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3.STRACT

The degree of protection from neutron irradiation afforded to electronics
by armoured vehicles is most correctly defined by the outside-to-inside ratio of
the 1 MeV equivalent neutron fluence for Silicon. It has been proposed that this
factor may be approximated by an experimentally measurable parameter - the
neutron (tissue kerma) reduction factor. This report examines the validity of
this assumption for a variety of realistic nuclear battlefield scenarios,
calculated using the computer code VPF2. In addition the response of two neutron
dosimeters in the calculated fields is examined.

Le degre de protection des composantes ilectroniques contre les
irradiations do neutrons re;ues est correctement defini par lo rapport de
penetration extirieur-vers-l'interieur do 1 1eV equivalent do fluence silicium.
II a ete propose que facteur pouvait etre reprisente par un parametre mesurable,
le facteur de reduction de neutron (tissue kerma). Ce rapport etudie la validite
de cette hypothese pour une variite do scenarios possibles en utilisant le
programmue VPF2. De pius, la reponse de deux dosimetres de neutrons est etudiee.
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mnCUTIYZ SVflOAiRY

In order tc predict the degree of protection afforded -- electronics t';
armoured vehicles exposed to neutron irradiation, the ratio of outside to insi'de
tissue kermas has often bQen used as an approximation. This report examines the
validity of this approximation by using the computer code VPF2 to generate
neutron fields to be expected in a number of battlefield scenarios. The
performance of two neutron dosimeters in these fields is also examined.
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1.0 INTRODUCTION

The protection factor afforded by armoured vehicles to the deleterious
effects of radiation from nuclear weapons is a subject of much concern to the
NATO co~munity so much so that it has spawned an entire Allied Engineering
Publication (AEP-14) (1), 'While the document ie extremely thorouzh in addressing
the iss-.e of protection of personnel. only minor mention is made: tr-
protection afforded to electronics. In particular, when considering the damage
created by neutron Irradiation of semiconductors, the concept of I MeV equivalent
neutron fluence is generally used (2). AEP-14 states only that the neutron
protection afforded to eleccronics may be approximated by the neutron reduction
factor -which is essentially a ratio of tissue kermas. This work strives to
examine the validity of this approximation for a variety of battlefiold scenarios
using the latest DREO-developed computational capabilities.

2.0 METHODOLOGY

2.1 DEFINITION OF FACTORS

The characterization of radiation protection factors afforded by armoured
vehicles necessitates the definition of a number of protection factors. These are
all based on the neutron and gamma-ray energy spectra both inside and outside the
vehicle being convolved with an appropriate response function, and the subsequent
evaluation of their ratio, i.e.

(XPF)a - f O .. Ld R dE (1)
J0,,.sid(E) R(E) dE

where

(XPF)• - general protection factor for parameter

having energy response R(E)

•,.jde(E) particle fluenco inside vehicle

Owteid(E) - particle fluence outside vehicle

Based on the prneral definition of k',, any protection factor may be
calculated. From AEP-1.4 the most commonly used factors - nam-eKy the neutron and
gA.:ta-ray reduiction and protection factors (in which R(F) is the tlssue kerma
r'pOrse f,,nction) ar, defirn d as:

(M) Ga-wa-RAy Protecticn Factor

CPF - __________y (2)ý
Kerma Due to Gamma Rays Penetrating Vehicle

(Mi) Neutron Protection Factcr

Neutron Yerma Insid- Vehicle # Armour-generated

5econdary Gamma Ray YoroA

(1111) Gamma-Ray Roduct.on Factor
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CRF - Ganra-Ray Ker-a Outsice VOhic- g (4)
Gamma-Ray Keroa Inside Vehicie

(iv) Neutron Red"ction Factor

N"RF- Neutron Korea 0-ýitde Vehicle (5)
Yeutron Kerma inside Vehicle

For neutron irradiation of semiconductor materials, the major damage-
causing mechanism is displacement of silicon atoms due to alastic (and inelastic)
collisions. Thus the Silicon Displacement Kerma energy response is the important
parameter as R(E) in eqn(l). However the normal procedure for characterizing
semiconductor damage is to reduce the neutron fluence to the equivalent fluence
of I MeV neutrons (2), i.e.

