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Neutron Spectrum from He Breakup Process in the

Continuous Emission Region

ZHANG Jingshang
China Nuclear Data Center, CIAE, P.O.Box 275(41), Beijing 102413, P.R.China

[abstract) An unstable particle emission of *He has being included in the new version ofLUNF
code, as the evaluation tool and for interpreting experimental data. In order to describe the *He
emission process, the formula on the double-differential cross sections of the neutron and the
alpha-particle from >He—n+a was studied. Because of stronger recoil effect, the energy balance
is strictly taken into account to meet the needs in nuclear engineering.

Introduction

The possibility and the importance of ‘He
emission m the neutron induced reactions are
elaborated "*. Now *He emission has being included
in the new version of LUNF codem There is some
new reaction mechanisms on He emission process,
one of which is the formulation on the double
-differential cross sections of the neutron and the
a-particle from the emitted *He breakup process. The
formula of the double-differential cross sections of
the neutron and the alpha-particle from the emitted
He breakup process to the discrete levels was
obtained in Ref[l], while the formula of the
double-differential cross sections of the neutron and
the a-particle from the emitted *He breakup process
to the continuous region is obtained in Section 1.

Meanwhile, it is proved that the energy balance is
held exactly and given in Section 2. The conclusion
remarks are given in the last section.

1 The Double-differential Cross Sections
of the Neutron and a-particle from
*He Separation in Continuous Region

In pre-equilibrium emission process, the emitted
He has forward angular dlstrlbution so the neutron
and the o-particle from °He two-body breakup
process also has the same situation.

In this section the representation of the double-
differential cross sections of the neutron and -
partlcle from “He breakup process in continuous
region is given. The emitted He in its ground state is
assumed in the study, although *He has excited states.

Two motion systems are employed to set up the
formulation, the physical quantities indicated by the
superscript ¢ and p are for center of mass system
(CMS) and for emitted particle system (EPS), Wthh
is moving along with the emitted particle °He, -
respectively. Meanwhile, the physical quantities
indicated by subscript 5 are for the emitted "He. The
physical quantities indicated by subscripts n or o are
for the neutron or the a-particle, respectively, from
*He separation.

The double-differential cross section of emitted
*He with the mass ms in CMS is represented in the
standard form as

21+1
= E$)P(cosb; 1
dE:d _QC Zl: 1 (Es)E( > (M)
E§ max
with normalization condition J' So(ESYES =1

ES

5,min

<E‘<EC

5,max

. Then the

emitted *He is separated into one neutron and one
a-particle, spontaneously, with the Q-value of 0.894

MeV. The energy &f and ¢? carried by the

outgoing neutron and the a-particle in EPS are given,
respectively, by

within energy region FE;

S, min

—0Q @

Based on the velocity composition relation, the
velocities of the neutron and the a-particle in CMS
can be obtained by ¥¢=V,+v/ and ¥ =V, +V7,
respectively. Therefore, the outgoing neutron energy
is obtained by

reglon £ _8 <g’

n,min n,max
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&)

min
M max

, 1
g‘ :Elnn(v:¢V5 min )2 :Sf[l?}/"(E; m?n )]Z
With the same procedure, the energy region
of the a-particle is obtained by

& om SE5Se€;

a,min a,max

“)

The functions used in eqgs.(3) and (4) are defined

by
fm E
7,,(E5): - ; s 7a(E5):
mSgn

Based on the Jacobian relation, the solid angle in
different motion system has the equation

3 1 - 2 T 2
€y =M (VI TV, ) = 21T 1 (EC )]
»max 2 »max »max

EC

—Lde,d2;
P

n

defdQr = (6)

and the double-differential cross section of the
neutron is isotropic in EPS with definite value of
energy

2
_do _1do 14 er-Tap Q)
dePdQF  Am de?  4Anm ms

The double-differential cross section of the
emitted neutron can be obtained by averaging the
double-differential cross section of emitted neutron
over that of emitted “He.

d’c d’c

:IdE 40 derd2? \ &7 dEchc ®)

The normalized double-differential cross section
of the neutron with the mass m, in CMS is
represented in the standard form as

2/ +1
” ‘dQ“ z}: (€SP (cos 6)

Substituting the representation of eq.(6) and eq.(7)
into eq.(8), and using the orthogonal relation of
Legendre polynomial, the Legendre coefficient of the
outgoing neutron in eq.(9) can be obtained by

AC)

d’c - (10)
= | dE dQ2¢ P (cos 07 )¢
dEdQ dg”d!)”

