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Effective Cadmium Cutoff Energiles

R. W. Stoughton, J. Halperin, and Marjorie P. Lietzke

Abstract

Effective cutoff energies for point &Az absorbers inside of spherical
and cylindrical cadmium filters have been calculated for thermal reacter
neutrons. The neutron spectrum was assumed to consist of a Maxwelllan
plus a ;[g component, and the parameters varied were the thickness of
filter, the Maxwellian temperature and the Maxwellian to 1/E flux ratio.
Becguse of the sensitivity of the effective cutoff to Maxwellian flux
parameters for thin filters it is recommended that filter thicknesses of
about 40 mils be used. Forty mil filters show effective cutoffs at about
0.50 to 0.55 ev. for temperatures up to about 500°A (or about 0.045 ev).
Effective cutoff energies for boron filters were also calculated for
purposes of comparison. The cutoffs for cylindrical cadmium filters

should be applicable to a properly designed experimental facility.
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Introduction

For many years cadmium has been used as a filter for thermal neutrons in
measuring thermsl vs epithermal reaction rates for reactor spectrum neutrons.
The effective Cd culoff energy has been estimated as several tenths of an ev
depending cn the thickness of the filter. Hughesriil estimated about 0.40 and
0.57 ev for 10 and 30 mil cadmium thicknesses, respectively, from a plot of the
calculated relative number of neutrons transmitited vs energy. More recently
Dayton and Petitus Lgl calculated effective C4d cutoff energies for flat filters
of large area for both a monodirectional and an isotropic flux. They assumed
only a }L@ flux, with lower and uvpper limits of ©.025 ev and 10 mev {although

the upper limit was not important) in their numerical integrations over the angle

and energy. They defined the effective cutoff energy as the cutoff of a perfect

(infinitely sharp) filter that allows the same total number of -absorptions by the

filtered sample as does the given cadmium filter. In their calculations they

assumed that the filtered sample had a l{v cross section.

The purpose of this paper is tc calculate effective Cd cutoff energles, as

defined by Dayton and Pettus, for a hypothetical EZX absorber and for an idealized
experimental configuration which approximates our achtial irradistion conditions.

Two geometrical configurations have been considered: spherical and cylindrical
filters with point absorbers at the centers. The authors have usel cylindrical
filters (one cm diam. by two cm high) in reactor irradiations. While the samples
and monitors were not points, they were very thin {sc that negligivle self-shadowing
occurred) and rather small in area. It can be shown fhat if a point sample is moved
a significant distance from the center of the cylindrical shell its corrésponding
effective Cd thickness is changed very little. For example, if the point is moved
along the axis half way to one of the faces (i.e., to one quarter of the height from

the nearer face) the effective Cd thickness is changed about 0.2%. Hence a thin
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finite sample which approximates an integral of such points should show very
nearly the same effective cutoff as does the central point. Actually an ef-
fective thickness could be calculated and a correction made, if desired. In
the case of the spherical filters the correction would be larger. From an
experimental point of view, however, the cylindrical filters are easier to
make and to use, in addition to allowing an effective cutoff which is rel-
atively insensitive to position of sample.

Effective cutoff energies were also calculated for boron filters in order
to compare the variation of effective cutoffs with filter thickness and spectral
parameters to that of cadmium.

In general real filters such as cadmium and boron only approximate our
defined perfect filter. An additional factor that affects fhe usefulness of a
filter is the sharpness with which the transition from opacity to transparency
is made at the cutoff. A simple measure of this efficiency was made here by
calculating the fraction of fthe total number of reactions occurring in the l/v
test sample at energies below the computed cutoff energies (FRACT). Thus the
hypothetical perfect filter would yield & FRACT = 0. A comparison of this ef-
ficiency for cadmium and boron filters has been made in this paper. In general
much lower values of this parameter FRACT were found for cadmium than for bhoron.
This is of course consistent with the large resonance in cadmium giving rise to
a sharp cutoff in contrast to the 1/v cross section dependence of boron.

