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ABSTRACT

The effect of sblitting‘and placement of various
jdealized shadow shield configurations appropriate to manned

anuclear rockets has been investigated. The effect on neutron

dose in both hydrogenous and nonhjdrogenous shield situations

was considered, as well as the effect on gamma dose. The results |

indicate that in someé circumstances proper placement or multiple i

ting of the shield can affect the dose by a factor of three

split
or more, over and above any r2 effect due to differences in the
s relative sizes of reactor and payload. |
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Section 1. 1Introduction and Summary

This report is concerned with a study of shielding Principles
for nuclear reactors in spaée vehicles. 1In particular, the concept.
of multiple splitting of the shield and of optimal shield placement
have been investigated. 1In the course of this investigation

analytiéal‘and numerical calculatién methods have been developed

for the evaluation of nuclear reactor shields in space.

The important difference between space shielding and con-
ventional shielding problems is the absence of a scattering at-
mosphere. This makes it unnecessary to shield the payload (the
detector or the crew) from atmosphere-scattered radiation.
Radiation which diverges from the lihe-of-sight path or cone-of-r
sight path from source to detector may be regarded as lost. Thus tt
shield should be a shadow shield. The possibility then arises of
eliminating much 6f the penetrating radiation by scattering it into
space, since a deviation from the cone-of-sight is equivalent to
an absorption. This is quite different than the situation in
the shielding problem for a nuclear-propelled airplane where a
major fraction of the dose at the crew compartment is the air-
scattered dose.

A shield designed to eliminate the penetrating radiation by
scattéring it into space may be termed a scattering shield. One
way to achieve a scattering shield is by multiply-splitting the

shield into a numberof segments between source and receiver. One
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would expect that this would reduce the dose ové% a similar
unsplit shield when the multiply scattered radiation constitutes
most of the dose. Such multiply-split shields have been in-
vestigated in our study, Principally in a disk geometry (source,
receiver, and shield all coaxial disks or pillboxes of the same
diameter) with dimensions typical of nuclear propelied space
.thicles.

Another way to achieve a scattering shield is by proper
placement of the shield, with respect to its location between source
and receiver. Shield placement has been investigated in our study
for disk geometry with dimensions typical of nuclear propelled
space vehicles, for both split and unsplit shields.

The results of the.present study indicate that the geometric
attenuation factor due to splittiﬁg may be quite considerable for
- neutrons incident on non-hydrogenous shield material. For example,
a dose decrease of a fattor of 3 was obtained by splitting a
carbon shield. The effect of shield splitting on neutrons incident
on a hydrogenous shield wat small. In some situations it increased
the dose. The effect on the dose of splitting a gamma shield
was also either small or adverse.
| The tesults of the present study indicate that the geometric
attenuat;on factor due to shield placement may be quite considerable
for neutrons incident on a hydrogehous shield or for gammas incident
on a Compton scatterer. It was found for example, that in either
case when the shield is placed near the source the dose is a factor

of 3 or 4 less than when the shield is near the detector.
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These results are presented in detail in Section 4 of this

report; in which the results of the Monte Carlo calculations are

~given. The tentative conclusions that have been deduced from these

calculations and from analytical investigations are also given in
Section 4. The basic qualitative ideas of the scattering shield
are discussed in detail in Section 3. Simplified analytical
methods are applied to obtain upper limits on the possible dose
reduction by n-fold splitting of the shield., 1In Section 2,
estimates are made for the required biological dose attenuation
in manned nuclear rockets. The Monte Carlo codes and sampling
methods are described in the Appendipes.' |
It is important to emphasize the limited scope of the preéenf
study with regard to geometries and shielding materials. The
study was confined almost completely to disk geometry. Only a
few shield materials were considered and no inhomogenous shields

were studied.

TECHNICAL RESEARCH GROUP



shielding requirements. e consider two basic vehicle types, both

suitable for manned interplanetary missions. One is a hydrogen-

propelled vehicle operating aﬁ a thermal power of 1000 Mw for 30

._'minutes. The other 1s an ion Propelled system that operates at 10
‘Mw thermal for one year. It is assumed that both vehicles start up
from orbit, or in any case do not operate within the atmosphere, so
that air scattering df neuctrons and gammas is negligible.

The hydrogen~propelled vehicle was assumed to have a reactor
pPayload separation distance of 180 feet and a diameter of 20 feet.
(Some computations were also done for other diameters.) The reactor

~ and payload faces were represented as discs of the same diameter
as the vehicle, which was also taken as the shield diameter. Thus
- the shield wasg idealized as'one or more éylindrical and coaxial discs
.of circular cross sectioﬁ.
o The ion-propelled vehicle was assumed to have a reactor-payload
i separation of 50 feet with a diameter of 10 feet for some of the
analysis,vand a sepafation of 25 feet with a diameter of 5 feet for
other calculations. The reactor and payload were takeﬁ as discs
of the same diameter as the shield for most of the calculations.
‘ The'calculationé were therefore principally "one-dimensional" in
f.the sense of Section 3. 4 feW'thfee,dimensiénal calcﬁlationé were

| performed, however, in which the reactor diameter was considerably
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smaller than the shield.
The calculaﬁions are partiéularly concerned with two effect
1. The effect of splitting the shield into two or moré
segments, on the neutron and gamma transmitted dose at
the payload. |
2;. The effect of changing the distance of the shield from
| the reactor and payload, on the neutron and gamma dose
at the payload.
Such calculations have been investigated for both hydrogenous and
non-hydrogenous shields.

We shall first estimate the required shield attenuation for
the missions considered. With regard to neutrons we will assume
that a total mission dose of 25 rem of neutrons is acceptéble.
Assuming an RBE of 10 and a flux-to-dose ratio for fast neutrons
of 4 x 10°
of 109

n/cm2 per rep, this corresponds to a total fast nvt

n/cm2

at the manned crew compartment. If one neutron per
second leaks from the reactor, the source intensity is given by

S =3 x 1016 P neutrons per second

where P is the reactor power in megawatts. The integrated flux
at the payload, in the absence of a shield, is then
B - S5
e
where t is the effective time during which the source contributes

to the dose, and r is the reactor to payload distance. The requi:
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shield attenuation.factor, A, is then given by

109’n/cm2
)= .

In the hydrogen propélled system, if one ignores the attenuation

A =

by the propellént (a tbtally unjustified assumption) one obtains
A=06x 10-6, corresponding to about twelve attenuation lengths.
In the ion-propelled system one obtains for qﬁe 50 foot reactor-
to-payload distance, A = 3 x 10-9, corresponding to about 19
attenuation 1ength§. It is clear that the ion propelled vehicle
will require much more neutron shielding because of the much

" longer time at power.

The required attenuation factor in the hydrogen propelled
rocket will be larger, i.e. less shielding will be required, than
the figure given above, since the propellant will constitute
the major part of the shield for most of the thruét period. This
ﬁay be estimated as follows: We assume the initial propellaﬁt
load to be a cylinder of hydrogen 150 feet long.' Its length

after t mindtes is assumed to be

x(t) = X, = Vvt

where Xq is the original 1ehgth, and v 1s the number of linear

feet which burn per minute. We have
X
o
V-T_

where T is the total burning time.g If all the hydrogen 1is used up
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during the thrust period, the attenuation A, that it provides

oif

is given by

= - X /A
-\—?,T l-e 0)

where A is the neutron attenuation length in hydrogen, about 10 cm.

Hence

~ A 1
M= X% 550
o
The expression for AH may also be interpreted as defining Teff’
an effective burniﬁg time for shielding purposes:
A

Tegs = E; T.
For the hydrogen propelled rocket this turns out to be about four
seconds. Since a total attenuation of 6 x 10'6 is required, the
actual shield (exclusive of the hydrogen propellant) must provide:

an attenuation, A given by

A = = 3x 103

]

P>

H
corresponding to about six attenuation lengths.

We now consider the required attenuation of gamma rays for

~the two configurations. The allowable gamma dose over the miss1on

will be taken as 25 rem, corresponding to an integrated energy
flux of
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5 __Mev sec 10 Mev
(5.5 x 10 —— ) x(3600 ) X (25 )25 x 10 —
cm” sec r r cm” . |

We shall assume 4 3-Mev gammas are emitted per fission. The

source intensity is given by

S, = l.2x 107 P Mev per second

where P is the reactor power in megawatts. The integrated energy °
' |

flux at the payload, in the absence of a shield is given by

Syt
= |
et | 1
The required shield attenuation factof, AV’ is then given by
A 5 x 1010
’Y ] —¢—t—-——
Y

In the hydrogen propelled system,if one ignores the attenuation of
the propellant one obtains Ay = 8,5 x 10'5 corresponding to about
9.5 attenuation lengths. In the ion propelled system, one obtains
for the 50 foot reactor-to-payload distance, Ay = 3.5 x 10"8

corresponding to about 17 attenuation lengths.

When one considers the attenuation of the hydrogen Propellant
on gamma rays one-obtains an attenuation factor

hyy = ;’;; = 3 x 1072,

using A = 175 cm for liquid hydrogen, leaving a reqﬁired'attenuatioﬁ
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factor for the shield material of

8’5 x 10 B -3
A = - = 2.8 x 10
Y 3 x 104 -

corresponding to about 5.3 attenuation lengths.

These results are Summarized in Table 1, From this table
we conclude that the shields of interest range from 5 to 20
attenuation. lengths in thickness for neutrons and gammas.

Some typical neutron removal cross section values and gamma
attenuation coefficients are given in Table la for some high per-
formance shielding materials. It is clear that in a linear
(slab) geometry the neutron attenuation will be higher than the
gamma attenuation for any low atomic weight material, and es-
pecially for hydrogenous materials. On the other hand, the gamma
attenuation coefficients are higher for materials of high atomic
weight, pParticularly at the higher energies. Hence g well |
designed shield will consist of both low and high atomic weight

materials.
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Table 1

'Required No. of Attenuation Lengths

]

'Typical Attenuation Coefficien

LiH
CH,

Pb

and Gammas
3 Mev Gammas

Neutrons(cmz/gm) (cmZ/gm)

- .1525 17,0353
.1182 . .0404
10713 +0313
0099 0413

TECHNICAL RESEARCH GROUP

Hydrogen-propelled ‘- 'Ion-prope11ed
Néutrons Neglecting Including
Propellant Propellant
11.3 : 5 19
Gammas 8.7 5.3 16.5
Table la

ts for Neutrons

6 Mev Gammas
(cmz/gm)
~.0300
.0310
40212
06445
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.Section 3. Qualitative Discussion of Shield Splitting & Placement

One can make analytical estimates of the effect of splitting
;and shield placement which are quite useful in setting upper bohnds.
on the gains to be achieved by such shield;designs. Furthermore,
it is possible to evaluate many characteristics of‘the multiply-
split scattering shield and of optimal shield configurations by
qualitative arguments. 1In this section we give such analytic
éstimates and qualitative considerations. |

The multipliisplit scattering shield has been suggested as
@ means of eliminating buildup by Scattering the deviated radiation
into space. We have found that if the buildup contribution to the
dose predominates over the unscattered radiation the dose can be
reduced considerably by muitiple splitting.

We have made simple analytic estimates of the shield weight
sévings achievable by splittiﬁg the shield. Assume a series of
discs of equal radius between source and deﬁector discs. The
radiation leaving each disc has been assumed to have a cosine dis-
tfibution. As an upper limit one can assume that all the neutrons
of gammas which are scattered by a disc contribute to the buildup.
Béck reflection between discs will be neglected and the scattering
cross sections will be assumed energy-independent. Then the

fraction f(x) of radiation hitting a disc from the preceding disc is

() = 1+ 2 - \j(lv + x2) 2-1 | (3.1)
= T '2— . .

where x is the distance-bétﬁeen disces measured in units of the disc radius,
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A more general form ofvthis'function can be given for discs

of unequal radii, R; and R, at a separation distance L:

az -a2 2 az
fla,a) =5+ 2 +L ) -lla+2+L )y -4-2 | (3.2
1°%) =7 i -z *=7 =7 -2)
; . a a a
1 % 1 % 1_)
where Q = RllL, ay = R2/L.
These formulas were obtained by evaluating the following
integral I over the areas of two discs of radii R; and R,:
I = (dx,dy L (dxd cos 8 (3.3)
X2 7 1991 y) y
TrRl

ZTTE..Z + (xz-xl).2 + (y5-¥1) }

where the subscript 1 refers to the disc of radius Ry and the

subscript 2 to the disc of radius R2. One disc is assumed to have .

uniform source intensity over its surface. The source radiation
is assumed to have a cosine distribution with the normal to the

diécs. Here

COS O = L

” ) Z71/2
[L + (x9=x%;)  + (y-¥y)

This integral was first evaluated by Walsh.” We have attempted
to obtain similar analytic expressions for source radiation with
other angular distributions. While it is easy to evaluate these
integrals numerically no simple expressibns énalogous to (3.1) or
(3.2) have been found. |

We now return to expression (3.1) and apply it to a sequence

of n discs equally spaced between source and receiver. The

TECHNICAL RESEARCH GROUP
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assumptions of uniform source density, cosine angular distribution,
and no back reflection, which are inherent in an iterated applicatlox 
of (3.1) all tend to enhance the benefits of shield splitting.

Most important of all, we shall assume that the penetrating radiationf
consists predominantly of multiply scattered particles, which become 5
the source for the next disc. This is equivalent to the assumption
that the buildup is quite large. This assumption also enhances the
effect of shield splitting in dose reduction. Hence this calculatior
- will give an upper limit to the geometric attenuation due to shield
splitting. The geometric attenuation due to splitting the shield

into n identical discs when the source-receiver distance is L is

u(L n) -l:(—l—‘r):]m-l

To compare the geometric attenuation of an n-fold split to attenuaticf

given by

by an unsplit shield it is convenient to define a geometric improve-

ment factor

I(L,n) = o(L,1)
a(L,n) :
I is tabulated as a function of L and n in Table 2. Curves of I

ve L for various n are given in Figure 1.

