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ABSTRACT

The calculation described here was undertaken to estab-
lish the principal features of neutron energy deposition,
neutron migration, and neutron absorption within liquid
hydrogen contained in the propellant tank of a nuclear
rocket., Though the geometry was simplified in comparison
to the probable complexity of any operational system, the
results are readily generalizable and should assist con-
siderably in understanding such systems.

The bulk of this report is concerned with the presen-
tation and discussion of the neutron study, but the heating
values found are compared, both in magnitude and in varia-
tion with propellant depth, to those expected from the
scattering of gamma rays produced from neutron captures in
. liquid hydrogen and to those expected from the scattering of
gamma rays coming from the reactor itself, An unshielded

1000 Mw reactor system is presumed.
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TANK-REACTOR GEOMETRY, SOURCE

USED, AND QUANTITIES PRINTED

This work deals with neutron propagation and heating
within approximately the first 3 ft of liquid hydrogen (at
density v.07 g/cms) contained in a tank located 10 ft from
the center of a reactor represented by a point source of
neutrons (Figure 1).

The intensity of the point source was adjusted to
provide about the same number of neutrons impinging per unit
area on the tank bottom as one would expect from a properly
oriented reactor centered on the source position - i.e., the
"equivalent source'" emission is ~0.6 neutron per reactor
fission, or ~1.98 x 1019 neutrons per second per 1000 Mw,
with the average energy of these ~0.8 Mev.

These flux data are based on DSN transport calculations
of the axial leakage to be expected from typical reactor
systems., Thus, the continuous curve of Figure 2 is a smooth
representation of the high energy portion of the neutron
leakage from an unshielded reactor of the type of interest

to the nuclear rocket program, while the discretely stepped




line of that figure shows the spectrum which was used for
the results reported here. These results are actually a
combination and renormalization of some obtained in earlier
unpublished work, wherein the effects from broad energy
groups originally devised to fit a different spectrum were
studied. The discrete approximation thus departs in detail
from the continuous spectrum, but the departure is unimpor-
tant because the discrete spectrum was adjusted to have the
proper energy content within each major energy group.

The source energy groups employed covered the range
from 8 Mev to 17 kev, with the equivalent source intensi-
ties and energy content shown in Table I.

Two nearly equal areas were distinguished on the tank
bottom, and a separate series of problems was run for each,
mainly to determine whether neutrons striking the outer
portion of the tank could contribute appreciably to the
heating near the axis where the heating rate is highest.
This information is needed to show whether tanks of other
shape or diameter would exhibit the same maximum heating
rates as those found in the present study. The distin-
guishing angle between the two problem series was approxi-

mately tan~!

0.246, This is seen in Figure 1 and in the
more detailed view of the tank geometry presented in Figure

3, which also shows the energy deposition zones employed.
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Nine "problems'" were run for each of the two areas
mentioned, each problem consisting of a set of histories
sampled from a single group of the input energy intervals
listed in Table I. All problems for Groups 1 and 2 followed
30,000 neutrons, whereas problems for Groups 3 to 6 each
followed 20,000 neutrons. Three of the nine problems were
partially redundant and their results are not reported here.
They tested the effect of spectral modifications in the
three groups of highest energy, and showed that a problem's
results are more sensitive to its energy content than to
moderate changes in its spectrum, thus indicating that
spectral uncertainties should not be an appreciable concern
in this study.

The twelve problems from which final results were
obtained (six for each of the two areas of tank illumination)
involved 280,000 histories altogether. They were separately
normalized to 1000 Mw of power, via the appropriate energy
contents shown in Table I, and printed singly and in various
combinations so that their results could be examined indi-
vidually and in composite.

The detailed geometry used is shown in cross section in
Figure 3. The size of the sampling boxes increased as a
function of depth into the tank so as to provide detail

where the statistics were good and as much information as

11



practicable further into the tank where fewer neutrons were

expected. The neutrons were followed until they escaped
from the tank or until their energy dropped below 10 kev.