Denoting ® as the angle between 175 and V,,

d’c
defde

®

and using the useful expansion equation

. 4z .
P, (cosb) === 211, (0,P) (D

Y., (82,)

In eq.(10) the solid angles have the explicit
expression d€2/dQ =dcos Gdddcosd,dg,, and car-

rying out the integration over dcos8,dddg;, the

Legendre coefficient of the outgoing neutron is
obtained by

c (4 1 (4 C do— 8: C
fien =5 [ (Es)dg—,,,/g,,P,(cos@)dEsdcos@(lz)

From the velocity relation ¥7 =¥~V , in

energy scale, the energy relation reads

er =g+ Mo ps M geps (13)
ms ms
Foragiven &, we have
dcos® =+ | _ggr (14)
2\ m,e ES

Substituting eq.(7) and eq.(14) into eq.(12), and
carrying out the integration over &7, the eq.(12)

is reduced into the form as the following

IC ;): —ms IC E;
e e

N\
g4 Mape _Mag (15)
fr(ES)B| — 2T \dES
2 |
\/”’5
m,E:

Using y,(ES)= mEs _ , the variable
\ m,0

in Legendre polynomial of eq.(15) can be denoted by
—En 14y 2(ES)

P r— (16)

6" 2}’,1 (ES )

Hence eq.(15) becomes into the form as

[E(ES)
NG )-j "R

For a given value of the outgoing neutron ¢, ,

P
m5£ll

m. =

B (n,)dES a7

the integration limits of E; can be given by

o= B, 25 -5 |
b=min] 2+ ) |

Obviously, from eq.(17) it can be seen that the
forward tendency of the outgoing neutron is entirely
determined by the forward tendency of *He emission.

With the same procedure, the Legendre coefficient
of the outgoing a-particle can be obtained by ex-

(18)

(19)
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changing m, and m,_ in the above formula.

2 Energy Balance

To meet the needs in engineering, the energy
balance should be satisfied properly. In this section
the energies carried by all kinds of particles,
including the energles carried by the neutron and the

o-particle from the *He breakup process, the energy
carried by the residual nucleus as well as the gamma
decay energy, are given analytically.

The energy carried by the neutron in CMS reads
E; = [e:15 (e )Me;

Substituting the representation of eq.(16), and
exchanging the integraiion order, then the integration

region a is

[\F B ] <&l <(\/?" F} Therefore,

jdE FE(ES [g: Ly
ES. ms
min (21)

E¢

5.max

m c ¢ ¢
=l + m" [E; 15 (E ME;

S ES

5.min

(20)

C

given

Analogously, The energy carried by the a-particle
in CMS reads

FSma\
= [E £y (E5MES
5 ES

3.min

E.=¢l+ 22)
The energy carried by residual nucleus after *He

emission in CMS is given by

Fs max
= [E £y (B ]ES

ES,mm

(23)

The residual excitation energy after *He emission
is given by

E,=E -B,- (HM)E (24)
Averaged by the double-differential cross section of
SHe emission, if the reaction channel is ended by
gamma decay, the gamma decay energy can be
obtained by.

ES max
M)E [Esfs (E5)dE;  (25)

E,=E‘—Bs—(1

is the excitation energy, E

n

where E” = ﬁE" +B,
M

c

is the incident neutron energy, B, , B; are the binding

energy of neutron and emitted *He in the compound
nucleus, respectively, M., M are the masses of

compound nucleus and the residual nucleus,
respectively,

Thus, the total released energy in CMS is given
by

Eow=E; +E.+Eg+E, =E —B;+Q (26)

By means of the composition of velocities
#' =9°+V,., where V. is the velocity of the center

2m,E,

of mass, and V. = . So the energy of a

C
particle with mass m in LS can be obtained by

me ;.. do
L [
> Jow decde2’