0,q(l MeV) -1f6•E) i.•) dE (6)

KD(I MeV)

where

,. (1 MeV) - 1 MeV equivalent neutron damage in Si,

YK (E) - neutron displacement kerma factor for Si

Ko (I MeV)- neutron displacement kerma factor for 1 MeV
neutrons

- (3.26 +/- 0.14) x 10"- Rad-cm2 (3)

Calculation of the I ?OeV equivalent neutron fluance allows definition of
the I MeV equivalent neutron reduction factor as:

CRF r "- , "" ( 7,

The comparieon of the CRF (which is the direct measure of the effectiveness
of *,Lhir] shield:lr, fc, r neutron dUr,1ae to electronics) to NRF (which is an
exerimentally mes'irable ap;-roxtmation) is the main th-ruqt of this work

Of course, knowledKe of the both inside and outside enerKy spoctra allows
direct evaluation of dosimeter performance and many other relevant parameters
xcme of which will be glanced upon here.

2.2 COWMtflZA CODES

In o'der to evaluate the inside and outside energy spectra at realistic
difitances from simulated nuclear weapons the cotp'iter cotd VVF2 (4) (in a
meUFhtly modified form) was used. The code is micro-cm'i'utsr based and menu
driven. It uses an !,nterface with another code - ATR5 (5)- to generate two.
dimensional angular fluence dasa at the vehicle range.
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The two-dimensional data is then collapsed into effective one-dimensional

fluences which are then used as a source term for ANISN slab radiation transport

calculations into the vehicle. As a result the protection and reduction factors

calculated by VFF2 are eiffectively averaged over all azimuthal vehicle

orientations within the free-field.

For this work, a special modification of VPF2 allowing part.:le energy
spectra output was employed.

Fig (1) should clarify the VPF2 methodology.

2.3 WEAPON SPECIFICATIONS

To make the comparisons meaningful, the entire gamut of energy spectra

likely to be encountered on the battlefield should be covered- To accomplish
this, three separate source spectra were employed. They "'re:

Ca) The standard fission weapon (SF1) source spectrum from ATR5
(b) The thermonuclear weapon (TI"W) source spectrum from ATR5
(C) A source consisting entirely of 14 MeV neutrons (14 MeV)

Appendix (A) lists source spectra (a) and (b).

T•he yields chosen here were 5 kT and 100 kT for each weapon, with the
source normalizations being 2 x 10 13 nf/T and 5X 1022 g/loT for the .51 case and
1.2 x 101 n/kT for the TN'W and 14 MeV cases. No gamma-ray source term was usad
with either the TNW or 14 MeV cases since recent DREO calculations have shown (6)
that the contribution to total dose from prompt gamma rays is generally dwarfed
by that from neutron-capture gamma rays.

The height-of-burst (HC;) for the weav#:!s were chosen as that which would

maximize blast effects,i.e.

HOB - 60 (YIELD)"' 2  (8)

Thus the HOBs were 102.6 m and 278.5 a for the 5 kT and 100 kT bursts
respectively.

TIe* air-over.grourd calculstions usod the default air and ground elemf-rital
Composition and moisture content from ATRS,

The dose constraint option within A'JkS was used to Kive the ranges from the
weapons at which free-field neutron tissue kermas of 450 Rads (LD50) and 25CO
Rads (ITU) would occur. The vehicle -as then placed at these ranges and the VPF2
calculations comenced.

2.4 VHICLU TYPES

Since the pu.rpose of this roport was chiefly to compare ORF to NRF, which
are ratioe, It was decided that extremely simplistic vehicles would suffice.
However these mcdel vehicles "'old need enough detail to show broad differences

in vehicle design, such as thin.walled (APC) vs thick-walled (tank) vehicles with
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and wit:Aour the addition of a liner. Accordingly the vehicle types described in
table KI) were employed. All are a ,imple 2m x 2m x 2m (outside dimensions) cube.

