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Abstracts The optical reaction cross aectidns for n,p,2 ,3H,
46 end “He for several globel opticel potentials evailable in
the literature have been parameteriged in terms of simple empi-
rical expressions which are smooth funotions of the target
mass number snd the projectile energy. The empiricel forms

are 5-10% accurate over the whole periodic table and energy
renge upto 50 MeV. They cen be conveniently used in applica-
tione where the optical reaction cross-sections are required

a8 input such &8s in statistical evaporation and preequilibrium

emission ealculations,

Key words Opticel reaction eroes seotions for n,p,gnggﬁ,

3Hegane; empirical parameterigzationy evaporation

end preequilibrium models.






1. Introduction
The non-clastic part of the interactiorn between the

incident particle snd the target nucleus manifests itself as .
the reaction cross-section. As a first approximation this
interaction is deacribed by a eomplex_( opticel )_pdtential,

the imeginary pert of which leads %o & finite‘reaction.cross—
section. In the litersture the projectile-target interaction
for terget nuclei over the periodic chert has been given in
terms of global optical parameter-sets, The reection cross-
sections penerated using these global psrameters are employed
in severel further calculetions. 1In the stetisticel eveporstion
theory ond the preequilibrium model the bresk-up of the totnl
reaction cross section into partial modes involving the emigsion
of one or more particles is described by emissié; rate expre~
ssions which involve the 1nvefse cross=-section of the emitted
perticle as a function of energy. The inverse cross-section is
the optical reaction cross-section of the excited residusl
nucleus with the emitted particle as the projectile, This is
aporoximated as the optiosl reaotion-crosa-éection between the
residual nucleus in its ground state end the (emitted) particle,
Thus optical reaction oross sections are required for the
incident chennel at the projectile enérgy and for the exit
channels over the energy xfia.nge of the emitted partioclea. The
statistical evaporation theory is s widely-used déecription for

reactions at low energies. At energies in the range of several






tens of MeV the prqequilibrium-modela have been successful.
Reaction cross-sections ere also used in intrs-nuclesr-

cascade celculations (Kikuchi end Kawai 1968). In this
desoription of high-energy nuclear reactions,'the projectile

is assumed to interact with the ﬁucleons[ln the terget nucleus
in a series of gucceésive two body collisions until i1t escapes
or is captured by the huclear potential, Residuel nuclei left
- after this cescade process undergo particle eyaporation, and
the eveporatlon rates are celculated QSing inverse cross-sectionc,
Another spplication of resction eross-gections 18 in the cslcu-
lation of the nucleesr-reaction efficiency coirection for dete-
ctors (Mekino et el 1968). In the detection of charged parti-
cles, n»n efficiency loss f nriases from events where the parti-
cles undergo nuclesr interactions before they are completely
stopped. Tor & charged pnrticle 1n¢ident with energy]ﬁi on

a terget with mass number A, f is given by ,

.Ea ,_‘
“ {E
S‘ = -'iAE Jc O_R(E)('f{‘;) AL (i)

=
where 0, 1s the rgaction cross=section, f%; is the stopping
power of the particle in the detector materisl end N, 1is

Avogodro's number,

Usually the optical reaction cross sections at all the
reasuired energles sond particle—tafget.combinations are obhtained

by 2 numerical esolution of the Hchrodinser equation for severel



pertial waves. This involves a large emount of computaiion
time. Also, where more then one global*bptioal potentiel

Appears in the literature for the seme projectile 1t is quite
laborious to repeat the calculations for each of the sets o

see the effeot on the final results,

In this work the qptical-reaotién‘orossaeectiéns_fbr
n,,p,Aeﬁ,JBH;':He and 4110 are diredtlyfparametefized;in;aj
simple form. The parameterization predicts the opticel renction
gross sections for nuclel over the periodic teble and energles
upto 50 MeV, In the energy space these empiricel forms are
simple polynomiala and consequently the_. emission ra_te"jex'pré-.-
ssions (using simple forme for the level density) ere integrable
over the epeotrum-df final states in a closed form. This work
can be considered as a major improvement over an earlier pars-
meterization (Dostrovsky et sl 1959) where the continuum model
oross sections were the<inpu£. A preliminery revort of this
work hae been given emrlier (Chatterjee énd“cupta,1978b;-Murthy
et 81 1979a and 1979b).