In laboratory system, the energy carried by the

£5dex 27)

neutron can be obtained by

2
El = A”;"Z E, + [esfs (e5 sy +
C

om, %)

c
Engn 1

Substituting the representation of the Legendre
coefficients of eq.(17) in eq.(28), and carrying the
integration over ¢; by exchanging the integration
order, the eq.(28) is reduced into the form as follows

2
El=TwE +E+
MC
2 5 max (29)
m < <
T E [ VE: £ (EDdEs
MC ES min
and for a-particle we have
E. =% '"" “F +E+
(30)
S max
2m, |m, En

5 ,min

The derivation procedure of eqs.(29) and (30) is
straightforward but tedious. Similarly, the energy
carried by the recoil residual nucleus is obtained by
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Z%/"E>TJ_}(EME G1)

5,min

Thus, the total released energy in laboratory
system is obtained by
Elw=E +E.+E;+E,

total

32
II E +EC ( )

total
C

It is proved that the energy balance is held exactly
in the analytical form. From the eqgs.(29~31) it can be
found that the energies carried by the neutron and the
a-particle increase w1th the increasing of the forward
tendency of emitted *He. The partial wave [=1
plays an important role in the energies carried by
different kinds of emitted particles. The larger of
fE(ES), the more energies carried by the neutron and
the «-particle. Meanwhile, the spectrum shape of
f(ES) can also influence the energy distributions
between the emitted particles, the residual nucleus
and de-excitation y energy. The harder of the
spectrum, the more energies carried by the emitted

E71+Bn—BS+Q

particles, while the energies carried by the residual
nucleus and de-excitation y particle are reduced.

3 Conclusion Remarks

The formulation of the neutron and o-particle
from *He separation in the continuous emission
region has been obtained. Together with that in
discrete level emissions ), the *He emission process
can be described with full energy balance. The energy
balance is not only to meet the needs in nuclear
engineering, but also could give the reasonable shape
of the outgoing particles 3pectra So far only the
stable clusters, like d, t, "He, and a, have been
included in the present w1de1y used statistical model
codes, now the *He emission, as an unstable cluster
emission is added in the new code. It will be able to
make the improvement to reproduce the experimental
data.

°He emission is a new reaction mechanism in both
equilibrium and pre-equilibrium emission processes.
The formula aforementioned will be employed in the
new version of LUNF code.
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Pre-Formation Probability of *He Cluster in

Pre-Equilibrium Mechanism

DUAN Junfeng YAN Yuliang ZHANG Jingshang
China Nuclear Data Center, CIAE, P.O.Box 275(41), Beijing 102413, P.R.China

Labstract] The *He cluster is apt to be emitted than *He from point of view on the threshold
energy. In terms of Iwamoto-Harada model, the theoretical formula of pre-formation probability
of *He cluster including 1p shell nucleon in pre-equilibrium mechanism has been established and
calculated. In the case of low incident energies, the configuration of [1,m] for *He cluster is the
dominant part in the nuclear reaction. The calculated results indicate that pre-formation
probability of configuration [1,m] for the unstable *He cluster is much smaller than that of d,t,’He,
and 'He light stable composite particles, which is consisted of only Is shell nucleons. However, it
is propitious to the emission of *He from the point of view on threshold energies, since the binding
energies of *He are generally lower than that of 1He in compound system. The corresponding
model formula has been given in this paper for describing pre-formation probability of *He

cluster in pre-equilibrium mechanism.

Introduction

In recent years, the total outgoing neutron double
-differential cross sections for neutron induced light
nuclear reaction have been calculated by using the
unitive Haser-feshbach theory and exciton model,
which can reproduce the experimental measured data
nicely" ™. The total outgoing neutron double
-differential cross sections consist of the neutrons
emitted from various reaction channels to discrete
level of residual nucleus, which strongly differ from
each other. It is shown that *He emission should be
taken into account for fitting the experimental data.
Otherwise, it will appear obvious deficiency at low
energy part of neutron emission angle-energy spectra,
which can be reparative when *He emission channel
has been considered"™.