Model, Assumptions and Calculations

The flux was assumed to be isotropic with respect to the point ;[z
absorber and to consist of a Maxwellian thermal plus a ;[E epithermal
spectrum. Following Westcott iél the }ZE flux was assumed to go to zero
(sharply) at five times the Maxwellian characteristic energy B, (where

Em = XT). For a Maxwellian spectrum the derivative of the neutron density n
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with respect to the energy E is glven by the equation

aa 2 gi/2 e__E/Em "
dE ~ IR E 372
. o
The differential of the total flux F tot in any interval g_F::_ then becomes
1/2 E/E,
= vy o 2oV E - g
aF, o = VaE = = =37z e aE + #, 4E/E, SE € E é o (2)
m
1/2 B/E,
. 2wk - 0¢ES
= Wm e dE , 0&E SEm (2a)
m

where ¢r is the dépithermal or _:_LLE_ flux per unit lnE, On changing the variable

tox B E/Em, the differential of the totael reaction rate R per atom for a /v

absorber becomes

oV 2nv o
_ oo _dn .. “ oo 1/2 -x 1/2 3/2
R=0, @F, =T~V dx=—p X' e &+ 0%, ¢r ax/x"'<, (3) ;

¢r =0 for x<5 (i.e., B< 5Em)°
Here the subscript zero refers to a standard energy or veloeity (here taken as
2200 m/s).

On normalizing to unit ¢r and o,

@R _2r 1/2 ex 1/2 3/2 $ v <
dR"@;&;"Wx e dx+xo d.x/x sy for 53 x -~ (%)
= arxl/aeaxdx, for 0 £x § 5 (4a)
Jn

vhere r nvo/¢»r , 1.e., the ratio of the "conventional" thermal flux (3)

to the resonance flux per unit 1lnE.,
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Two geometrical confilgurations will be considered: spherical and cylindri-
cal cadmium shells with point 1l/v absorbers at their centers. As seen in Fig, 1
the only neutrons going through the spherical shells and also golng through the
point samples at the centers go along a diameter, and hence the thickness of
cadmium t;ra.w{ersed before reaching the samples is Just the actual thickness of
the spheres 1 . Effects of scat'bering of neutrons by the shells would not in
general be :I.-r;;orbant and are not considered in these caleulations. Using the

same definltion of effective Cd cutoff energy Ec as that used by Dayton and

Pettus 522 the equation for the spheres becomes

® Z=aabo |
j dR* = e dr’, (5)

B o 0

where ZC dlo is the macroscopic cross section of cadmium times the thickness of

the spheres, On substituting equations {4) and (k4a) into (5),

oo 1/2 = ¢alo o 1/2 -ZCdlo
b4 dx . x e dx
/2 wx 0 2r 1/2 -x e o
2r_ Xt e T dx + 573 =Tz b4 e e ax « <75
T=  x %!
x X o
c a 4
(8)
where
x' = Xc if X, > 5
£
=5 4P S 5,
X 5 4 xc 5
For values of x significantly greater than unity the first term on the left can
be integrated analytlcally in series formg the indefinite integral becomes
Scattering effects should cancel to a good approximation and show li%tle met - -

i effGCt.
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Fig. 1. Spherical and Cylindrical Cadmium Filters.
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ﬁl/e e-xd.X= ._:X:L/2 e-x‘ (l+-J.:.—- l + 5 eooo)e (7)

= (%)% (2x)7

Equation £F) was used to evaluate this integral for values of xc greater than 5.
For values of X, less than 5, the first integral on the left was divided into
two partss th;; from X, to 5 and that above 5; the first part was evaluated
numerically using Gaug;;;n quadrature and equation (7) was used for the re-
mainder of the integral,

The magnitude of the error made in using equation (7) is less than the
last term in parentheses. For wvalues of X, greater than 5 this error is less
‘than 0.5%5. It is not recommended that t;;; approximation be used for X, values
less than about 5. -

The two integrals on the right were evalusted numerically using Gaussian
quadrature. In the numerical integration finite upper limits had to be set, so
all the four upper limits in equation (5) were set at x = 1000. It can be shown
that the error made in setting these limits at 1000 is less than about 0.1% in
the reaction rate with even the thicker cadmium shells, by expanding the expo-
nential in the last integral, dropping all terms after the second and integrating
analytically. It should be noted that the error is not as great as the values
of the integrals above x = 1000, since these approximately cancel on the two
sides of equation (6).

