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1. Program of Identification: The CCRMN program is 
developed for the theoretical calculation of all complex 
reactions of a medium-heavy nucleus with a neutron or 
a charged particle in the 1- to 100-MeV-energy region. 

2. Description of the Problem Solved: In the CCRMN 
program, the incoming particles can be neutrons, pro-
tons, 4He, deuterons, tritons, and 3He; the outgoing 
particles are also the foregoing six particles (corre-
sponding to channels 1 through 6, respectively). In 
CCRMN, we calculate the reactions in the first, second, 
third, . . . , up to the tenth emitting processes. In the 1-
to 100-MeV-energy region, CCRMN can give correct 
results for optical model quantities and all kinds of re-
action cross sections in first, second, third, . . . , up to 
tenth emitting processes. The emitted particles are all 
the foregoing six particles (channels 1 through 6) in the 
first, second, and third processes; neutrons, protons, 
4He, and deuterons (channels 1 through 4) in the 
fourth and fifth processes; neutrons, protons, and 4He 
(channels 1, 2, and 3) in the sixth and seventh processes; 
and only neutrons and protons (channels 1 and 2) in the 
eighth, ninth, and tenth processes. 

The output data of CCRMN include the follow-
ing: the total cross section; the elastic scattering cross 

section and its angular distribution; the total reaction 
(or nonelastic) cross section; the radiative capture cross 
section; the (x,x ' ) reaction and the (x,x,,x2) reaction 
cross sections, where x, x', x,, and x2 can be neutrons, 
protons, 4He, deuterons, tritons, or 3He; and oXt2np, 
ax,3n<Ox,4m • • • >ax,\0n-

For convenient comparison with the experimental 
data, we also give the sum of the cross sections of all 
the reactions that lead to the same residual nucleus, 
usually called the isotope yield cross sections; for ex-
ample, a2nip = °x,2np + °x,nd + These cross sec-
tions refer to activation or transmutation processes. We 
also give the total cross section of emitted particle y in 
reactions (x,y),(x,yx'),(x,x'y),(x,yxtx2),(x,xlyx2), 
(x,x,x2y),.. .,(x,yxt. ..x9),(x,x, yx2...x9),..., 
(X,X\X2 • • •x9y) in the first, second, third, . . . , up to 
the tenth processes, without regard to what particles 
x ,X\,X2,... ,x9 are, where y can be a neutron, proton, 
4He, deuteron, triton, or 3He. For example, 

ax,p = ax,p + Ox,2 p + °x,3p + • • • + °x,\Qp + °x,px' 

Gx,x' p "1" • • . "I" px\ XI Xt, "t" 0XtXipX2 

-(-. . . 4" 0x,x\x2 xi)p , 

Ox,p toI = °x,p + 2ffx,2p + 2>Ox i p + . . . + 10ffx l0/, 

®X, px' ®x,x'p "t" • • • "t" ^X, px\ X2 xg 

"t" °X,X]PX2 Jf9 "t" • • • 4" &X,X]X2 XI)p > 

^x,p ~ ax,p lot /QX. p 

These are referred to as inclusive reactions. The 
value ax p is called an inclusive cross section, and 
mx p is the multiplicity of ax p , corresponding to 
emitted particle p. All nuclear data are given for the 
natural element as well as for its isotopes. 

The CCRMN code is constructed within the frame-
work of optical model, preequilibrium statistical theory 
based on the exciton model (with some changes by 
Zhang et al.1) and the evaporation model. In the first, 
second, and third emitting processes, we consider pre-
equilibrium emission and evaporation; in the fourth 
through tenth emitting processes, we consider only 
evaporation. For emission of composite particles, we 
adopt a pickup reaction mechanism introduced by 

"Note that x',xt,x2,..., or x9 is not equal to p here. 