In section 2 the globezl optical model potentials
considered in this work are discussed. The paremeterie forms
which describe the reaction cross section generated by these
potentials are desoribed in seotion 3._ The spplicetion of
these empirical expressions in statisticsl model caloulations

is discussed in seotion 4.



2, Opticel Model I’oten’tial_
The form of the optical potentisl is (Perey mnd
Perey 1974) S
U(n,E):‘-,-UN(’t,E)*Vc(h)"* Ugo (2 @
where V, 1ie the Coulomb potential due to & uniformly ocherged
sphere with radius . , Us, is the spin-orbit poteritisl and

U, 18 the complex central potentisl teken as
Uglx8) = Val®) $ 0+ L-[WV(E’) £0ty) + Wg (E) 3,("5).] y (3)

L

. _ Ny =t o} ) *y/a
where §(xe) = (1% %) with  2p = (-rehA )/ak

glrs) = —h & $0ry  (Moods- Saxon - desivative)
dxg | :
o exp (—xg) (Gaussian) ,

Here X, and Xsi are defined in the same manner with appro-
priate radius perametere % 4%,  and dif:ua‘enesa ‘parameters
Ag 3 &, +» The spin-orbit potential U, = 18 pgiven by

O A2 (T2 .
Ugb("):L?\W(LOO',') ;tL f’); 5’(’(50) VSo o (L)
Using this form of the potential several extensjive anclyses of
differentianl elastio, polarizatidn and reaction cross section
date have been cerried out by verious workers resulting in

globel paremeter sets. For neutrons the global set of Wilmore

and Hodgson (1964) cen be considered to be the moat useful one,




Thie i8 the local ecuivslent versiom of the non-local potentiel
of Perey and Buck (1962). The potentials‘of'Becchetti end Green-
lees (1969) both for protons and heutrona are slso well known,
Fe have also included the opticel potentials of Mani et al both
for protone nnd neutrons since the tables (Mani et 31'1963)
uoing these sets are often used, For protons the parameter-sets
of Perey {1963) Pnd Menet (1971) are also considered, TFor the
other projectiles the parsmeter-sete used are those of Lohr and
fiaoberii {1974) ond Schwandt and Haeverli (1969) for"deuteronsg
and Becchetti and Greenlees (1971} for SH and 339; For slpha
particles there does not exist a.clear?cut global ph&nomendlogibal
paraméter Bet, Here the oross sections listed in Huiszenge rnd
Ipo'es (1961) teble were used directly in fitting the parsmeteric

forms. N

3, Paremetrioc forms for the reaction oross seotion "
Using the global opticsl potentisl parsmeters describded
above ,the code SCAT (Smith 1969) was~used'to'g@narata the res-
etion oross-seations for the projectiles n, p, QH, N end JHe
from 1-50 eV for 23 nuclei in the mass range 20-214. For &Ke
~ the reaction oroes sections over an enerry range 2-46 MeV nnd
mese renge 20-206 were token from the existing tebulation
(Huisenga and Igo 1961). The parsmeters of the empirieal forma

wore determined by & f£it to these cross sections.