Itvcan be seen that substantial improvgment factors can be
obtained for large L and n. A factor of 9.8 such as one gets for
3 discs with L = 12 corresponds to 2.3 mean free paths'of shield

thickness. This would save about 20% of the weight of a one—dimensiéﬁ
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shield with an attenuation of 105. _

| These analytic estimates presuppose that the multiply
‘scattered radiation contribgting to the buildup is so large as to
be the preponderant contributor to the dose. Our Monte Carlo
calculations have shown that this ié very often not the case.
" We have estimated the buildup for neutrons in non-hydrogenous
materials and found it to be quite large. iﬁ 15 mean free paths
of a heavy nuclide with constant cross gection, for example, oné
finds scheﬁatic figures of several thousand. In hydrogen, however,
thé neutron buildup is much less. For gamma rays the buildup is

also much smaller.

TABLE 2

Shield Splitting Improvement Factor.
Analytical Formulas

‘\;\\Q\ 2 3 4 6 7 o

6 1.7 2.2 2.5 2.7 3.0 3.4
g | 2.3 3.5 3.7 4.9 6.8 9.2
10 3.0 6.0 9.1 14.9 19.3 30.4
12 4.0 9.8 17.9 36.4 45.2 113
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One reason why the buildup in some cases is not as large as
one might expect, even without splitting)lies in the relation
between the finite size of the source and detector and the angular
distribution of multiply scattered radiaﬁion. Scattered radiation
is fairly evenly distributed in angle relétive to the incident
direction of the unscattered radiation, which we take as normal to
the face of the shield. The conventional buildup factors which
have been tabulated for gamma rays correspond to a detector inside
the shield or in contact with the shield. When the detector is
far from the shield, as it is apt to be in a space vehicle, only
) that part of the scattered radiation in the cone of angles that
"'see'" the detector can contribute. Hence there is an important
-distinction to be made between the conventional buildup factor,
which gives the ratio of multiply scattered to unscattered dose
when the detector is in contact with the shield, and what one
may call the effective buildup factor which gives the buildup ratio
when the detector is far from the shield. When the shield disc
is far from the detector much of the multiply scattered radiation
. will miss the detector anyway, regardless of whether the shield is
© split. | |
| ' An estimate for the effective buildup factor in terms of
the éonventional'buildup factor may be given for a single shield
slab between source and detector. Let U be the probability that
the radiation will penetrate the shield without scattering, and
let S be the probability that scattered radiation will penetrate
the shield surface. Then the effective buildup factor is given by

‘ aoU + BS
Begf = —a U

o
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where % is the probability that a source neutron (or gamma)
will hit the detector if no shield is présent, and B is the
probability that a scattered neutron (or gamma) that penetrates
the shield will hit the detector. 'Now S may be related to the

conventional buildup factor B:
where o is the probability that a source neutron will hit the

shield. = Combining these equations one obtains

. Bog
Beff = ]. + —a—- (B"l)v

Ba | © |
The ratio —al will normally be considerably less than unity when
o

shield, source and detector are well separated. Hence the
effective buildup factor will be less than the conventional one.

- The directional character of the multiply scattered radiation
is one factor in reducing thereffective‘buildup. Another factor
that is very important for gammas and for neutrons scattered in
hydrogen is the energy-angle correlation in scattering.

When a gamma is écattered through a large angle it loses
much of its energy. The Compton cross section at the new gamma
energy 1s much larger, hence this gamma has a reduced probability
of contributing. For a neutron scattered in hydrogen, too,
large angle scattering regults in large energy loss for the neutronm,

which then sees a higher cross section and has a reduced probability

of contributing.
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For a neutron scattered in a non~hydrogenous material this
situation does not hold. Large-angle scatterings do not generally
produce large energy changes and do not gréatly reduce the chance
of contributing. That is why one can find large buildup factors

in non-hydrogenous materials.

Effect of Angular Distribution

The actual éngular distribution of multiply-scattered neutrons
is more forward peaked than a cosine distribution. This tends to
~ increase the dose over the values indicated by the simple analytic
estimates.,

1f one assumes that the radiation leaving a disc has a cos™®

distribution /%he ratio of flux to current is glven by
T,
~§ cos™@ sine de
o . _ n+2 :
g = 72 * o+l (3.4)
cos™® . cos8sing de
o

- An examination of flux-to-current ratios of some of our Monte Carlo b

'~ results with the shield up against the detector gives values of n

- between 1.7 and 3.5. While the distribution is not of the form cos"e, |

the value of n is still a measure of the peaking of the angular dis-

. tribution.
' We see, then, that the flux is peaked more strongly than cose.
Hence the actual gain due to splitting is less than the tabulated

values of I(L,n) in Table 2.
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Geometry Effect

An important aspect of optimal sﬁield placement concerns thé
relative size of source and detector. If source and detector aré’
discs of the same diameter we call the situation one-dimensional ?
geometry or slab geometry. If the source is much smaller than the
detector we call the situation three-dimensional geometry. In oﬁe-
dimensional geomef?y‘adding one mean free path to the shield thickn<
adds shield mass péopottional to the added thickness. In three-
dimensional geometry the added mass required to increase the shiéld
thickness by one mean free path is proportional to the square of
the radius from the source to the shield edge. In three-dimensiona.
geometry one wants to place the denser materials on the inside of
the shield at small radii.

Three-dimensional geometry penalizes the use of low density
shielding materials since a given number of mean free paths must _
be placed at a greater radius. One-dimensional geometry does notﬁ
discriminate between high and low-density material. The scattering
shield can use low-density materials in one-dimensional geometry.
Since splitting the shield is equivalent to lowering the average
densitx the three-dimensional situation attaches important shield
weight penalties to splitting. ' | |

Another type of geometric consideration is also involved in.
the problem of optimal shield placement. Consider the optimal
location of a single disc shield when source and receiver are the

same size. It will depeﬁd on the source angular distribution and
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the detector angular response. One can show by symmetry arguments
that if these two functions are identical and if the shield ﬁ
attenuation is the same from.either,side, the optimal 'location is :
halfway between source and receiver. In general these two functions
will not be identical nor will the shield attenuationlxa symmetric
if it consists of several materials or if cross sections are
strongly dependsnt on energy and if the scattered radiation is . é
substantially degraded in energy. 1If one considers just the in- {
verse square attenuations from source to shield and from shield to
detector, the product of these two attenuations is minimized when
the shield is centered. However, the optimal locstion still may be P
“far from the midpointl _ _ ‘
The Monte Carlo calculations show, in fact, that thé optimal
location for s slab hydrogenous shield against neutrons is near the
source, unless L is very large. This result is obtsined for a
cosine distribution of source neutrons. One can understand this by
observing that in hydrogen tne cross section increases sharply with
decreasing energy and the unscattered neutrons are the nost pene;
trating. 1If the shield is far from the source the neutrons are
incident almost normally. If it is near the source many of the
neutrons are incident at larger angles,and the average neutron
suffers its first collision at a small distance into the

shield. It then is degraded in energy and sees a larger cross a4
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section, thus making the shield lobk thicker. This effect is most

pronounced with isotropic neutrons and doés not occur with a mono-
 directional beam normal to the source. The effect also disappears
"when the cross section is independent of energy. The net effect
  in one problem was to reduce the dose by 40% when the shield is

"moved from ;he mid-point to the source.

Even if the symmetry conditions hold one has a new optimal

;placement problem when splitting is admitted. One can show that

moving material from the center increases the first-scattered dose

while it decreases the multiply-scattered dose. Hence a new

| optimum must be found for a split configuration.
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Section 4. Monte Carlo Calculation Results and Conclusions

The effects of shield splitting and placement on the trans-
mitted dose have been quantitatively investigated by Monte Carlo
procedures. The exploratory nature of the calcuiations imposed a
number of restrictions on the program. The study was limited to
shields composed of one material. Almost all the calculations
were in one~dimeﬁsionai geometry, in which no shield weight
penalty is attacﬁed to use of low density materials. Only a few
materials were studied. Nevertheless, the Monte Carlo results
yielded a number of tentative conclusions, whose generality,
however, is limited to the general type of situations studied.

These tentative conclusions will be presented briefly in
Section 4.1. A description of the calculated geometries and
materials is givep in Section 4.2, The calculation results are
presented and discussed in Section 4.3, where detailed evidence
is given for the conclusions.

Section.4.1 Conclusions

The following tentative COnclusions have been inferred
from the Monte Carlo calculation results. Specific calculations
- Lo support these conclusions are cited in Section 4.3,

. 1. The neutron dose transmitted through a non~hydrogenous
shield can be reduced appreciably by splitting the |

shield into two or more segments.
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This dose redﬁction factor increases as L increases,
where L is the source-to-detector separation distance
(measured in units of source or detector radius),
until L is sufficiently large that the unscattered
flux predominates in the dose. ‘ |

The neutron dose reduction due to spli%ting a

non-hydrogenous shield increases with the thickness

of the shield disc,‘up to some limiting thickness.

The neutron dose for L = 5 is minimized for a
hydrogenbds shield when the shield is near the source.
The effecﬁ vanishes fo; large 1, ﬁhen a more centered
shield gives the minimum dose.

The most disadvantageous location for hydrogenous
shielding material is near the detector.

The gammg~dose is minimized for small or moderate
va;ues of L»when the shield is near the source and
for larger values of L at more centered positipns.
The most disadvantageous location for a gamma ray
shield is near the detector.

Splittihé a hydrogenous shield{hés no large effect .
on the neutron dose unless it moves shield materigl
from near the source, in which case ﬁhe'neutron dose
increases, at least for values of L in the neighbor-__
hood of 5. The effects of splitting seem to be (1)

to decrease the dose somewhat for a fission source,
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(2) to increase the dose somewhat for a 3 Mev source. A
9. For a hydrogenous shield the effect of geometry on neutron
dose is independent (within fairly wide limits) of both
source energy and shield thickness.
.10. Splitting has little effect on the gamma dose excépt when
when the shield material is moved away from the detector.

It appears that splitting helps mbst for neutron attenuation
in non-hydrogenous materials. In what shields will the design be
determined by neutron attenuation through non-hydrogenous materials?

A. When non-hydrogenous material is used for shielding

because it is already present for another purpose,
€.g., a combination radiator and shield, or as g
reserve cesium propellant in an ion propellied
rocket. |

B. When substantial amounts of gamma shielding material,

which is non-hydrogenous, is lncorporated in the shield

C. 1In three- dlmenSLOnal geometries where large neutron

attenuations are desired, one will tend to use high
density non-hydrogenous material instead of low density
hydrogenous material.

D. When hydrogenous materials suffer from mechanical or h i o

containment difficulties.
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'Section 4.1 Description of Calculations

A set of Mbnte Carlo calculations ‘was carried out for various

'"axially symmetric configurations. ‘The source was taken to be a

~ disk, the detector a thin pillbox, ‘and the shield one or more disks.%}

.Source,'shield and detector all had the same radius, in all
except one pair of problems. In that pair, the shield was taken
'to be an approximation to a truncated come. |
| | The disk shield geometry was.chosen as the simplest geometry
that would demonstratewthe effect of splitting and placement of
,{shield_material. Since realistic nuclear rocket configurations
}were not available, the geometry was simplified to source, shield,
~and detector. The source disk represents the side of a reactor
-and the deteCtor represents a crew compartment. Materials were
Vf;chosen for investigation to be typical of either shield, structure,
or prOpellant. Again in view of the incompleteness of information
‘ about configurations, it was decided to investigate various
i’relevant parameters in their effect on splitting and placement.
'These parameters included shield material, source spectrum, and
' .geometry The primary objective of the calculational program was
-.then to determine the effect of geometry on dose.
In all the calculations, the overall shield thickness was
small compared to the source-detector separation distance. The
' geometry can be specified by L, the ratio of source- -detector

separation to'the'radius; by'the locations of the shield sections
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-along the axis, in fractions of L; and by pt, the product of
overall shield thickness and density. We use the symbol (0) to
denote a configuration with the shield adjacent to the detector,
(% R %) for a split shield with one segment 1/3 of the way from
source to detector and the other segment 2/3 of the way, etc. é
For all the split shield configurations, all the shield segments

were of equal thickoess, except for two. The one denoted (0,1/2)*

had 2/3 of the shield material in the piece next to the source
and 1/3 midway between oource and detector. The split tapered
shield of Problem 25, which.will be discussed below, did not

have pieces of eoual thickness, either. b

A description'of the oroblems'done by Monte Carlo is given
in Table 3 for gamha rays and ;n Table 4 for neutrons for those
- problems that either gave reliable rosults or else gave suggéstive
results of some intrinsic‘interest. ‘We assign the greatest re; b
liability to the results of problems numbered 51 and higher. |
Numerical results are given in Table 5 and 6.

Many of the problems described in Tables 3 and 4 were done . £
for several cases siﬁultaneously to save time by using a multi-
case option of the code. This feature is discussed in Appendix
1. One use of the multicase feature was to simulate shields of
different thicknesses. Since the multicase feature requires that L

all the cases have the same geometry, a thinner shield is in

fact simulated by reducing the density rather than the shield &
thickness. That is, only the product pt, where p is the density and

t the thickness, is relevant, rather than p and t separately. This w
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be true as long as the shield thickness is small compared to both
the diameter and the source-detector separation distance.

Where more than one case is listed for a problem, case 1 was
always the case for which the sampling scheme was set up and
usually (though not always) 8ave the best results.

Only the cesium problems, the carbon problems, and the water
problems numbered from 51 up gave reliable results. The number of
groups of histories run is listed for each problem. The group is
the basic measure of the number of histories rnn, since there were
always 100 histories per group. Problems listed in Table 6 with a
suffix A, Ay, or B are reruns of the original Problems and  were
done to obtain more groups. For such problems (53 and 534, for
instance), the results should be averaged In the text, -averages

are used.