Zhang et al.1 In the calculation of state densities for 
the exciton model, we accommodate the Pauli princi-
ple. All nuclear level densities required in the evapora-
tion model are calculated by the formula of Gilbert and 
Cameron.2 The inverse reaction cross sections of the 
emitted particles used in statistical theory are calculated 
from the optical model. In CCRMN, for gamma-ray 
emission, in addition to the evaporation we also con-
sider preequilibrium emission; furthermore, the partial 
widths are calculated based on the giant dipole reso-
nance model with one or two resonances. 

In the optical model calculation, we frequently 
adopt the phenomenological optical potential of Bec-
chetti and Greenlees3 (the parameters are usually given 
by a program for automatically searching for the opti-
mum optical model parameters). The CCRMN code 
can also do microscopic optical potential calculations 
based on Skyrme force4 and the phenomenological op-
tical potential calculation with CH89 or CH86 param-
eters5 for the neutron and proton channels. 

The CCRMN code does not calculate direct reac-
tions, but it can accept direct reaction cross sections cal-
culated by other programs as input for six outgoing 
channels in the first process. First, CCRMN subtracts 
the input direct cross sections from the total reaction 
cross section and then adds them to corresponding sta-
tistical cross sections. 

In CCRMN, we do not directly do the Hauser-
Feshbach calculation, but it can accept the compound-
nucleus elastic-scattering cross section and its angular 
distribution calculated by other programs as input. 
CCRMN adds them to the shape elastic-scattering cross 
section and its angular distribution, respectively, and 
subtracts the input compound-nucleus elastic-scattering 
cross section from the total reaction cross section. At 
the same time, we change the lower limit of the integra-
tion of excited energy in the first emitted process at the 
emitting channel corresponding to the incoming chan-
nel from zero to the first excited level energy. 

3. Methods of Solution: In the optical model calculation, 
we use Neumanove methods to solve the radial equa-
tion. The step length is 0.1 fm, and there are 150 step 
numbers in solving the radial equation. The maximum 
number of fractional waves in the optical model calcu-
lation is 60. The coulomb wave functions used in the 
optical model are calculated by the continued fraction 
method.6 

The most important difference between CCRMN 
and CMUP2 (Ref. 7) is the integral method in the pre-
equilibrium and evaporation calculation. In CMUP2 
and many other programs, arguments in the integrand 
are always kinetic energies of emitted particles: first, 
we must do the innermost integration corresponding 
to the last emitted particle and then do the second in-
nermost integration corresponding to the emitted par-
ticle before the last emitted one, . . . ; finally, we do the 
outermost integration corresponding to the first emit-
ted particle. So, the multifold number of the integration 
in preequilibrium and evaporation calculation is equal 
to the number of emitted particles. Limited by the com-
puter running time, usually one can do a fourfold inte-
gration at most, so previously, one could consider only 

up to the fourth emitting process. In CCRMN, through 
transforming the integral argument from the kinetic en-
ergy EuE2,E3,...,of the emitted particle in the first, 
second, third,. . . , emitting processes to the excited en-
ergy «1,m2,M3, • . . , of the residual nucleus after the 
first, second, third , . . . , emitting processes, respec-
tively, and inversing the integral sequence from 

... du2 dui... to / du3 du2 dui , 

we can find a method to change multifold (higher than 
twofold) integration to twofold integration, and then in 
principle, we can do the preequilibrium and evapora-
tion calculation up to a very high emitting process (in 
CCRMN, we really calculate up to the tenth emitting 
process). To simplify expressions, here we omit the in-
dex of the channel at first and let 

E = excited energy of the compound 
nucleus formed from the target 
nucleus absorbing the incoming 
particle 

BUB2,B3,... = combined energy of the residual 
nucleus and the outgoing particle 
in the first, second, third,. . ., 
emitting processes, respectively 

Zl,Z2,ZJ,... = minimum kinetic energy of the 
emitting particle at which the in-
verse cross section is larger than 
5 x IO-7 b in the first, second, 
third,. . . , emitting processes, re-
spectively. 