After evaluating the right hand side of (6), X, (and hence E ) was eval-
uated by successive approximations. The ORACLE (the Oak Ridge Natlonal Labe
oratory digital computer) and the IBM-TO4 at the Oak Ridge Gaseous Diffugion

Plant were used for these calculations.
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Also calculated in many cases was the fraction FRAQT of total reactions
of the central 1/v sample which cccurred below the effective qutoff,

The form of the expression uged for the cross section of Qd was a one
level Breit-Wigner two parameter equation in whiah the parsmeters were ad-
Jjusted to fit the absarption curve given in HNL-325 (4), Explicitly the
equation was

5,076 x 107 1_

_ (8)
Gd'o \]‘ﬁ[u(E.-.o.l’(B)e + 0.0151-12]

where 10 is in mils of metallic Cd and E is in ev. The total absorption cross
sectio:of cadmium 1g essentially due to the 0.178 ev rescnance of ca™t> y at
least out to an energy of many ev, Hence the parameters in equation (8) are
those for this nuclide at its matural isotopic abundance,

In the case of the cylindrical shells the transmission of neutrons, as
seen in Fig. 1, depends upon the angle between the direction of the neutron
and the axis of the cylinder as well as upon the neutron energy. In eguation
(8) 1, mst be replaced by lo/cose and lo/s.ine for values of @ between zero

E————

and OL = ta.n“l(D/H) and between the latter value and R/2, regpectively., Here

H apd D are the height and diameter, respectively, of the cylinders. After

changing the variable to )18 cos®, using approximaticn (7) and adding
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axi/ 2/ \/I060 to both sides, the equation analogous to (6) becomes

1/2
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N - Zocd o/\j » ) (& 2 x| xo3 5) ax
X
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L2 (e Sca oMy M2 o Fax ap
7T
)A(GL) )
»(0) 1000 1/2
- Soa YoM or 1fp e ¥
+ (e MENC P ) & (9)
»e) 5

Here the upper limit of energy in the numerical integration was taken as
*
x = 1000 with the energy range being divided into 5 intervals (i.e., 0-2, 2-5,

5-15, 15-100, 100-1000) and the range of & into 2 (i.e., O = ta.n“l(D/H) and

J

’ca.n'l(D/H) = 1t/2). The integration was carried out using Gguaaian quadrature

vr—

*Some caleulations were also carried out using 10 energy intervala and these results
“agreed to within 0,1% with those using 5 intervals.
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7 where ZBMB is the macroscople cross section of boron times the thickness,

-ollﬂ

with 8 points per iInterval (of either x or p) on_the IRM-704 computer at the
Osk Ridge Gaseous Diffusion Plant.

Also caloulated was the fraction FRACT of the total reactions of the 1/v
gsample which occurred below the effective cutoff.

It should be noted that i1f the value of X, 18 less than 5 the second exe
pression on the left of equation (9) should n;l: be given in the series expansion
shown, Rather it should be evaluated, as in the sphere case, by using the

following expression

Lfsx:l"/ge“xd.?t;_+\r—5_-e.'5(l+-l---- 1 2

or — -
U TS (10)5?
a

The value of X, may then be obtalned by successive approximations using
numerical integration. This procedure was necessary in the calculations on
both the thinner cadmium and boron filters.

In the case of boron filters the energy range (values of x) was divided
into 8 intervals (Os2; 2<5; 5415; 15«100; 10010003 1000~10,000; 10,0001005000;
100,000+1,000,000) because of the slow decrease of the boron cross section
with energy, The upper limits on all integrals here becomes 1,000,000 and

the term added to both sides hecomes xol/ 2/ 500, For the boron computations

the expression ZC d'.l was replaced by

:E%BMB = 0.0420%9 MB’xi/E/xl/a, (10)

MB being in the wnits of mg B/cm2. The 2200 m/s cross section used here was

755 b
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Regults and Discussion

Cd Bpheres. Effective cutoff energies for spherical cadmium shells are
presented in tabular form in Appendix A and are shown for three values cf the
Mexwellian to epithermal flux ratio r as a function of the characteristic

Maxwellian energy E = I in Fig. 2. Values are also given for 50% trans-

mission (i.e., the energy at which the exponential transmission factor is

equal to one-half) and for r = o (Em = 0,0253 ev). It can be seen that the
cutoff energies at 20 mils thickne:s— and below are sensitive to the values of
r as well as B , even at lower values of the latter. For 30 mil and thicker
filters the c:c.offs are nearly independent of r at the lower Maxwellisn temper-
atures. The values for 50% transmission are rather close to calculated cutoffs
for the thicker filters and lower temperatures.