3.1 Neutrons

For energy-dependenoé in the osse of neutrons the
optical reection oross segtion O (in millibanns) 1s'wr1ttén
a8
| Ta= 2E+ pt+ V/E 4 | e
where 2 .,V are mass-dependent paramet"ers end € 18 the
neutron leboratory energy in MeV, The addition of the linear
term D¢ greatly improves the fit as oompered to the parsmeteric
form/of Dostroveky et 21 (1959). Separaeting out the energy
dependence as in (5), the dependence of X 4, v on target mames
number, A were obtaihédfempirioally as | | |

. /3
A= 2A  + A

b= oA ep AT

Y= a4y A, (6)
The seven perameters ), through V,  were determined by a
linear-leest-squares fit of Op and are given in Table.i, A
comparison of the-cgkAprgdioted by the empiricel parameterisation
end thet generated from the global optical potentisls for neutrons

i8 shown in Fig. 1,

3.2 Charged Particles
For ohargedhpa:tielea'an'adequateédéscription of the

energy dependence of Oy and particulerly the rapid fall below
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the Coulomb barrier was obtained by using an-eneryy dependence

s in (5) sdbove the Coulomd dbarrier, E, and a8 quedratic enerpgy

c

depondence

Cp= PETH GE xR by S
for ¢<E, . Here €,  is tcken as

£, = Vbhy2/(sa e 8y (mev) O (®

where 3 né Z are the cherge numbers of the projectile end
torget respeotively and - 8 = 0 for protons snd 1.2 for the other
cherred projectiles., Watching expresesions (5) end (7) for

their value and derivetive at €-E. ;9 and s  con be

elimi nated )

9 = A-V/E - 2pE

now B+ 2V/E 4 pES (9)
and o is expressed over the full energy domein as

Oa = p(E~E0"+ Ae 4+ i+ v (2-6/5)8 (10)
"where

| § = maxl(e,B), |

Here the perameters p and V play e dominent role in the desori-
ption of O, ©below the Coulomdb barrier and were parameterizéd
in terme of E, . The other perometers A and [ were
paremeterized in terms of the t\érgot mass number A, The followe
ing pafémeferizaﬂbn wee found succeesful |

b= bo 4 boJE. 4+ B ek

A= Do A+ )

o= b, AP
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Ve Ap;' % +vE, 9 E"] | oh

The peremeters }, through ¥, were determined by & least
squares fit to the optieal crose seotions Jp for various '
‘globel perameter et for:the projectiles p, 2H, H, “He end
‘He, In the fitting process My 18 the only non-linear
paramater, ..I_\'tsl“_'_(r'aiﬁeq;waa“ obteined by & search in small":nt..oba'
while the other parereters were determined by a 1inear-lenste
aqu’ar'e_'ai‘ifc"dd@ge, o Usi ng ‘thqé,e, 10. paremeters ﬂia}‘A'ma?afq."g,numbon‘c--'aﬁ‘d ,
onerpgy dependence of O."g,._i 18 sdequetely dercribed. The: Bucoess
of the ﬁérem_‘eteri.zatib‘nf for :é’rat_'d;im»*‘i.‘_’s:;-i.lmatrated in Mg.2, Por
2y, "-5!!2'.‘-: “He.end ‘4o elso -,.'chfe?ee‘s_‘;pa;ramp,tri__oi forms are equally sucoce-
‘saful, The velues of the peremeters for »ll :;itheia'e pro.d}eoﬂipn and
various optical potential paremeter -sete 48 given in Table 1,

~ Equation (10) predicts unphyeicsl or negative velues of
o, over s emall domein 0<E<E, . In using (10) O should be
se‘ti to zero in this domain. The' ensrgy. E, oen be determined
from the roote .é| » €, Of the quadratin, e‘q‘uafti"bn,}aﬂ 4€+hmo
ax, |

Eo = max (&) 3 £.) ($p>0)
=i (B sf)  (pgo) iy

where E, is gero when exprzeaafioni‘(*tz;) is negative,.



