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EVAP-2 and EVAP-3: Modifications of a Code to Calculate
Particle Evaporation from Excited Compound Nuclei

M. P. Guthrie

Abstract

| The EVAP computer programs calculate the types, multiplicities, and
.energy distributions of particles evaporated from excited compound nuclei.
The modifications incorporated in EVAP-2 include updating the nuclear masses
and shell-plus-pairing energy corrections used as input data, providing for
the breakup of 8Be, and eliminating the possibility of the evaporationkre-
- sidual nucleus having a negative excitation energy. EVAP;3‘retains all of
the modifications of EVAP-2 and, in addition, calculaﬁes the kinetic energies
of the recoiling nuclei. Tﬁe codes are written in FORTRAN-IV and operate
on the IBM=360 computer. Data cards and the printed output for a sample

case are shown.




I. INTRODUCTION

Dresner's Monte Carlo computer program EVAP! determines the types,
'multipliqities, and energy distributions of ﬁarticles eveporated from ex-
cited compound nuclei. This useful calculation has been modified many
times and is often used in association with other calculations including
Bertini5s intranuclear-cascade codes LECC and MECC? and the nucleon trans-
port code NTC.3 ‘EVAP-2 and EVAP-3 operate without other codes. The evep-

oration process is starﬁed by the collision of an incident particle with a’

target nucleus. An excited compound nucleus is formed, from which particles

are emitted until evaporation is no longer energetically possible. The
physics in EVAP-2 and in EVAP-3 is identical to that in the evaporation
codes used by the cascadglcalculations and NTC. The only difference in the
two sets of codes is in the formation of the compound nucleus. In EVAP-2
and =3 the compound nucleus is formed directly; while in the ther codes

it is formed at the end of the intranuclear cascade.

EVAP-2 was written to update the input data used by‘the evaporation

calculation and to incorporate the most desirable modifications of earlier '

versions into one "standard" code. EVAP-3 was originally written to be
used with the low-energy cascade calculation to study the effects of the
captufe of negative‘pions in light elements.* It is identical to EVAP-2
in éll respects except that the effects of'the kinetic energies of the re-
coiling nuclei are included in the calculation. The two codes operate on

the IBM-360 computer and are written in FORTRAN-1V. The subroutines that

generate random numbers are in machine language.




II. EVAP=2

DESCRIPTION OF CALCULATION

Dresner's original calculation began with a compound nucleus of pre=-
determined type and excitafion energy. EVAP-2 begins one step earlier with
the collision of a particle of predetermined type and kinetic energy with
a stationary nucleus. The compound nucleus formed by this collision is de-
termined simply by ad&ing the mass and charge of the incident particle to
the mass and charge of the target nucleus. The excitation energy of the
compound nucleus is the sum of the kinetic energy of the incident particle
énd the binding energy of‘the incidgnt particle in the compound nucleus.

After the determination of the type and excitation energy of the com-
pound nucieus, EVAP-2 follows Dresner's evaporation calculation very closely
except that only 6 types of evaporated particles are considered instead of
Dresner's original 19. The calculation is based on a theory originally
proposéd by Weisskopf5 and on a Monte Carlo code written by Dostrdvsky.6
The calculation is clearly explained in Dresner's description‘of hig_code.1

Sevén types of incident particles can be used in EVAP-2: neutrons,
protons, deuterons, tritons, helium-3 nuclei, alpha particles, and photons.
The first six types of these particles can be evaporated from the excited
compound nucleus. The output data include a table of the distribution of
residual nuclei following evaporation and, for each type of evaporated
particle, the average evaporation yield per collision, the moments of the

energy distributions,.aad tables of nurmalized energy spectra.