SI•TULATED VE.CICLE TYPES

CODE DESCRIPTION

Vi 2" thick Al walls

V2 6" thick steel walls

V3 2" thick Al walls with
2" thick polyethylene liner on inside

V4 6" thick steel walls with
2" thick polyethylene liner on inside

2.5 DOSIMETER RESPONSE

T•he calculation of the response of a dosimeter in an arbitrary field
depends upon knowledge of the radiation energy spectrum in t'rat field, plus the
en-ergy spectrum of the radiation field in which the dosimsver was calibrate'

Then defining, R•. and KX,. as the detector response and tis3ue kerma,
respectively, in the calit.,ration fleld, 1 a

Re, - 10,,1(E) RU'E) dZ (9)

•,l" '•, 5•(E, KY.E) dE (Vn)

6iere

- radiation fierce in calibration field

P. iF-, er gy-d ~rd',.nt detector responte (arbitrary units)

Y,(E)" enerpF -de-.rdent tissue kerma reiponse

Then one may define a calibration factor. C. as

C - X1/11(II)

Now when the doolitmer Is exposed to an arbitrary fluence field, *fLb(E),

the seasured reoponse (axaln in arh'trary units) will be

M - fof'i.1(c) P-( F) dE (12)

•_M -- _ _ _M•=_ =_



MIMM

T1hen the 'dose' (KD)ind-icated by the dosimeter is simply

A r-c-ariso'. of K- %! tý he tru.e radiition field t1&ss-,;e ker~a e~ re~2la-e.
Ica!' wl~h 'f ield' in eq-, ( 6.)) gives the efficacy of the dosimeter in that
particular field.

It was decided here to examine the responses of two neutron dosimeters in
the calzulated fields. They are the proposed CF neutron ýIosizeter (which is a
Silicon diode(7)) and t.he super-heated drop or 'bubble' dosimeter (8) which has
become DREO's principa) experimental neutron dosimeter over the past few years
and which, in the fur-are, may see direct militar-y applications. Each dosim~eter
deserves some further discussion.

For the case of th.e diode, the detector response function was assumed to
be Identical to the silicon lisplacesent kerma(9) - which merely assumses that
there is little detector c-scap* probability. The calibration factor is then
simply the ratio of the Pnergy veighted t*;ssu* karma response to the energy
,,eighted silicon displacement kerma respronse in the c~eiibration field.

* TVhen considerirng the bubble detector the energy response, as cbtalrcd ty
the manifacturer (10). as shown in ti&(2) was used.

noe choice of an appropriate calibration field is somewhat arbitr~r'/. Eere
a 252'.f fission source is assumed -although other r'ommon sources such as Pu*Be
,-c~uid not charge the results greatly. The zs'Ci source has the distinct advantage
of a well-defined semi-empirical fit to its energy distribution (the Watt
spectrum) as

#,E)- 0,373 exp(-0 88E) *Lnh(d'2E) n cma*2 MeV~l (11.)

1-sirg these the derived calibration factors ate

k,(dlodo) 4 7~6./.) 2 Pa 4!tis-tu*)/Rad(Silicon) a

C~h~ie)-Q~~.i¾/.ICRad(tlssu'1e/bubble (16)

30

3,1 EERIXENTAL IESt'LTS

Owing to the lock of snphistIcsted neutron apertrsocopic equipment,
ecp~risontal data on NUF and ORF is very limited, Howevor one coent experimuent
at Aberdeen. Proving Ground (A?C) us*:d the most acphisticatod neutron spectrometer
(ROS??C) available for frot-field and in-vthiclo work (11), 4oer the neuitron
sp*e-tra were mea4sured at tho N'AV.) stor-dard Wrefero point, 400 a from The
crfltical facility ruro t~ ftee-flold and In the '"NATO standotd toot bed' k14)
-,I) test bed io actuelly a ke x '# x 2. rubs having 4*0 thick stool vail,.
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Th.e results of this worI are presented in table 12). tcgerher with
calc,u]ational results frce *'.PF2 and more exotic codes

TixLE 2

RESULTS FRCM TEST BED UPER:MEINTTS AND CALUlATICNS

METHOD NRF ORF

ROSPEC 1,48 1.43

VPF2 * 1 .78

SAIC calcuLations(l3) 1,60

OR.NL calculations(iJ) 1.5S

ETCA calcuiations(13) 1.44

"';PF2 results ondifled o reflect internal scattering

The VFF2 and other caculatiors used An old source term and the a'r and
'ro:Jurd Gistlo.re were rot matched to those present durlih the experimental
zeasarements. The ratio of (altulatinn to experiment for the four cases is (1.08
"/. .), which gives srme conf4dence to the results to be preoened.