In some cases, two or more problems are shown in Table 4 for

 the same parameters. In these cases the Monte Carlo sampling

scheme differs from one to the other. Only the results for the
problem with the better sampling scheme are listed in Table 6,

In Tables 5 and 6, ¢ is the total flux and ¢ is the n~times-
scattered contribution to the flux for n< 4. ¢5 Dncludes all the
5-times and greater scattered radiation. The number in parentheses
following each table entry is the fractional variance,

Problems run but not listed either duplicate more reliable

computations which are listed of contain errors in the coding.
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Hydrogenous neutron shields investigated were water, poly-
ethylene, and lithium hydride. The pblyethylene results were all

unreliable and are not listed. 1In general, the lithium hydride

results are less reliable than those for water, since water and not }i:

lithium hydride was always chosen as the base case (case 1) in the
computatidn.

| The most reliable results for nonhydrogenous materials were
for carbon (graphite). The total cross section used was modified
by smoothing some of the more violent;fluctuations'at higher
energies which caused difficulty with;the statistics of the Monte
Carlo. For a fission source, the effect is probably very small,
though reliable enough results for the ummodified cross section
to prove it unambiguéusly could not be obtained, The problems with
the modified cross sections are denoted by C-SP in Table 6.

It was desired to have some results for cesium{ which would
presumably be present in an ion-propelled rocket as propellant and
which might be used for shielding. No cross sections have been
measured for cesium. However, all the neighboring elements have
smooth cross sections in the.MEV regibn, which vary slowly in the
same way for‘each one and whose magnitﬁde chﬁnges from one nucleus
to the next in a regular way. It is certain that cesium fits into
this scheme. A constantAcroés section representation of cesium
is denoted as Cs-SP in Table 6. Case 1 for the cesium disk

ﬁroblems (Problems 21-23) corresponds to a cross section of 7 barns

TECHNICAL RESEARCH G:ROUP



28.

at normal cesium density of 1,88 and Caée 2 to 4 barns at density
'1.88. The cross section rises from about 4 barns to about 7 barns
in the energy region of interest. For each case, the cross
section was assumed constant and isotropic. The cesium shields
considered were quite thin, since the primary purpose of the cesium
is as a proPéllant rather than for shielding.

~ Problems 24 and 25 were for tapered geometries. The shield
in Problem 24 was a set of successively larger cylinders which
simulate a truncated cone. Problem‘25 simulated a split tapered
shield.

Several probléms were done for iron, for an assumed constant
and isotropic cross section. Iron was chosen as a typical
structural material which might be used effectively for shielding
if almost all of the attenuation were in fact by scattering out.
Iron, unlike cesium, has a large number of resonances in the
cross section and the constant cross section approximation is not
a very good one. 1In addition, inelastic scattering was ignored
because the code has no provision for it. The iron problems gave
extreme difficulties in the sampling becéuse of the larger number
of collisions per history. No way could be found to sample
adequately the histories containing many histories in a reasongble
amount of machine time, for fairly thick'ahields (~2 feet). It
' seems that a less blased sampling scheme than the ones used will
be besg, but such a scheme will require many histories and long

running times. The work and machine time required to evolve and
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use such a scheme were not felt to be justified by the importance
of the problem, which was rather unrealistic.

The gamma ray problems were all for materials of low etomic
number, i.e., effectively Compton scatterers. In Problems 14 and
‘15 the shield material was polyethylene, both full and half density.
 In Problems 16-18, the shield material was hydrogen. -

Since Monte Carlo is a statistical method, an ever;present
concern is that the particular sampling scheme used may under-
sample some important types of histories and not only give a bad
answer (usualiy lower than the correct one), but give too low an
estimate of the error. One can guard agaiﬁst this somewhat by
running many histories, since in the limit of a very large number
of histories the estimaeee will certainly be correct. One also
wants to have an independent estimate for the answer to be really
sure. In Problems 51 on, 1000 histories were run for each problem.
The answers were quite stable over the last several hundred
histories. With the sampling schemes used, it is felt that 1000

histories are sufficient for the hydrogenous and carbon shields.
Since no independent estimate of the results existed, the sampling
schemes were changed - that is, a different biasing was used - and
some of the problems rerun. The idea was that the reruns would
stress different types of histories than the original runs with the

original sampling, and if the two runs agreed, the answer can be

_cohsidered valid. Problems 66-69 are reruns with changed sampling.
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Since the original sampling was chosen because it seemed satis-
factory while the changes for Problems 66-69 were rather arbitrary,
the original sampling gave less variance in the results. However,
in all thé problems, the results of both sampling schemes were in
agreement. We can thus assert that for the problems done both
ways, not only are the variances satisfactorily low, but the
answers are s?bstantially'correct; Since afsatisfactory sampling
scheme for one problem will be satisfactory for problems which do
not differ radically from that one, we can further assert that all
the results for Problems 51-65 are substantially correct. Most‘
of the earlier problems were run for only 500 histories and the
results were not checked independentiy, 80 they are somewhat leés,

reliable.
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Section 4.2 Results of Monte Carlo Calculations

- A. Neutrons

Several series of problems were run for neutroné. The
most complete set of problems for hydrogenous media are problems
Si, 52, 55, 56, 63,64 for L=5. The results are given in detail in
Table 6 and summarized in Taﬁle 7. I1f the dose for a shield next
to the source is taken to be unity, the dose either for any of
the split sﬁields considered or for a single slab shield halfway
between the snurce and the detector is about 1.4 or 1.5 and the
dose if the shield is next to the detector is 4.2. These relative -
values refer to water. Similar relative values are given for

lithium hydride.

Table 7. Comparative Doses for Hydrogen Shields 2.5 ft. Thick, P

L=5
Material | Water v Lithium Hydride
Source Energy 3 7 F F |
Density 1.0 .0.5. .1.0 0.5  0.82 0.41
. Configuration : ;
©) 1.0 1.0 1.0 1.0 1.0 1.0
©o.p* 1.3 - 14 - - i
@ 1.4 1.4 L4 15 - 1.1
G P 1.9 . 1.7 1.3 1.4 - 0.9
G 1) 3.5 3.1 2.6 2.2 - 11
(1) 4.2 4.2 4.3 4.2 - 2.9
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Table 7 indicates that there is a great choice of cénfigura;
tions for which the dose is not too much higher than its optimum
value. The op;imum is presumably achieved when all‘the shield is
at the source, at ieast when L is as small as 5. The figures in
Tables 6 and 7 show that it is extremely unlikely that any sub-
stant#ally different configuration will give appreciably better re
sults or indeed will be nearly as good. The (O, %)* configuration
was investigated because it was surmised that it would give a
lower dose than the (0) configuration. In fact, it turned out un-
mistakably higher. The split shield configurations show the large
case~-to~case variations. The (1, %) split is clearly better than
the (%, 1) split, though not than the (O, %)* split. Since there
‘was nO«appreciable saving from splitting, multiple splits were not
investigated. Splitting seems to help Somewhat with fission éourc
and to hprt somewhat with 3 Mev sources, compared to a single
centered disk. ”Ev

The lithium hydride problems did not give as good statistics
as the water problems. This occurred because the base case for th
simultaneous calculations (see Appendix 1) was chosen as a Qater
shield. Thus the sampling was not too satisfactory for the LiH
cases. In fact, the full demsity LiH case did not give any
statistically useful results whén the shield was adjacent to the
detector, and the eétimated errbrs were not small in any configura
The half density LiH problem, corresponding to 1.25 ff. of ordinar

LiH, shows little variation of dose with configuration, except tha

TECHNICAL RESEARCH GROUP



putting the entire shield next to the detector increases the dose
by a factor of three over the other configurations considered. In
both cases, while the computed fractional deviations ranged from
24-38 per cent, the results indicated some saving with splitting.

Problems 53 and 54, idemtical with problems 55 and 56
respec;ively configurations (%9 and (%-,‘%il except with L = 10,
gave qﬁite similar results. Splitting had ho effect, within
statistical e&ror, for the water problems, while for LiH it helpec
slightly.

A number of earlier problems were run for water and poly-
ethylene for other shield thicknesses. While the results were not
as reliable as those quoted, in no case did the results differ by
more than 30-35 per cent or so between split and unsplit configur:
tions. |

The results for nonhydrogenous materials were more pronounce
For L = 5, splitting of a carbon shield reduces the dose by about
25 per cent. For L = 15, splitting once cuts the dose by about
60 per cent, i.e., by a factor of 2.5. The dose for a split into
four pieces is about 1/3 of the dose for the unsplit shield. Sinc
the 4-split the buildup factor is only 3, we infer that not too
much will be gained by further splitting. The analytic formula o:
Section 3 indicates that the effecﬁiof splitting should increase
with L, and that for large L multiple splitting can be effective.

The analytic formula of Section 3 indicates that the effect of
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splitting should increase with L;-and that for large L multiple
splitting can be effective. The Monte Carlo calculations bear this
out, but show that the analytic formulas give a considerable over-
estimate for the effect of splitting, as one would predict from the
rather strongly forward distribution of the scattered radiation.
The ‘iron problems suggested that splitting helps for heavy
elements. That is, lower doses were obtained for split than for
unsplit configurations. However, all the statistics were so bad
that one cannot regard these results as more than just suggestive.

The cesium calculations (Problems 21-23) showed little effect

from splitting.- Case 1 for Problem 22 gave a result which is prob-

ably somewhat high. The buildup was very small in these problems,
so the results are not surprising.

The effect of splitting in a 3-dimensional geometry is
illustrated.by Problems 24 and 25. Here the ratio of separation
distance to detector radius was 5 and that to source radius was 50
The total separation distance was 25 feet. The shield, for all
practical purposes, was a truncated cone in Problem 24 that just
shadowed the receiver from the source. It extended from 2 to 7.57
feet from the source. For Problem 25, the part of the cone betwee
5.8 and 7.57 feet from the source was moved outward and replaced
by a truncated cone extending between 10 and 10.9 feet from
the source. The total shield volumes are the same. The split
shield gave a considerably higher dose because the total shield

thickness was'less and any beneficial
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effect of splitting could not overcome the liability of a thinner
shield. However, comparing the two problems, we see that for case
1, the unsplit shield gave a buildup factor of 7, while the split

shield gave a factor of 4. For case 2 the numbers are 2.0 and 1.7

. respectively. This splitting is helpful in cutting down the

‘relative effect of multiply scattered radiation somewhat.

The gamma ray Problems 16-18 indicate that splitting is un-

. [}
important for 'Compton scatterers. Problem 16 is an unsplit centere

shield, Problem 17 is a two-piece shield, and in Problem 18, the
shield is split into four pleces. The flux for Problem 17 is
somewhat higher than for the other two problems, but not by a large
amount. Since néither the analytic treatment of Section 3 nor
any general considerations 1ead;one to expect that the result
should be anything but monotonic in the number of splits, it is
pres&med that the larger result for Problem 17 is not real. No
further problems of this sort were done for gamma rays, since any
effect would be largest for Compton scatterers and less for heavy
materials. |

Problems 14 and 15 show the effect of moving some of the
shielding away from the detector. Although the statisticﬁl errors

in the calculations are not small, there is a clear substantial

‘decrease in. the dose on moving the material away. Only in Case '3

is this not clear, but in Problem 14 the error in this case is so

large that the result is worthless.
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One can sum up the results of the calculational program in
following conclusions: |
The neutron dose tramsmitted through a non-hydrogenous
shield can be reduced appreciably by splitting the shield into
two or more segments. ;

Problems 61, 62, and 65 show that a saving of at least a factor
of 3 in the dose is possible.

This dose reduction factor increases as L increases until L

is sufficiently 1arge that the unscattered flux predominates

in the dose.

This is clear from ﬁhe discussion of Section 3 and is borne

out by a comparison of the results of Problems 57 and 58 with
those of Problems 61 and 62.

The neutron dose reduction due to splitting a nonhydrogenous

shield increases with the thickness of the shield disc, up
to some limiting thickness.

This follows from the fact that the dose reduction from
splitting is limited by the amount of buildup, and buildup
increases with shield thickness.b

The neutron dose is minimized for a hydrogenous shield when the

 shield is near the source, for L = 5.

' This follows by comparison of the results of Problem 51 with

those of Problems 52, 55, 56, and 63. When L becomes large,
one can expect the optimum position to move away from the source

toward the center, since the potential exists for a sizable
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decrease in dose due to the inverse r2 effect. For small
values of L, the potential r2 decrease cannot compensate

for the effect discussed earliér that favors locating the
shield near the source.

The most disadvantégeous location for hydrogenous shielding
materiél is near the detector. This follows from the results
of Problems 51, 52, 55, 56, and 63.

The gamma dose is minimized when the shield is near the
source, for small L. No calculations are available to support
this conclusion. However, the same considerations that apply
to neutrons in hydrogenous shields apply to gammas incident
on a Compton scattering material. In fact, the stronger
angle-energy correlation in COmpton scattering makes the

case even more emphatic.

The moét disadvantageous location for a gamma ray shield is
near the detector.

This follows ffom the results of Problems 14 and 15 and.the
analogy with neutrons incident on a hydrogenous shield.
Splitting a hydrogenous shield has no large effect on the
neutron dose unless it moves shield material from near the
source, in which case the neutron dose increases for small
or moderate values of L. This follows from the results of
Problems 51, 52, 53, 54, 55, 56, 63.and 64.

The effects of splitting seem to be (1) to decrease the dose
somewhat for a fission source, (2) to increase the dose

somewhat for a 3 Mev source.
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This conclusioh is more problematical than the others. It
is suggested by the results of Problems 53, 54, 55, and 56.
9. For a hydrogenous shield, the effect of geometry on neutron

dose 1s independent (within fairly wide limits) of both
source energy and shield thiékness. |
This is shown most clearly by Table 7. »

10. Splitting has little effect on the gamma dose.ékcept when
the shield material is moved away from the deﬁector.
This follows from the resﬁlts of Problems 16-18.

Tables 5 and 6 |

In tables 5 and 6 results are given for the total flux, for
¢o’ the unscattered flux, and for ¢n’ the flux of particles ex-
periencing n scatterings. The last colum3,¢5, gives the flux of

particles with 5 or more scatterings.
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A.l

Appendix 1. Description of Monte Carlo Codes

The two Monte Carlo codes developed to determine the effects
of rocket shields compute respectively neutron and gamma trang-
mission through a shield of complex design. Both current and flux
at the detector are computed,along with their energy spectra, a
partial breakdown of flux by order of scattering, and fractional
standard deviations of all computed quantities. Since there is
extensive overlap in the contents of the two codes, we will

describe them together with separate discussion where necessary.

A. Geometry

The codes handle axially symmetric geometries. The source
is a disk at one end of the configuration emitting radiation
uniformly over its surface and the detector is a cylindrical
cavity at the other.