MODIFICATIONS INCORPORATED IN EVAP-2

Updated EVAP Table Tape

The nucle.r masses used by EVAP were obtained from tables compiled by
Wapstra’ and Huizenga.? Mattauch et al.? have recently published a new
tabulation of mass excesss2s and binding enérgies. The mass excesses in the
new tabulation are based on an atomic mass unit of 1/12 of !2¢C., Since the
data used in EVAP are based on 16O, the binding energies tabulated by
Msttauch et al. were used rather than the mass ;excesses. The binding energies
vere converted to mass excesses on the EVAP Table Tape using the formula:

EMEX = Z * (EMH-EMN) + A * (EMN-UM) - BE

vhere
EMEX = mass excess in MeV
Z = charge of nucleus
A = mass number of nﬁcleus

EMH = 938.7298, mass of proton in MeV

EMN = 939.512h, mass of‘neutron‘in MeV ‘

UM ='931.145, unit mass in MeV |

BE = binding ehergy in MeV tabulated by Mattauch et al.

For nuclei not tabulated by Mattauch et al. but haviné a mass number
within + 10 of the valley of stability‘of the periodic table, mass excesses
were calculated using the semiempirical mass relationship of Cameron.!?
These were stored along with the Mattauch et al. data in the WAPS array on

the new EVAP Table Tape in the same manner as they were stored on the pre-

viously used tape.



Cameron's mass relationship uses a set of "shell-plus-pairin; energy
corrections, which are stored as Cameron Functions on the EVAP Table Tape.
Cameron listed no values for these corrnctions for nuclides with Z or N
less than 11. Cameron Functions for small Z or N were therefore set equal
to zero on the original EVAP Table Tape. Peelle and Aebersold!! observed
that large mass errors could be made using the zero Cameron Functions for
light nuclides. They.obtained new values for the shell-plus-pairing energy
corrections for nuqlides with Z or N less than 1l using a weighted least-

squares fiﬁtfo Mgttauch et al.'s masses. These new values have replaced
the zeros in the Cameron Functions on the new EVAP Table Tape.

8Be Breakup

When a 8Be nucleus is formed in the evaporation process, it will split
info two alpha particles instead of evaporating a lighter particle. This
fact was ignored in the originsl EVAP calculation but has been taken into
account in EVAP-2. If an evaporation residual nucleus has an A value of
eight and a’Z value of four, it is_assumed that two alpha particles are
created. Each alpha particle has an energy equal to one-hal" the sum of
the excitatiﬁn energy of}the 8Be nucleus and the binding gnefgy for the're;
action. These alpha particles are then treated as evaporation particles
with no further evaporation taking place. A counter records the number of.
times 8Be breakup occurs.

Negative Excitation Energies

11

Because of the Monte Carlo sampling techniques used in the evaporation
calculation, it is possible for the kinetic energy selécted for the evap-
orated partiéle to be greater than the energy available for the reaction.

This results in a negative excitétion energy for the evaporatioh residual



nucleus. If this happens *n EVAP-2, the calculation rezyzies ani 2z few
kinetic energy is selected for the evaporated particlie. If o pryal z..r
reasonable energy has not been obtained in ten attempts, %he evap-rz%..n

process is terminated at the previously eveporated parti-ie.

Additional Minor Modifications

In the tables of evapuration residual daclei Frintel .t x UL, e~
sidual nuclei were sometimes identical to evaporated particiﬂs Wit L.t
target nuclei were studied. These nuclei were rnot includeﬁ in e .t -
plicities of the evaporated particles and their energies wers nzv [n:l.i-.
in the energy spectra. EVAP-2 tests tne final evaporaticn resii.zl rn.r.».u
When it is identical to one of the six types of evaporated‘parziz;ez,'.f .-
treated as an evaporated particle and not as a residual nucleus. A »..n°
is kept of the residual nuclei with changed status, so that all rezli.z,

nuclei are accounted for.

INPUT REQUIREMENTS

Only one input data card is required to operate EVAL -2. The :ari

format is 3I15, F15.0, IT15 . The five input variables are as folilows:

NATA - the mass of the target nucleus;
NZTA - the charge »f the target nucleus;
ITYPE - the type of incident particle specified by the followirng code:
1, neutron; 2, proton; 3,-deuteron; L, triton; 59 3He'nucle:;
6: alpha particle; 7, photon;
EKIN - the kineﬁic energy of the incident particle iu MeV;
THISNO - the number of incident-particle collisions to be alculated.