In addition, it is shown that the composite
particle emissions mainly come from the pre-
equilibrium reaction processes in light nuclear
reaction. The angular momentum dependent exciton
model is able to describe the pre-equilibrium reaction
successfullym. In the exciton model the pre
-formation probabilities of all kinds of composite
particles in compound system are the important
factors to describe composite particle emissions,
which should be given by theory. The Iwamoto

-Harada model has been proposed to give the
pre-formation probabilities of d, t, He, and ‘He
reasonably, which only include 1s shell nucleons for
pre-equilibrium emission mechanism"#). The basic
physical idea of this model is that the pick-up
mechanism in pre-equilibrium processes of com-
posite particles emission is employed, namely, the
emitted single nucleon picks up other nucleons to
form composite particle before emitting. The nucleon
inside nucleus can be described by wave function of
shell model, and the associate condition of
momentum and position of every degree of freedom
can be given by the shell model. Then the pre
-formation probability of each kind of configuration
for a composite particle could be obtained by means
of the volume of the phase space occupied by the
composite particles.

Based on the idea of Iwamoto-Harada model, and
extending to the composite particle of *He cluster
including 1p shell nucleon, the formulation of the
pre-formation probability in compound nucleus for *He
has been established and calculated. Compared with
the results of pre-formation probabilities for other
composite particles, the calculated results for *He
cluster is reasonable. The theoretical formula of
pre-formation probability for *He cluster are given in
section II. The calculated results and discussion are
given in the last section.
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1 The Formula of Pre-formation
Probability for *He Cluster

The model has been wused to calculate
pre-formation probability of light composite particles,
which only consist of 1s state nucleons described by
using the harmonic oscillator model™'”. The
coordinate R of the center of mass for a cluster

including N nucleons is given by
- 1 N
R=—YF Q)]

N
where 7 stands for the coordinate of the iy, nucleon.
The total wave function of composite particle is

constructed by

l}

v =T16)=2(R)., @

It can be divided into two parts, @(R) is
movement wave function of the motion of the center
of mass, and ¢,, is intrinsic wave function. The
normalized ®(R) and the single particle wave
function for 1s shell nucleons are given by the
harmonic oscillator model as follows

34 g
@(R)=(N7ﬂ] e 3)
3/4 —gnz
o)-(2) ¢ @

The configuration of composite particle with N
nucleons is denoted by [A,m], namely, 1 and m are the
particle numbers above and below the Fermi surface
respectively, and A +m =N . The parameter £ in the
wave functions can be determined by harmonic
oscillator parameter %w .

Thus the conditions of the momentum for each

i=12,---,4
j=12,--.m

The intrinsic relative coordinates of *He cluster
can be defined as follows

nucleon is given by

| B; |>P/
|p;I<p,

(5)

]
=X
|
WY

NNy
"

w
!
NT

F":%(Fﬁfz)—%(’g +7,) ()

e L
r"’:z(r1+r2+r3+r4)—r5

47 d7, 07, 7,07, = dRAFdF dF"dF"

the are the intrinsic relative
coordinates of an a cluster, while the fourth relative
coordinates r” stand for the intrinsic coordinate
between the fifth nucleon and the a cluster in *He
nucleus. Hence the corresponding intrinsic momen-
tum coordinates can be obtained as the following

where F,rr"

ﬁr=%(1—’1"pz)

S

D, —-2~(p3 = Ps)

I I [, L

D, —5(1)1 +p2)—5(p3 +P,) )

_1._ o~ o~ __ 4.
P = g(p1 + D, + Dy +p4)—§ps
dpldﬁzdﬁ3dﬁ4dﬁs = dﬁdﬁrdpr'dﬁr'dﬁr'

The momentum of He cluster is given by
S
p=3.p ®)
i=}

The construction of *He cluster is different from
d,t,3 He and a. The latter only include 1s shell
nucleons. While for 5He, besides the 1s shell
nucleons the Ip shell nucleon is involved, in which
the former forth nucleons are described by 1s shell
wave function and the fifth nucleon is described by
1p shell wave function as

P = Roy (N1, (£2) ®)
where R (r) stands for normalized radial wave

function of 1p shell nucleon.

R, =ﬂ(%)ze—%ﬂ'z (10)
O

here Y,,(£2) is spherical harmonic function.