For each sampling box, five quantities were accumu-
lated: the energy deposited by all neutron scatters, the

energy deposited by first collisions only, the number of

neutrons whose histories were terminated ("cut") by virtue
of their post-collision energies having fallen below 10 kev,
the total energy possessed by neutrons cut in the box, and
a sum of the total energy deposited by neutron scatters
plus that deposited by history terminations. The treatment
of terminated neutrons will be discussed later,

The number of neutrons escaping the tank was accumu-
lated in 10 energy groups for the front and back faces and
for 5 conical surface areas denoted by the boundary lines
on the side of the tank in Figure 3. For two internal test
planes (shown dotted in Figure 3), the number of neutrons
crossing in each direction was also accumulated as a
function of energy.

The reasonable assumption was made that the sole inter-
action between energetic neutrons and hydrogen atoms is
elastic scattering, a process which is isotropic in the
center-of-mass system. The cross sections used for this

process were the total hydrogen atom cross sections of

12



BNL-325.(1) They and their corresponding mean free paths
are tabulated in the Appendix to this report, along with

brief comments on the scattering law.
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RESULTS

Energy Deposition

Figure 4 presents values for the total power generated
by neutrons within the segments of propellant along the axis
of the tank. The straight line which has been drawn through
the early portion of the data shows that the energy deposi-
tion drops off for about 2 ft at a nearly constant factor
of 10 per foot, as if there were an effective mean free path
(e-folding) for energy absorption of ~13 cm.

This near constancy in the net attenuation factor is
striking, in view of the large variation in monoergic
attenuation factors within the neutron energy range, and
must be a consequence of the shape and broad energy distri-
bution of the input spectrum, Since most reactor leakage
spectra are likely to be of somewhat similar shape in their
energy-carrying region, with a monotonic increase in neutron
number from high to low energies, this result probably has a
rather general validity. Thus, it should be possible to

obtain useful first estimates of the heating from any reactor
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source by presuming a factor of 10 per foot fall off in the

energy deposition from that in the region of incidence. The
latter can always be calculated quite readily for any spec-

trum from first collision energy losses alone.

The heating beyond the 2 ft depth appears to be greater
than that which would be predicted by an extrapolation from
this initial rate of change (the statistics are not adequate
to support this conclusion unambiguously), but most of the
energy from the source is already accounted for before this
region of low deposition is reached.

In Figure 5 the total energy deposition rates just
discussed are compared to those from first collisions alone
and to the rates at which energy is carried below the 10 kev
cutoff limit, all being expressed for the axial segments as
a function of depth in the tank. The numerical values, in
ergs per second per gram of propellant,* corresponding to
points on the figure, are compiled (along with other infor-
mation) in Table II.

From the figure, it can be seen that the neutrons did
not carry enough energy at cutoff to affect the validity of
the deposition results. (Since this cutoff energy ulti-

mately would have been deposited by elastic scattering, its

7

*10° erg/gm-sec = 1 w/gm = 0.43 BTU/lb-sec = 0.24 cal/gm-sec
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value has been collected into the total in this report when-
ever terms like '"total power,'" '"total scattering," etc.,
are used.)

First collisions necessarily account for nearly half of
the energy deposited in the entire propellant volume con-
sidered, but their percentage importance in local heating
varies with propellant depth, as one can see in Figure 5.

At the face of the tank the energy deposited is nearly all
due to first collisions, but, with increasing depth (to at
least 50 cm) more and more of the energy deposited is due
to scattered neutrons. Beyond 50 cm it is impossible to
say whether the two curves continue to diverge, though .at
some large distance they should become parallel, because
the ultimately controlling source is the more-readily-pene-
trating high-energy component of the incident spectrum.
Beyond 50 cm depth, it appears that first collisions account
for only some 20 percent of the total neutron energy depos-
ited. Similar results should be obtained for almost any
other input spectrum,

Figure 5 and several of the succeeding figures are
taken directly from the SC 4020 output of the computer. In
them it can be noted that the statistics of the Monte Carlo
are quite good. Though this might have.been expected, since

the data are based on 280,000 neutron histories, the fact
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that the results lie close to a smooth curve is one of the
better indications of the adequacy of the sample.