‘The remaining input data are stored cn a magnetic tape referred tc as

" the EVAP Table Tape. The tape has the logical number 3 in the calculation.



Any number of cases may be run in succession‘by simply plaginé addi-
tional data cards behind the first one.

The evaporation calculation always begins with the same random number,
. so that~£he same cases run at different times should be identical. However,
if more than one case is run in succéssion, all cases after the first begin

with the last random number generated in the preceding case.

SUBROUTINE STRUCTURE

EVAP-2 consists of a main program and six sﬁbroutines. Two of the sub-
routines, FLTRN and EXPRN, are machine language programs to generate random
numbers. The main program reads the input tape, does only a few minor cal-
culations, calls DRES, and writes the output tapg.

DRES is the cubroutine in which the major part of the calculation is
carried out. There are three calis to DRES from the mainvprograﬁ. On the
first call, data are read into tlie memory from the EVAP Tgble Tape. On the
second call, information from the inpul tape is transferred to DRES, and
appropriate variab;es are zeroed. On the third call, thé Monte Cario evap~
orﬁtion calculation is performed for the first incident particle. The
third call is.repeéted for the number of incident-partic¢le collisions speci=
fied on the data card. If.more than one case is run in succession, the

first call to DRES ‘is not repeated since the data on the EVAP Table Tape

_are the samé for all cases.

THRES is a function subprogram that calculates the binding énérgy for;_
the formationvéf a compoun& nucieus from the collisién of the incidenf |
particle with the target nucleus. ‘THﬁES_is noﬁ-called for incident photons.
The excitation energy of the compound nucleus is sihply the k;netic energy

of the photon in this case.



ENERGY is a function subprogram that determinés the mass excess of
any nucleus. The information is either reaq from the tabulation of mass
excesses §tored on the EVAP Table Tape or calculated using the semiempirical
mass relationship formulated by Cameron.!® Data needed for the Caﬁeron
calcglation are also stored on the EVAP Table Tape.

DOST is function subprogram that determines some of the factors used
in calculating the probability of the emission of each of the six types of
evaporated particles from a given compoﬁnd nucleus.

SAMPLE CASE

The data card and printed output for a’sample case, 18-MeV protons on

§2Fe, are shown.
<

Data Card: 18-MeV Protons on ggFe, 4000 Histories
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ITI. EVAP-3

DIFFERENCES BETWEEN EVAP-2 AND EVAP-3

 The evaporation calculation in EVAI -3 is identical to that in EVAP-2
‘except that the effects of nuclear recoil are ;ncluded in EVAP-3., EVAP-2
assumes that the initial excited nucleus is‘fixed and ignores recoil veloc-
ity. The same assumption is made for a nucleus after the evaporation of a
particle, allowing all of the énergy of thelnuéleustto be available as ex=-
citaticn energy for the next evaporatidn. This means, in effect;'that
EVAP-2 neglects the difference between the laboratory and center-of-mass
systems.

In EVAP-3 the excitation energy used to calculate the evaporation of
the first particle from the original compound nucleus is the energy avail-
able in the center-of-mass system. Before evaporation, the velbcity of the
center-of-mass system is equaﬁ@d to the recoil veiocity of the compound
nucleus. After each évaporation, the velocit&‘of the new residual nucleus
isvcalbulated,'and this beqomes the veloéity of the center of mass for the
next evaporation.

In EVAP-2 the particles are assumed to be evaporated isotropically
from the excited nuclei. 1In EVAP-3 the particles are evaporated isotirop-
ically in the center-of—mass system. The‘distribution in the leaboratory
system is therefore no longer isotropic.

