei in nuclei per
cm3, and x is the target thickness. The total cross section
is obtained by extrapolating the attenuation cross section to
zero solid angle. The standard approach is to simultaneously
measure attenuation factors for a series of counters having
different solid angles, then fit these data to some model.
The zero solid angle attenuation cross section predicted by

the best fit to the data is then taken to be the total cross

section.

B. Corrections

Before the true attenuation cross section could be
obtained several corrections had to be made on the raw data.
The most significant correction required was the the rate
effect discussed in Appendix II. This correction factor was
determined by measuring the attenuation cross section for
the Be target at a number of different rates and using the
measured cross sections vs rate to obtain the relationship

between the rate and the correction factor. The rate was

24



25

taken to be proportional to the target in and out average

of the Delayed Cal(10%)-D1:A to Cal(10%).D1.A ratio, hereafter
called the "accidentals rate." Appendix III discusses the
reasons for using this quantity as a measure of the rate.

The o, (measured) vs accldentals rate data for the four trans-
mission counters are shown in Fig. 8. The straight lines are

least squares fits to the data using the linear expression
gy (measured) = oa(l+aR) (14)

The average of the four values of a was taken as the correc-
tion factor for all elements and counters. Eq. (14) is derived
in Appendix II. The best fit value of a was 0.031 + 0.005.

Most of the data required about a 2% rate correction.

A correction of the order of 1% was applied to the
attenuation cross sections measured by the 7.75 in. counter,
D1, in order to compensate for a gradual falloff in the
calorimeter output amplitude towards the edge of the absorber
plates. This correction was of little significance since D1

has 1little influence on the extrapolation to zero solid angle.

None of the targets were chemically analyzed specifically
for this experiment; however, they were all obtained from the
Lawrence Radiation Laboratory metal stores whose stock is
specified by the Standards and Specification Group, Mechanical
Engineering, Livermore Site, Lawrence Radiation Laboratory.
According to these specifications the Cd, W and Pb targets

were free of contaminants to the 0.1% level by weight. The
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Be and Fe targets contained about 1% contamination, the most
significant contaminants being Mn in the Fe and 0 in the Be.
The closeness in A between the contaminants and the targets
coupled with the weak A-dependence of the errors generated

by the contaminants makes the error that results from ignor-
ing them only of the order of 0.1% to 0.2%. This was not the
case with aluminum as can be seen in Table IV, and a correc-

tion was required.

TABLE IV
Chemical Composition of Al Target
Element % by Weight
Mg 1.7<, 2.3
Cu 0.9<, 1.5
Cr 0.17<,<0.4
Mn <0.3
Fe <0.7
Sn <0.6
Zn 3.5<, <4.2

Corrections were made for the various contaminants by dividing
them into four groups according to atomic weight: those close
to Al, Fe, Cu, and Cd in atomic weight. The target in readings
for the four counters were then corrected for the additional

attenuation produced by the contaminants.

A correction had to be made on the liquid target data

to allow for the effects of the gas in the flask in the target



28

empty runs. This correction factor can be accurately deter-
mined if the temperature and composition of the gas is known;
however, in this experiment the temperature was not measured.
If we assume that the gas was totally helium, at 70 degrees
K, in the hydrogen runs the correction would be 0.5%. If the
gas were at 50 degrees K, the correction would be 0.8%, and
1.6% for 20 degrees K. Since a considerable quantity of room
temperature helium was introduced to force the liquid out of
the flask it seems reasonable not to expect the gas to be at
the liquid temperature. Similarly one would not expect the
gas to be above 70 to 80 degrees K, the temperature of the
liquid nitrogen-cooled radiation shield. Therefore a tempera-
ture of 50 + 20 degrees K was assumed. This corresponds to

a correction factor of 0.8 + 0.4% for the hydrogen and helium
data. Since deuterium gas at 0.75 atmospheres was used in

the deuterium runs the correction factor was 0.7 + 0.4%.