The PCSPFC-mseasured spectra for both inside and outside caqes are shown in
flg (1, 7hey may both be considered as degraded fission spectra with mean
er,ergies of 0.50 and O 77 Me' respectively. The *oomparison here between CRF and
•;PF is ,xcellent - wIthin 31. This arreement may have been expected when one
eyamires f ,; (4)- a ratio of "h* t Ase ind siili-on displ'aement kerma factors.

, # overall trend !% reacroabl'i fat here Still there r'ysts enough str'actute
that s.•e spectral var~Atio-s In the 0)F approximation to NRF rtAv occur. making
this et, d- lImportant.

3 2 CA: ''!ATI (,NAL P FS'LT S

).2 1 FRIV[ IELD PA.GES AsD SE•7R.A

The ranges at which the AR5 cal'ulatlotýs yteded the UD5O ar'1 ITI neutron
kersas appear In table (3). Soo* of the free-fleld spectra appear in fig (5).
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TABLE 3

RANGES FOR STATED EFFECT

WEAPON RANGE (m)
LD50 ITI

SFW - 5 kT 970.5 750

SFW - 100 kT 1430.5 1177

TNW - 5 kT 1289.2 1015.8
TNW - 100 kT 1845.6 1545.9

14 MeV- 5 kT 1579.8 1280.7

14 MeV-100 kT 2166.8 1851

3.2.2 DOSIMETER RESPONSE

Tables (4),(5) and (6) give the predicted dosimeter responses for the
neutron diode and bubble detectors(as compared to free-field) for the SFW, TNW
and 14 MeV cases respectively. Listing of some of the calculated energy spectra
appear in Appendix B.

Im |M~uao m m



TABLE 4

DOSIMETER RESPONSES(rads) IN SF ENVIRONMENTS

5 kT weapon

(a) NOMINAL LD50 RANGE

CASE TISSUE N-DIODE RATIO* BUBBLE RATIO*

FF 446 427 0.96 641 1.43

Vi 324 308 0.95 459 1.42

V2 115 113 0.98 207 1.80

V3 63.8 62.5 0.98 77.6 1.22

V4 12.9 12.4 0.96 19.4 1.56

MEAN .97+/-.01 1.49+/-.21

(b) NOMINAL ITI RANGE

CASE TISSUE N-DIODE RATIO* BUBBLE RATIO

FF 2480 2370 0.95 3640 1.47

Vi 1800 1710 0.95 2600 1.44

V2 648 633 0.98 1170 1.80

V3 339 331 0.98 423 1.25

V4 70.6 67.7 0,96 108 1.52

MEAN .96+/-.02 1.50+/..20

100 kT vwepon

(a) NOMINAL LD50 RANGE

CASE TISSUE N-DIODE RATIO* BUBBLE RATIO

FF 447 431 0.96 605 1.35

Vi 329 316 0.96 441 1.34

V2 113 il1 0.98 199 1.76

V3 74.3 72.9 0.98 84.8 1.14

V'4 13.9 13.4 0.96 20.1 1.45

MEAN .97+/-.01 1.41+/-.22

(b) NOMINAL ITI RANGE

CASE TISSUE N-DIODE RATIO* BUBBLE RATIO

FF 2480 2380 0.96 3470 1.40

Vi 1820 1740 0.96 2510 1.37

V2 636 621 0.97 1130 1.78

V3 381 374 0.98 450 1.18

V4 74.2 71.3 0.96 110 1.48

MEAN .97+/-.01 1.44+/-.22

* RATIOS OF DOSIMETER READINGS TO FF KERMA
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TABLE 5

DOSIMETER RESPONSES(RADS) IN TNW ENVIONMENTS

5 kT weapon
(a) NOMINAL LD50 RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 449 433 0.96 511 1.14
Vi 337 324 0.96 387 1.15
V2 110 108 0.98 180 1.64
V3 109 105 0.96 105 0.96
V4 18.8 17.9 0.95 23.1 1.23

MEAN 0.96+/-.01 1.22+/-.25

(b) NOMINAL ITI RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 2610 2500 0.96 2990 1.14
Vi 1940 1860 0.96 2250 1.16
V2 643 629 0.98 989 1.54
V3 625 599 0.95 603 0.96
V4 110 105 0.95 134 1.21