It would be desirable to héve a cutoff near the assumed lower limit of the
1/E flux, i.e., SE . However, this would require thin filters, which.are very
sengitive to t‘he_Eux ratio r. Hence the authors suggest that the best compro-
mise would be achieved with filters of about 40O mil thickness.

Approximate calculations for cylindrical and cubic filters were made, based
on the sphere calculations and the assumption that the transmission could be
calculated simply by using effective thicknesses seen by the neutrons in the
transmisgion exponential factor. The effective thickness for cylinders can
easily be shown to be 1.13 and 1.22 times the actual thickness for an gj_D_
(height/diameter) of 1 and 2, respectively., Then the appszima’ce effective
cutoffs for a cylinder would be given by the results for a sphere with a
thickness of 1.13 and 1.22, respectively, times the actual thickness of the

cylinders. Such approximate and accurate cutoffs for a aylinder (H/D = 2)
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are given in Table I for two values of Em (0.0253 and 0.05 ev). Here the
first column gives the actual thicknesgj_the second gives the effective
thickness and the last column gives the energy at which 50% of the neutrons
are transmitted. The corresponding thickness ratio (effective/actual) for
a cubic filter is about 1.20.

Some calculations were also carried out under conditions which should
have given results in agreement with those of Dayton and Pettus Lgl. Using
the sphere model, described above, with no Mexwellian (i.e., r = O) and with
a lower limit of the ;ZE flux at 0.025 ev the results should have agreed with
their monodirectional flux calculations for very thin samples (see the third
and fourth columns of Table II). The data of Dayton and Pettus were read from
a graph but should be accurate enough to indicate a distinct difference%. Their
resonance parameters for Cd were slightly different from those used in this
paper, but hardly enough to account for the difference in results.

Reaction rates per unit energy vs E and total reactions below E have been
calculated for the ;Zz absorber as a function of energy for 10 and 40 mil cad-
mium filters, Em = 0.0253 and r = 20. The solid curves in Figs. 3 and %a, show
the fractions ;; the total number of reactions occurring at energy E per unit
energy; the dotted curves show the fractions of the total reactions which

occur between energies zero and E. The total number of reactions occurring

A recent commmication (2 June 1959) from W. G. Pettus contained some recal-
culated values and these (in the case of the beam flux) were much closer to
the results obtained in this work than were Dayton's and Pettus' original

values. (See Table II and ref. (2)).
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Table I

Approximate vs Accurate Effective Cadmium Cutoffs for Cylinders
(BE/p = 2) for r = 20

Em = 0253 Em = o05 ev
lo Eff, sphere cylinder sphere cylinder El/e
1
- eyl calc. approx. calc, approxe.

10 12,2 .126 <148 (.160) 224 «250 (.262) | 0354

20 Pk | 375 419 130 o3T5  oHOL  ¢.410 | .4o§
30 36,6  W476 502 ..503 Ak8 T2 8L LB55
40 48,8 i J518 547 .550 491 522 2529 % 2506
60 T3.2 | 583 615 617 <567 500 606 | .56
100 122,0 l .680 »718 .T23 673 o712 .T18 66
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Table II

Effective Cd Cutoff Energies for Monodirectional 1/E Flux

Plux Lower Limit in ev

Cd Thickness This Paper Dayton and Pettus™
(mils) 5 x 0.0255  0.025 0.025
10 0.362 0.237 0.26
20 431 29 .3k
40 .520 .520 42
60 584 583 A7
100 .679 679 .56

% Yalues read from a graph SEE.
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at all energies was normalized to unity. Actually of course there are more
reactions in the 10 than in the 40 mil case. As seen in Fig. 3 about 60% of
the total reactlons occur below the cutoff with Mexwellian neutrons in the
case of the 10 mil thickness, In the 40 mil case very few reactions involve

Maxwellian neutrons and only a few percent of the reactions occur below,Ec.