C. Extrapolation to Zero Solid Angle

The corrected attenuation cross sections for the four
counters are given in Table V. The uncertainties shown are

the statistical errors of the raw data.
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TABLE V

Corrected Attenuation Cross Sections
for the Four Transmission Counters

Element Cross Sections (mb) Statistical
D1 D2 D3 D4 uncertainty
(6gev/c) 42,56 42.17 41.43 38.91 0.74%
(ugev/c) 43.19 42.90 42,41 4o.16 0.6 %
(6gev/c) 77.6 77.0 75.1 70.1 0.52%
(Mgev/c) 80.1 79.3 78.3 73.8 0.6 %
Be 298.7 294.7 285.0 273.4 1.0 %
He 140.3 138.3 133.5 123.5 0.8 %
C 367.4 362.7 350.3 321.1 1.0 %
Al 710.4 695.1 649.0 478.1 1.35%
Fe 1229 1184 1071 931.0 1.35%
Cu 1371 1311 1181 1018 1.15%
Cd 2051 1941 1707 1453 1.0 %
W 2861 2672 2294 1964 0.9 %
Pb 3101 2888 2470 2107 0.8 %
U 3456 3182 2706 2311 1.05%

Three extrapolation methods were tried. The first
assumed that the measured attenuation cross sections decrease
linearly with solid angle so that the total cross section is

given by

0,70, (1)+ [0, (1)-0, (1+1)]-82(1)[42(1+1)-42(1)17  (15)

where oa(i) is the attenuation cross section measured by the

ith counter, AQ(i) is the solid angle of the ith counter with

AQ(1)<AQ(i+1l). This is only valid if do/dQ is constant over
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the solid angles subtended by the counters. Therefore it is
only applicable to the smallest counters for the high A tar-

gets but is good for all four counters for the low A targets.

The second method assumed that the difference between
the attenuation cross section and the total cross section is
due to small angle elastic scattering and that do/dQ is
represented by the expression for scattering from a totally

absorbing disc, i.e.

0= Oa( +fH——J2 f _Q;iBEﬁll £y (16)

where f,(68) is the geometrical response function of the ith
transmission counter (see Appendix), and R is the nuclear
radius. Actually allowance should be made for the fact that
the neutron beam was not monoenergetic. However that refine-
ment represents a neglilible improvement in this case. Total
cross section values were calculated using Eg. (16) for all
four values of ga(i), treating R as a free parameter. Very
good agreement could be obtained between the four values of
04 for reasonable R values for all of the heavy targets. The
Oy values calculated from the larger counters for the lighter
elements, however, were slightly smaller than the smaller
counter values. This is to be expected since no inelastic
term is included in Eq. (16). This was not noticeable for
the heavy targets since the elastic correction is so large.
However for the lighter elements where the elastic correction

is small, the inelastic term is not compeletely negligible for

the largest counter.
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The third approach was to make a least squares fit to a

polynomial in |t|, i.e.
cN_ 2 3
o (1)=o +alt[+b]t| +c|t]". (17)

The total cross section values yilelded by these three
extrapolation methods were averaged to obtain the final cross
sections, and the spread among the methods was taken as a
measure of the uncertainﬁy. In all cases this spread was
small compared to the statistical uncertainty of the data.
Table VI shows the cross sections obtained from these three

methods for several elements.

TABLE VI
Cross Sections Obtained from the Three Extrapolation
Techniques
Element Extrapolation Method Percentage
#1 #2 #3 spread
H 42.57 42.40 42.40 + 0.2
D 17.92 17.73 77.90 + 0.13
Cu 1410 1400 1410 + 0.35
Ccd 2114 2112 2121 + 0.2
U 3608 3618 3634 + 0.35




CHAPTER IV
RESULTS

A. Measured Total Cross Sections

The total cross sections resulting from the analysis
procedures discussed in Chapter III are listed in Table VII.
The uncertainties represent the uncertainties associated with
the various correction factors discussed in Chapter III and
the statistical uncertainty of the experimental data combined

in quadrature.

TABLE VII
Total Cross Sections
Element Z A Total cross section (mb)
5.7 Gev/c 4.0 Gev/c
H 1 1 42.5+0.6 43.1+40.6
D 1 2 77.8+1.3 80.3+1.9
He 2 4 142+3
Be 4 9 301+5
C 6 12 370+6
Al 13 27 718+13
Fe 26 56 1250420
Cu 29 64 1410+30
cd 48 112 2120+30
W 74 184 2970+70
Pb 82 207 3240+50
u 92 238 3620+60

32
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B. Comparison With Other np and nd Data

Figs. 9 and 10 show the available np and nd total cross
sections above 1 Gev/c. The Bugg et gl.3, Foley et gl.z, and
Galbraith et gl.S pp data are shown in Fig. 11. As can be
seen, the np values from this experiment are somewhat higher
than the Engler et gl.l3 results. However since their experi-
ment did not contain a neutron energy selecting element, this
discrepency may be due to the fact that their values are aver-
ages over an energy range where the cross section is changing
fairly rapidly. Their nd data also appears low relative to
the pd data. The 5.7 Gev/c nd value of this experiment is in
good agreement with the Galbraith et 21.5 6 Gev/c pd cross
section, and our 4.0 Gev/c nd value is consistent with the

Bugg et g;.3 4.0 Gev/c pd value.