MEAN 0.96+/-.01 1.19+/-.20

100 kT weapon

(a) NOMINAL LDSO RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 449 435 0.97 501 1.11
V4 340 329 0.97 382 1.12
V2 109 107 0.98 178 1.63
V3 112 108 0.96 107 0.96
V4 18.6 17.8 0.96 23 1.23

MEAN .97+/-.01 1.21+/-.25

(b) NOMINAL ITI RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 2500 2410 0.96 2800 1.12
Vi 1890 1820 0.96 2130 1.12
V2 608 597 0.98 989 1.62
V3 620 598 0.96 594 0.96
V4 104 99.4 0.95 128 1.23

MEAN .96+/-.01 1.21+/-.24
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TABLE 6

DOSIMETER RESPONSE IN 14 MEV ENVIRONMENT

5 kT weapon

(a) NOMINAL LD50 RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 450 432 0.96 475 1.05

Vi 340 327 0.96 366 1.07

V2 109 106 0.97 172 1.57

V3 123 117 0.95 112 0.91

V4 20.8 19.6 0.94 24.1 1.16

MEAN .96+/-.01 1.15+/-.25

(b) NOMINAL ITI RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 2610 2500 0.96 2990 1.19

Vi 1880 1800 0.95 1990 1.06

V2 602 588 0.97 941 1.56

V3 702 665 0.94 631 0.89

V4 121 113 0.93 136 1.12

ME.AN .95+/-.02 1.16+/-.25

100 kT weapon

(a) NOMINAL LD50 RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 449 434 0.97 483 1.07

Vi 341 330 0.96 372 1.09

V2 108 106 0.98 174 1.61

V3 119 114 0.96 111 0.93

V4 19.6 18.7 0.95 23.5 1.19

MEAN .96+/-.01

(b) NOMINAL ITI RANGE

CASE TISSUE N-DIODE RATIO BUBBLE RATIO

FF 2490 2400 0.96 2640 1.06

Vi 1890 1820 0.96 2040 1.08

V2 600 558 0.98 952 1.59

V3 679 649 0.95 623 0.92

V4 113 107 0.95 132 1.16

MEAN .96+/-.01 1.16+/-.25
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The two main features evident from the preceding tables are (a) the
Lxcellent performance of the neutron-diode and (b) the poor performance of the
bubble dosimeter. The first feature may be attributed to statistically negligible
spectral changes when considering the different environments or, should such
differences exist, their masking by energy-binning effects. In either case, the
neutron-diode is an extremely accurate dosimeter for these fields.

The case of the bubble detector deserves more discussion. The reason for
the wide variations from tissue kerma may be grasped from an examination of
fig(6). Here the dosimeter response is plotted in a more appropriate fashion as
a ratio of expected bubbles per tissue kerma. Note the large peaking in the
region around a few hundred keV. Now coasider fig(7) in which the free-field and
V2 cases for the TNIW are shown. The free-field spectrum is relatively flat and
the predicted bubble response is close (within 12 %) to tissue kerma. However
for the shielded case, the spectrum is highly peaked, unfortunately in the same
energy region as the bubble detector response peak - leading to a 60 % over-
estimate in kerma.

However, actual experimental data with the bubble detector does not back
these results. Take the APG experiments mentioned earlier. Bubble detectors were
deployed for this work. The measured responses were 3.83 and 2.78'mRad/kWh for
the free-field and in-box cases respectively(ll). Using the same procedure as
above(i.e using the ROSPEC measured spectra as the input energy rpectra and
folding into the bubble detector energy-fluence response) the predicted bubble
detector kermas would be 7.63 and 6.66 mrad/kWh respectively. The measured NRF
would then be 1.38 as compared to the calculated 1.15. This, and other reliabl3
experimental work with the bubble detectors, suggests that the energy response
function is not accurate, and more work needs to be done in this area.

