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1. Introduction

Nuclear bombardment by sufficiently energetic particles, such as
the protons of the inner Van Allen belt or those originating in solar
flares, usually produces excited compound nuclei after an intranuclear
cascade. These compound nuclei are capable of de-exciting by the
emission of various particles, e.g., neutrons, protons, deuterons, etc.
The emitted neutrons form a very penetrating component of the radiation
against which the crew of any prospective space vehicle must be shielded.
In order to analyze the shielding requirements for space vehicles, i+ is
consequently r=cessary to be able to calculate among cther things the
number of neutrons emitted fram any compound nucleus and their energy
spectrum. The FORTRAN program described in this report has been written
for this purpose. This report is arranged as follows: In Sectinn 2 *he
theory of the calculation is briefly described, in Section 3 the methcd
of computation is explained, and in Section U cperating instructicns are
given.
2. Theory

2.1. The theory of the emission of particles from excited comprura
nuclei is coriginally due to Heisskopf‘.l An exceller' review of Weissk-pf’
theory and its developments up +to 1958 ha- been wri‘-en by LeCrmt.eur.Q

Recently Dostrovsky et al. 3 have described a Monte Carlc ccde based
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on this theory; the program described in this memo is essentially the
same one. A few changes have been made, however, and for the sake of ccm-
pPleteress the formulae used in the computation are listed below together
with some comments.

2.2. According to Weisskopf the probability p(e) that an excited

nucleus will emit a particle x with kinetic energy € is proportional to

(25x +1) moe r'cx(e) w(E) (1)
where

Sx = the spin of particle x,

m = the mass of particle x,

i " the cross section for formation of the compound nucleus in the
inverse reaction, i. e., by bombarding the residual nucleus
with x's of energy ¢,

E = the excitation of the residual nucleus and is less than the
excitation of the compound nucleus by the sum of the binding
and kinetic energies of x, and

w(E) = the density of levels of the residual nucleus at excitation E.

N
2.3. The form of w(E) is that given by Blatt and Weisskopf,

namely,

w(E) = Wy exp(Em_) (

(18]
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wvhere a and w, are constants for a given nucleus and & is the pairing
energy. w, is considered to be a slowly varying function of mass and charge
number (A and Z); since only ratios of expressions like (1) enter the

calculation, its value is immaterial. According to LeC:cmtt=_-ux-,2

—
A
~

2
e = %(1+YA—
A2

A = mass number,
A = A-2Z
Z = charge number, and
B,Y = universal constants.
LeCouteur's analysis indicates Y 231.5; other work of lang and LeCouteur’
suggests B~ 8 Mev.
The pairing energies, 5, have been tabulated by Ca.meron6 and his
values are used in this work.
2.4, The inverse cross sectiom.ucx(e) used in this work are those

., * recommended by Dostrovsky gt al. For neutrons

o.(€) = a(1+ B/e) nR2 (La)
@ = 0.76 +1.93 A"Y/3 (Lbv)
® = 1.66 A"2/3 _ 0,050 (Le)



R = 1.T0 x 10‘13cmxA1/3

For charged particles

s
&
>
ucx(e) = (1 + Cx)(l -k Vx/e) nR2 €<k v,
= 0 € < kx Vx

where the constants C‘x and kx are given as follows:

(4a)

(5)

Z kp cp ka
10 0.36 0.08 0.77
20 0.51 0.00 0.81
30 0060 -0.(5 0.85
‘I-O O-(% -0.10 0089
50 0.68 -0.10 0.93
60 0'69 -0-10 0097
'70 0069 -0-10 1.00
Ca = (AR)C G = (13)C; ¢ =0,222 ()
kd = kp + 0.06; kus = kp + 0.12; kﬂea = kcz - 0.(5(61])
k = lom, A ) h

X

The Coulomb barrier Vx is given by

vx

Z Ze2
X

= R+R_

(7)

where zx is the charge number of x, e is the charge of the proton, and



Rx is given by the table

A Ry
AfSy 1.20 x 10713 ¢
6 2.02
T 2.43
8
9

2.84
3.25
210 1.70A1/ 3

2.5. The determination of binding energies is done using theé masses
tabulated by ihpstraT and Hu:l.zengas for nuclei for which the mass has been
measured and the masses calculated with the semi-empirical formula of
Caneron9 for nuclei for which there are no measurements. To allow for
easy inclusion of additional or improved mass data, the measured masses
are_treated as input data rather than as an integral pert of the program.
llore-vill be said about this point later.