The shield consists of a set of cylinders placed end to end.

Each cylinder may be divided into a set of concentric pieces, which

need not all be of the same material, and some or all of which may be

void. The radial divisions which bound the pieces need not be the
same in two different cylinders. The geometry is shown in Figure 1.
1. Gamma Rays
Each piece is considered to be either a single element or
a homogenous mixture of several elements.
2, Neutrons
Each piece is considered to be one of three types: a‘
homogeneous mixture of hydrogen and one other;element,

hydrogen alone, or one other element alone.
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B. Output

The detector is a cylindrical cavity which may be divided
into concentric annular sections in order to obtain the radial
dependence of flux and durrent. A flux is comphtedvfor each
section as well as for the entire cavity, and is‘given by the total
weighted tfack length per unit volume. The c@rrent is the total |
weighted number of particles entering the detector. The detector
has generally, ghough not necessarily, been ﬁaken to be a very
thin pillbox.

Current, flux in each detector section, and total flux are
computed. We can get a breakdown by energy group as well as the
totals. In addition, the total flux ig accum&lated by order of
scatter, with flux after five or more collisions being lumped
together.' |

For accumulation purposes (and also for random number
generation),‘the histories in a given problem are divided into
groups of a fixed number (usually ome hundred). The resulting
statistics are on a group to group basis. The two prindipal
statistics calculated for any quantity are the mean T and the
‘mean square}s. Both are obtained from the group average A of
the quantity. The mean"I‘n and mean square, Sn, after n'groups{

are computed as follows:
' ‘ A+ (n-1T
T = ) n=-1
‘n n -

A2

+ (n“‘l) Sn_]“
n

*a T
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"Neutrons

The fractional deviation F is then determined, exeept for the first

group, for each output quantity by the relation

| e w2 e
n 'T n"I ‘. ) \

'T and Fy -are printed,on-line after each group for total flux

and current. Fl is defined to be zero. . T and F, are printed

_off -line for all groups after the first, for all output quantities.

~ The units of. output are as follows.

’Gamma Rays

Flux - M:ev/cm2 sec R . |
1Current - Mev/sec (total current intoidetector);
Flux - neutrons/cm2 sec

Current - neutrons/sec (total current.into-detector).

-Tﬁe division pointS‘for'the energy groups are prescribed as input'

' ~by.giving an upper energy limit and a divisionm width AE. ' The code

can handle a maximum of ten'energy divisions.

C. Source-description

The source is assumed to be a disk of uniform intenSity.

~ The initial direction is given by one of two alternatives, a
specific-direction-relative to' the axis, i.e,, a cone of radiation

- of fixed angle to. the axial direction at each point on the sOurce

disk or a given distribution of angles, . restricted to integer (n)

powers of cos @, where 0' n ¢ 99 and © is, .the angle with the axis,

-0 < 0 < %". For both alternatives,nthe radiation is assumed to

be uniformly distributed in azimuth.



A.S

1. Gamma Rays

The source is monoenergetic. For the'computation

| "of f£lux the source normalization is ngen as 1 M’ev/cm2 sec.

For the current computation it is 1 Mev/sec from the entire |
source. |

. .2. Neutrons |

The source may be a monoenergetic source or else may
" have a flSSlonaneutron dlstrlbution. The normalization for
~the flux computation is 1 neutron/cm2 sec. For the curreut
computation it is 1 neutron/sec. “
Note that with these normalizations the ratios of both

flux and current to the appropriate source strengths are

dimensionless quantities. For a thin detector the ratio of

flux to current is just the average secant of the angle of

the direction of the radiation entering the detector with the

normal, multiplied by the ratio of source area to detector
area. |

'D. Multicase Feature

Several problems may be run simultaneously by the code,
if there are enough features in common. We then say we have a

single problem with a number of cases. Specifically, variation

among cases is allowed in the source energy and in the shield com-

position but not in geometry.

L TECHNICAL RESEARCH GROUP
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The variation in shield composition from one case to another
is subject to somé restrictions. In general a shield piece that
is void for one case must be void for all cases. Furthermore, in
the neutron code, any piece containing hydrogen in one case fmust
contain hydrogen in all cases though the concentrations need not
be the same and any other materials contained in the piece may
be different. If é'non-hydrogenous elemeﬁt is pyésent in a piece
in one case, one (ﬂbt necessarily the same one) Qust'be present in
éll-cases. | |

The multicase feature is'usefullwhen the cases are not too
dissimilar, so that the impor;ancé s&mﬁling used gives reasonable
~ results for all the cases. ‘ '

When several cases are computed simultaneously, thg sampling
scheme is chosen to be appropriate for the first'one, as described
below. The same histories are then used for all the remaining
cases, with the characteristics of each case determining the
weight factors that must be used. The particle trajectories are
the same in all cases. However, if two cases have.different
source energies, the emergies along any §ggmént of the trajectory
will be different,

AL

E. Coordinates

1. Physical
The following'yariébles describe the collision geometxy: -

a. Angle variables

TECHNICAL RESEARCH GROUP
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2.

6 = -cosine of the ahgle between the ray and a line
.parallel to the axis of the;system; ~{The axis is
regarded as directed from the-sbu:ce to the detector).
p = cosine of the angle between the ray éna an outward
~ wadius from the axis to the point of interest
A = cosine of the scattering angle
All azimuths are defined as an angle in a cone defined by §©.

around. either the line through the point parallel to the axis,

. or around the direction before scattering at the reference point.

b. Spatial variables
z = distance from plane of source
| R = perpendicular distance from ﬁhe'axis‘
Logical variables (internal to the’codé pnly)

The following variables are used by the'CQde-instead of p and

‘R, for computational convenience.

M = Rpis used instead of p.f

S R? is used instead of R

The set of quantities 5, P, 2 and R (or 5, 9, 2, and S) define

the direction and position of a partzcle at any cime. ‘The first

_ two will be termed the direction coordinates and the last two

the ﬁosiﬁion coordinates. ‘
Figure 2 illustrates the collision geometry, showing the

various angles.

’ TECHN!CAL RESEARCH GROUP ’
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F. Initialization
1. Energy
a. 'Gamma Rays _
For each case, the wavelength initially is that determined
.by the initial enerxrgy. N |
b. Neﬁtrons o
-éﬁr each mqﬁééﬁergetic source case,'thé\initial enefgyvn‘
is the value as prescribed. For those cases yhe:e the
initial energy forms a fission spectrum, the value for
the given history is chosen*'indépendencly'for each case.
| 2. Geometry | |

8, the cosine of the angle made by the initial direction

with the axis; is either chosen* from the given input
diétribution or else set equgl to the initial value, as
determined by input. For a distributed sdufce in angle,
& is chosen initially from a distribution which cuts off

~at a lower limit of Bain’

the cosine of the largest angle
with the axis for which a particle stérting~at.somg'point
on the source disk can see the shield or detector.. Thé

. radial position and azimuth are then chosenf from uniform
distributions, the radial position being uniform in S
between S_.. (the minimum value 6f S for which the shield

or detector can be seen in'the direction §) and the edge

of the source disk. The azimuth is chosen_uniformly

*

"Chosen" in this context means the variable is selected from a
given probability distribution using the random variable procedure
with the weight of the history accordingly adjusted. ' '

TECHNICAL RESEARCH GROUP
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between O and T or between 7/2 and 77, the latter if it is

impossible to see the shield or detector (for the chosen S and §)

~ when the azimuth is between O and'ﬂ72{

Estimate of Unscattered Flux and Current
After the source conditions axe set, the particle

trajectory is"calculated\sing the geometry.caléulation described

" below.” Estimates of unscattered flux and current are made if

the particle path intersects the detector. If the particle does .

not hit the shield at ail, which in general can occur for certain

. source points and directiomns, the history:is terminated., Other-

wise, calculation proceeds to the selection of the point of

collision.

‘Collision’ Loop

The basic collision loop goes as follows: Starting with

a particle with a given direction and energy, either directly

A

from the source or folloﬁing a collision, the position of the

next collision is chosen from an appropriate distribution.

 Absorption and escape are both forbidden, so that a subsequent

collision always occurs somewhere in the shield, though not
necessarily in the saﬁe piece. - The direction and position
coordinates of the particle at the collision point are thén .
computed. A new energy and direction are chosen and the loop
is-repeated.\ “

During the loop é‘statistiqal estimate’ié_made. The

. TECHNICAL RESEARCH GROUP
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estimate procedure is different for neutrons than for gamma
rays and is described separatelyf
A history is términated either by Russian Roulette
or by a low-energy cutoff when the“energies for all the cases
fall below a given cutoff energy. History_;erminatién is dis~-
cussed below. o | | |
In gener&l, the position and diréétion variables are
chosen from distributions determined by the Sampling scheme,
discussed below. The particle weights must.then be adjusted
 to compenséte. The particular distribution from which any
 variab1e is chosen is determined in terms of a parameter
which is a function of the state of the particle at the time.
The basic differences in the procedures in thelcollision
' loops in the neutron and gamma ray codes are that in the gamma
ray code the .statistical estimate is made after the new
energy and direction are chosen, while in‘thé neutron code it
' is made. before. Further, the neutron code has a splitting
- provision lacking in the gamma fay.code. In addition, the
computation of direction after scattering proceeds,differently
in the two codes. There are also differences due to the
different nature of the physical processes.
1. Distance Calculation
The mean free path distance x from the previous collision
is chosen as some fraction of the distance D(in mean freé

paths) from the previous collision to the farthes; edge of
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the shield, so that escape is forbidden. The probability
that the particle will not escape is automatically included
as a welght factor, since the natural densxty functlon for
the next collision position is e x, where x 1s the dlstance
along the path in mean free paths. As a result the weight
has an average factor of fDe'x_dx = l-e'D,eWhich is the
-probability that the partgcle will not escape. | |

The distance Q in feet from the previous collision
is then computed. Z*, n* and S*, the values of 2, 1, and S
just before the'collision, are_determined-in terms of the
values Zog.né_and S, after the previous}coliision by the |
fofﬁulas: | |

z = Qb +2Z

o= N, + Q(’i-‘éz)
s, + QN + ).

wn
]

- After the collision position is determined and before the
choice of a new direction and energy, a test is made to see
whether Russian Roulette (described below) is played. 1If
Russien Roulette is not played, the collision loop continues
by selection of a new direction and energy. |

At a collision, absorption is forbidden; instead the
weight is multiplied by the ratio of the proper differential
scattering cross-section to the total cross-seéction. ‘The -
average valuenof this quantity is simply the probability

that absorption does not take place.

" YECHNICAL RESEARCH GROUP
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Collision Mechanics and Statistical ﬁstimation
a. Gamma rays |

Compton scattering, pair production,‘and photoelectric
absorption are the only processes of intereetland the latter
two may be lumped as absorption. ‘The cross~sections are
described in Section J of this Appendix. The Klein-Nishina
formula is used for the differential crcss section.

For high energy gamma rays, A, the cosine of the
scattering angle and @, the azimuth about the direction before
scattering, are chosen. The‘direction variables ' and 7*
efter collision are calculated from the follcwing formulas
in terms of n* and §, the values of the variables at the

collision point preceding collision:

5" = 54+ (1-82) (1-2%) cos 8

—
* - *
nr = A +\11—A- (81 cos@-a)
1-5° :
For low energy radiation, 5', the cosine of the angle

with the axis, and the azimuth @ about the axis are chosen.
A and N'/R,respectively the cosines of the scattering angle
and the angle with the radius, are calculated according to

the following formulas:

JECHNICAL RESEARCH GROUP
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A = B&' + J(%-az)(l-atz) cos ¢'

"

2 .
" = E:Qé— (n* cos @=a)
1-56

In case 1-§2-0, A and ¢ are chosen and

B! = "aA
LA S(l-Az) cos @
a = -_i_-\,E(l-az)_-ﬂ*z:J (l-cosz¢)

The sign of a is random, with both signs being equiprobable.

The energy variable used internally in the code is A,

the wavelength in Compton units:

A = 0.511 E %,

when E is given in Mev. The increase in wavelength (4&AN)
in a collision is given in terms of A by the relation
(0n) =1 -8
Thus once A is chosen the new wavelength is uniquely
determined.
If for all cases the new wavelength is larger than

the cutoff wavelength the history now terminates. If not, and

_the new direction is such that the particle would hit the

detector if there were no further collisions, a statistical

estimate is made for the surviving cases and then the history

TECHNICAL RESEARCH GROUP
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proceeds. If a statistical estimate is not made and the
history does not terminate, the histo:y proceeds without an
estimate back to the beginning of che collision loop.

For a statistical estimate, the diét#nce D to the edge
of the shield is computed., (D is always cbﬁputéd whether or
not an estimate is made, sinée it is used qu obtaining the
next collision positic ..) The value.oﬁ'the eé;imate for the
current is then ; |

We-D

% 2
where W is the weight of the particle at the time the estimate

is made, D is as before the mean free path distance along the
ray to the farthest edge of-the shield and A is the wavelength.
The flux estimate is obtained by multiplying the current

estimate by the path length in the detector of the extended'ray.

"b. Neutrons

Hydrogen is treated differently than other elements because

of the large average degradation in neutron energy in a collision

with hydrogen. For hydrogen, the only process of any importance

is elastic scattering in the center-of-mass system. For other
elements elastic scattering and absorption are the only processes
considered. Inelastic scattering is not taken into account.A
Anistropy in the differential elastic cross-section is allowed
up to a Py term,.that is, the differential cross section is

assumed to be of the form

- TECHNICAL RESEARCH GROUP
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zq—r- (1 + 3f1Ac),
where 4, is the cosine of the scattering angle in the center-of-
mass systémvand Oge is the total elastic créss-section.
1f both elements are présent, a choice is made between
the two as the collision element. If only one is present, the .
collision is obviously forced with that element.
1f the collision is with hydrogen, the cosine A of the
laboratory scattering angle and its associated azimuth ¢ about
the direction before scattering are chosen at random. . The
resultant direction variables & and 7° and also the enexrgy
after collision for each case are calculated from the following
formulas in terms of the variables at the collision point

.befpre collision:

5' = BA +\/—(1-62) (i—AZ) cos @ -, 1- 52 4 O
2 - - -
n = H*A N (an*cos @ - a) , 1l - 82'¥ 0.
152 ] . o

‘a has the same formula as in the gamma ray code,

Ifl-anoa
5' = BA

Tl“ = - \l;(l-bz) cos ¢f,

The new energy is
E' = EA% :

The energy is then tested for each case. Those cases

TECHNICAL RESEARCH GROUP
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for which it i§ below the cutoff enexgy are discontinued.
‘When the eqergy for the last remaining ease is below the cutoff
“the history iszterminated.