Clearly, with the excellent agreement between the neutron-diode response
and tissue kerma, the CRF/NRF approximation must be extremely good here. Table
(7) merely reinforces this point.
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TABLE 7

COMPARISON OF ORF TO NRF VALUES

SFrW WEAPON - LD50 RANGE
5 kT 100 kT

NRF ORF NRF ORF

Vi 1.38 1.39 1.36 ,.36
V2 3.87 3.78 3.94 3.88

V3 6.99 6.82 6.02 5.91
V4 34.5 34.3 32.1 32.1

SFW WEAPON - ITI RANGE

5 kT 100 kT
NRF ORF NRF ORF

Vi 1.38 1.39 1.36 1.37
V2 3.83 3.75 3.9 3.83
V3 7.34 7.17 6.51 6.37
V4 35.2 35.1 33.4 33.4

TM, WEAPON - LD5O RANGE
5 kT 100 kT

NRF ORF NRF ORF

Vi 1.33 1.33 1.3" 1.32
V2 4.07 4.00 4.11 4.06
V3 4.13 4.13 4.00 4.02

V4 23.9 24.2 24.1 24.4

TM. WEAPON - ITI RANGE
5 kT 100 kT

NRF ORF NRF ORF

Vi 1.34 1.34 1.32 1.32

V2 4.05 -k97 4.11 4.04

V3 4.17 4.17 4.03 4.04

V4 23.6 23.9 23.9 24.3

14 MEV WEAPON - LD50 RANGE
5 kT 100 kT

NRF ORF NRF ORF

Vi 1.32 1.32 1.32 1.32
V2 4.14 4.05 4.14 4.08

V3 3.67 3.69 3.78 3.80
V4 21.7 22.0 22.9 23.3
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TABLE 7 (Continued)

COMPARISON OF ORF TO NRF VALUES

14 MEV WEAPON - iTI RANGE
5 kT 100 kT

NRF ORF hR ORF

V1 1.33 1.32 1.32 1.32
V2 4.15 4.05 4.16 4.09
V3 3.56 3.58 3.67 3.70
V4 20.7 21.0 22.1 22.5

4. CONCLUSIONS AND RECOM)OENDATIONS

The use of the neutron reduction factor as a means of estimating the
silicon displacement damage to semiconductors has been proven valid for a variety
of cases. As an additional output of this work the efficacy of the neutron diode
dosimeter in these fields has also been demonstrated. The absolute value and
shape of the bubble dosimeter energy response is brought into question by the
theoretical and experimental results presented here.

E
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AR~endix A

SOURCE SPECTRA USED IN THIS REPORT

CASE SFW TNW
(Fraction in Group) (Fraction in Group)

Group Energy Boundaries
(MeV)

1 1.07 x 10.5 - 2.90 x 10"5 0 0
2 2.9 x 10 - 1.01 x 10'4 0 0.0020
3 1.01 x 10.' - 1.23 x 10-3 0 0.05719
4 1.23 x 10-3 - 2.19 x 10-2 0.01649 0.34417
5 2.19 x 10-2 _ 1.11 x 10-1 0.20617 0.10964

N 6 .111 - .158 0.01799 0.01142
E 7 .158 - .550 0.15129 0.09058
U 8 .55 - 1.11 0.21587 0.0850
T 9 1.11 - 1.83 0.14678 0.0620
R 10 1.83 - 2.31 0.10173 0.02592
0 11 2.31 - 3.01 0.03871 0.02608
N 12 3.01 - 4.07 0.0548 0.02600
S 13 4.07 - 4.97 0.01177 0.01700

14 4.97 - 6.36 0.01832 0.01800
15 6.36 - 8.19 0.01274 0.01470
16 8.19 - 10.0 0.00734 0.01410
17 10.0 - 12.2 0 0.02560
18 12.2 - 15.0 0 0.07060

1 0.01 - 0,045 0.03259
2 0.045 - 0.10 0.01644
3 0.10 - 0.15 0.04881
4 0.15 - 0.30 0.10321
5 0.30 - 0.45 0.13571

G 6 0.45 - 0.70 0.20256
A 7 0.70 - 1.00 0.16332
M 8 1.00 1.5 0.14073
A4 9 1.5 - 2.0 0.06429
A 10 2.0 2.5 0.03743

. 1 2.5 - 3.0 0.02225
R 12 3.0 - 4.0 0.02109
A 13 4.0 - 5.0 0.00746
Y 14 5.0 - 6.0 0.00265
S 15 6.0 - 7.0 0.00092

16 7.0 - 8.0 0.00038
17 8.0 - 10.0 0.00016
18 10.0 - 12.0 0
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A&2vendix B

SAMPLE OF CALCULATIONAL RESULTS
(ABBREVIATIONS EXPLAINED IN TEXT)

Group Mean Neutron SFW/5kT/LD50/FF SFV/5kT/LD50/V1
Energy (MeV) Fluence in Group Fluence in Group