2.,6. The following particles may be emitted from any compound nucleus:
neutrons, protons, deuterons, tritoms, l{e3, alpha particles, He6, L16, Li?,

ET, I.ia

’ L19, Be9, and Belo. L:l.6, LiT, BeT, L:I.a, and Belo have excited states
lying, respectively, 3.56, 0.4TT7, 0.430, 0.970, and 3.37 Mev abcve the ground
state, and these states are treated as distinct particles for the purprse of

this computation.



3. Method of Computation

3.1. The Monte Carlo method of computation is used. The starting
point of a history is given by three numbers A, Z, and U, which serve to
identify the compound nucleus and give its initial excitation. The first
thing which is done is the computation of the total probability of emission
of each of the 19 different kinds of particles which are considered by the

code. This is done by calculating the quantities*

U-Qx-s

R = (2sx +1) m j eacx(e) w(U-Qx-a-e) de (8)
kV
X X

where Qx is the binding energy of x in the compound nucleus.
Dostrovsky et al., have pointed out that these energy integrals can

all be done analytically. The Rx are given by the following formulae:
Rx = 42/3 a [I.(s) +B IO(S)] e” (neutrons) (92)

l!x = %(25)‘ +1) m (1 + Cx) AE/S 1:(S) e®(charged particles) (9b)

8§ = 2 /a(U -kV -Q - 5) (kx = O for neutrons) (9c)
I(S) = (28)2 (5 -1+e™) (9a)
I,(S) = (8a2)" (252 - 65 +6 +e™° [32 - 6]) {9e)

where A, @, B, a, &, k, V all refer to the residual nucleus. Eq. 9 is used

2

only if U = kxvx + Qx + 5; otherwise Rx is set equal to zero.

*The appearance of the pairing energy, &, in the upper limit of the integral
is discussed by Dostrovsky et al. In passing fram (8) to (9) the R have
been divided by a common numerical factor.

6
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3.2. Next Z Rx is calculated. If it is zero, the history is termi-

x=1
nated; otherwise the total emission probabilities are calculated according

P = _Rxl(f Rx) (10)

x=1

to the formula

A random number r is chosen and the particle evaporated in the case at hand

selected as the nth, where n is determined by the requirement

-] n
E szr<ZPx (1)

x=] x=1

3.3. According to Weisskopf the normalized spectrum of kinetic en-
ergies of an evaporated particle is given by
(e -k V. )/T
- T2 - x xx/7x
N( ex) de T, ( €, kxvx) e de

£
X kxvx Ex (m_(lE)

Tx is a constant depending on the level density of the residual nucleus and
equal to half the average value of € - kV . The spectrum (12) is only
approximate, as mentioned by Dostrovsky; however, it has been used in the
present program because it introduces only a slight error compared to the
uncertainties already inherent in the theory and because it can be generated
easily as follows:

If two random numbers r; and rp are distributed according to the ex-

ponential distribution, then half their sum, w = (L/&ry + rz), is distributed



*
4—40'8"3”

according to the dtutribution@/ Ir 2'1" is the average value of

e ™ kxvx, we then choose

—— e ——— . —— —— - -

€ =2ZYexyv (13)

for the kinetic ensrgy.
From Eg. 8 1t follows that

ar, = [I=(8)+@a(8)] / (Ix(S) +&r (8)) (neutrons) (1ka)

2T, = Ix(8)/I:(8) (charged particles) (14v)

X
vhere
I2(S) = (32a3)72 (8S® - 4852 + 1208 - 120 + e~ [8¢ - 1252 + 120])
(1ke)

3.5. After a particle x and its kinetic energy €, are chosen, a new
campound nucleus is formed according to the equations

A' = A - A (15a)
2'= 2.2 (15vb)
U' = U-Q-¢ ' (15¢)

' rating Instructions
L.l. Immediately following the binary deck is a series of data cards on
vhich Wapstra's nuclear masses are given in the following order:

Col. 1-10: A(110)
Col. 11-20: z(110)

Col. 21-30: Mass excess with sign in Mev (E10.4)#
*The parenthetic quantities refer to the type of conversion.
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At the end
in Col. 10.

all of thes

of this deck there must appear a single card with a zero punched
The order of the cards in this deck is irrelevant, and any or

e cards may be withdrawn (except the one with the single zerc)

or replaced so long as the above format is adhered to.