The variation of deposited energy with radial segment
number may be seen in Figure 6, whose data are given in
Table 1II. (The plotting numbers defining curves in the
figure represent the order of radial segments counting from
the axis of the tank.) Notice that the energy deposited is
almost independent of radial position, though the outer
segments absorb slightly, but progressively, less energy.
Radial segment 7 energy deposition drops below the others
for a time, but this may be explained by noting the favor-
able possibility afforded in it for scatter out of the tank
(cf. Figure 3 to review the relative configuration of the
various radial segments). This explanation is supported by
the fact that the "7" curve rejoins the others as an eighth
segment, added outside at 40 cm depth, becomes thicker.
(Segment 8 data were omitted in order to avoid further
complication of the figures.)

The total energy deposition from the separate spectral
groups 1 through 6 is shown as a function of depth and radius
in Figures 7 through 12 and given in Tables IV through IX.
The energy limits of the six groups are those previously
given in Table I. The penetration of the various groups is

about as would be expected from the energy, though one
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should note that the effective mean free paths for energy
absorption exceed the collision mean free paths of the
incident neutrons. This is shown in Figure 13, where these
Aeff's (as deduced from Figures 7 through 12) are compared
with the collision mean free path used in the input to this
program, Since the energy-absorption curves for the indi-
vidual groups depart appreciably from a straight line

(unlike the composite curve in Figure 4 for the total energy

deposited), the values of xeff in Figure 13 are not well
defined. Except for the highest energy group, however, each
tends to be longer than the largest collision mean free path
for any of the incident neutrons within the group, thus
indicating the role played by multiple collisions in sus-
taining the heating in depth,.

Figure 14 shows the relative importance of the various
source groups to the total energy deposition at various
depths in the propellant near the tank axis. Though the
highest energy group contains only about 20 percent of the
incident energy, it accounts for more than 80 percent of the
energy deposition at 2 ft and for all practical purposes is
the only group that needs consideration at 3 ft.

Figures 15 and 16 show clearly that neutrons do not
deposit much energy in any part of the propellant that is

not near their original undeflected path., We will refer to

18



"inner" neutrons as those whose incident angle from the

axis of the tank was less than tan™> 0.246 and to the others
as "outer" neutrons. From the geometry (cf. Figure 1 or
Figure 3) one sees that, near the face of the tank, inner
neutrons mainly "illuminate" radial segments 1 through 4,
while segments 5 through 7 are illuminated mainly by outer
neutrons. Accordingly, at small penetrations, Figure 15
(for inner neutrons) shows large heat input to segments 1
through 4 and very little heat input to segments 5 through
7, while Figure 16 (for outer neutrons) shows the converse.
Even at greater depths, significant heating occurs only in
illuminated areas. For example, segment 5 is increasingly
illuminated by inner neutrons with increasing depth into the
tank, and its heating values move up to join the other
curves of Figure 15 in rough proportion to this illumination.
Correspondingly, Figure 16 shows curve 5 dropping away from
the others with increasing depth as the fifth segment becomes
less well illuminated by the outer neutrons. (In Figures 15
and 16, the SC 4020 output of the computer has been allowed
to follow its normal practice of placing points at the edge
of the graph which really belong off-scale. Regardless of
the appearance this creates, there is no depth at which the
heating in the nonilluminated regions approaches that in the

illuminated regions, as can be verified by consulting Tables
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X and XI, which list the data of these figures.)