It 1s interesting to compare the energy dependence of
the np cross section (Fig. 9) with the pp cross section (Fig.
11). The nucleon-nucleon, antinucleon-nucleon, and Ki—nucleon
total cross sections can be expressed in terms of the cross
sections for pure isospin states, I = 0 and I = 1. The pp,
Eh, K n, and K+p cross sections are pure I = 1 cross sections
and the np, X p, Eb, and K+n cross sections are made up of
equal parts of I = 0 and I = 1 cross sections. Experimentally
it is found that, in the case of K-nucleon and antinucleon-
nucleon cross sections, the I = 0 cross section is equal to or
larger than the I = 1 cross section.5 If the same is true

for the nucleon-nucleon interactions the np cross section
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should be equal to or greater than the pp cross section. A
comparison of Figs. 9 and 11, however, shows that o(np) seems
to oscillate around o(pp) with o(np) less than o(pp) below
3.5 Gev/c and again from about 12 to 27 Gev/c. It must be
noted, however, that only the 22 Gev/c np point is definitely
below the pp curve and without it there would be little evi-

dence for a crossover.

C. Deuteron Screening Correction

One can use Eq. (1) through (4) and the assumption of
charge independence to calculate values for the deuteron

screening correction factor,

§=[o(pp)+o(np)-o(nd)]/[o(pp)+a(np)]

and the quantity

(r—2)(l—anpapp)=un[o(pp)+o(np)—o(nd)]/c(pp)c(np)

from the cross sections listed in Table VII. The results are
shown in Table VIII. Also included are values obtained using

the preliminary np data of Runge39

et al. Figs. 12 and 13 show
the values of these quantities obtained from the earlier
experiments. The theoretical values shown in these figures
are those calculated by Bugg et gl.3 for a Hulthén wave

function and a value of 9.6 for b in Eq. (8). The earlier

data exhibit a strong energy dependence contrary to the

27 30

theoretical predictions of Glauber or Pumplin and Ross.
If the values obtained with the Bugg et g;.3 pd data are

omitted the remainder of the nucleon data are consistent with
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TABLE VIII

Deuteron Screening Term

X this experiment

P Ot(pp)6 ot(ﬁp) ot(pd) ct(nd) (r_2> leg

(Gev/c) (mb) (mb) (mb) (mb) (l-anpu p)
x102mb— 1+

6 40.6°  L42.5%  77.4° 4.1 6.8

+0.6 +0.6 +1.3 +1.1 +1.6

6 " " 77.8% 3.8 6.4

+1.3 +1.1 +1.6

6 40.83 " 79.13 3.0 5.0

+ .12 + .25 +0.5 +0.7

6 " " 77.8% 4.0 6.6

+1.3 +1.0 +1.4

u 42,13 43.1%  80.93 3.0 5.0

+ .12 +0.6 + .25 +0.5 +0.7

Y " " 80.3% 3.1 5.7

+1.9 +1.4 +1.9

8 50.0°  40.63°  76.2° 3.4 5.5

+0.6 +1.0 +1.3 +1.3 +1.7

13 39.2°  39.839 7400 3.8 6.1

+0.6 +1.0 +1.3 +1.3 +1.7

17 38,77 38.739  73.2° 3.5 5.8

+0.6 +1.0 +1.3 +1.4 +1.7

22 38.3°  37.537  71.6° 3.7 5.5

+0.6 +1. +1.3 +1.4 +1.7

theoretical value 3.4 5.4
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a constant or weakly energy dependent screening factor except
for the 27 Gev/c point of Kreisler et gl.lu The agreement
among the values in Table VIII is quite good and is consis-
tent with a constant or nearly constant screening factor.

The agreement with the theoretical values is also quite good.

D. Charge Independence

The nn total cross section can be evaluated from Eq. (L)
using the Galbraith EE.EL'B experimental value for the Glauber
screening term, i.e. 0.042f0.003 mb_l. From charge symmetry
it is expected to equal the pp cross section. We also expect
o(pd)=0(nd) from charge symmetry. Table IX compares these

cross sections. The agreement is good.