Boron Spheres. The calculated results for boron gpheres are presented

in Appendix B.

Cd Cylinders. The results for the cylindrical shells sre shown in Fig. l}ﬂ.

The cutoffs are seen to be similar to but a little higher than those for the
spherical filters, as expected. Again a thickness of about 40 mils is indi-
cated in order that the cutoffs be insensitive to the flux ratio at the lower
Maxwellian temperatures. Since the melting point of cadmium metal is 321°C
(594 X) the higher temperatures may be unrealistic; however cadmium in some

chemical form could be used as a filter at higher temperatures by cladding

it with some high melting material. Values of Eo vs. Cd thickness are shbwn

iri Fige 5 for r = o0, 12 and 30 for Em = 0,0253 ev,

The fractions of the total rea_c:ions by the _J_,j_y_ sample below the effective
cutoff are shown in Fig. 6. For r # o, this fraction is increased by\‘\ inoreas—
ing E at any thickpess, At low B {i.e., around 0,0253 ev), the fraction in
crea-s-;s with r only for thin filt;;s, ; at the higher E n values the fraction ine
creages with r for all thicknesses. At Em = 0,075 ev a disjg\inct minimm occurs
in the fraction awrve st about 15 mils Cd, At B, = 0.1 ev the minlmm is brosder

and less distinct.,

See Appendix C for calculated values for cylindrical Gd filters.

N\
\
\\,
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Boron Cylinders. Figs. 7a and Tb show typical curves for E ” and FRACT
vs. thickness, respectively, for boron and cadmium. As expected, there is
no leveling off of Ec with increasing thickness in the case of Boron, Also

as expected the boron shows a much larger FRACT than cadmium and shows the
effects of the Maxwellian neutrons over a wider range of thicknesses. Also see
Appendix D,
Conclusions

Effective cadmium cutoff energies have been calculated for a wide variety
of Maxwellian neutron temperatures, ratios of Maxwellian to epithermal flux,
and thicknesées of Cd filters, Because of the sensitivity to Maxwellian flux
perameters for thin filters (less than aboﬁt 30 mils) it is recommended that
filters of about 40 mils be used in Cd ratio work. Depending on the exact
conditions the effective cutoffs for 40 mil Cd lie between 0.50 and 0,55 ev
for Maxwellian temperatures of 300 to 5003. The values presented here should
hold to a good approximation for small samples centrally located inside cy-

lindrical cadmium filters.



- 24 -

UNCLASSIFIED
ORNL-LR-DWG, 38138A
T 1 l l I I ] I l I [ l | |
— 8 —B
6l ----cd _ & ----Cd
5
1]
1
i
\
z 4R
o ]
~ 1
[&] i
< |0
T .24 -
)
1
i
]
2t -
)
]
]
H
A ‘\ —
L [ I I 11 | | [ I |
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
mils Cd —
L [ [ | I J L1 | | I | | |
30 60 90 120 150 180 210 240 270 300

|
) 30 60 90 120 150 180 210 240 270 300
mg B/cm?é —
Fig. 7a. Effective Cutoffs for Cadmium

and Boron Filters for E

Fig. 7b. Fractions of Reactions Below
" 0.0253 ev and r
=20,

Effective Cutoffs for Boron and Cadmium
Filters for Em = 0.0253 ev and r = 20.



-25-

Acknowledgements

We wish to thank J. E. Murphy and C. S. Williams of the Central Data
Processing Department of the Qak Ridge Gaseous Diffusion Plant for interesting

discussions on numerical integration and for helpful suggestions.



1.

2.

3e

-26-

References

D, J. Hughes, "Pile Neutron Research", pp. 151-2,'Addison§Wesley

Publ. Co., Cambridge, Mass., (1953).