In particular, one should observe from these two figures
that the heating at any depth in radial zone 1 is determined
solely by the neutrons emitted within the inner solid angle
and striking near the axis of the tank. Thus, it can be
concluded that the heating rates in the inner part of the
tank, where the heat input is highest, are quite insensitive
to tank diameter, so that the values reported here should
have applicability to tanks of any diameter,

Leakagg and Transmission

About 5 percent of the neutrons striking the tank were |
found to escape through the side or faces. These neutrons ‘
carried away some 2 percent of the incident energy. Detailed
data on the space distribution of the neutron number losses
and energy losses from the individual groups, as well as for
the total problem, are given in Tables XII and XIII,

Figure 17 shows the incident neutron spectrum collected
into 10 energy intervals for comparison against the ten-group
appearance of the neutrons which cross planes at 8, 20, and
92 cm in the direction of increasing depth. The data appear
in the proper relative intensity. So few neutrons are trans-
mitted through the entire 92 cm of liquid that the statistics
for this plane are fairly poor. However, the change in the

spectral quality of the transmitted radiation to a predomi-

20



nantly high energy distribution ("hard" spectrum) is clearly
shown,

Bearing in mind the fact that the flux at the back face
would be less than that at the front face by a factor of
~1.7 even without the hydrogen (due to distance effects
alone), this curve also shows that even the most penetrating
group of higher energy neutrons would be attenuated by a

factor of ~430 by 92 cm of LH while other data show that

2
the reactor's total number current (including thermals)

would be reduced by ~1800 in the same distance. The total
decrease in transmitted energy from these 3 ft of hydrogen
(with distance correction applied) is ~515, It is obvious
that at least this degree of neutron shielding is available
for protecting a payload whenever the depth of propellant
intervening between it and the reactor equals or exceeds

3 ft, which would be most (and could be all) of the time

that the reactor is in operation.

The difference in character between the transmitted
spectra and the reflected or back-scattered spectra may be
seen by comparing Figures 17 and 18. The latter figure
shows the energy distribution of the neutrons crossing planes
at 0, 8, and 20 cm depth in the direction of the reactor.

The spectrum is quite depleted at high energies - e.g., no

neutrons were returned through the entrance face of the tank

21




wlith energies above 1.4 Mev,

The individual group calculations provide some insight
into the reflection of neutrons as a function of energy.
Figure 19 gives the ratio of the number of neutrons crossing
each test plane in the backward direction to the number
crossing it in the original (incident) direction. The ratio
of the energy returning across each plane to the energy
crossing it in the original direction is also plotted.

These data, expressing the fractional reflection of number
or energy, are shown as a function of the average energy of
the neutrons crossing the planes in the inward direction.
One would expect a low percentage return in number or energy
from the tank face (0 cm), since neutrons strike it almost
perpendicularly and thus can hardly escape in one collision
because of the 90° limitation imposed by the scattering law
(cf. Appendix). The test planes at 8 and 20 cm depth are
crossed by a more diffuse flux which should (and does)
exhibit a higher reflection probability. The evidence is
that only ~2 percent of the neutrons and ~0.1 percent of the
energy are returned for the near-normal incidence at the
entering plane, and only ~5 percent of the neutrons and ~0.5
percent of the energy are returned for the more diffuse
incidence. It should be borne in mind, however, that the

neutrons whose motions are described here were all above the
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10 kev cutoff energy and that these results, particularly
for number reflection, are sensitive to the cutoff energy.
This has undoubtedly influenced the small neutron and energy
return shown in Figure 19 from the group whose average
energy at incidence was nearest cutoff. The study of

number and energy albedo is interesting, but it will not be
pursued further here since excellent information on this

2) written

(and many other points) is available in a report(
by M. O. Burrell of the Marshall Space Flight Center.*

Cutoffs and the Capture Distribution

In the calculation which we have been describing, a
neutron's history was terminated either on escape from the
tank or on attaining a post-collision energy below 10 kev.
Since there were relatively few escapes, most neutrons
followed a sequence of energy-degrading collisions to cut-
off, so that the main determinant of the number of collisions
experienced in a given problem was the initial energy of the

group neutrons.