(n/cm2 ) (n/cm2 )

1 1.99 x 10"1 3.64 x 1010 3.14 x 1010

2 6.50 x 10.' 4.52 x 10'0 3.91 x 1010

3 6.65 x 10"4 8.94 x 1010 7.36 x 1010

4 1.16 x 10"2 1.04 x 1011 8.74 x 1010

5 6.64 x 10-2 7.07 x 1010 4.65 x 1010

6 1.35 x 10-1 1.89 x 1010 1.45 x 1010

7 3.54 x 10-1 7.42 x 1010 4.85 x 10100

8 8.30 x 10-1 5.24 x 1010 4.08 x 1010

9 1.47 2.17 x 101" 1.71 x 1010

10 2.07 9.30 x l0o 7.59 x 109

11 2.66 9.55 x 10' 6.48 x 109

12 3.54 3.01 x 10' 2.42 x l0o

13 4.52 4.19 x 109 2.90 x 10'

14 5.67 3.76 x 10' 2.38 x 109

15 7.28 1.70 x 10' 9.97 x 10l

16 9.10 5.47 x 10' 3.01 x l0o

17 11.1 0 0

18 13.6 0 0
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Avpendix B (Continued)

SAMPLE OF CALCULATIONAL RESULTS
(ABBREVIATIONS EXPLAINED IN TEXT)

Group Mean Neutron TNW/5kT/ITI/FF TNW/5kT/ITI/V2
Energy (MeV) Fluence in Group Fluence in Group

(n/cm2 ) (n/cm2 )

1 1.99 x I0" 1.05 x 1011 4.41 x 109

2 6.50 x 10-5 1.31 x 1011 5.38 x 10'

3 6.65 x 10"' 2.64 x 1011 1.00 x 1010

4 1.16 x 10. 3.17 x 1011 3.26 x 1010

5 6.64 x 10- 2.24 x 1011 6.38 x 1010

6 1.35 x 10-' 6.03 x 1010 2.72 x 1010

7 3.54 x 10-1 2.47 x 1011 1.26 x 1011

8 8.30 x 10-1 1.96 x 1011 1.04 x 1011

9 1.47 1.11 x 1011 2.91 x 1010

10 2.07 5.38 x 1010 8.42 x 10'

11 2.66 6.61 x 1010 6.22 x 109

12 3.54 3.20 x 101" 3.24 x 10'

13 4.52 4.37 x 1010 2.70 x 109

14 5.67 4.25 x 1010 2.70 x 10'

15 7.28 2.84 x 1010 2.05 x 10'

16 9.10 1.88 x 10l1 1.58 x 10'

17 11.1 1.51 x 1010 1.29 x 10'

18 13.6 1.61 x 3010 1.50 x 10'

I I I
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Appendix B (Conttnued)

SAMPLE OF CALCULATIONAL RESULTS
(ABBREVIATIONS EXPLAINED IN TEXT)

Group Mean Neutron 14 MeV/lO0kT/ITI/FF 14 MeV/lO~kT/ITI/V4
Energy (MeV) Fluence in Group Fluence in Group

1 1.99 x I0"1 6.77 x 1010 3.79 x 10'

2 6.50 x 10"' 8.57 x 1010 4.66 x 10'

3 6.65 x 10' 1.74 x 1011 9.22 x 10'

4 1.16 x 10-' 2.14 x 1011 1.07 x 1010

5 6.64 x 10-2 1.50 x 1011 7.62 x 109

6 1.35 x 10-1 4.55 x 1010 2.28 x 109

7 3.54 x 10-1 1.89 x 1011 1.07 x 1010

8 8.30 x 10-1 1.54 x 1011 9.56 x 109

9 1.47 9.07 x 1010 5.24 x 109

10 2.07 4.93 x 1010 2.04 x 109

11 2.66 6.61 x 1010 1.83 x 10'

12 3.54 3.47 x 10'0 1.53 x 109

13 4.52 5.40 x 1010 1.53 x 109

14 5.67 4.88 x 1010 1.55 x 109

15 7.28 3.33 x 10'a 1.30 x 10'

16 9.10 2.23 x 10'0 1.03 x 10'

17 1i.1 1.85 x 1010 8.77 x 106

18 13.6 1.8- x 1010 9.65 x 108
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