Also, we suppose 

EB\=E — Bi , EB2 = EB\—B2 , £fi3 = EB2 — , 
BZ2= B2 + Z2 , BZ3= B} + Z 3 , . . . ; 

for the first emitting process, 

-EB\ rEB,-Z, (•EB1 flEBi-
J . . .dE 
Jz, Jo 

... du\ 

for the second emitting process, 
"EB2-Z2 pEB2-E\ nEB2-z2 p 

J . . . d E A 
Jz, Jz 

fEBi-Zi-Zj (• 
- J . . . d u A 

Jo Ju 

.. dE2 

... du2 
>U2 + BZl 

and for the third emitting process, 
* E B } - Z 2 ~ Z } fEBj-Zi-Et 

• dux ; 

I , - " H 

A Jz 

. . . d u A 
Jo Ju 

/ * / u 

...dE2 

*EB3-Et-E2 

>Zl 
" EB]—Z\—Z2—Z] 

dE, 

EB2—Z\~Z2 

. dui I . . . du2 

ui+BZ} 

"EBx-Zi 
x | . . . d u x . 

u2+BZ2 



From these expressions, we can see that the only 
difference between the integral for u, in the first and in 
the second processes is the lower limit of the integral. 
When we do the numerical integration for ux in first 
process, we can keep the values of the integrand at all 
integral base points, and then we can get values of the 
integrand for u] in the second process by linear inter-
polation. The integral for ux in the second and in the 
third processes is identical; after completing this in-
tegral in the second process, there is no need to do it 
again in the third process. Furthermore, the only differ-
ence between the integral for u2 in the second and in 
the third processes is also the lower limit of the integral. 
Therefore, when we do the numerical integration for 
u2 in the second process, we can also keep the values 
of the integrand at all integral base points, and then we 
can get values of the integrand for u2 in the third pro-
cess by linear interpolation. In this way, we change the 
threefold integral in the third process to a twofold in-
tegral, and in the inner integral, we can obtain the val-
ues of the integrand by linear interpolation to reduce 
the computing quantity. Repeating this argument for 
the fourth, f i f th , . . . , to the tenth processes, we can 
change the integral to twofold in any emitting process. 

4. Related Material: No additional programs are required. 

5. Restrictions: The target is a medium-heavy nucleus 
(A = 28 to 208). The target element consists of only one 
isotope, or six isotopes at most, in which the difference 
in mass number of the heaviest and lightest isotopes 
should be <10. The incidental energies should be within 
1 to 100 MeV, in which the maximum number of the in-
cidental energy points is 40 in one calculation. 

6. Special Features of the Program: The main character 
and advantage of CCRMN is the calculational method 
in it: Besides the first emitting process, the integral is 
always changed to twofold in any emitting process. So, 
in CCRMN, as an increase of the emitting process, only 
the number of channels increases; the multifold num-
ber of the integral in any emitting process is always two 
and does not increase. In this way, we can easily finish 
the calculation and get the reaction cross section in any 
high emitting process. 

7. Computers: The original computer was an M340-S; the 
other computer was an HP station, SUN station. 

8. Typical Running Time: The running time depends on 
the numbers of energy points, how they are distributed, 
and in what energy region. For example, the calculation 
of (p + 28Si) (there are 40 energy points distributed in 
the region below 30 MeV) lasts only - 5 CPU min at the 
HP Station; however, the same calculation for 4 en-
ergy points (30.0, 40.0, 50.0, and 60.0 MeV) lasts -40.5 
CPU min and for 1 energy point (80 MeV) lasts ~1 
CPU h at the HP station. 

9. Machine Requirements: Disks and a printer are neces-
sary for output; the amount of memory needed is 8192 
kbytes. 

10. Program Language: FORTRAN 77. 

11. Operating System: FACOM OS IV/F4; UNIX. 

12. Other Programming or Operating Information or Re-
strictions: Double-precision arithmetic is necessary for 
some parts of the calculation. The unit numbers are 4 
for input and 7 for output. 

13. Material Available: User's Manual for CCRMN and in-
put data file for (p + 28Si). 
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