According to the knowledge of the shell model,
for each intrinsic degree of freedom the occupied

energy is %hw for 1s shell nucleons, but it is ghm

for 1p shell nucleons inside *He cluster. The kinetic
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energy and potential energy for each degree of
freedom satisfy the equation obtained by the shell
model as

LN malr’ = =hao,
m
2
L malr'’* == ho,
m 4 2 1))
2
B |~ o™ =Zho,
2m
5p’ "
28 +Em 52r =—hw,
8m

Based on the physical idea of Iwamoto-Harada
model, the volume in phase space occupied by the
*He cluster with the configuration [A,m] constrained
by conditions of eq.(11) is given in the following
form

FEA,M](ES)
12
= le _[dFdr_'dF"dF'.'dﬁ,dﬁ,nd}—’,-dﬁ,-n ( )
(2ﬂﬁ) P~ fixed[A,m)
The normalized coefficient C in eq.(12) is
determined with the normalized condition

> Fin(es) =1 (3)
Im

Since the former three intrinsic relative
coordinates and relative momentum are designed as
the coordinates of the a cluster. The integrated
analytical results were obtained in reference [8],
which can be employed in eq.(12). By using the last
condition in eq.(11), and carrying out the integration
over the relative coordinate 7  and the relative
coordinate p,. with the constrain condition of the
configuration [A,m], the integrated analytical
expression of configuration [5,0], [4,1], [3,2], [2,3],
[1,4], [0,5] can be obtained.
Denoting

B= 1 + 2
25p pr pf Sppr'

here p, isthe Fermi momentum.

(14)

The expression of relative momentum coordinates
between the fifth nucleon and the o cluster by using
eq.(11) for a given total momentum p of He is

obtained by

1 -

Ps=SP+py (15)
Based on the conditions mentioned above, the

representation of the pre-formation probability of *He

cluster can be obtained with two mathematical cases.

(1) If P<3P; wehave

v
Fyu(p)= J dp'T(p") j d cos BFy,(p)

P/‘_P

1
Prmgp

S

Fu(p)= jde(p) deOSﬂFm(pH I de(p)[ IdCOSﬂf’;.(p)+ijOSﬂFm(p)J

p/—-s-p

prgp o
Ey(p)= j PT(p) IdCOSﬂFu(p)+ j de(pa[ fdeos Br,(B)+ Idcos,’ﬂ%.(p)}
P/“P
pr-3p Jthas

Fy(p)= j d'T(p) IdcosﬂFzz(pH J d'T(p

f__P

1
[7aris

VShas

{ [dcospFy(p) + Idcos,BFzz(P)J

R(p)= | &TQ) Idcos,’iﬁa(p)+ j dprco)[ Idcosﬁﬁ4(p)+fdc05ﬂﬁa(p)J

0
Py 51’

1
P/-"P

g

Fs(p)= J PT(P) j'dCOSﬂEM(pH j dp’T(p)[ jdcosm(p)}

P/-EP

(16)
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(2 If p>5p, wehave

»p rr

JSuhas

Fy(p) = I de(p)JdcosBF.o(p>+ ]dpﬂp)jdcosﬁao(p)

‘P Py

_P 122

V3uhos
Fu(p)=

—P Py

1
Hals

I dpr(p>jdcosﬁmp)+ { dpr(p)[jdcosﬂﬂl(p)+jdcosﬂF,o(p)}

-
F(p)= J PT(p) jdcosm(p)+ jdpﬂp){ J'dCOSﬁFu(prdCOSﬂEzQD)}

-P Py

1
SP Pr

Fp)= J P1(p) jdcosﬁFo.,(pw jqpm){ Idcosm(p)qdcosﬁ&(p)}

"P'P/

o 1
F(p)= | d'T(p) [dcosBF(p)
B

1
$PPr

a7

where p=%m is the reduced mass between the
fifth nucleon and the o cluster, and

r(p=—28 3 23 2 8

p)= 27(#h5)(uhw5p)p (18)

Summing over all of the configurations, one can
prove that the normalization condition of *He cluster
is held analytically.