- 12 -

4. Applications
In both the statistical evaporation (VWelsskopf
1937) end preequilidbrium (Blenn, 1975) modele the emission

rate for a particle K 18 written es

E
W, .,:(zzf,ﬁ‘)'_m Cx j € 05 (€) fk(e—s)dz , %)
| KPR P ED & |
where 4. =and ", are the spin and mess of the particle;
Q,‘ is a .combinatorinl factor (Kelbach 1§77), which is unity
for the evaporation model; E= E.~S, where 'Ec ts the
compound system excitaﬂon energy eand S, 1is the binding
eﬁergy of the perticle; f, and e are the lavel densi-
ties 61‘ the compound and residusl systems; O’x is the inverss
reaction cross section approximated as the opticel remction
oross section of = with the residusl nucleusg and €,=0
i8 the minimum energy of x , The seme expression cnn be
used with £>0 to desoribe the emission of e second particis
with the ssaumption that the seoond perticle 18 emitted when-

ever it is energeticmlly vossible.

4,1 Statisticel Evaporation Theory
For the stetisticel evaporetion theory with a level
density such me (Bethe 1937) |
pLEY = fo exp zm 9 (14)

the integration in (13) 4s ennlytic when the ompiriocnl exrre-

ssione (5) and (7) are used for O, » Provided the cnerpy
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dependence of P . is neglected. In eq.(14) = is the level
density paremeter and A is the peiring energy. Por charged
particle emission, the integral 1s spi:it 1hfo contributions
below and above E. » and the lower limit éo is modified
to E, in cese g<E, . The integral in (13) is proportional

to ' '
j: £0,(€) exp z'\/a(U-X) de=
(+]

3yl ¢ cl .
i[z.s_?___..-?r. aw‘Fw +}‘_ <Y K G (15)

iZo <! (4aY* ' (bay AU
where |
U= E-nAJ
FCuy = pU+ qU% 42U,
G (V) =)Uz‘+,uu'+ Y D
| teo) 4 .
In =t{E ) 9"1"“8" dx  and Kg= L 0 A 9 (16

with

t(x)-_—_ 2’\]0'(0__{5 o

Here the integrals Jn end K, ocan be eveluated from
. 2nd)
h R/ .
[ Xy = =(ant) & Z " A7)
$v=0
For neutron emission &lso eq.(15) epplies with E,xO and

the first suwmmation term ivn the paranthesis set to Zero.

4,2 Preequilibrium Model

For the preequilibrium model, the stete density of en
n-exciton stste with p-particles and h-holes (nep+h) is given
by (¥illiems 1971)
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Plp,n,E) = 3“(£-Aphyv'/k!k!0ﬂ4)! , (18)

where 3 is the single particle level density, usﬁally

teken es A/13 MeV™' and A R U Pauli correction term.

In this case also the use of the empirical o, ylelds &
closed expression for the emiséion.rate. 'For charged particles

the integrel in (13) is oroportional to
J;‘U £0, (¢ (V- s_')“"de =

E 3 ' y .
° 3 ¢ : =Y a. 4 Gy '
£ P .._.d' F(v) + " Q,; = . 1
..',g., o Y dvd }go it ¢ dui ’ - %)
where U= E-App , bt
V-fo nel € mensl
Pm = m dl— MA— Qm': jo = d"' .

u- € ‘
For neutron emission Eq.(19) applies with € =0 &and the

first summation term set to zero.

These closed form'integrals have been employed earlier in
preequilibrium model calculationé (Chatterjee and Gupta 19788 «nd
1979).

5. Discussion
The present empirical paremeterization of reaction

2H, 3H, 3He and 4He reproduces the

cross-sections for n, p,
opticel model values satisfectorily over the mass renge 16-
214 and energies upto 50 MeV.. Thus this parsmeterization
should be useful for several apblications. For neutrons the
parahetric form gives e description of the gross behaviour
but does not reproduce the oséillatory behaviour of o, @as a

function of A at low energies. These oscillastions are due to

the size resonance effect. For &> 3 MeV the agreement is
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generally better fhanZS% except for the oscillations. For