4,2, Directly following the card with the zero in Col. 10 are tc be

placed the
data cards

Card 1

Col. 1-10:
11-20:
21-30:

31-4C:

41-50;

51-60:
Card 2

Cel. 1-1C:

11-20:

21-30:

data cards for the various desired cases. F-r each case twc

of the following types must appear:

A(I10)

Z(110)

Number of histories {(I10)

First output option integer, I, which can equal 1,2,

or 3 (I10)

Second output cption integer, .J, which can equal 1 cr 2
(110)

Case number (I10)

U, the excitaticn energy f the iritial compoind nu.le.s
in Mev (E1C.2)
Y (see Eq. 3) (E19.2)

B (see Eg. 3) in Mev (ElC.2)

These card pairs are simply placed cne behind the cther.

4,3. The output fcermat is as follows: At the top of the first page

all the input data except for the twc output option integers are print=o.

in the middle of this page the total numbers of each of the different kinds

f particles evaporated are printed oute If I =J =1, this first page ai n-

2



comprises the entire output. If either I or J { 1, more information 1is
printed out. When this happens, the first thing to appear on every
succeeding page of output is the case number. In this way output pages
corresponding to various cases may be separated and filed as desired with
no danger of confusion.

L.4. Each history ends on a final nucleus stable against particle
emission. If J = 2 the number of each kind °f final nucleus occurring is
printed out, all isobars appearing on one page and no two on the same
page. Only final nuclei with a mass number within 7O mass units and a
charge number within 35 charge units of the initial compound nucleus
are recorded. All those lying outside these limits are not recorded;
their total number, however, is printed out on the page following the
listing of final nuclei.

4.5. If I =2, the neutron kinetic energy spectrum is printed cut
following the listing of final nuclei when it is present or directly
after the first page otherwise. The spectrum is in the férm of a tabular
histogram with an interval width of 0.1 Mev. Only kinetic energies ¢ 59 Mev
are recorded. When I = 3, six spectra with this same format are printed
out; the labeling 1 through 6 has the following meaning: 1 = neutrcn,

2 = proton, 3 = deuteron, 4 = triton, 5 = He3, 6 = alpha particle.

4.6. In addition to any output specified by these options, the details
of each history may be printed out by punching any integer in columns €1-7C
of data ca{d 1. This will cause the following information to be printed

out for each particle emitted:

10
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2)

3)

r i

The mass and charge numbers (A,Z)* of the emitting nucleus.

The excitation energy (U) in Mev of the emitting nucleus.

An integer (JEMISS) from 1 to 19 specifying the kind of particle
emitted. These integers correspond to the possible particles

as follows (asterisks denote excited states):

1 2 3 L 5 6 T 8 9

n H1 H2 2 He®  He*  He®  1i®  1i®*

10 11 12 13 14 15 16 17 18 19
17 L7 Be?  Be”  Li®  Li® L1 Be® B0 poio”
4) The average kinetic energy 2T, in Mev (EPSAV)

5) The actual kinetic energy €, in Mev (EPS)

6) The random numbers r(URAN), r;(El),and ro(E2).

7) The binding energies Qx(Q), x = 1,19

8) The quantities Q +kV, (THRESH), x = 1,19

9) The quantities Rx(R) and the related average emission probabilities

PX(P)s x = 1,19

10) The constants kx(FLKC¢U) and C_(CCAUL), x = 1,19

This information, together with the case number, is printed cn a

separate page for each emitted particle. If many cases are ccnsidered

under this output regimen, the print-out may become prchibitively 1l:ung.

The author gratefully acknowledges the help of Mr. J. G. Sullivan.

*The parenthetic expressions dencte the rames given to the various quantities

in

the print-out.
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