I. E. Dayton and W. G, Pettus, Nucleonics 15, No. 12, p. 86 (1957).

C. H, Westcott, J. Nuclear Energy 2, 59 (1955). |

D. J. Hughes and R. B. Schwartz, "Neutron Cross Sections", U. 8., Atamic

Energy Commission Document BNL~325, Second Edition, (1958).



m
(ev)

. 0253

.0300

.0400

Appendix A

-27-

Effective Cadmium Cutoffs Ec (in ev) for Spherical Filters
or Unidirectional Beams

100

10
15
20
30
4o
50

80
100
120

10
15
20
30
Lo
50

80
100
120

r = nvb/¢r =
12 20 30 _
E FRACT E FRACT E FRACT
(¢} o4 [e
0.141 0.459 0.126 0.585 0.118 0.678
0.283 0.163 0.235 0.241 0.202 0.323
0.396 0.082 0.375 0.096 0.351 0.115
0.478 0.067 0.477 0.068 0.475 0.069
0.519 0.068 0.518 0.069 0.518
0.552 0.071 0.552 0.552
0.583 0.073 0.583 0.583
0.635 0.6%5 0.635
0.680 0.07h4 0.680 0.680
0.719 0.719 0.719
0.158 0.455 0.14h4 0.581 0.137 0.675
0.285 0.162 0.245 0.239 0.220 0.319
0.395 0.083 0.3Th 0.097 0.351 0.117
0.4717 0.068 0.476 0.069 0.474 0.070
0.521 0.520 0.520
0.555 0.555 0.55k4
0.584 0.584 0.584
0.635 0.635 0.635
0.679 0.679 0.679
0.719 0.719 0.719
0.196 0.186 0.181
0.3%02 0.278 0.265
0.391 0.372 0.357
0.47h 0.469 0.462
0.516 0.514 0.511
0.551 0.549 0.547
0.581 0.578 0.578
0.63k4 0.63% 0.632
0.680 0.680 0.679
0.720 0.720 0.719
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r = nvo/¢r
12 20 30
E FRACT E FRACT E FRACT
c c c

0.230 ‘. 0,222 0.492 0.219 0,572
0.321 0.180 0.308 0239 0301 0,298
04387 0.131 04373 0.167 04363 0,206
0.457 0,105 0. 4l6 0.128 0.436 0.154

0.502 0,493 0.111 0,431

0,540 0.532 0,521

04574 0.566 0,094 0.559

0.630 0,625 04620

0,676 0.672 0,083 0.670

0.716 0.714 0,711

‘% 00256

0,331 0432k

0.376 0,373

0.432 0.426

0.467 0,462

0.536 0.524

0.650 0.639
0,288 04286 0,286 0,343 00286 0,360
0.353 0,188 0.349 0,237 0.346 0,275
0.%92 0,185 0,386 0,227 0,383 0.261
0.435 0.206 0.428 0,26k  O.42h 0.316

0.471 0,460 0,267 0,457

0.529 0451k 0.246 0,508

04623 0,606 0,192 0,592
0.317 0.245 04317 0.275 0,316 0,292
0.365 0.211 0,364 0.245 0.364 0,266
0.395 0.202 0,39k 0.23%9 0.393% 0,265
04438 0,197 Ook3h4 0.239 0,433 0,270

0477 0,467 0.469

0.526 04517 04514

0597 0,593 0,584
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Effective Boron Cutoffs E (in ev) for Spherical Filters

or Unidirectional Beams

(ng./cn”)
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50
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150
200
300
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20