*Burrell used Monte Carlo techniques to investigate the
effect of monoergic sources impinging at various angles of
incidence on either cylindrical or slab geometries of liquid
hydrogen. Thus his results are somewhat complementary to
those from the distributed-spectrum integral-geometry
approach of the present work and should receive the atten-
tion of anyone seeking a broader understanding of radiation
propagation in LHg. In general, all applicable comparisons
indicate good agreement between the neutron behavior
revealed in that study and in this.
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This can be seen in Table XIV, which summarizes the
collision data both on the neutrons which underwent cutoff
and on those which escaped. (For the fullest understanding
of neutron leakage behavior, one should supplement the data
in Table XIV with that in Tables XII and XIII.,)

The average character of neutrons remaining in the tank
and scattering to cutoff energies is influenced by the
character of those which leak out. This fact can be used
to explain the small, but consistent, difference in the
average number of collisions to cutoff observed between the
"inner" and "outer" problems in Table XIV. More high energy
leakage occurred for neutrons incident on the outer portion
of the tank. Back-scattering, with its attendant energy
degradation, was not required to effect escape from these
regions, and many of the energetic (long mean free path)
neutrons apparently were able to reach the tank boundary
after one or even several small-angle low-energy-loss
scatters. Consequently a larger percentage of low energy
neutrons were left behind in "outer" problems (since the
scattered neutrons distribute uniformly in energy from
initial energy to zero energy) than in those of "inner"
incidence, and these residual lower energy neutrons should
and did exhibit a slightly lower average number of colli-

sions to cutoff,
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The total number of neutrons "cut'" from all groups per
cubic centimeter per second is shown for seven radial seg-
ments as a function of distance into the tank in Figure 20.
The number cut is nearly independent of radial position,
except for the understandable deviation of curve 7 where
leakage has influenced the result. Figures 21 through 26
show this cutoff data group by group.

These cutoff distributions have been used as capture
distributions, in order to be able to calculate a capture
gamma dose rate, on the assumption that neutrons of energy
below 10 kev can not migrate very far. Several points
support this usage, but since the subject has sometimes been
misunderstood, the reasoning is discussed below.

First, the scattering mean free path of these neutrons
is already less than 1.3 cm at cutoff (based on a scattering
cross section of 18 barns per atom) and decreases to around
1.1 cm during the approach to thermal energies. With so
many closely spaced, direction-randomizing collisions, it
would appear to be difficult for neutrons to go far during

this thermalization process.*

*This is supported by the calculation of Burrell, op.cit.}z)

in which neutrons were followed to post-collision energies
below 1 ev (4 decades lower in energy than in this calcu-
lation), but the space distributions of cutoffs obtained
were quite similar to those of the present calculation for
similar incident energies.
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Second, it is true that the scattering probability

changes whenever neutron energies become comparable to the
binding energy between the two atoms of the hydrogen mole-.
cule, but the absorption probability is not subject to change
by interference effects, going as 1/V for all hydrogen mole-~
cules, independent of their type. Because of this scattering
cross-section change, parahydrogen (the major equilibrium
constituent of liquid hydrogen) has a considerably lower
total cross section at low energies than does orthohydrogen,
However, the minimum parahydrogen cross section (at 0.010 ev)
is still ~3 barns,(s) yielding a maximum collision mean free
path under 8 cm for all neutrons in the low energy region,
When such facts are considered, 8 cm has been estimated as a
reasonable upper limit* to the average migration distance
before absorption of neutrons below 10 kev in pure para-
hydrogen.

This would be a completely inconsequential source dis-
Placement for the purposes of calculating capture gamma
heating at any appreciable distance. The mean free paths in
liquid hydrogen are so large for the 2.23 Mev neutron-capture
gamma rays (the collision mean free path is ~172 cm and the

energy-absorption mean free path is ~315 cm) that the total

*The writers are indebted to Gordon Hansen of this Labora-
tory for a helpful discussion in this connection.
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energy deposition within the tank can hardly be affected by
such small variations in the capture point.

While they can have little effect on the total energy
absorption in the tank, deviations in the distribution of
neutron absorptions (i.e., the capture source) do affect the
intensity of local heating. However, further diffusion of
neutrons between the attainment of cutoff and the actual
capture would serve only to reduce the maximum in the capture
distribution we advance below. Such a change would reduce
both the maximum capture heating and the steepness of the
local energy absorption gradient and thus decrease the se-
verity of the fluid circulation problems to be predicted from
such gradients -~ for example, when the density gradients
arising from nonuniform fluid heating are reduced, the
chances of convective circulation or propellant stratifi-
cation under the action of these buoyancy forces diminish.
For such reasons, we feel that employing cutoff distri-
butions for capture distributions is not only adequate, but
it is also conservative.