If the collision is with an element'ethef than hydrogen,
‘the cosine of the angle with the axis, &', and the azimuth
‘ ¢ about.the axis are chosen. The cosine of the'angle with the
radius, W/R, the ¢031ne of the scattering angle 'in the laboratory’
system A, the cosipe of the center-of-mass scattering angle 4.,
:and the energy E' after collision are given by the following

formulas:

= 85° +V—(l-62)(l-8"2) cos@ , 1-5° 940

, A
’ T = 18t (ﬂ*cos¢ - a) o, -5 # 0
| . 1_52‘_ | .

1f 1-62 = 0, & = 00'

M= - VS(I-B'Z) cos@,
f oo BEiaaVare sl

¢ A
2A(Ac-1)

E' = E 1+-,—(—1:I)-2-— R

Finally, -

A is the atomic mass of the particular element, and there- =
fore both 4, and E' depend on the case. As in the case of
hydrogen, the energy is then tested for each case to ‘determine

whether it is below the cutoff.
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We note that the procedure for hydrogen is analogous to that
for high energy gamma radiation, while that for other elements is
analogous to that for low energy gamma radiation. The reason is
that for hydrogen and high'energy gaﬁma radiation large scattering
angles imply large energy degradation and a much higher cross
section for the‘next collision. The scattering'apgle then'tends
to be more important than the direction after'scattering in

determining the future of the particle. These considerations
" do not hold in the other situations, so the direction after
'.scattering tends to be a more important determinant, since pene;
tration is largest for particles moving in a forward direction.

The statistical estimate for neutrons is made after the
collision point is determined and before the mew direction and
' energy are détermined according té the above formulas.

At the point of collision, the state (that is, positionm,
direction, and energy) of the neutron is préserved in the memory.
A ray is determined randomly from all those which intercept the
detector by choosing the cosine &' of the angle with the axis
and an azimuth @ about the axis from appropriately truncated
distributions. The truncation insures that the chosen ray intercepts

the detector. The laboratory scattering angle and the éngle with
the radius are then calculated as follows:
For S # O, |
M= - \E(l-a'Z-) cos@

A = 55" - 1-5% (ﬂ*cos¢-oo .
o0 T S !
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a is defined as before-
For S = ,oa
M=0

A = aat.+\j (1-5%) (1-5'%) cos @ .

At this point, if hydrogen and another element are preseﬁt,
a choice is made (for estimate purposes),bétween them with the
condition that if ;he cosine of the scattefing ahgle ;s.negative,
‘the other element is automatically chosen. .Given the element of
collision, the weight of the neutron is adiusted according to the
probability of actually being scattered through that scattering
anglg}and the energy after the collision calculated. Estimates
are made for those cases in which the énergieé are not below the
cutoff. The distance D to the far edge of the shield along the
ray in mean free paths is computed. .The value of the estimate

for the current is We-D

, with the flux estimate being obtained
by multiplying by the track length of the path extended through
the cavity. After the estimate is made, the state of the neutron
is réstored, i.e., the position, direction, and energy stored in
the memory are retrieved, #nd the new direction and enérgy are
determined; |

The statistical estimation is donme in this way. so that an -
estimate can be obtained on virtually every collision. It was
found previously, i.e., in an earlier version of the code, when

the estimate was made following the determination of directionﬂ

that the process was quite inefficient. That is, relatively few

TECHNICAL RESEARCH GROUP -
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collisions gave estimates because most rays did not intersect the

detector. With the new procedure, an estimate is obtained from

.almost every collision. An, estimate is not obtained from every

‘colliSLOn because the energy after collision comouted in the

stimate may be below the cutoff energy, in which case no estimate

‘;is made.

H.

History Termination "_ ‘ . N g
1. Energy Cutoff‘for Degradation o / .

In both codes the low energy cutoff can be given as optional
input. 1f no value is specified in the input, the neutron code

uses 0.33 Mev ‘and the gamma ray code uses. 0.0882515 Mev (K edge

~of-lead).

2. Russian Roulette

Two test numbers are used in the Russian Roulette procedure.

The first is a weight comparison quantity W ,which has been set to

. 0.01 permanently in the code. The second quantity’ DH is cal-

culated in each history the first time a statistical estimate

- procedure is made in the history. For the neutron code this will

be either from the source oOr after the first collision. For.

the gamma ray code i1t may be at any colliSion, since estimates

are not forced. Dy is calculated as the sum of the distance to

the collision point in mean free paths along the path travelled
(zero if the first. estimate is the source estimate) and the
distance in mean free paths along the_ray chosen at that estimate

to the edge of the shield.

~TECHNICAL RESEARCH GROUP 3
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The procedure to establish whether or not Ru§sian Roulette
is played i1s in several stages (all this takes place, immediately
after the collision position is'chosen). First the;current weight
is_comparéd w;th WT;,if it is lower, Russian Roule:%e is played.

1f the weight is highe: than Wps @ check'is'made to see whether Dy

',has been calcuiated for the history; 1if not, there is no further
" testing and Russian Roulette is not played; If there-is a Dy for

: . ~ ]
the history, (Dy - £) is computed, = is the total mean free path

disténce along the particle péth to the present collision position,‘
1f (Dﬁ.é z).isfpositive;;therezis no>further testiné;w“
if it . is negative, the weight is multiplied by exp(DH"- z) and as a
final teéﬁ compared with'WT.v I1f Wf is higher, Ruséian Roule;te'is.'
played; otherwise the history proceeds. |

The actual Russian Roulette proceddre is quite simple. A

random number is generated and compared with O;l. " If the random

.number is greater, the history is killed. If it is less.than 0.l,;

the history continues multiplied by a weight factor of 10.
Splitting

Splitting was adopée&ifor the neutrOn code when it was
found that in some proBlems with nonhydrogenous shields some
histories would go for 50 or 60 collisions and end up with very

high weights. In these caéeslit was found that the weights did

‘not rise much at any one collision; the high weights were cumula-

tive effects. 'The splitting feature was added to the code in order

to keep down the weights in such cases by in effect sampling such

TECHNICAL DRESECADCL A~ADAILID
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histories more thoroughly. It was not found necessary for the

gamma ray code and was not included there.
After the position of the collision is selected, a test is
made to determine whether or not the hxstory shall be split by

dividing the estimate of the current at the next collision by a test

‘quantity. If the quotient Q is greater than 8, splitting takes place,

_With the number of splits equal to ~%« , 'with up to a maximum of 256.

splitting.of splits may take place up to fortieth order.
The test quantity for the first group of histories is an un-

normalized input quantity. For subsequent groups, the unnormalized

" average history contribution is used.

At the time of history termination, a test is made to see if

~ the history was a split. If there arxe any remaining splits, the

history returns to the poxnt of the last untermxnated split. When
all the splits have been followed to death or cutoff, the hxstory
is terminated.
Cross Sections
1. Gamma Rays

The cross sections are stored in the code in the form of mass
absorption coefficients and are the total cross sections in cm /gm
for éach material used. The argument table is wavelength (Compton
units) ranging from .04 to 23.425*. Linear interpolation is used to
obtain values of the cross section between tabulated values. The

tabulated cross sections are based on Grodsteiﬁ's tables.(3)

*See page 47 of Ref. 8
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2. Neutrons

The total and scattering cross sections in barns/atom are

stored in the code for each element used, while the first_Legendre |

' coefficient is ih the usual normalized form. The argument table

"'is enmergy in Mev ranging from 10.9 to 0.33. ' Linear interpolation

is used to obtain cross section or coefficient values between tabi-
lated values. The tabulated cross sections for H were those used

by Aronson et. al.a; those for C were from the report of Kalos and
. .

Goldstein’; for O, Fe, and Si from Troubetskoyg; and for‘Li were

obtained from Goldsteinz. ‘The tabulated first Legendre coefficients

©  were modified so that the maximum value used was .3125, so that a

numbers first calculates random integers between 1 and 2

.multiplier-congruence procedure. The multiplier‘used is 5

realistic (positive) different1a1 Cross. section would always be
calculated. The scattering cross section used is the sum of the
elastic and inelastic cross-sectzon%,although scattering itself was
always considered to be elastic. - |
Random Number Generation ;

The fundamental generating procedure used to obtain random
d 233-1 by the

13 and the

933

congruence is modulo . The random number is then scaled to

be a fraction R between O and 1 by shifting”the binary point 35

~ positions to the left. (IBM-704 numbers have 35 numerical bits.)

A generalized quota sampling procedure is used to modzfy
the above generated number R for use in the random variable

routine for the first 32 variables in each history.  All other

S TECHNICAL REUS=ARCL GROUD o
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times where random numbers are needed, the genera;ed number is
used directly. |

The generalized quota sampling procedhfe is implemeneed
(for each variable) by first consideringlthe unit interxval to be
divided into NG equal intervals (%Ee, %gi'), where NG 1s the number
of histories per group and K ranges between O and'NG-l. Call KX the
index of the subinterval. The basic procedure is then to force o
each random number for the variable to lie in a different sub-
lnterval for each history in the group. Let N be the number of
_unused subintervals; M= N x R + 13 and KM the Lndex of the th

unused subxnterval. ‘Then the random number R used is:

%

R = (NxR- [N x&] + K /N
.Thus ' .

Kyl

Ng



Appendix 2. Sampling Procedure

In general, importance functions for problems of the sort
handled by the codes are monotone in the partlcular independent
variable being chosen. Therefore, as a simplifxcatlon procedure,
it was found desxrable to chose each random variable from a one-
parametex family, of monotone distrxbutxons, in particular the

truncated exponequal. Thus we use a density functlon of form
. Be
fu) = x—

where each random variable u is linearly scaled to be between 0
and 1 and B is a parameter defined by the state of the particle
at the time u is chosen.

| To determine the optxmum choice of B, the minimax principle
of game theory was adopted. This was done to insure maximum re=
liability in the results, a state not necessarily achieved by
minimizing the theoretical standard deviation. That is, we want
to choose B so as to minimize the weight for the worst possible
choice of u.

' Let g(u) be the importance function for the variablé ﬁ,
then the minimax principle is applied té the weight

B -
g(u) _ e’-1 ,-Bu

h(u) = T(a) _ B g(u).

In general B can be determined by solvxng sxmultaneously

A (l) -a-—'=.0
@ $ oo,
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o 1 1
(1) reduces to . u = —c-S 3.
(2) reduces to B = '3— n g(u)
- u

‘Note that if g(u) = eKu;
' B = K.
\ -
(l) sxmplifxes in certain limits, thus.

A.. B>>O,u=l-—l]§-

B. B<<O, us= -'% '
c. [Bl << 1, u=5+3z.

In many cases, exémination‘of (2) allows (1) to be simplified to

“one of the above.

Let a(u) = ——-1n g (u)

Then the general problem can be expressed as solving for B:

Byt g

{

" TECHNICAL RESEARCH GROUP
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Derivation of Sampling Formulas

a)

Gamma Rays

Most of ‘the formulas for ‘gamma ray transmission were

' pased on formulas used in previous Monte carlo gamma ray codes

with changes being made on a trial and error basis. The minimax

:principle was used for the source direction and the low energy -

' scattering procedure there the variable selected was the

-

cosine of the angle with the axis). The remaining source'

variablesf(which use the same formulas as the neutron code)

. ‘were derived from_eSsentially qualitative considerations.

Neutrons

The minimax princxple was used to obtain most of the B
formulas, exceptions being the source position and azimuth
and the azimuth for estimates or non-H scattering, which were
pbased on qualltatlve con51derations.

' The formulas for the chOice between hyorogen arnd non-

fhydrogen collision (H N) were derived from qualitative considera-

tions based on trial and error. and preVious coding experience.
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Choice of Element

At the neutron collision point, for either the estimate of
to continue the history it is necéséary to make a choice between
hydrogen and the othér element as the collision nucleus. The
general procedure (bypassed if either eleﬁent is absent) 1is to
calculate a quéntity Py (between 0O and'l) and to generata & wxandom
number. If the number is less than Py, the collision is made with
hydrogen and the weight divided by Py. Otherwisé the collision is -

made with the other'element and the weight 1s divided by l-PH.'

Ko ,
H G, * (K-Doy
where at an estimate S K= 4A9 - if A.>'O‘
" K=0  if - A<0,
at a collision to continue ‘ K = 1/(8-4%).