TABLE IX

Comparison of o(nn), o(pp) and o(nd), o(pd) at 4 and 6 Gev/c

Momen tum o{pp o(nn a(pd o(nd I
Govsey LR At (uE] ey
4 42.14.125 43.542.4% 80.9+.245 80.341.9%
6 40.6+.6°  H1.241.7% 77.441.3° ;
; 5 77.841.3
6 ho.8+.12 79.1+.24
x this experiment

E. Nuclear Total Cross Sections

Sieversqo has derived a rather simple expression for
fitting nuclear total cross section data in terms of two
parameters, the nucleon radius, 8, and the nucleon mean free
path in nuclear matter, X, The expression is

o= em{R?- 2[1-(\R+1)e 12 (18)



b2

where R=aoAl/3

, A i1s the atomic weight, and k=2/xo. This
is obtained in an optical model, by integrating, for zero degree
scattering, the familiar small angle, large Lmax integral

approximation for the scattering amplitude,ul i.e.
£(6)=iks*p a(b) J (kb8)db, (19)
0

assuming a totally absorptive interaction. With this assump-
tion the partial wave amplitude, a(b), (where b is the impact
parameter) becomes the absorption probability which should
depend upon the amount of nuclear matter traversed by the

particle, i.e.
a=(l—e'x/xo), (20)

where x 1s the total path length of the particle in the absorb-
ing medium. If we now assume that the direction of the inci-
dent particle is unchanged in traversing the nucleus Eq. (20)

becomes

-2_é2-b~2

a(b)=(1l-e Xg ) (21)

Combining Eq. (19) and (21) and integrating we get Eq. (18).

Eq. (18) was fitted to the total cross sections listed
in Table VII using a trial and error least squares method.
The best fit 1s shown in Fig. 14 along with the experimental
points. The best fit parameters are ao=1.27i0.01f, which is
in good agreement with the values of 1.2f to 1.3f obtained
from electron scattering, and xo=3.0iO.2f. The optical thick-

ness vs impact parameter for six elements is shown in Fig. 15.
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As can be seen, He is quite transparent while Pb is almost
totally opaque. The nuclear radii obtained from this value

of a, i.e. R=aoAl/3, are in quite good agreement with the
radii which yielded the best agreement between the four values
of O obtained when using Eq. (16) to extrapolate the attenua-
tion cross sections to zero solid angle in Chapter III.

F. Comparison With Other Nucleon-Nuclear Data and the
Energy Dependence of the Total Cross Sections

In order to show how the results of this experiment
compare with previous experiments the available nucleon-
nuclear total cross section data were collected and are pre-
sented in Figs. 17 through 21 for those elements for which
considerable data exist. Also included are the preliminary
results from a recently completed CERN neutron experiment39
that included an ionization calorimeter for energy selection.
The dashed lines are included in the figures only to guide
the eye. The only previous measurement at about 6 Gev/c is
that of Atkinson et al. which seems to be incorrect. The
agreement between this experiment and the preliminary results

from CERN 1is very good.

Fig. 21 is a plot of the nuclear screening correction
factor, 6, for several elements calculated using Eq. (11) and
the pp, np, and n-nuclear data presented in this chapter. The

30

calculated values of Pumplin and Ross are included. The
data are consistent with a constant 6, especially in the case

of lead and aluminum. However, it must be noted that the
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key points between 10 and 22 Gev/c are based on preliminary
data. The data are not inconsistent with the Pumplin and

Ross model.

Except for the 27 Gev/c point the average values of §
for the data shown in Fig. 2 fit an AO'26 expression quite
well for Az12. Thils suggest the following empirical equation

for relating nucleus cross sections to the nucleon-nucleon

cross section;

6

o(nA)=[ (A-Z)o (pp)+ Zo(np)][l—0.155A'2 ] (22)

6

o (pA)=[ (A-Z)o (np)+ Zo (pp)I[1-0.1554"2°] (23)



CHAPTER V
CONCLUSION

The neutron-proton and neutron-deuteron total cross
sections have been measured to an accuracy of 1.5% at 4.0
and 5.7 Gev/c. These cross sections, along with those
obtained by Runge et EL.ST show that o (np)zc(pp) below
10-15 Gev/c. The experimental data between 10-15 Gev/c and
27 Gev/c indicate o(np)so(pp), which is contrary to the
available data on the relative sizes of the pure I=0 and
I=1 amplitudes. The region above 15 Gev/c should be inves-
tigated further to determine if this is indeed true and
whether or not o(np)zo(pp) above 27 Gev/c.