50
100
150
200
300
500

20

50
100
150
200
300
500

r = nvb/ﬁr
12 20 30
E FRACT E FRACT E el
(o4 o] [}
0.0%353  0.38k 0.0349  0.399 0.0347 0.407
0.0715 0.545 0.0692 0.587 0.0682 0.611
0.1672 0.524 0.1372 0.599 0.1258 0.655
0.593 0.hh1 0.4227 0.490 0.2970 0.543
1.422 0.399 1.207 0.422 0.9990 0.4ko
3.864 0.37% 3.743 0.377 3.600 0.3%8%
11.16 0.368 11.1% 0.368 11.13 0.368
0.0432  0.356 0.0428  0.367 0.0427 0.373
0.0858 0.53%8 0.0841 0.569 0.08%2 0.586
0.1681 0.571 0.1507 0.638 0.1442 0.682
0.4192 0.492 0.2781 0.563 0.2295 0.627
1.139 0.430 0.8512 0.472 0.6227 0.518
3.615 0.382 3. 340 0.393 3.046 0.406
11.11 0.369 11.06 0.39 11.00 0.370
0.0541  0.3%2h4 0.0537 0.331 0.0536 0.3%6
0.1060  0.517 0.1046  0.538 0.1039  0.550
0.1879 0.603 0.179% 0.655 0.1754 0.685
0.3177 0.561 0.2711 0.637 0.2531 0.690
0.7782 0.485 0.4997 0.553 0.3777 0.618
3.088 0.404 2.586 0.429 2.112 0.458
10.92 0.371 10.74 0.373 10.50 0.376
0.0699 0.288 0.0696 0.293 0.0694 0.296
0.1360 0.483 0.1348  0.h497 0.1342 0.505
0.2318 0.610 0.2246  0.641 0.2223 0.662
0.3389 0.621 0.3168 0.680 0.3077 0.716
0.5126 0.571 0.4321  0.648 0.4030 0.703%
2.17h4 0.454 1.520 0.506 1.049 0.561
10.23 0.380 9.613 0.388 8.925 0.398
0.0840 0.263% 0.0837 0.267 0.0835 0.269
0.1626  0.455 0.1615 0.465 0.1610 0.471
0.2728 0.599 0.2685 0.625 0.2664 0.639
0.3826 0.641 0.%391 0.687 0.3%629 0.71%
0.5230 0.623% 0.4796 0.689 0.4606 0.730
1.483 0.510 0.9%321 0.584 0.7403 0.651
9.155 0.395 8.027 0.413 6.881 0.435
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Appendix C
Effective Cd Cutoffs E_ (in ev) for Cylinders (Height/Diam. = 2)
and Fractions of Reactions Below Cutoffs FRACT for Various
Values of the Characteristic Masxwellian Energy Em
r=nv /g =
0 12 20 30
E FRACT E FRACT E FRACT E FRACT
C C C C
E, = 0.0253
378 L0612 173 .358 A48 482 .137  .582
419 L06k0 L339 116 .298 .16l .259  .218
452 L0661 431 L0751 19 L0819 Jok L0907
504 0684 .503  .0692 .502  .0695 501 .0698
547 L0705 547 L0705 547 L0706 547 L0708
.615  .073%0 615 0729 615  .07%0 .615 .0728
.718 L0756 .718 L0757 .718  .0756 .718  .0755
E = 0.035
206  .346 .189  LL466 181 .565
342 L1190 .308  .161 .283  .213
29,0789 16 L0877 o1 L0997
.501  .0711 o9 L0726 bor L0750
.545 0715 .5h5 L0723 S5k L0733
615 L0734 614 L0736 614 L0741
719 L0760 718 .0760 718 .0762
E, = 0.05
260  .301 .250  .398 245 479
.35%  ,1552 .338  .202 .329 252
15 L1218 Lo1 .153 .390  .188
483 L1003 A2 L1120 L6200 U143
.531  .0915 522 .105 .51% .122
606  .0838 .599  .0910 .592  .100
1% L0799 712 .0826 .708  .0860
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(Appendix C continued)

E = 0.075
10 L4270 L0h1g L3111 .2hk9 .309  .30h4 .308 .34k
15 451 .0515 L3715  .175 370 .225 366 .262
20 473 L0572 409 L1986 403 248 .399  .289
30 .515  .0648 sk 210 A6 271 A1 L327
40 .552  .068k Aol .203 480 L266 ATk 326
60 617 .0725 .555  .179 .54h0 .234 .529 .201
100 719  .0758 .665  .140 643 177 .625 .219

