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Phenomenological model for non-equilibrium
deuteron emission in nucleon induced reactions

A new approach is proposed for the calculation of non-equi-
librium deuteron energy distributions in nuclear reactions in-
duced by nucleons of intermediate energies. It combines the
model of the nucleon pick-up, the coalescence and the deuteron
knock-out. Emission and absorption rates for excited particles
are described by the preequilibrium hybrid model. The model
of Sato, Iwamoto, Harada is used to describe the nucleon
pick-up and the coalescence of nucleons from the exciton con-
figurations starting from (2p, 1h). The model of deuteron
knock-out is formulated taking into account the Pauli principle
for the nucleon-deuteron interaction inside a nucleus. The con-
tribution of the direct nucleon pick-up is described phenomen-
ologically. The multiple pre-equilibrium emission of particles is
taken into account. The calculated deuteron energy distribu-
tions are compared with experimental data from 12C to 209Bi.

PhTnomenologisches Modell fdr die Nicht-Gleichgewichts-
Energieverteilungen fdr Deuteronen aus Kern-Reaktionen.
Es wird ein neuer Ansatz vorgeschlagen fdr die Berechnung
der Nicht-Gleichgewichts-Energie-Verteilungen fdr Deutero-
nen aus Kern-Reaktionen verursacht durch Nukleonen mit
mittleren Energien. Dieser Ansatz kombiniert das Nukleon
Pick-up Modell, Koaleszenz und Deuteron Knock-out. Die
Emissions- und Absorptionsraten fdr angeregte Teilchen wer-
den mit dem Preequilibrium Hybrid Modell beschrieben. Fdr
die Beschreibung des Nukleon Pick-ups und der Koaleszenz
von Nukleonen aus den Exciton Konfigurationen ab (2p, 1h)
wird das Modell von Sato, Iwamoto, Harada benutzt. Bei der
Formulierung des Modells fdr Deuteron Knock-out wird fdr
die Nukleon-Deuteron Wechselwirkung im Nukleus das Pauli-
Prinzip berdcksichtigt. Der Beitrag des direkten Nukleonen
Pick-ups wird PhTnomenologisch beschrieben. Die mehrfache
Preequilibrium Emission von Teilchen wird berdcksichtigt.
Die berechneten Energie-Verteilungen fdr Deuteronen werden
verglichen mit experimentellen Daten von 12C bis 209Bi.

1 Introduction

Ten years ago a paper [1] was published concerning the pre-
compound deuteron emission in nuclear reactions induced
by nucleons of intermediate energies. The model proposed
has been one of the first applications of the coalescence
pick-up model [2, 3] and the first application of the hybrid
model [4] to the description of the non-equilibrium deuteron
emission in nuclear reactions.

The model [1] was in a peculiar competition with the model
of the complex particle emission [5] formulated basing on the
theory of the pre-equilibrium particle emission. During long
time both models [1, 5] were used for the qualitative descrip-

tion of deuteron spectra in nucleon induced reactions. The
need in reliable nuclear data at primary nucleon energies up
to 150 MeV [6, 7] in a new way raised a question about the ac-
curacy of model calculations. The requirement of quantitative
description of nuclear reaction characteristics has acquired a
special importance. The pre-equilibrium exciton model [5]
has been renewed in Ref. [8] and the success of the improved
model in the calculation of complex particle emission spectra
has been demonstrated in Refs. [9–11].
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Fig 1. The contribution of different nuclear processes in the deuteron
emission in reactions p + 54Fe and p + 197Au induced by 61.5 MeV
protons: the equilibrium emission (EQ), the pick-up of nucleon from
the exciton states starting from (2p, 1h) (F(1,1)), the coalescence of
two excited nucleons (F(2,0)), the direct pick-up (D). Also the sum
of all non-equilibrium components (NONEQ) and the total spectrum
(TOTAL) are shown. The nonequilibrium deuteron spectrum for
p + 197Au reaction almost coincides with the total spectrum (see
Fig. 6). Experimental data (black circles) are taken from Ref. [12].
The deuteron energy is shown in laboratory coordinate system as in
other Figures of the paper
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The present work concerns the further development of the
approach [1] formulated basing on the exciton coalescence
pick-up model [3] and the hybrid model [4].