The deuteron screening factor was evaluated and was
found to be consistent with the theoretical predictions. The
experimental uncertainties are, however, too large to prove
or disprove the existence of an inelastic contribution of
the size predicted by Pumplin and Ross.30

The neutron-nuclear total cross sections were measured
for He, Be, C, Al, Fe, Cu, Cd, W, Pb, and U at 5.7 Gev/c.
These data fit a totally-absorbing optical model quite well.
All of the available high-energy nucleon-nuclear total cross
section data were used to evaluate the nuclear screening
factor as a function of momentum for several elements. These
data are consistent with a momentum independent screening
factor; however, the uncertainties are too large to disprove

the existence of a momentum dependence of the size predicted
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by Pumplin and Ross.30 A reevaluation of the 27 Gev/c cross

section should clarify this question.



APPENDIX I
CAILORIMETER RESPONSE

Since a high-energy monoenergetic neutron beam is not
technically feasible the energy resolution of the calorimeter
could only be determined indirectly. This determination
was made by trying to find an energy resolution function
that, coupled to the incident neutron spectrum, would produce
a good fit to the measured calorimeter attenuation or integral
pulse height distribution curves (see Fig. A-1). It was
assumed that the incident neutron spectrum was given by Eq.

(12) up to 0.3 Gev/c of P, and then fell linearly to zero

b
at P (see Figs. A-2 and A-3). It was also assumed that the
energy resolution of the calorimeter was energy independent,
1.e. a monoenergetic neutron beam mwould give a Gaussian
pulse height spectrum with a FWHM, AE, equal to some constant,
C, times the neutron energy, E. Fig. A-1 shows attenuation
curves taken at two Bevatron energies along with the fit
obtained for C=1.5. This indicates that the calorimeter
resolution was + 75%.

The output of the calorimeter was fanned out to two
discriminators, one set to trigger only on the largest 10%
of the calorimeter output pulses, the other set to trigger
on the largest 50%. The effective neutron spectra for these

two discriminator settings for Bevatron energies of 3.7 and

5.4 Gev are shown in Figs. A-2 and A-3.
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APPENDIX IT
RATE EFFECT

A. Signal to Noilse Ratio

With the 0.5 in. thick iron converter plate there was
about a 10% probability that an incident neutron would
undergo a conversion in the iron while there was about an
80% probability for a neutron to convert in the body of the
calorimeter. Since the calorimeter discriminator rejected
all but the upper 10% of the pulses from neutron conversions
occuring in the iron plate, the ratio of the "signal" pulses
to the "noise" pulses coming from the calorimeter was of
the order of 0.01.

A small ratio like this would not be a problem at the
average beam intensities used in this experiment; however,
because of RF structure and strong magnet ripple modulation,
the beam contained spikes with intensities many times larger
than the average. During these spikes the probability that
the pulses from two uncorrelated neutron interactions add
fo produce a pulse large enough to trigger the calorimeter
discriminator becomes significant. A discussion on tle
effect of these pile-up pulses on the cross section measure-
ments 1s given below.

B. Rate Effect on Measured Total Cross Sections

The probability that the pulses from two uncorrelated
neutron interactions in the calorimeter will add to produce

an output pulse of sufficient amplitude to trigger the
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calorimeter discriminator is proportional to the square of
the beam intensity. The measured event rate, Rm, is

therefore:

R"-r%(1+ o) (A-1)

t
where R 1is the true event rate and a is a constant pro-

-8

portional to the pulse width, 1.e. of the order of 10 sec.
when Rt is events per sec. The measured attenuation cross
sections are obtained from the target in-out event rates via
(13), i.e.
o"=[1n RJ/R}1/nx (A-2)

nn n

where the subscripts "o" and "i" stand for target out and in
respectively. Combining (A-1) and (A-2), expanding (1l+ aRt)
and dropping terms higher than the first order in Rt yields

e[ 1n RE/R? + In(1l+ aRt— aRY )]/nx

= %+ a(R - R 1)/nx (A-3)
Let RU=(1+¢ )R] (A-1)

The targets used in this experiment typically attenuated
the beam by a factor of 0.2 to 0.4, so that e~ 0.3.
Combining (A-2) and (A-4) yields
oc=[ln Rt/Rt]/nx = [1In(l+e)]/nx
~(Ro- R[)/R{nx (a-5)
and oo (14 aRi) (A-6)

The aR term was typically 0.02.