To get the final capture distribution resulting from
all the reactor neutron leakage, the data of Figure 20 first
had to be modified to allow for neutrons which were not run
in the Monte Carlo because of their low energy content, but

which would still produce capture gammas. These neutrons
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were assumed to produce the same capture distribution as the
lowest energy group of the Monte Carlo. Their inclusion
gives the postulated total axial capture distribution of
Figure 27 and Table XV, Nearly 80 percent of these captures
occur in the first 10 cm of propellant and over 90 percent
occur in the first 30 cm.

In order to use an existing computer code to generate
heating values from this volume-distributed capture source,
it was represented by fourteen source planes located at
propellant depths of 1, 3, 5, 7, 9, 12, 16, 20, 24, 28, 35,
45, 55, and 65 cm. The on-axis gamma generation rate
appropriate to each plane was determined through Figure 27,
and the capture intensity at any other position on the plane
was related to this axial value by an inverse square ratio
on the distance of the two points from the reactor center.
(Cross-checks showed that the deviations from the correct
capture distribution in this approximation were usually less
than the statistical uncertainty in the '"correct" values, and
certainly unimportant to the total heating.) The heating
calculation presumed that the gammas emanated uniformly from
each capture site; the flux to the detector point was dimin-
ished by square-law factors as well as by attenuation from
Compton scattering, photoelectric absorption, and pair

production; and a buildup correction was used to allow for
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multiple scatters. The dose (heating) was integrated over
the source in each plane, and was then summed for all planes
to give the total heating from capture gammas at each of the

on-axis points studied. These results are presented in the

next chapter,.
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COMPARISON OF NEUTRON HEATING WITH

OTHER MAJOR RADIATION SOURCES

Figure 28 compares the propellant energy input rates to
be expected at various depths along the axis of this tank
from each radiation cause, and totals the effects from all
radiation sources. All the data are normalized for a 1000
Mw unshielded reactor source. The method by which the
neutron scattering and capture gamma values were obtained
has already been described. The curve labeled '"reactor
gammas'" is based on a geometry like that in the present
calculation (reactor point source model, 10 ft separation,
and identical tank end configuration) for which computer

(4)

integrations were performed on the direct, first
scattered, and buildup heating contributions delivered by
eight monoergic gamma ray sources whose intensity was
adjusted to represent the effective axial leakage from a

reactor as seen from the tank location.*

Considering the effect of all the nuclear radiation

*These reactor gamma calculations will be covered in detail
in another report.
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sources, Figure 28, one notes that the present Monte Carlo
study on neutron heating extended to an adequate propellant
depth, since ~98 percent of the heating comes from nonneutron
sources at the 92 cm plane at which the present problem was
terminated.

In spite of the fact that reactor neutrons directly
carry only about 25 percent of the total energy imparted to
the propellant by reactor leakage radiation, theirs is the
major contribution near the front face of the tank where the
heating is raised to several times that from reactor gammas
alone., Without heat transfer, the maximum power input shown
would produce a temperature rise rate of approximately 0.3°c/

sec (based on a specific heat for LH, of 2.25 cal/gm-°C).

2
Of course, the practical effect of such heating rates on
questions of pump cavitation, tank pressure rise, and pro-
pellant boiloff would depend on the time for which this rise
rate was sustained, the degree of mixing, and the rate of
propellant removal. Such a high-valued, high-gradient
heating source could be coped with readily under many con-
ditions of "potential flow," even without a shield, % but
the greater likelihood of a nearly uncontrolled propellant
circulation may force the inclusion of a shield to preclude

the possibility of intolerable temperature rises in the

propellant.
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APPENDIX

The group cross sections and mean free paths for hydro-
gen scattering as used in this calculation are tabulated
below. The LH2 (liquid hydrogen) density used was 0.07 gm/

cm3. The upper bound of the first energy group is 8 Mev.