2 The Calculated Results and Discussion

Based on the idea of Iwamoto-Harada model, the
formulation of the pre-formation probabilities of *He
cluster with various configurations are established
and calculated. The resuits are shown in Fig.1.

T . ¥ T T
06 | 4
osPy 7 S T e 0.5) |~
s N —(14)
A A ----3)
=l AN RN === (32) 1
= 7 AN - \ 4]
o3k N ; N e (5,0)]
= \ e N =
&3 \ X2 N, ’
02} M X .
N e ~
N ~
[ 4 A . ‘\.
01 e N o
00 L P .
0 2 60 80 100
E /MeV
Fig.1 Pre-formation probability of *He cluster

where &, is the observational energy of outgoing
composite particle and B, is the binding energy.

From Fig.1, the pre-formation probability of [2,3],
[3,2], [4,1], [5,0] are larger than that of {1,4] with the
observational energy of outgoing composite particle
increasing. But when incident neutron energies are
below 20 MeV, the configuration of [A=1,m] is the
dominant. part, and other configurations can be
ignored. On the other hand, in the emission rate the
two terms are always occurred simultaneous, then the
following inequality

Fb[x=1,m](5 )Qb[x=1,m]w(” -LE")
> Fypeo m(E)piacm@(n—2,E")

(19)

is always held, because the exciton state densities
reduce rapidly with the decreasing of the exciton
number. This is the reason that the configuration of
{A=1,m] is only considered in low energy nuclear
reaction. ‘

The comparison of pre-formation probabilities for
configuration of [A=1,m] in composite particle
emissions, such as d, t, 3He, o, as well as He cluster
is shown in Fig.2.

From Fig.2 one can see that the formation
probability of configuration of [A=1,m] for °He
cluster is obviously less than that of d, t; *He and a.
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The calculated results indicate that the pre-
formation probability of unstable *He cluster is much
less than that of the stable composite particle clusters.
In general, the binding energies of *He are smaller
than that of *He clearly”®], and the *He cluster is apt to
be emitted than ’He. However, combining with
optical model potential, the values of cross section
for *He cluster emission should be taken into account
synthetically. The theoretical model formulation for
describing the pre-equilibrium emission of He has
been given in this paper, which can be used in the
statistical model calculations for neutron induced
reactions.

10 T T T T
'\.‘ = Fy(1L,1)
®r o oF(L2)
"\' ..... F‘He(la2)
s oo Ilj u(zﬁ) i
= R we(1,4)
I, 04 .‘.\ . “ \ 4
'\‘ .',\\ A Y
NN
AN
0z2h \'\.:.\\ .‘.‘ 1
\:‘.“*T;_-:":._
00 \ ‘:N;‘#A"M—L 1 -
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E /MeV

Fig.2 Comparison of pre-formation probabilities with
configuration [1,m] for d,t,*He,a,°He
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[ abstract] T he probability of *He particle emission has been affirmed theoretically. In order to
describe the *He emission, the theoretical formula of the double-differential cross section of
emitted *He xs to be established. Based on the pick-up mechanism, used for calculatmg the
formula of d,t,’He, a emissions, the theoretical formula of double-differential cross section of >He
is obtained, which is expressed in the form of Legendre coefficients. The calculated result
indicates that the forward peaked angular distribution of the composite particle emission is
weaker than that of the emmed single nucleon due to pick-up nucleon from the Fermi sea. As an
example, the reactions of n+"*N weren calculated, and the Legendre coefficients of d,t,’He, a,°He
emissions were obtained respectively. The results show that the forward tendency is decided by the
average momentum per nucleon in the emitted composite particles. The larger of the average

momentum, the stronger of the forward tendency.

Introduction

In recent years, the total outgoing neutron
double-differential cross section of neutron induced
light nuclear reaction has been calculated by using a
new nuclear reaction model. In this model the "He
emission is involved!. When the *He emission is
taken into account, the calculated result can
reproduce the experimental data successfully?®™®

There are very few measurements on the
double-differential cross section of composite particle
emissions at present Internationality, the Kalbach
systematic formula'® has been employed to set up the
neutron data libraries. This formula is very useful for
the middle and heavy nuclei, while it’s imperfect to
the 1p shell light nuclei. The model for describing the
double- dlfferentlal cross section of composite particle
emissions of d, t, *He, o emissions has been proposed,
which can reproduce the double-differential measure-
ments of deuterium and alpha particle emlssmns
nicely"”*), and has been employed i in the UNF code”
Now, extendmg this method for *He emission, the
theoretical formula of the double-differential cross
section of *He emission is established.