TECHNICAL RESEARCH GROUP
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Sampling Paramcters - Gamma Rays

_ . .
Variable (Sampling Variable) (Sampling Parameter)
| | .6 _~5 R o |
o “MIN : N\ 71
S Ty G A ) ()
MIN . .
(52 given source distribution)
s SN . _ Sso"Sum
- Sgo™Shvan © SpEr.
4 .
. . B
e, (full range) = - - Q
(half ) 2% 1 /2
a range) —— =
.S S
1-5 SO
where Q = (= ). =
28 M-Sy’ "Ss0” SN
x |  x/D . D(5-1)- 1
A @2 5U/ (A + 0.1)

where U = min(25(D-x), 8)
"if a statistical estimate was made
at the last collision;

U=38
‘if no estimate at last collision

s

(225 | (180 (1-6%) /Rpgy (1-5740)

sﬂl-azlsMAx . ' | (1-52=0)
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Sampling Parameters -~ Gamma Rays (continued)

u : - B
Variable - . (Sampling Variable) . (sampling Parameter)

s | (1481) /2 U+ 8+ 2(25p0-2) /Ry

" where U=61£ 86 >0

and no estimate at last collision; |

U = 25(D~x) if an estimate
was made at the last collision

b BT -aa-sha-ed)

bt ol S EANLY W] [ ST - NV XN W W VRN




Sampling Parameters - Neutrons
u B
Variable (Sampling Variable) (sampling Parameter)
_ EOEMIN o o,
° - Eyvax™BvIn o -'
‘ %oy 3.5426. +n(L-Byrr)
% L L 3.ty MIN
SN T
(62 given source distribution)
s Shax - SeoSaw
Sg0-SMIy o SpeT
| full % o
Qo (full range) = Q
| o 20 o
(half range)_:ﬁg -1 _ %
| Sen=S
SO
-where Q= ( Y ¢
| % SM"N Sso™SvIN
1+R -
X fo] -
1= T BBy o
6'(statistical - 3-——léﬁl—- ¢ .MAXZ LOH)max(l,Z(Dl-xs))
estimate) MAX™OLOW ~

" . where Dl= D5 at first collision
in history;
at subsequent

‘ D1=D
- collisions

ESE
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Sampling Parameters -~ Neutrons (contihued)
: u , - S B~
Variable (Sampling Variable) (Sampling Parameter)-
g {statistical = = - dl - 52 - (S+#0)
estlmate) MAX Ll -
_ , 2
- Aeeh ey (5=0)
' (n ‘collisi wy 8L i (2156 in(o 92(3+R°’))) (R_#0)
o) (noan co lSlQn) T o min ECE’ . . I:ig o
; | ’ (cho)
1) r2\ rv_s12
¢6,(noan collision) ;#;L . - X 64)&~ ')
A(H collision) A - 5 o (8<0)
o Py 2,0 (650,
where M.=‘DE+3-Q
N = (QDg+2Q-1) /8,

where Q = (5+P)Dg /(1 P\z
P = DE(5 1)

'TECHNICAL RESEARCH GROUP
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Sampling Parameters - Neutrons (continued)

. . u .
Variable - (Sampling Variable)

(H llision) s
¢A collision) B

-,

=

S B
(Sampling Parameter)

JV75f N P>

-y - V< .5)

. - where V = D_W/(L+Dg (1+W-54))

TECHNICAL RESEARCH GROUP | IR
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Definition of Symbols Appearing in Sampling Parameter Tables

Code

n

n,<y
n,v

n,vy

n,y

n,vy
n,vy
n,%vy

n,vy

Sngol

. Random Variables

Definition

source energy
source direction(cosine of angle
with axis)
square of distance from center(source)
source azimuth
distance between collisions (mfp)
cosine of angle with axis after collision

azimuth around axis

cosine of scattering angle

azimuth around previous direction

These are the variables which are chosen randomly.

i



Definition of Symbols Appearing in Sampling Parametexr Tables

Code
n ,’
n

n

o

QL 2=

n,?y
n,Y
n,vYy

-,y
n,vy

n,vY

Symbol

EyINn

Eyax
S.ow

Definition
minimum energy for fission

maximum energy for fission

minimum cosine of angle with axis foxr

which detector can be hit

A.35

maximum of cosine of angle with axis for

which detector can be: hit
D and 5 from previous éstimate

maximum azimuth (given §¥) for which
detector can be hit

hydrogen cross section (macroscopic)
total cross section (macroscopic)

on/O¢

axial distance from source to detector
‘radius of detector

.axial distance to collision.point

maximum radius squared of source, shield

sections, and detector

distance squared from axis to collision point

minimum cosine of source angle with axis for

which shield or detector can be hit

source disk radius squared

minimum possible radius squared for which
(given 60) shield or detector can be hit

detector radius squared

distance to edge of shield(mean free paths)

cosine of angle with axis before collision

TECHNICAL RESEARCH GROUP
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Appendix 3. Generalized Quota Sampling

In Monte Carlo calculations, variance reduction techniques
may be logically divided into two categories, those which reduce
the expected variance of one sample, and ﬁhése which reduce the
variance of a sample of size N (fastex théh 1/N). ‘Specifically
if 02 is the ‘expected variance of one sample; thé-expecced variance

oNZ of a sample of size N is of the form:
) .

_ ‘ 2 2

In ordinary Monte Carlo, £(N,c ) =2,

N
Quota sampling ié a well known technique to reduce the variance
faster than 1/N. 1Its chief drawback is that one has to make a "best"
choice of a variable to be quota sampled or it will have very little-
effect on the results. |

Using generalized quota sampling, i.e., quota sampling

independently for all variables, an improvement is made in all cases.

TECHNICAL RESEARCH GROUP
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Let f(xl, ...,xn) be a bounded integrable fdnctién of n

variables with 0 ¢ x; £ 1, all 4.

!

rl 1 '
_Let fo = S ocog f(xl,coo,xn)dxl’o..o,dxn .' ;,I
Vo o : L
A :
Let f(xl’...’xrli) = f(xl,A...,xn) - fo -
‘1 lA L ) o
Let fi(xi) = S 5 f(xl’""xn)dxl’""'."dxi-ldxi-bl’""d.xn ,
‘ o o .
all i.
A , . ‘
Let g(xl,...,xn) = f_(xl,...,xn) -};fi(xi) o
i o

Therefore f(xl, . ..,xn) = fb + ?fi(xi) + g(xl, . ..,xn)
where the decomposition is such that all terms are uncorrelated,
allowihg us to represent the variance of £ as the sum of the variances

of the individual terms. (This is shown in Lemma 3.)

1
Lemma 1:3 fi(.xi) §xi = 0.
o

1
Proof: S _ fi(xi)dxi = S

1 1

N
S f(xl",...,xr,‘)dxl‘,...‘,dxn
o

o o

o ‘o o0 0o

~TECHN!CAL RESEARCH GROUP |
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1 1 :
Lemma 2: U = g S g(xl,.. » X )dxl,.. ,dxl l i+l""’,dxn = 0,all 1i.

o ~o
1,1
A , : ' '
Proof: U =Sg f(xl,...,xn)dxl,...,dxi 1 dx;.+l""’dxn -

o -0

L ,1 o ' |
2. Soog fj (xj)dxl,...,dxi-l’dxi"'l’.'.,dxnzfi(xi) -ficxi) = ol
4“0 70 _— o o
(using Lemma 1 on j # i) .
o, A ) -
Lemma 3: dg = S S ?. (xl,...,x )dxl,...,dx = ?Sof-i (xi} dxi +
2. 2
+ qg .

£
i

g S g (xl,...,x)dx,...,dx_lsz‘,a
Prooﬁ: | | By Lemma 1, gg i(xi) fj (xj)'dxl,’...,dxn = 0 i4 3.
o Yo . i

1 (1
By Lemma 2, S .o S £. (x.)g(xl, .o .;xn)d)_cl, .e .,d;;n =0 .
o Yo .
(omitting 1th integration) A
Therefore, only square terms remain in expansion of £ .

Theorem: For each i, divide the unit interval into N intervals -
(.]_;1_1, ‘1%) and choose Ujj unifoxrmly at random in an interval not

previously chosen (independently for each 1).

N

< _ 1
Let f N z f(Ulk) ..o’Unk) .
k=1
, Q. | .
Then c‘f"2< _Q_z_ + —%—- for sufficiently large N.
N o
o 2 1, 2 2,
Note that for ordinary Monte Carlo o~ = f(2og © + oy )
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for a sample of size N, while for ordinary quota sampling

K, _
ONZ = —7-+ —-(2 og + cgz) where i is the index of‘the quota

. j#r i
sampled variable.

b (Zf(U )+ g (UgyseeesUgy) B
Zp 25V 1k k)

A=

£: £-f
Proof: | - I,

(f'fo)_ - "2 (f_l £ 00" + (2,80 ',z"'fUnk?). )

All other terms are zero by the same argument as ‘for Lemma 3.

The bar here represents &an ensemble average, that is, an averaae over

all possxble sample points.

To get an upper bound for the flrst te*m on the right, let

N
g O

1

N :
| nkilfi(uik) - NS fi(xi) d'xi
)

= £, (U, - N £(x.)dx.
i i i( 1k> | o1 (XL) %4
k-1

= ﬁ{fi(ui'k) = fi(ik) S: where == < ik < % ;..

4

the last equallty by the mean value theorem.

Rearrange the Uiy sequentlally in k From k = 1 toN, and

call the rearranged sequence Uik'

TECHNICAL RESEARCH GROUP




Ai|-<- = lfi(U‘ikr). - £ () |< max ! fi"(’o ! = Vi

Here
' dfi

Then

N

N /7 N - -) 3 N T2 ‘ 2'
2y = £,(U - 3 Al ¢ s V.° = Cy ;
i=1{k-1 i? ke } 5.==»1-i i £ TR

and

c | N |
~ 2 1.1 - 2)
Gt @ Frip | E e

The second term can be written

g g(U'lk,Q..,U k) 2 = 12\:1 g2<U11:'--:U k) |
ksl ' n k=1 e po

- Ncgz + NO-1)Q.

C - : -
To complete the proof, we must show that Q S.—% for sufficiently
N

large N. We have

1
Q = NiN-I; i ‘e_-zlék g<Uik1'-o)Unk) g(Ulﬁ""’Unﬁ)'

In the ensemble averaging, Ujy is permitted to lie anywhere in
the range (0,1). However, then Us g lies in the range J, which is

the range (0,1) minus the subinterval Ly, of length-%, cpntaipiﬁg

Uik’ This must be true for each i. Thus

TECHNICAL RTSEARCH GROU?
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1 1 _ :
‘S ax_. .. dx{S. dyn..zjh &y, ks e sk )E(Ypsee sy
L | N "%l

s (o]
~ NN-1) % ok (1
dx... dx dy... dy:L
. Jl

1 1 .
= < 1 ‘ (—'l\L-)n z ‘Z‘S d:‘noooS dx dy ...( dy g(xl,.;.,’&n)g(}’l)“':yn)
D WD § S ) s, 18 o )

Since the integral does not depend on k.or J,

Q = (ﬁ%) dxn..\.J dxl g(xl,.'..,xn)j d}’n---g d}'l g(yl,.--;yn)-
1 1 . J J1

7 is the unit interval, (0,1).. Je=1- L,-

Lemma: S dyn...S dyl g(yl,...,yn) _<_-§-2-+ O(N"3),‘

Jn Jl.

independent of X1, ,X_, where O(N-s) are terms of oxrder 23- and
n . N
higher. '

Proof: We define

.(Al,...,An) = S dyn-'.S dyl g(l}'l,'o-,yn) .
An 7 Al

Using the equivalence I = Jk + Lk’ we break up (Jn, ""JI.) to separate
integrals over subinterval‘s containing differen;: numbers of Ly That

is,

TCECUNICAL RESTZARCH GnROLUID
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(Jpseee ,31'1) = (I-Ly,-- ., I-L))

n ] '
= (I,eeesD)= 2 (T,eeeslpyeeenl
;¢ )kf-.l( Ly )

" n-1

n . Lt . . ;
2‘ 2 (I LK ] )oo.oL,'ooo I) +R-
kel fek#l G SR A .

.R lumps together’integrals over three or more of the Lk.['The
advantage of this decomposition is that terms containihg p of the
L-intervals are of order l/Np. Now by lemma 2,

(I’."’Ak,...,l) =o

for any Ap. Thus

n-1 n

. ’ "3
(J eeoe J) = z z (I,O", ,..',L y e e e I) + O\N )o
17Tt kel fuk+l ngreecobgrenes® N

Let M = maxlg(yl,...,yn%.

n-1 n 4 f; 5 .S; f;d
MZ 2 y LX) y ] y ".",'
S B el n 4 k 1
J 1

- Then-
‘de ..05 dy g(yl,".’Yn>

\ +0(N) B-(P--l-M+o(N3)
W

) Ly

Thus the lemma is proved. We have then

a-1) an 0<N'3>1 <

Coy
Q<L Q@:ﬂ Ef

for sufficiently large N, as claimed. This is the final step ina
the proof. We gave shown that |

2 0 % +¢
O~ + .
fs‘ N N
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Appendix 4. Operating Instructions for Monte Carlc Codes

Machine Requirements

The 704 required must have the following additions to the

standard components:

'a. 32K core.memory o
b. 5 tape'units (only 4 normally'used)'
c. SHARE 2 board for on-line printer' |
'd. Floating trap mode instructions (code}will probably

work without them)

Loading Procedure

1. F

irst time - program run from cards

Tapes

a.
b.
c.

d.

4 - ready for program

6 - output

7 & 8 - temporary intermediate

Place program followed by input in cafd reader
Load program by pressing LOAD CARD |
‘Save tape 4 for later use (program tape)

Input cards after program deck will be read in by program

2. Program run from program tape

1
6

7
a.

b.

- program tape (physical tape prepared above)

- output | ‘

& 8 - temporary intermediate
Place input, preceded by any correqtiohs in card reader
Load program by pressing LOAD TAPE

Corrections (if any) and input will be read by program

TECHNICAL RESEARCH GROUP
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3. Subsequent runs with preparation of new program tépe
Tapes |
lA- program tape
4 - ready for new program tape
6 - output | |
:7 & 8 - temporary intermediate
a. Same as in 2 (difference in form of correctioné);
b, Same as in 2. | ‘
c. Corrections will be read in by program and corrxected program
will be writtenAon'tape'4 (save this tape). N
d. Inmput will be read in by program.

Correction procedure

Once the program tape has been prepared, absolute octal’
corrections may be read in immediately preceding the input data.
The general format for the corrections has the locations of the
first correction in octal in columns 1-5 on the card, the number
of corrections on the card in columns 6 and 7 in octgl and the
remaining, up to five, items are the correctionms, 13 columns each
in octal, loaded sequentially forward from the given ?nitial
-location.

In addition)theAcount of the number of corrections is also
used as an indicator to terminate the list of correctioans (by
setting it zero) and also to form a new proéram tape (by sétting

it less than zexo). The usage of these cards is as follows:
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a. no corrections.
1 blank card ahead of each input set
b. corrections without new tape
corrections followed by 1 blank caxd ahead of first
problem. 1 blank card ahead of each subsequent input set’
¢c. corrections with new tape
corrections followed by card with negative count and
then 1 blank card followed by input
1 blank card ahead of each subsequent input set.