2 Model description

Both approaches [1, 5] describing the non-equilibrium deuter-
on emission neglect of the final size of the nuclear potential

well. Taking it into account, one obtains that the level density
of the final state corresponding to the direct nucleon pick-up,
x(0p, 1h, U) [1, 5] is different from zero only at the energy
of the residual excitation below the Fermi energy. It immedi-
ately results to a noticeable discrepancy of measured data
and deuteron emission spectra calculated by both approaches
[1, 5]. Formally, the pick-up component with the (0p, 1h) final
state can be referred to the high energy tail of the deuteron
emission spectrum, which usually has a peak in the measured
energy distribution [12, 13]. The DWBA calculation [14] con-
firms this qualitative consideration.

This fact makes it necessary to search for other principles
for the formulation of the pre-equilibrium model of the deu-
teron emission. Return to the coalescence model of Ribanský,
Oblo:inský [15], which is used up to now for the analysis of
complex particle emission [16], cannot be fully justified for
reasons discussed and investigated in details in Refs. [2, 3].
Most likely, it is necessary to search for the solution in a com-
bination of the models describing different nuclear processes
resulting to the deuteron emission, which physical validity
meets no serious objections.

In the present work, it is supposed that the non-equilibrium
deuteron emission in nucleon induced reactions results from: i)
the pick-up of nucleon with the energy below the Fermi energy
(EF ) after the formation of the (2p, 1h) initial exciton state, ii)
the coalescence of two excited nucleons with energies above
EF , iii) the knock-out of the “preformed” deuteron, iv) the di-
rect process resulting in the deuteron formation and escape.
The non-equilibrium deuteron spectrum is calculated as a sum
of different components

dr
d"d
¼ drP%U;C

d"d
þ drK%O

d"d
þ drD

d"d
; ð1Þ

where the first term relates to the pick-up and the coalescence
after the formation of the (2p, 1h) exciton state, the second
component describes the contribution of the deuteron
knock-out and the last term relates to the direct process.

The analytical expressions for each component of the deu-
teron emission spectrum were obtained using basic statements
of the hybrid model [4] (Sect. 2.1–2.4).
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Fig. 2. The ratio of the elastic nucleon-deuteron scattering cross-sec-
tion to the sum of the elastic nucleon-nucleon cross-sections
rxd=ðrxp þ rxnÞ calculated for the nuclear potential well with the Fer-
mi energy equal to 32 MeV (solid line) and for the free scattering
(dashed line). Incident nucleon kinetic energy is outside the nucleus
(x-axis)

Fig. 3. The contribution of deuterons formed on different pre-equi-
librium stages of the nuclear reaction p + 209Bi induced by 90 MeV pro-
tons in the total deuteron emission spectrum: the emission of the first pre-
compound deuteron (“1st d”), the pre-compound deuteron emission
after the pre-equilibrium proton escape (“p,d”), the pre-compound deu-
teron emission following the pre-equilibrium neutron emission (“n,d”).
The sum of all pre-equilibrium components (“1st d” + “p,d” + “n,d”)
(PREEQ) and the total spectrum (TOTAL) are shown. Experimental
data (black circles) are taken from Ref. [13]

Fig. 4. The deuteron emission spectrum for 209Bi(p,d)x reaction induced
by 90 MeV protons calculated using different value of the effective Fermi
energy EF. Experimental data (black circles) are taken from Ref. [13]



The exciton level density is calculated following Bĕt>k and
DobeÐ [17] taking into account the finite depth of the nuclear
potential well

xðp; h;EÞ ¼ gp ~ggh
Xh

k¼ 0
hCkð%1ÞkHðE% kEFÞ ðE% kEF Þn%1

p!h!ðn% 1Þ! ð2Þ

where “p” is the number of particles; “h” is the number of
holes; “n” is equal to the sum of “p” and “h”; E is the energy
of the excitation; EF is the Fermi energy; g and ~gg are the sin-
gle level density for particles and holes, respectively; H(x) is
the Heaviside function, H = 0 for x < 0 and H ¼ 1 for x > 0.