The composite particle emissions are mainly from
pre-equilibrium reaction processes, which could be
described successfully by the angular momentum
dependent exc1ton model®”. The pre-formation
probability of ° He in pre- equlllbrlum mechanism has
been obtained!”. The method for calculating the
angular factor of *He emission in pre-equilibrium

10

reaction processes is introduced in Sec.2, and the
theoretical formulae of double-differential cross
section of composite particle emlssmn are given. As
an example the angular factor of d, t, *He, o, as well
as °He of n+'*N reaction are calculated at incident
neutron energies of 15, 20 MeV, respectively, mean-
whlle the angular distribution of single nucleon, o
and *He pamcle are also calculated, the results and
discussion are given in Sec.2. The summary is given
in Sec.3.

1 The Angular Factor of He in Pre-
equilibrium Emission Process

The basic idea of the model for describing the
double-differential cross section of composite particle
emission is as follows:

(1) If the outgoing single nucleon picks up other
nucleons in compound nucleus formed a
composite particle during the emission process,
then the composite particle emission would be
occurred, otherwise only single particle emis-
sion would be happen.

(2) The double-differential cross section of single
particle emission is obtained by the linear
momentum dependent exciton model''?, in
which the Fermi motion and the Pauli exclusion
effects are taken into account.

(3) The Fermi gas model is employed for the
compound nucleus system.



Communication of Nuclear Data Progress No.30 (2006)

CNIC-01844 /03

(4) The momentum of the composite particle is the
summation over the outgoing single nucleon and
the picked-up nucleons with the momentum
conserving.

(5) The pre-formation probability is determined by
the pick-up mechanism.

Based on the idea mentioned above, the normal-
ized angular factor of composite particle b at the
exciton state n with the emitted ener%y € and the
outgoing direction (2 is proposed by

(nem-; [dp, - dp, 8(P - Zmr(nm M

[im}

where N is the normalization factor, A4, is mass
number of the composite particle.
For *He, the angular factor reads

A(ne,2) =~ [d5dp,d5,dp,dp.5
(m)
(P=Py =Py = D5~ Pa— Ps)r(n,42)) 2)
where P is the momentum ofSHe, p,i=1,2,3,4,5
are the momenta of the nucleons formed 5He, and the
outgoing single nucleon is denoted by i=1. 7 (n,42)
stands for the lifetime of the n exciton state with the
direction £2,. The & function in eq.(2) implies the
momentum conservation.

In the case of low incident energies the
configuration [1,m] is the dominant J)art in the
pre-equilibrium emission mechanism™'®),  which
means that the outgoing single nucleon plcked up
four nucleons below the Fermi surface for °He
emission. When the value of P is given, and the
nucleon 1 is forward- peaked angular distribution in
the pre- equlllbnum emission process, then the
probability of *He emission in direction £ is

determined by the integrated momentum space

volume occupied by the other four picked up
nucleons restricted by the 6 function for momentum
conserving.

Except nucleon 1, the other four picked-up
nucleons corresponds to a o-particle, their relative
intrinsic momenta are defined by

1

Pu=DtP; P, = > — (P, - p3)

. _ 1
4s =Pyt Ps  DPr (P4 Ds) 3

then dp,dp,dp,dp; = df’zadprdpudpr' is held. Thus,
the angular factor of ’He becomes

| e e ae e
A(n,e,02)=— Idpldp23dp,dp45dpr.5

(im]
(P_pl =Dy — Pas)t(n,92)) Q)
When P and p, are given, then the value of p, is
definite due to p, = p,, + p,s, so the relationship of
D, and p, can be obtained. The observable

emitted energy ¢ of *He is obtained by
2

£= +;hco5 -5&, - B;

10m
where &, = p; /2m is the Fermi energy, py refers to

the Fermi momentum and Bs stands for the binding
energy of *He in compound nucleus. So the

inequality P?>16P} could be reduced into
9, > 5(%?1(05 —& —st
which is always holds since Bs, £ are always less

than 20 MeV, and ¢&;~30 MeV, ho; = 7.63 MeV.
Therefore, the inequality P>4p, is always holds.