E_ = 0.100

m

10 .33%6 .23k .3%6 267 .335  .285
15 .382  .211 .381 .2u7 .380  .270
20 12 204 L1000 .24k A09 L2271
30 56 .197 A2 L2k A50 0 .27k
Lo L9519l 488 239 483 274
60 547 225 .539  .279 .534  .325
100 631 .236 617  .304 610  .370

r = nvo/¢r = 20

mils E_ FRACT E_ FRACT E_ FRACT E_ FRACT
C % C ) C C (o]
E = 0.20 E, = 0.%0 E, = 0.70 E, =1.0
10 371 .170 .390  .087 o3 .ok8 411 .033
15 410 .185 A3k 102 L4560 061 450 .03%6
20 L4390 198 A69 L1115 Lok o071 485 .oko
30 A8 220 .520 .133 .550 .082 546 .049
40 .520  .236 .560  .1h5 .501 .089 .596  .057
60 .575 .259 622,163 .657  .100 678 071
100 657 .286 715 .192 757 119 .792  .090
mgég ’ E = 3.0 E, = 10.0
10 .387  .0051 .517  .0031
15 429 L0060 .631  .00k9
20 467 L0071 716 .0063
30 .537  .0098 834k .0083
40 .598  .0126 .910  .0095
60 .702  .0181 .995  .010k4

100 .859 L0273 1.073 .0103
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Appendix C (Cont'd)

Miscellaneous Results

0.592

0.238 0.575 0,361

r=nv /p =
12 30 12 30
E, FRACT E, ‘FRACT E, FRACT E, FRACT
E, = 0,0253 E, = 0.055
0475 0,069 0.468 0.072 0,473 0.072 0.464 0,080
0.526 0,070 0.525 0.070 0.52k 0.071 0.523 0,074
04,670 0,074 0.670 0.074 0.670 0,075 0.670 0.075
E, = 0.050 Em = 0.075
0.454 0.108 0432 0,161 0.433 0.208 0.422 0,316
0.508 0.095 0.488 0.131 0,472 0.207 0.458 0329
0,665 0,081 0.656 0.091 0.612 0.157 0.579 0.252
| E, = 0,100 -
0,436 0,200 0,431 0.274
0.476 0.194 0.467 0.27h



Appendix D

Effective Boron Cutoffs E, (in ev) for Cylinders (Height/Diam. = 2)
and Fractions of Reactlons below Cutoffs FRACT for Various
Values of the Characteristic Maxwellian Energy Em

r =nv /8
5 , 12 20 30
ng. B/cm E, FRACT E, FRACT E FRACT
E, = 0.0253
20 20LO L22 » +OLO 440 «039 450
30 +O5k 500 .053 «528 .05% o 5l
50 .082 . 564 079 613 O77 2642
80 J146 «567 .125 H18 <115 .669
100 246 .549 173 .623 <149 673
150 09352 463 JTL5 517 2535 (5
200 2,098 416 1.869 o il 1.631 LTT
300 5038k 383 5,283 389 54160 s 397
500 15,322 375 15,307 0375 15.292 - 375
1000 61,227 . 3Th 61.277 o 3Th 61,227 03Tk
= 0,050

20 2062 . 362 061 372 0061 2377
30 .082 49 082 I «081 SUTL
50 «120 .552 .118 .578 o117 «593
80 o176 60T 169 654 »166 682
100 0221 605 2205 o565 /6198 .T703
150 L5k .588 0332 663 .295 o713
200 1.297 511 392 584 o607 0657
300 4,620 J23 4,083 ou5k 34532 1489
500 15,126 380 14,973 »383 14,790 .388

1000 61,310 o 3TH 610310 o 3Th 61310 0374
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r = nvo/¢r

Appendix D (Continued)

12 _ 20 -
E, FRAGT E FRAGT E, FRACT
E = 0,075
»080 052k $O079 0351 079 2 33k
0106 410 +106 1420 .105 o425
J154 +522 .152 o540 o152 «550
»220 607 0215 +639 o213 656
<264 628 0255 671 2251 +595
<406 627 o367 0679 o349 123
+7T70 600 +538 681 o n 72 o736
365%2 JT9 2,682 539 1.994 =601
14,518 » 392 13,968 Ok 13,327 o419
61.272 o 3T 61,272 3Tk 61.272 o375
E = 0,100
m
2096 «298 +095 4303 .095 306
128 381 «127 «389 127 «392
+184 1496 «183 510 2182 .516
« 260 . 594 «257 o617 +255 +630
<309 .628 <303 659 « 300 677
S22 L6l5 1418 .T00 08 sT352
638 645 +557 <Ok .526 oTh2
2,570 «539 1,698 »620 1.138 696
13,494 112 12,364 U3 11.159 o465
61.189 <375 61,189 <376 61,067 <376
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