Lower Bound 5

of Group Energy a -1 A
(Mev) (barns) (em ) (cm)
7.25 1.18 0.04937 20.26
6.50 1.27 0.05314 18.82
6.00 1.38 0.05774 17 .32
5.50 1.47 0.06150 16.26
5.00 1.56 0.06527 15.32
4,50 1,70 0.07113 14.06
4,00 1.82 0.07615 13.13
3.75 1.93 0.08075 12 .38
3.50 2.01 0.08410 11.89
3.25 2.11 0.08828 11.33
3.00 2.20 0.09205 10.86
2.80 2.32 0.09707 10.30
2,60 2.42 0.1013 9.872
2.40 2,55 0.1067 9.372
2.20 2.67 0.1117 8.953
2.00 2.81 0.1176 8,503
1.80 2,98 0.1247 8.019
1.60 3.17 0.1326 7.541
1.40 3.40 0.1423 7.027
1.30 3.60 0.1506 6.640
1.20 3.75 0.1569 6.373
1.10 3.93 0.1644 6.083
1,00 4.13 0.1728 5.787
0.90 4.38 0.1833 5.456
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Lower Bound N
of Group Energy o A

(Mev) (barns) (cm_l) (cm)

0.80 4.65 0.1946 5.139
0.70 4,98 0.2084 4,798
0.60 5.38 0.2251 4,442
0.50 5.85 0.2448 4,085
0.45 6.30 0.2636 3.794
0.40 6.68 0.2795 3.578
0.35 7.15 00,2992 3.342
0.30 7.60 0.3180 3.145
0.25 8.25 0.3452 2,897
0.20 9,05 0.3787 2.641
0.15 10.10 0.4226 2.366
0.125 11.20 0.4686 2.134
0.10 12.05 0.5042 1.983
0.09 12.8 0.5356 1.867
0.08 13.3 0.5565 1,797
0.06 14.1 0.5899 1.695
0.04 15.4 0.6443 1.552
0.03 16.5 0.6904 1,448
0.017 17.5 0.7322 1.366
0.010 18.5 0.7740 1.292

The elastic scattering equations take on a rather
simple form for collisions with hydrogen. If 6 is the
scattering angle in the center-of-mass system and ¢ is the

scattering angle in the laboratory system, then
‘3"'2'

This relation shows that the neutron can never scatter more
than 90° in the laboratory system - i.e., there is no back-
scatter from a single collision. The energy E' of a

scattered neutron is related to its original energy Eo by the
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expression:

E' = E, (1 + g°s ) = E cos?

Since isotropic scattering distributes the scattered vectors
uniformly over cos 6 (-1 < cos 6 < +1), all energies E'
between zero energy and Eo are equally probable., The
average energy loss per collision (or the residual energy
after collision) is Eo/2, and the average energy of all

neutrons scattered below an energy E_, is Ec/2. Thus the

C
average energy carried by the neutrons whose histories were
cut off in this Monte Carlo calculation upon scatter below
10 kv should be 5 kv, and, as a check, this result was
obtained to a very high order of accuracy whenever a large
number of cutoffs were described.

The neutron energy loss was always assumed to be
deposited at the point of collision, since recoil protons
(hydrogen atoms) possessing as much as 4 Mev of energy would
travel only 1 to 1.5 mm in LH2.

Scattering histories were developed through random
number generation in the IBM 704 computer, with each such
number resulting in an assignment of one or more of the
particle or history parameters via their correspondence to

values along the range of precalculated probability integrals

- e.g., the random number r (0 < r < 1) could assign the
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post-collision energy E' by the relationship E' = rEo and
the laboratory scattering angle ¥ through the relationship
cos ¥ = J/r,

Discussions of the Monte Carlo methods involved in such
procedures may be found in several places, among which the
book(s) by Cashwell and Everett may prove to be of particu-

lar value to the reader.
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(1)

(2)

(3)

(4)

(5)
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