In general, the differences in the results calculated by the two codes
are small;‘ The partic%e multiplicities afe, on the average, slightly lower

in EVAP-3 and therefore the residual nuclei are slightly heavier.
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CALCULATION OF KINETIC ENERGIES OF RECOILING NUCLEI IN EVAP-3

The first step in determining the recoil kinetic energy of the original
compound nucleus is the calculation of the momentum of the incident particle.
Since the target nucleus is assumed to be stationary, the momentum of the
. compound nucleus wvas equated to that of the incident particle. The kinetic
energy of the compouad nucleus was then determined from the momentum, and
this value was subtracted from the excitation energy of the compound nuc-
leus calculated by the method of EVAP-2.

To calculate the recoil kinetic energy and the excitation energy of |
each evaporation residual nucleus, the following symhols are used (primed
quantities refer to the center-of-momentum system and unprimed quentities

refer to the laboratory system):

E* = the excitation energy of the evaporation residual nucleus;
;:'= the velocity of recoil nucleus before evaporétion, which is
also equal to the Qelocity of the center-of-momentum system
after evaporation;
;;T'= the velocity of the next evaporated particle of typé i in the
center-of-momentum systemn;
V;T = the recoil velocity of the nucleus after emission of particle i
in the center-of-momentum system; .
Mr = the'mass of‘nucleus-after emission of particle ij;
M, = the mass of evaporated particle i;

¢ = the angle in the center-of-momentum system between ;;T'and ;:;

cos® is selected from an isotropic distribution between O and 180°.
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The velocities of the evaporated particle and the recoil nucleus in the

laboratory system may be expressed as follows:

i
i i e
vZz=v!'2 4 y2 4 2y Ve cosb

i i c i

v. =v'+v

r r c

viz=v'2 4 y2 4 2v' v cos(180 + 6) ’
r r c r ¢

and, in the center-of-momentum system,

L

therefore,

12 = 2 412
v (Mi/Mr) vi‘ .

The square of the recoil velocity of the nucleus in the laboratory system

is then
2 = 2 412 2 ( ' .
vZ (Mi/Mr) vig+ ve+ Q‘Mi/Mr) v v, cos(180 + 9)

The type of evaporated psrticle and the energy of the evaporated particle

are determined using Monte Carlo sampling techniques, and therefore M, and

i
Yi can be calculated. v, can be calculated from the recoil kinetic energy
of the original compound nucleus for the first evaporated particle. For
suﬁsequent evaporapions, Vo is simply the V.. célculated for the previous
evaporation.

: The excitatipn energy, E;eﬁ’ of the residual nucleus after a particle

is evaporated is equal to the excitation energy of the nucleus before evap-

oration minus the sum of the kinetiec energies of the evaporated particle

3ol R
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and the residual nucleus and also minus the binding energy Q of the evap-

orated particle in the nucleus before evaporétion.

* »
E -3 y'2 o1 12 _
new C Mr r 2 Mi Vi 2

* . ”
-1 2 12
E 2[Mr(Mi/Mr) + Mi] v! Q .

The velocity of the evaporsted particles in the laboratory system is
- used to calculate the energies fof the energy distributions and spectra

tabulated by EVAP-3,

INPUT REQUIREMENTS AND SUBROUTINE STRUCTURE

The input data éard and the subroutine structure in EVAP-3 are identi-
cal to that in EVAP-2. The printed output is also the same in the two
codes except that in the table, "Dis¢ribution of Residual Nuclei Following
Evaporation,” there is one additional column for the tabulation of the re-

coil kinetic energies of the nuclei.

SAMPLE CASE

The printed output for the same sample case ‘that was used for EVAP-2
is shown for EVAP-3. The data card is identicél to the one shown for
'EVAP-2.

A comparison of the normalized neutron energy spectra calculated by
EVAP-2 and EVAP-3 is shown in Fig. 1. Standaird deviations are not calcu-
lated by the EVAP codes, but the difference between these two.spectra is

.almost surely due to the statistical nature of the calculation.
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