Sense Switches

1 - down suppresses output tape writing (but not errox printout)

2 - not used |

3 - down ends problem after complete printout - inoperative if
1 is down

4 - down stops machine at end of problem and writes end of file
on output tape
Press start with switch down to rewind ourjut tape
Press start with switch up to start next prob.en

5 - down - on=line error print - if off-line erwor print takes
place

6 - down -~ suppresses debugging printout if called for by input option.
PP ) S6+Hs . .
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*
Remarks on Input

Format
Octal input is in octal integer notation.
iphanumeric input consists of letters, numbers, and symbols
which are ultimately tO'Be printéd in precisely the same form as
vthey are put in.
Integer input consists of decimal intégers.
ixed point input is a decimal number of the form XX.XXX.
The notation | .
Fixed (n)
under '""Format" in the desctiption of input preparation means that
if the input number is put in without a decimzal point, e.g., XXX,
"the code auﬁomatically putsxthe pocint n places to the left oZ the
last digit. 1If the point is put in expiicitly, the number is read
with the point as indicated.
Shield Materialé
Tables 8 and 9 are given for the ccde to identify shield

components ia Input Block 2. The components meay e either elements

Wk

or mixtures, for gamma rays, up to a maximum of 12. The component
gode.numbers range from 1 to 12, vSince 10 components are given in-
the code (Table 8) only two new éomponents, with code numbers 1l

and 12,nay be added without affecting data already there. If new
components,are listed with code numbers between 1 and 10, they
replace the components ‘already listed in tiae code with the corres-

ponding code numbers. The same holds for neutrons except that

wlo
"

See "Input Preparation", below.

**The word "mixture" or "material' in the subsequent text denotes a
substance containing one or more of these 12 basic components.
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Table 8.

Shield Component Table for Code for Impuz 2lock 2 {Gamma Rays)

Code Number ‘Component

W ®© N o0 B W N R
o
H

=t
o
o

Table 9.

Element Table for Code for Impu: Block 2 (Neutrons)

Code Number o Element

wn i w ™o | o
3>
-
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only 11 nonhydrogehoﬁs elements~may be includecd. XHydrogen cross-
sections are built into the code sepérately; Zlements numbexred 1 to 5-
are listed in the code at present (Table 9). "

Mixture Sets

The concept of a mixture set i1s used in describing the shield

§

material in the input. Each shield piece consists of a given shield
material in each case. In a multicase computation, €
need not be the same from case to case. The arcray of shield :
materials for a given piece of the shield as a function oI the case

is called a mixture set. Thus as an illustrative example, sudpose

there are four neutron shield substances, two miIxture sets, and 3

cases. Sup prose a.portion of the input reads as follcows:
Mixtura card 1l; ‘ 4, | L, 3, 6, &
H density: Xlﬂxz,x3,x4
Non-H dénsity: Yl’YZ’YS"4
MiXtdre set card 1; 2,3,1
Mixture set card 2: 2,4,4

The mixture card says that -there are Fou“ mixtures. Tie non-
hydrogenous substances are respectively elements numbers, &, 3, 6, and
& for the four mixtures, or shield materials. The element numoers

designate the appropriate cross-section tables; the code 1s given in
o ? <

Table 9 below. Mixture 1 contains X1 g:n/cm3 of hydrogen and
b4l gm/cm3 of element 4; mixture 2 cont ains X, Cm/cmé of hydrogen

3

and Yz‘gm/cm of element 3, etc.

Lad e R RN N W ] (o i adl W o Wk i) lalala X I B N



1< the composition of a given shield piece is assigned as
mixture set 1, the piece is assumed to consist of material (or

mixture) 2 for case 1, of material 3 for case 2, and of material 1
for case 3. A shield section designated as consisting of mixture
set 2 will be composed oﬁ mixture 2 in case 1 and of mixture & in
the other two cases. |

For gamma rays, the mixture cards are in a different Zormal::
4

Mixture card 1 4 (mixtures), 5{elements), 2,4,1,3,6
miXture l: ’ Xl) Xz,::f\ ):“:4, }‘.5
mixtu : ' Z.,2 -
L ure 3. . zl)zzJ J, 4)23

tere mixture 2 has element 2 at density‘Yl, element 4 at density Y2’
etc.
Indicators

There are six indicators, Il,...,lé, used In the inmput. In

the normal case, they are all set equal to zexo. Zf any of

ta

(@)

(4

o
~

3]

‘11,...,15 is set unequal to zero a corresgponding P
is skipped. (If~12 is negative, there 1: extra inpuc). This is
desirable when that part of the input is already in thc memoxry £rom
the previous problem. If I is unequal to zero, a cetailed
history trace is made.

Cross Sections : ‘ !

The energies at which the cross sections are tabulated are

given in Tables 10 and 1l.

TECHNICAL RESEARCH GROUP
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Table 10

Wavelength and Energy Argument

for Cross Section Tables for Gamma Ray Coca

.

Wavelength ‘Energy ' Wavelenzih Erergy
(Compton Units) -<Mev; - (Comotca Lalts) (iev)
.04 12,774 ' .8 284
045 11.355 : 01,95 282
.05 .10.220 2.1 243
.06 8.516 2.25 227
.08 . 6.387 2.37 .216
.10 5.110 2.5 204
115 LG43 2.65 SR
.13 3.931 2.8 182
.15 - 3.407 3.0 2790
. 167 . 3.060 3.2 .50
175 2.920. 2.L .50
. .87 2.732 5.0 o 52
o2 : 2.555 3.73 .27
«225 2.271 3.87 .132
.25 2.044 &.0. .128
275 1,858 L2 S22
.3 ‘ 1.703 +£,3929% L1195
.325 1.572 L 2929 L1206
.35 1.460 4.5 i1l
ya 1.277 4.8 106
A 1.136 =.0 .102
) 1.022 5.2 098
.55 .929 5.4 095
.6 .852 5.6 Go1
.65 .786 5.7905% 0&8 [
.7 - .730 5.7905 .C83
.75 .681 6.38525 .C3
.8 .639 7.3363% .070
.9 .568. 7.3363 .070
1.0 511 8.515 .060
1.1 465 10.218 ‘ .C50
1.2 426 12.7725 .040
1.35 .379 17.4667% 029
1.5 341 17.4667 . .029
1.6 23,425 .022

.65 .310

* : ' . o

K-edge discontinuities in U, Pb, W, and Sn resvectively. Arzument is
repeated so that both values of the cross section at the discontinuities
can be tabulated. T
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Table 11

Energy Arguments for Cross Section Tables
for Neutron Code ‘

Energy - o Enexay

T (ev) - ' (2v)
10.9 1.90
10.4 .81
9.89 1.72
9.41 L.63
8.95 1.55
8.51 1.43
8.10 .Gl
7.70 L.34
7.33 1.2
6.97 1.21
6.63 .25
6.30 1.095
6.00 1.042
5.70 LOUL
5.43 . 943
5. 297
&, 53
&, L8012
L. 772
L, .734
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Input Preparation

Card 1:

a. Problem number and date

b. Descriptivé material

Caxd 2:

a. Initial random number |

b. Number of histories per group(< 216)
c. Number of groups between output

d. Collision limit

e. 6 indicators(Il,...,Ié)

Block 1
| (SkiP if I, not zerb}
Card 1:
a; Number of mixture sets({ 10)
b. Number of cases(K iS)v
c. For each case, source energy,
maximum energy for spectrum,

. s a
width of spectral divisionm.

Subsequent cards (if more than & cases)

- v *
Alphanumeric

Alphanumeri

Cceal

Integer

Tixed point{0)
Iateger

nteger

Integer

Fixed point{C)

a. For each cuse, source energy, maximum energy

for spectrum, width of spectral division.b

*See notes for Input, above,
a., TFirst four cases,

b. TFour cases per card; start at beginning of each cazd.

TECHNICAL RESEARCH GROYP
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9
3 each(18)

3
3

5 each

{15 per case) .
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wn
[ €]

Block 2 (CGamma Rays)
Test I, (skip entirely if positive)

£ Iy negative, start here; if I, zero, skip:

- Card 1
a.- Number of new” components
(total number of components £ 12) Integer 3
b. Space S
c. Code number for each new comporent ~ateger 3 each

Tor each new ccmponent, there is a sub-block of cazcs:

Card 1
a. Symbol | Alpnanuméric 6
b. First 1l entrieS'of total
cross section . Tixed({(3) 6 ea.(66)
Cards 2-6 -
| "All remaining cross section entrics.? Fixed(3) 6 ea. (72
per card)
1f 12 zero,  start here; continue here also if I2 is negative: _
Card 1
a. Number of mixtures:(g.125 | Integer 5
b. Number of components used in
problem (£ 6) Integer 5
¢. Component code numbers Integer 5 each
Subsequent cards (one for each.mixture}
Density (gm/cm3)of each component | Fixed(5) 10 each
in mixtureb’c. |
2

There are 70 entries in each cross section teble, plus the
electron density as entry 71. ‘

Density = O for components used in problem but not included in
mixture. '

Densities are given for various components in the same order as the
component code numbers appear on Card l.

ool Smamans (e




1f Iy

Block 2 (Neutrons)

Test I, (skiz if positive)

negative, start here; 1f I, zero skip

Card 1

a. Number

of new elements (total

numbexr of nonhydroceﬁous elements ¢ 11) Integex

b. Space

¢. Code nu

For each

Cerd 1

a. symbol
b. atomic
6 cards of
12 per
6 cards of
12 per

6 cards of

mber for each new element Intecer
) [~}

‘ _ ' a
new. element there are 19 cards:

Alphanumeric
weight : Ei~ed\2)
total cross sections
card (11 on, last card)b ' Fixed(2)
scattering cross sections
card (11 on last card)b

coefficients of first Legendre polynomial

12 per card (11 on last gard)b
zero start here; continue here also if I, is negative:
Card 1 |
a. Number of mixtures (materials) used
in problem (£ 6) Integer
b. Space
¢c. Code numbers of non-H elements Integer

a
b

The elements are -arranged as in the code number list.
There are 71 entries in the cross section list.

3 each

[€))

6 each




Card 2

a. Space

b. H densities for each mixture? » o Fixed(5)
card 3 o

a. Space
- 151 LRV ] ) y~-J v a Co "4"0@'3’5
b. Non-H densities forx each mixture - Fixed{ )

code numbers, H cdensities, non-H densities in ccrrespondance

\
3
\
~

Block 3
Test 13 (if not zero, s?ip)‘
One card for each mixture set:
For each case, the mixture number giving : Inceger

. . . b
the composition of the given mixture set

Block &

Test I, (if not zero skip)-

Caxrd 1

2. Number of axial divisions of shield (g 18y Integer
b. Number of radial divisioms of cavity-Qg 85 Integer
c. Width of cavity (feet) - Fixed(Z)
d. Radial divisions(feet) of cavity Fixed(2)

frcm inner to outer

& The non-H element code numbers, hydrogen densities, and non-i
densities must all be given in the s&ame orcel.

b

I£f I
is assigned the corresponding mixture number by the code; that
mixture set 1 consists of shield material (mixture) 1, ete.

TTOMNICAL RECZTADRCH GROU?

é is negative or if there is only one caze, ezch mixture set
S
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A.56

Card 1
a. Upper end of axial division of shield section Fixed(Z) 9
b. Number of radial divisions (> 1, < 8) Integer" 3

Subblock, repeatéd at most 5 times:

c. Outer radius of division (feet)a Fixed(2) 9
d. NMixture set number of division(O irndicztes ‘ ‘
vacuum) ; Integer 3

Card 2, if needed.b |
a. Space 12
Subbleock, repeated at most 3 times:
b. Outer radius of division (feet)? '  2ixad{l) 9
c. Mixture set number of divigion Integer‘ 3

| Block 5

Test Ig (if not zero skip)

1 carxd ; ,
a. Power of cos &, for distribqted source > Q, < 99) Integer 2
b. Initial direction cosine (0 means distributed) 'Fixed(é) 7
c. Raaius of source dicgk (feet) ' Fixed(Zj )
d. U“inimum energy for Calculation(Mev)c Fixed(7) 9

a e - - - » ~ 3 i -
Radial divisions must be in order of increasing radius.

b - L d . Ld L] [
A second card is need if there are 5 or more.radial divisions.
If there are just 5 divisions, the second card is blank.

c

Zexro means to use the coded value.

o LNV I B X ok ad o N a S h ] o~
oAl h == CoT
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Debugeing and Error Tracing P-rocelure

By setting 16 (seé input) not equal to zexo, & collision-
by-collision trace will be made.' Further,scnse switch 6 may be
used to control the amount of trace.

Tn addition, a similar printout {on tape) is made each time
certain errors occur within the collision loop. Also, using sense
switch 5, the same printout may be cbtainad oa-lize.

The possible printout conditions and their indicators are
given in Table 12. The contents of each printé"t and their titles

are given in Table 13.

A.57



Table 12

Error Indicator Nemes

A.58

NONE Indicator =. input option (16= o)

NONE Indicator = cuotient uncerilow

-SINSQ cosine of angle with axis greater than
1 in magnitude

DCT-SE - divide check detected while calculating
distance to edge '

-7,82 negative axial position indicator

2 [~} &

ZSCAPE collision point calculated to be
outside oI shield

I BIG axial position indicator above
maximum possible

PATHD ' more than &4C sections in path along ray

-R.V. ; o random variable less than zer

: ‘ ' - or greater than one

R.N. bug in rancom number generator
(now impossible)

SQRT ' negative argument for sguare root

LG negative or zero argument Zor log

EXP - argiment greater than or equal to 64
for exponential

DCT-PO- ’ divide check detected while finding

collisicn position

Histories are terminated &t all true exrors (i.e. if

title is anything but "NCNE")

TECHNICAL RESEARCH GROUP



Title)

D

LS.
COL.
TGTCOL.
ST.EST.
Z-Z.
R-I.
CURRENT

kL

MZFP-EDGE

MIP-TOT

,
¥z

WT-CASE
FIX-WT
ENERGY (Neutzron)
WAVE (Gamma)
SCAT.
AZIM.
C3S.2
COS.R/BE.
AF.

*At every ten collisions in each history the Zixed weight i
The weight for each case is set besween 1/2 and 1 (the
fractional part of the product with the fixed weicht 1
total mean free
-multiple of 4n2.

to 1.