Meanwhile, p; satisfies p}/2m<E’+¢,, where E
is‘the excitation energy. In the case of low energies, if
E <gg, then p, <2p,, and by using the momentum
relation P=p, +p,,onehas|P-p |=p,>2p,.

The configuration [1,4] hints that p,<p, ,
p; < p, . Since p, and p, do not appear in the &

function of eq.(4), so- we ought to carry out the
integration over them in advance. At first, for the

integration jdﬁ,,dﬁ, ; ‘once P, is given, the

integration limits of J, can be confirmed. The
relationship of p,, B; and their relative momenta
Px» b, is shown in Fig], where 6, is the angle
between p,, ahd B, tiei we hiave

Pi=yP+P ~PuP,c0s6, < p;

p= %piﬁ P, +Ppp,c0s6,<p; (5
Henee, the integration limits over 6, satisfy the
inequality —-f<cosd, <pB.
Where
2 1 2 2
Pr- 2 Py — Py

po—totl ©)
DD,

11
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p, b,

Fig.1

The condition for the integration existence needs
£20, which gives

1
P, S,fp}—zpiz

In addition, from the condition of £ <1, one gets

The relationsof p,, p, and p,,, p,

1
Pr<py "Epzs

Then the integration [dp,dp, can be written
explicitly as

1
Pr-J P2

Idi’zsdi’r = szazs j

[
\ p? —%pf, 5 an
[ pldp, [dcost, [do,
-p 0

pidp, ljd cosé, zidga, +
A 0
N
Carrying out the integration over p,, the result is
[dP, = %(1617} 1202 py + 1) ®)

With the same procedure for the integration over
D, , one can get

= T
fdp, = 1—5(1611} ~12p% pys + Pis) )
Thus the eq.(4) is reduced into the form as
follows
n’ I,
A(n, €)= m[{_!_!dpldngdp455
(13_;71 _i’zs—ﬁts) (IO)
(16P} - 12P}p23 + P;;)
(16p) —12p7 pes + Pas)r(n,42)
Since p, = p,;+ P, and 6 is the angular

between p, and p,;.

(1)

The integration limits of @ satisfy the inequality

Pas = \/;751 + P:a ~2p,pycosf < 21’;

as

12

2 2 2
COSGZME}’

(12)
2p,py

If y <—1 were held, one could get p, + p,; <2p,,
which is contradictory with the condition p, >2p,,

so y<—1 is impossible. Thus the integration limits of
0 are given by y<cosé<l. The condition y< 1
needs p,, > p, —2p, . Therefore, the integration over
Py is obtained explicitly by

2ps

1
jp§3dp23 I dcosé

Pa=2Pf y

[P = (13)

For convenience the dimensionless quantities are
introduced as follows

- _P __R . _PB

Xp = X =, Xp =
Py by Py

. P, __P

=2, y=—%  f=cosd
Py by

In spite of the constant factor, and inserting the
factor Idjzé‘(j —X,;~%;5) in eq.(10), then it is
rewritten by

A(n,e,02) = [[[dz,dyds,,
{14
d§455(2b - )_Cl - _}_/)5(? - 5‘23 - 245)
(16 =12x,; + x3,)(16 — 12x,, + x25)7(n, £2)

(14)

Using the second & function in eq.(14), X,
can be replaced by ¥,;, and 3.

Carrying out the integrating over ¢, and x,,, the
angular factor is reduced into the form as

Aln e, ) = [[[d%d55(F, - % - P)Z,()r(n2) (15)

(1.4}
The function Z,(y) in eq.(15), as used for the

{7,8,10]

other composite particles , reads

¢ __46
z, =22
y (16)

(~144+ 224y +156y* + 24" + y*)

Using the ¢ function in eq.(15), the integration is
reduced only over dy, where y can be expressed by
%, and X, as

y =qx; +x} ~2x,x, cos@ <4

or