The single level density for particles and holes are cal-
culated according to Ref. [17]
g ¼ A=14; ð3Þ

~gg ¼ A=EF ð4Þ

The surface nucleus effects [18, 19] make an influence on the
effective value of the Fermi energy EF used for the calcula-
tion of precompound particle spectra. It is discussed in
Sect. 2.5.

2.1 Pick-up and coalescence

The exciton coalescence pick-up model proposed in Refs.[2,3]
is used for the calculation of the drP%U;C=ded spectrum com-
ponent [1]

drP%U;C

d"d
¼ rnonðE0Þ

X
n¼n0

X
kþm¼2

Fk;mð"d þQdÞ

3xðp% k;h;UÞ
xðp; h;EÞ

ke
dð"dÞ

ke
dð"dÞ þ kþd ð"dÞ

gdDðnÞ; ð5Þ

where rnon is the cross-section of nonelastic interaction of
the nucleus and the primary particle with the kinetic en-
ergy E0 ; Fk,m is the deuteron formation factor equal to
the probability that the deuteron is composed of “k” parti-
cles above the Fermi level and “m” particles below; the re-
sidual excitation energy U is equal to E % Qd % ed, and E is
the excitation energy of the composite nucleus, Qd is the
separation energy for the deuteron; ed is the channel emis-
sion energy corresponding to the deuteron emission; ke

d is
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Fig. 5. Calculated total deuteron emission
spectrum (solid line) and nonequilibrium deu-
teron emission spectrum (dashed line) for 12C,
27Al, 54Fe and 56Fe irradiated with 61.5–
61.9 MeV protons. Experimental data are from
Ref. [12]
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the deuteron emission rate; kþd is the intranuclear transition
rate for the absorption of the formed deuteron in the nu-
cleus; gd is the density of single states for the deuteron;
D(n) is the factor describing the “depletion” of the n-ex-
citon state due to the particle emission; n0 is the initial ex-
citon number, ðn0 ¼ 3Þ.

The deuteron emission rate is calculated with the following
formula

ke
d ¼
ð2Sd þ 1Þld"dr

inv
d ð"dÞ

p2 4h3 gd
; ð6Þ

where Sd and ld are spin and reduced mass of the outgoing
deuteron; rinv

d is the inverse reaction cross-section for deuteron.
The deuteron absorption rate is equal to

kþd ¼ 2Wopt
d =4h; ð7Þ

where Wopt
d is the imaginary part of the optical potential for

deuteron.
The form factors of the deuteron formation Fk;m were cal-

culated in Ref. [3] for the effective nuclear radius with the

dR parameter value equal to 1 fm. The original values [3]
are approximated and presented as follows

F1; 1ðeÞ ¼
%1:409 & 10%2"þ 0:6 for " 4 30 MeV
1:377 & 10%4 "2 % 1:807 & 10%2 "þ 0:5946 for 30 < " 4 65 MeV;
0 for " > 65 MeV

8<:
ð8Þ

F2;0ðeÞ ¼ 0:6% F1;1ðeÞ ð9Þ

As an illustration, Fig. 1 shows the pick-up and coalescence
contribution in the deuteron emission spectrum for 54Fe and
197Au irradiated with 61.5 MeV protons.

2.2 Knock-out

The deuteron knock-out process has been studied in Ref. [20]
relating to (n, d) reaction cross-section. The present work
concerns the possible contribution of the knock-out in deuter-
on emission spectra. By the analogy with the (-particle emis-
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Fig. 6. Calculated total deuteron emission spec-
trum (solid line) and nonequilibrium deuteron
emission spectrum (dashed line) for 89Y, 120Sn,
197Au and 209Bi reactions induced by 61.5 MeV
protons. Experimental data are from Ref. [12]



sion [21, 22] the knock-out component of the precompound
deuteron emission spectrum is written as follows

drK%O

d"d
¼ rnonðE0Þ

X
n¼n0

UdðE0Þ g
gdp

3xðp% 1; h;UÞ
xðp; h;EÞ

ke
dð"dÞ

ke
dð"dÞ þ kþd ð"dÞ

gdDðnÞ; ð10Þ

where the factor g=ðgdpÞ justifies the substitution of the
level density x

%
p; ~pp; m;~mm; d; ~dd;E

&
for the three-component sys-

tem (neutron, proton, deuteron) [23, 21] by the one-compo-
nent state density xðp; h;EÞ in Eq. (10). The factor Ud de-
scribes the initial number of excited deuteron clusters in the
nucleus