Table 13

Error Printout Data

indicator

gToup numbexr

history number within group
collision number withi history'
taotal number of collision |
~total number of estimetes

present axial division number -
present radial division numbex

last calculated curren: estimate
distance to edge in mean free vactas

total distance travelled in mean £ e palhsw

)

weight of case one particlew

%

universal weight of particle
neutron energy

gemma ray wavelength

cosine of scattering angle
azimuthal angle at scatiering -
cosine -of angle with axis
cosine of angle with radivs before scatiering

cosine ¢ angle with radiug after scattering

path for each case adjusted by th

TECHN!CAL RESEARCH GROUP

TR e e ey



R.DIST.
Z.DIST.
BET.COLL.
HIST. R.N.
ERES. R.N.

Table 13 (continued)

distance from axis of collision point (feet)

distance along axis of collicion point (feet)

istance between colliisions (Zeet)
random number before start of history

¢

present random number _ - !

A.60




Scops

(Sl alenl
-ahat -

Noxrmal

70707 (Pause) end of run at sense switeca & down, S
ad START to read new protlem

co rewind output tape, set switch up =

aata
52525 (Stop) output tape has been rewound - flnal'Scop
Exrroxs |
e START to proceed,

77777 {(Pause) redundancy

LOAD TAPE to reload tape

700 (Pause) input energy below cutoff. I

to leave as is. For neutron, START to replace by Zissi
TAXT to replace’

p y
-dhah e

701 (Pause) number of cases less than one

by one
702 (Pause) number
(gemma ray only)

of cavity divisions less than o

to ceplace by one

ive - see p

rinter for

704 (Pause) input direction negat

instructions
105 {Stop) mixture set number neg

111 (Stop) cross section negative

112 (Stop) radial division count negative

TECHNICAL RESEARCH GROUP




Appendix 5.

A,
3.
C.

D.

L4

’

D;j

General Flow

History - Gamma Ray (Schematic)
History =~ Neutron (Schematic) -
Eistory ~ Gamma |
h;s:ory - Neutron

GCecmetry Sudroutine

Symbol Tables for Flow Sheets

TECHNZQAL RESEARCH cRrouU?

Flow Sheets for Monte Carlo Calculastions

o

o



~o
-

o ot
;

&

\u\\

(757 %x\& \\R:QQ oL LA 7T L5940\ — Lo Lo
R4 wu 2Ll |\ adronows | 20074 ) @\\\%S oo
@ 7002 | Lt | NIV IH 2% LIt
sorsOlsH SO D U LIS W70 oz

HNO 7S TV TD v




| 207 —
(sa5vD S .
SDIN S DTN
@ 27 ) [ LSTL \\,C%uo/ SO L2
e el 5T B Al /\ «.(wv\ ~ —y o ¢ - - A
s 1\3\\.\_ \U\\c\ / SI17702 ‘,n,wh
TN e 200 ALY

(rsvo =20
18T L)

-t

0

PREPRE P

T e

%

T IO N .‘Sﬂm\/

e A ) .
74 TALTTION :a?wsdnw\

«

Q\A\ ,
Q. \

| v,.o

TN

\ \\\.\

O,

NolLlisod 20987 Ll L w\w\
NOISITTOD aNIs ANV .t,w,m,\\ aNV Q@Qxﬂ H L DS\\M\.T\
SWolSIT110D NI2MLITIT | o 2A28 ‘% VoL 7DNVL w\Q gNY NO/L \bﬁm\ '6
TIONVLSIO mwoamu FLYTI027Y7) FoYN0S 8 Q0H7)
D rO1 L DT M\Qn.,\sﬁm; B /I LONTT TN §\~ . Ao w\\\\ é.t@
LTS MO M\%QQ\G FoNNOS L MMJ zZZ/ ix\k\\,\\
(21l 7408) Avp YWY TQ —f Mo L s “d




5
b

@ —

quévs
ONIMYIFTLL v\Qha
FL .\4\~U.~v\U

HOULIFTLIQ LIH OL

oI Z oL
rNoOI MO TU\Q>\.N

F4 TS\\LQN

A

NOILDIINIT ZS QQ\\Q

771M .*.

e
MQ\NQmwa%\,W\ anNlr .L...m.tNN
QRS
FLLIFINOY ET\W%BQ

L.Wml AL VYWNILST
YOS FAVLS N\_TMJ

I..@

NW\VQWUOQQ
any
L wmnN k\.uQ,WJ

NOILISOS
NO/SITT700 ON/S4 ANV
SNOIS17707) NIIMLIT

FoNVL W\Q NWQQ\.\,Q

- .Q)x..\. KWN o&I7ZE I
FL stkm:.w ‘FoaI oL
UOE@QW\Q L Td\wwﬂ_\b
$ INIL QQRQDMJ .?\QNQ

-

OENN

oL .Q>\.N. “W\W
435

anv v \\k§S\\NV\

aNvy NOIL? QQ
F24N0CC” I SOOH)

EO\ku.MQ\Q NU&SQ%J
L3S &0 thOIQ

A

WN\QW\N\,\\N NOQ\NQMJ
L3 &0 \NWOQ\*Q

NOILYZ /Y Qv\\k\\,\&\

A

AHOL 2\.\

(O/LNTH 28 J

NOYLAIN — A S OLSIL/ D



W
\?D

\LN% vo N0

LSVIT LY ) ()

HDILY
SESEN 7/ \

- %@: — p\HQ - A DI TA Q\MMWD\Nv @

‘J

. LTSS L w\l_

TN
@-ﬁ.ﬂ. 0L S LESC Q.\_

w.i.fi T 8K

ﬁ o | ) s e

& DINVHITI o owzz| GNT 287 04T F
NOIS 17702 , LON GV US 7 LT A FLYNILS 7
@l 200 Aoty iy TALYVVILS 7 FYOS7T | | 5007 12@

.  NOISITTI09 v ‘. S FLYLS LTS TS OL FONWVLSIG
LNTHTTT TS COHY) | _ | TLY M7y

\mww.%?b @ v M w»:.mboncﬂsw, .EQMQL .

(5o TV MOT 1
[ \T\\ s ADYINT  TLVINI TV

. LY LNITNTTF 7SO0H?)

QI (DTN 7 Mo 7 == . ONV NOISITT09 I@
o \

(21L st T008) 1 NOYULNT\) o KAOUSIL) s




A.67

N s
G 1t

DIDOST
SR

I3

o s M R M R

HY
U - \\\
_. R NNL T I 1255077 _

i  ——

- (ol

\.\NA \\Q

S R

)

FSDTHI

a

- s
CrQIIDCT

S

. st 5| _ \\JQA
ik o == AN I
%ﬁﬁw EH%U

| TSOOHD

N

T

/i

y Iy - AJOLSIH -




o ,, TN,

(32572 v.u\w
574

\:v\m\u DO

\:\..\.vx\g\

L R 2 LI b JA\
N sm‘ =1 Vi L twmx.\),Nl_ SN _ AN P IPT I

Jodi T

7 A \
Tty =

)

el o | 97 [

OJ .\\,\f\ ki

.\V

«\\\\Q

ZSOOH D

in

R
lo .

(2370 272

‘}\.\ IILY,

DD

g.il\t \\Q

L e
+

P ASwlelidv) _

N,

> AL/ \w\\\ T R — ; L

ﬂfx\,. i i

IRV

A



. ! & .
M W o

! o
. , - - . .
- - ol e .\ : \. L — St - N ST
~ \v ik

(W 1o Qe g
/ m\;\\

’ . 2. v.JHOA—
. — SN gy P> L D

(" %_
A ).J \w\_. aﬂ.

: oo Yoz
.&@A g y 2oy

A

e s ]

.1\ W\JCJ.)\\.

e

FIOTLONT — (G L50]

.




L.70

,\ﬁ 2. .v,\S

o ] -
7S
3107 o
(o RS
..wo “y\. ) an
S a1
’ N\ «N o ) \..\».

3 40

!
s
SVl 2 52

-y,

l;\

d

Aou:cmu,

(Y7 o\

F500HD

to\d x”

SO D .

e m————— ¢ ——————

\mu ~n

\.w_

(358

th\\%a

u&hQO\.\U _

e

O w

uqﬁzﬁu N

x|

b, o

,S v ,z\A \\Q\ S/

(o \.J.

11+

*d
o

/

TANS y
\it!:‘w\.\og OAS

£y 3

S D




I}

YY) ? \c\m \ ﬁ 1) m_

FEQQH2

D7D FsQO/D A

@1! I b/ /i .w\w_,

\SJ\ D .N,\\ S!\Mo _ S [

\. w.\b \,\o\v . / T T Q.ﬂm .“U.N. Wik
e s e ) _ B , Ne N .m....‘. ;\‘.\\ R

K x?-;i ] N\_k%, 1@\@_ ml_ S\\yi J=3

)h ey \VAZAE , 1] <
®, M Haciem .\:g Q. MY . 7SO, .\Q ~ 7 \QQ\\Q 2732 AR |

-

i A Rl

M () vre V)

’ . Q- -
(o \\V AX\% Q NWO ...\,.W
’ . {
. M\ \\V ‘Q\ ..<

L

3 — ~ T AT

e s

II'I\-\ln..\ﬂlw.l

M: 1,73V

\v‘,\d\u 7 SV\&\MS

\..u;vsu 0

__ = sy LY
HIgNS

et YNOTD CF

ey Ty T

‘:v \L _

7774

©

Govsr ey YOI LI -~ AAOLSIH 8

T s TR e W choceers SN s NS S SR St SR B

e o 1 Py




A2

. -
i 3Gt

Lqé
i
<
3
!{!
C?
:
Ny
4
o
f
16\
A
X
I

Qsﬁ. U - .E . SIA

Lrocmm v.=

Gty YOI LN ~AJOLSIH



S
D

sSAvY

S ULm

gt AINO

(1LY )L ST O

aoN

,.\ O = t\. : SOLIDHL \QQ ‘
£74 T 5S4 )

TLVNILS T MO

WD o A0 TN A N ISiey ()

LIS M ST wu\ W 7404/

P P Y o EREs - e —

- cl) T VAYITALN/
A9YINT FNIWNATLI]

(7L vivlisza ol oV

(e CY) aos504D | .
I LVNILS T
syorciitag Aamwva | ZF .
| swerspa dimvo | 2P0
SToIANI  FNIN $T L] YN
.

DONOTY NOILIFS ALINYI
ary dTIIHS XV HoS

I TIIAD I TANT .

SONV/ISSOND ANV TNIOT
any (7svD #ovF)
SNOLL D78~ SSON Q

7 HOVIF

7 L YD e, Hzf

TULD) T yI727V")




. r-h

()]

81

5y,

={Zor &)

¥
»

G. Symbol Table foxr Ficw Shee
(Neutron & Gamma Rays)

fixed weight

case weight

initial cosine oanngle with axis
cosine of angle with axis

cosine of angle with axis after scatterx

minimum possible initial cosine

prescribed pcwer of initlal cosinz distrsibutlon
distance Ifrom axis times cosline of wangle with zadivs (et
source or aiter coilisiown)

distance from axis times cosine of angle with radius
(before coilision)

minimum possible source racdius squared, for chosen 8
source disk radius scuared

square of distance from axis

on - cistance from socurce disk

'.h

axial posit
total mean free paths travelled - for case L

mean free path distance to edze for case i

mean free path distance between successive collisionc fochase
number of histories terminated by errc:

number of

historiecs terminated by Russian Roulette
number oI histories terminated by lcw energy
random number

.

history number within group
number of histories per group

TZCHNICAL RESZARC™™ GRCU?
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He

. >l
| ]

>
o2

A.75

Symbol Table for

(Gamma rayc on.y

(4

initial wavelength - each cas
wavelength - each case
wevelength after scatter - eacn case

— ] - AR TS -
~d low-enerzy sampling

breakpoint wavelength between nl

‘maximum wavelength

)
[0
0O

)
O
[
“
()

~
i1
[0}
[¢)
"
O
w
0

(@)

'
ol
¢}

~.’

~otal cross-scction of matexriel Ico

Klein-Nishina normaiiza:tion facter

TECHNICAL RESEARCH QROU2



Symbecl Table for Flcw Sheets

{(Neutrons only)

a index of spli: oxder

E_ . 1initial energy - for cas

[EN

i
cutoff energy

E..
7,

E, maximum energy in £ission spectrum
aa “

o energy - for case 1

[
w
(]
w
ct
[l
=]
0]
(3
®
t
]
[o W
r.l
0
[0
)
o]
53

o

-

cotal cross secticn - for cace i (macrosconic)

a

Ci
-
b

hydrzogen cross section - for case i (macrosconic)

Q
o

>
»
“
b

Q
[ €3]
-
"“ N

H

H

first Legendre coefficient o dillesrential cro:zs
section - for case 1L

minimum cosine with axis Zor datector Intercont (Zor
eszimate procedure)

(@]

'.»"

6, maximum cosine with axis for detecicr intercext {(Zor
estimate procedure)

r PR R 3 I < £ - S m e e L om e . f =
Tias meximum azimuthal angle for detecczor intercent (Lor
.a o - D e
estimate procecure
A - : 2 - o] b 3 ~ Vo e = - :
A atomic weight of mon-nydrcezen elexmant - I0T cace 1
o J/ < ”
i A
< = 4o SRR -
A cosine of center-of-mass scattering &nzle

i
0

[
§ (€2}

'”AJ
]

ficcion spactrum normelizing Zacter
Quanticies subscripted H,a or a -tored at split

Quantities sudscripted S stored Zox estimate

~

TECHNICAL RESEARCH @ROUS
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non-hydrogen scattering cross sec:zioa - for case i (macroscopic



tdaditiocral Symbols for Ceo wetry Sulhroutine

Xy, K,

L,
kn
k,i,j
2,
1Y

[ S

indices of first and last (counted Ffrom axis
divisions crocsad by extexnded narcicle pain

statistical estinzt:

"accumulated current

[oF
G
kS

accumu lated

path length in cavity Clvisica k oI extanded par
path
index oI energy intervael for energy soccirmim

IS
accumulation

TECHNICAL REZSZARCH GROU?
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