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has been adopted. The theoretical curves are calculated
from Eq. (9), with the only requirement that the theoretical
curve (rod diameter 8 mm) should agree with the experi-
mental value for the point » = 0.

One further point of evidence comes from a comparison
with Monte-Carlo calculations made by Morton (2), Fig. 3.
In this case the analytic curve, without volume contribu-
tion, is shown. The Monte-Carlo results are derived under
more realistic premises: Doppler-broadening of resonances,
inclusion of. resonance scattering, higher order collisions
with energy degradation. The results, nevertheless, show
the same trend as the ‘“‘exact’’ distribution.

In the immediate vicinity of the surface the radial func-
tion no longer is independent from resonance parameters.
For cylindrical rods one obtains
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in which x = R — ris of the order 1/Z, and Fa(¢) is defined
by

Fale) = f et ey & (16)
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Minner and Springer (5) recently investigated the activa-
tion of plane resonance foils with similar methods and
showed good correspondence with experimental results.
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A Note on the Perturbation Method in Neutron
Transport Theory

In this note the perturbation formula of neutron trans-
port theory (1-3) is derived by the method of ordinary
perturbation theory used in quantum mechanics. Using the
standard methods, formulas for higher order perturbations
may be written down immediately.

As is well known the Boltzmann equation
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can be converted into an integral equation

y(v, 1) =fK(“)(v;r, t)q(v, ') 3

2
yq(v, 1) = f Blv, v'; Dy (v', 1) &%’
which in turn ecan be expressed in operator form
v = K@g vqg =8¢’
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or vy = Kpy

¢ being the directional flux, ¢ the emission density, « the
total cross section, B(v, v/; r) the “transfer cross section”
of neutrons of velocity v into a velocity v/ lying in the ele-
ment d% of velocity space. The eigenvalue 4 which is
the multiplication in one ‘“‘scattering generation’’ is intro-
duced instead of the reactivity. The kernels K@ and B
possess the following symmetry properties:

K@w;r, t') = K@(—v; 1, 1)
B, v';1) = B(—v, =V, 1)

In order to prove the perturbation formula we further
transform the Boltzmann equation into a new form. De-
fining
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the Boltzmann Eq. (1) becomes
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which, in turn, can be written in operator form
¢ = KOgo g = gy 6

or

v = KO0y and ¢ = gOK OO

We generalize these equations by introducing an eigen-
value e,
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The physical solution for the flux ¢ corresponds to the
eigenvalue ¢ = 1, all other solutions correspond to eigen-
values smaller than one. Two further equations with the
same eigenvalues are formed with the transposed operators.
Considering the symmetries (4), it is readily seen that the
transposed of the equation for the emission density ¢t is
equivalent to the Boltzmann equation (1) with 8 replaced
by (1/€)B, @ by (1/e)a and all the velocities reverted, i.e.,
the adjoint Boltzmann equation. The solutions ¢.*(—v, r)
of the adjoint Boltzmann equation being eigenvectors of

'
(BWK®) are orthogonal to the eigenvectors ¢ of (8K)
belonging to different eigenvalues. This last fact can now
be used to formulate perturbation theory in a straight-
forward manner.
K© js the matrix K@ for o = 0 and is completely inde-
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pendent of the material properties of the system. Any
perturbation in the material properties «, 8 and the multi-
plication factor v is expressed as a variation of 8(®. The
usual first-order perturbation formula is

= (pt- (66(°>)K(0)q(°)) 9)

The scalar product (¥*-¢) of ¢+ with a vector ¢(v, r) is
defined as

f YH(—v, n)p(+v, 1) d®v dr

in the physical case ¢ = 1, and therefore we equate 8¢ to
zero. Using (7) and (5), the above expression for e may be
rewritten as follows

e =0 = [/f YH(—v, 1) (389 (v, v/; 1))y(v/, 1) dd d¥' d¥r
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- ff YH(=v, Dy (v, 1)da(v, 1) d® dir

In general the variation do consists of a variation &2 of the
cross sections and a variation 8\/v of the fictitious absorp-
tion cross section A/v due to a time variation exp At of the
system (4).

In the same way any number of terms in the perturba-
tion series for e(= 1) may be written down immediately and
equated to zero. Thereby we get relations between the
changes in «, 8 and y. For example the second-order per-
turbation formula
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yields the relation

oo (B
)5

=11 —

\/||\
AN,

L0

(-

+/1|('5f—aa %) ] 12
N\
H (- M)l >
(% s ) 1N (2 = e
# 5 (1) 19 ) 1)
where
<6’l‘sa|€”) = j Vo=V, 1)y (v, D)da- d dir
<e/|§|€,,>= %f ,ﬂ',(_v, r)Qe"(V, r)d% dér (13)

<f/ | Bf | f"> = % f f Vi (=, 1)88(v, V; 1)y (v, T) dP d3o’ dor

REFERENCES

1. E. D. PENDLEBURY, Proc. Phys. Soc. (London) A68, 474
(1955).
2. J. H. Tarr, Proc. Phys. Soc. (London) A67, 615 (1954).
3. B. DavisoNn, “Neutron Transport Theory,” Chapter XIV
and p. 282. Oxford Univ. Press, London and New
York, 1957.
4. See reference 3, chapter III.
G. Rakavy
Department of Theoretical Physics,
Hebrew University, Jerusalem, Israel
Received February 9, 1960

Errata

Volume 7, Number 3, March 1960, in the article by Morton R. Fleishman and Harry Soodak‘_'entitled
“Methods and Cross Sections for Caleulating the Fast Effect,” pp. 217-227:

Page 224, Table IT change:

a1 for U™ from 4.52 to 4.541
1. for U™ from 0.054 to 0.032
oy for UO, from 7.77 to 7.796
a1 for U0, from 0.099 to 0.077