Ud ¼ 2FdðE0Þ; ð11Þ

where Fd is the probability of interaction of the incident par-
ticle with the “preformed” deuteron resulting in its excitation
in the nucleus; factor of two reflects the normalization on the
number of particles in the initial exciton state n0.
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Fig. 7. Calculated total deuteron emission spectrum (solid line) and
nonequilibrium deuteron emission spectrum (dashed line) for the
208Pb(p,d)x reaction induced by 62.9 MeV protons. Experimental data
are taken from Ref. [27]

Fig. 8. Calculated total deuteron emission
spectrum (solid line) and nonequilibrium deu-
teron emission spectrum (dashed line) for
27Al, 58Ni, 90Zr and 209Bi irradiated with
90 MeV protons. Experimental data are taken
from Ref. [13]



KT_kt_2005_5-6_100423 – 28.9.05/druckhaus

The general expression for Fd is

Fd ¼ ’rxdðE0Þ
Z0
A0 rxpðE0Þ þ ðA%ZÞ

A rxnðE0Þ þ ’rxdðE0Þ
; ð12Þ

where “x” refers to the initial proton or neutron; rxd, rxp and
rxn are the cross-sections of the elastic interaction of projec-
tile with deuteron, proton and neutron, respectively corrected
for a Pauli principle; ’ is the number of “preformed” deuter-
ons in the nucleus; Z' and A' are number of protons and
nucleons in the nucleus corrected for a number of deuterons
clustered.

Assuming that the number of preformed deuterons ’ has a
rather small value and Z' 9 A'/2 one can obtain, approxi-
mately

Fd ffi 2’rxd

rxp þ rxn
: ð13Þ

For the evaluation of the cross-section ratio in Eq. (13) the
cross-section of the free elastic nucleon-deuteron scattering
was taken from ENDF/B-VI at the energy up to 150 MeV
and evaluated above 150 MeV using the data from EXFOR.
The free nucleon-nucleon interaction cross-sections were ob-
tained from Ref. [24]. The rxd, rxp and rxn cross-sections were
calculated taking into account the limitation superimposed by
the Pauli principle on the number of intranuclear interactions.
It was assumed, that the angular distribution of interacting
particles is approximately isotropic in the center-of-mass sys-
tem. The Fermi energy for deuterons was taken equal to 2EF .

Fig. 2 shows the ratio of the cross-sections rxd=ðrxpþ rxnÞ
at the different kinetic energy of the incident nucleon calcu-
lated for the nuclear potential well with the Fermi energy
equal to 32 MeV. The ratio for the free nucleon-deuteron
and free nucleon-nucleon scattering cross-sections is also
shown.

The obtained value of rxd/(rxp + rxn) for the nuclear poten-
tial well (Fig. 2) was approximated as follows

rxd

rxp þ rxn
¼ 0:512 exp ð%9:81 & 10%3EpÞ; ð14Þ

where Ep is the kinetic energy of projectile outside of the nu-
cleus in MeV units.

Eq. (10–11) and (13–14) were used in the present work for
the calculation of the knock-out component of deuteron pre-
compound spectra.

Fig. 1 shows the calculated contribution of the deuteron
knock-out in the deuteron emission spectrum for 54Fe and
197Au irradiated with 61.5 MeV protons. Parameters used for
the calculation are discussed in Sect. 2.5.

2.3 Multiple pre-equilibrium emission

The multiple particle emission gives a noticeable contribution
in precompound emission spectra of composite particles
forming in nuclear reactions induced by nucleons with ener-
gies above 50 MeV [21, 22].