£ MeV thé rgaqtiqn orogs-seﬁtions aroAnot well reproduoed
particularly for the optical oross-sections of Meni et al
(1963) atylow mass numbers, Fér ﬁrotohsAthe size readnanoo

effect is not prominent because 6r‘the Coulomb barrier, The
paremetric form'feproduoes’the4optioal cross-sections to better
then 5% aéouracy over thé entire mass-enefgy»domain considered,
except‘at 5,44.Mev; Here the agreement is better then 10% except
for A> 60, but in this case the optical cross-sections are

emell and do not contridute significantly in epplicetions where

an integrel oveér a lerge energy domain ie computed. For 2

H,
3H.'3He and %He the oross sections are reproduced to hetter then
5% accuracy except for heavy targets at energies well below the
Coulomd dbarrier where % is emall. The present parsmetric form
cennot be extrepolated far bqyong‘ve = 50 MeV., This is because
of the lineer %erm A€ 1in eq.(5) which bscomes inoreasingly
dominent at higher energies. However thie parametrization can

be extended to heavier projectiles. This should be useful in

view of the great potentisl for spplications.
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Pigure captions

Pig.1.

Fig.2.

Comparison of the meutron opticel reaction cross-

sections (solid curve) with the predictions of the
empirical formula (dotted curve) es a function of
the tarpget mass A for the global potentials of

(n) Wilmore and Hodgson (1964) (b) Mani et 21 (1963)
and (p)'Becchetti snd Creenlees (1969)., The numbers
to the right of the curves indicate the lab. energy
in MeV., For the sake of clarity some of the curves

have been displaced as indicated.

Comnarison of the proton opticel resction cross-—
sections (80lid curve) with the predictions of the
empiricel formula (dotted curve) as o function of the
target mess A for the globarl potentials of |

(a) Recchetti and Greenlees (1969) (b) Menet et a8l
(1971) (c¢) Perey (1963) and (d) Mani et al (1963),
The numbers on the curves indicate the lab. energy in

MeV.
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Teble 1, Paremeters for empiricsl reaotion‘crdsa
sections. The numerical values listed here
yield o&_in mb when the energles esre in MeV,
bo h\ "'z_ ?0 ™ PO Ml A)’o ')/. Vz
Heutrons
Meni - - - 15030 ‘14098 297-7 30.58 00320 47,08 74-19
(1963)
Becchetti - - - " 18.57 ~22.93 381.7 24.31 0.172 -15.39 B804.8
(1969)
¥1lmore - - - 31.05 =2%5.91 342.4 21.89 0.223 0.673% 617.4
(1964) ‘
Protons |
Mani 12,97 15.65 -348.5 0.0247 ~7.01 300.4 0.4 330,0 =-223.6 -3.251
(1963)
Perey 10.53 52.53 -414,0 0.0310 -10.16 327.9 0.4 323.7 =243.4 -3.037
(1963)
}(!?cch;!tti 15072 9065 -44900 0000437 "“16058 24407 00503 273.1 -18904 -1-872
969 '
?enet) 16.99 46,13 «1298 -0.079% -11.90 127.8 0.66 306.8 ~-118.5 0.22%
1971 .
Deuterons
Schwandt -43,73 934.1 =-2518 =0.0761 =8.83 337.5 0.49 417.5 =353,0 5,515
(1969) '
Lohr ~38.21 922.6 -2804 -0,0323 =5.48 336.1 0.48 524.3 -371.8 5,924

(1974)



_.18_

'1‘:1 tons

?eoct‘n)!tti =11,04 619,1 =2147 =0.0426 -10.33 601.9 0.37 583.,0 -546.2 1.718
197

He-3

lé!t;oﬂu)!tti -3.06 278.5 =1389 -0.00535 -11.16 555,% 0.4 687.4 -476.3 0.509
9A

He-4

1(1?12:2)133' 10.95 =85.2 1146 0.0643 -13.96 781.2 0.29 -304.7 ~470.0 -8,580
(19 :
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