APPENDIX III
BEAM RATE MEASUREMENT

The delay between D1:A and the 10% Cal which form the
quantity Delayed Cal(10%)°'Dl-A corresponds to one period of
the Bevatron RF system. This means that the pulses from
D1.-A from one RF bunch arrive at the Delayed Cal(10%)-D1-E
"and" gate at the same time as the pulses from the calorimeter
from the previous RF bunch. Since any two adjacent RF
bunches are approximately the same, the Delayed Cal(10%)-D1-A
output is proportional to the accidentals rate in the normal
Cal(10%)-Dl-A.

The number of accidental coincidences in a twofold
coincidence, g, expected per spill is proportional to

gmj ng(t)-dt (A-T7)
where n(t) is the beam intensity at time t. The number of
true coincidences is proportional to
me[ n(t)-dt (A-8)

which is what the monitor measures. For a constant beam
intensity the monitor measures the beam rate; however, in
this experiment the beam was strongly modulated so the
monitor was not a good indicator of the average instantaneous
rate. To see that the Delayed Cal(10%)-D1l-A is a better

indicator consider the three spill profiles below;

6_
n(t) ar
2
IlIIJLlllnIl
t
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n(t) 4f ﬂ
2.—

10F = —

8
n(t) e

Since each contains the same number of particles the
monitor would not differentiate between them. The Delayed
Cal(10%)-D1-A would rank them in the ratio 1:2.5:5, which
is a reasonable estimate of the effective rates. The ratio
Delayed Cal(10%)*Dl-A/Cal(10%)-D1:A is therefore a measure

of the average rate.



APPENDIX IV
CAIORIMETER BACKSCATTER

Another problem resulting from conversions in the body
of the calorimeter was backscattering. There is a relatively
large probability that a conversion téking place in the
body of the calorimeter will produce a backward-going prong
or y-ray. If this radiation triggers the transmission
counter an event in which the incident neutron did not inter-
act 1n the converter will be incorrectly registered as a
"signal" event. Backward-going radiation from '"proper"
conversions in the Fe converter plate can trigger the anti-
counter and a "sigpal' event will be incorrectly rejected.
In order to evaluate these effects a series of beam atten-
uation measurements were made using the transmission counters
alone, with and without the calorimeter located in the beam.
The electronic logic for this study was the same as that
shown in Fig. 6 except that the calorimeter was removed.
The quantities scaled were D1-A, D1-D2-A, D1-D2-D3-A, and
D1-D2:D3+*D4*A. The D1-A rate increased by 20% when the
Calorimeter was physically at its normal location. The
D1°'D2‘A rate increased by 2%, D1-:D2-D3-A rate increased
by 1%, and D1.D2+D3-DL.A increased by 0.4%. The beam
attenuation factors measured with and without the calorimeter
present were, however, the same within statistics. Effects

due to backscatter hitting the anticounters were completely



oL

negligible because of the large separation between these

counters and the converter plate.



APPENDIX V
GEOMETRIC RESPONSE FUNCTION FOR THE
TRANSMISSION COUNTERS
The geometric response function, fi(e), expresses the
probability that a particle, scattered through an angle 6,
will hit the ith transmission counter. Consider the

following diagram of the beam and counter geometry.

target
position
D
Beam ¢
*
Be Neutron * A
target Path 6 3 5
— S .

““~scatter Circle:

D is the radius of the ith transmission counter, a is the
point where the neutron would hit if it had not been
scattered through an angle 6, A is the distance between the
center of the counter and a, S is the target-counter
separation, and B is the radius of the "scatter circle" i.e.

a circle with a radius equal to 6-.S centered at a. From
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here on we will refer to a as the "image" point of the
neutron. The probability that a neutron with an image at

a will hit the detector if scattered through an angle 6 is

P(6,A) ~ a/m (A-9)
The detector circle and the scatter circle intersect at
X = (Ae- B2+ D2)/2A (A-10)
Therefore
cos(a) = (A%+ B°- D°)/2A-B (A-11)
and P(6,A) = cos "[(A®+ B°- D7)/2A-B] (A-12)
T

If we assume that the beam has a constant intensity over
its entire cross sectional area, the probability that a
neutron will have an image point in an annulus of radius A
and width dA ié

P(A) = 2A-dA/R® (A-13)
where R is the radius of the beam and A=R. We therefore

get
1, 6S=(D-R)

2 2 .2
)

£(0) = [cos™I[(a%+ B2- D°)/2A-B]-2A-dA/m-R®, (D-R)S6Ss(DHR)

0, (D+R)=6S (A-14)
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