The multiple pre-equilibrium effect is taken into account
for the deuteron emission as described below. The pick-up
and coalescence contributions for the spectrum of deuterons
escaping after the pre-equilibrium emission of nucleons are
calculated by the following expression

drF%U;C
2

d"d
¼ pk2

X1
1¼ 0
ð21þ 1ÞT1

X2

x¼p;m

ZEmax
x

Emin
x

3
X

n¼ n0

nXx
xðp% 1; h;E%Qx % "xÞ

xðp; h;EÞ

3 ke
xð"xÞ

ke
xð"xÞ þ kþx ð"xÞ

gDðnÞ

3
X

n0¼pþh%1

X
kþm¼2

Fk;mð"d þQd
0Þ

3xðp
0 % k; h0;E%Qx % "x %Q0d % "dÞ

xðp0; h0;E%Qx % "xÞ

3 ke
dð"dÞ

ke
dð"dÞ þ kþd ð"dÞ

gdD2ðn0Þd"x ð15Þ

where k is the reduced de Broglie wavelength of the incident
particle; T1 is the transmission coefficient for 1th partial wave;
nXx is the number of nucleons of x-type in the n-exciton state;
“x” refers to proton and neutron emitted; Qx is the separation
energy for nucleon in the composite nucleus; "x is the channel
energy for x-particle; Q0d is the separation energy for deuteron
in the nucleus formed after the emission of nucleon of x-type;
Emin

x and Emax
x define the energy range, where the emission of

the x-particle occurs; D2 is the depletion factor concerning
the escape of particles from n'-exciton state.

The analogous formula is written for the deuteron knock-out
following the fast nucleon emission. The successive emission of
three and more pre-equilibrium particles is not considered here.
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Fig. 9. Calculated total deuteron emission spectrum (solid line) and
nonequilibrium deuteron emission spectrum (dashed line) for 56Fe and
208Pb irradiated with 96 MeV neutrons. Experimental data are taken
from Ref. [16]



Fig. 3 shows the contribution of the multiple pre-equilib-
rium emission in calculated energy distribution of deuterons
emitted.

2.4 Direct pick-up process

The process corresponds to the pick-up of nucleon without
formation of the (2p, 1h) exciton configuration. The final state
is (0p, 1h). The rigorous description of this process can be
done only outside the pre-equilibrium theory. However, the
mathematical expressions obtained formally with the help of
the precompound exciton model [1, 5] are used for the phe-
nomenological and qualitative description of the direct nu-
cleon pick-up.

According to Ref. [1] the direct component of the deuteron
spectrum is

drD

d"d
¼ rnon

x >ðUÞ
xð1p; 0h;EÞ

ke
dð"dÞ

ke
dð"dÞ þ kþd ð"dÞ

gd; ð16Þ

where the final level density x >ðUÞ is approximated in Ref. [1]
by xð0p; 1h;UÞ & c=gd with the c value equal to 2 & 10%3 MeV%1

for all nuclei and excitation energies.
The formal consideration of the finite depth of the nuclear

potential well shows that Eq. (16) can contribute only in the
most high energy part of the deuteron emission spectrum, as
it has been mentioned above. In this case the calculated part
of the spectrum is a rectangular step with the width equal to
EF . To improve the agreement of calculations and the mea-
sured deuteron spectra it is useful to write the direct compo-
nent of the spectrum in the following form

drD

d"d
¼ rnon (1 exp %ðE% (2EFÞ2

2ð(3EF Þ2
 !

ke
dð"dÞ

ke
dð"dÞ þ kþd ð"dÞ

gd; ð17Þ

where (1, (2 and (3 are parameters, EF is the effective value
of the Fermi energy.

The values of (i can be obtained from the analysis of ex-
perimental deuteron spectra (Sect. 2.5). The global parame-
terization of (i parameters is hardly possible.
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Fig. 10. Calculated total deuteron emission
spectrum (solid line) and nonequilibrium deu-
teron emission spectrum (dashed line) for
p + 54Fe, p + 197Au and p + 209Bi reactions in-
duced by protons with the energy from 28.8 to
38.8 MeV. Experimental data are taken from
Ref. [12]
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Fig. 1 shows the drD=ded component of the calculated deu-
teron spectrum for 54Fe(p,d)x and 197Au(p,d)x reactions in-
duced by 61.5 MeV protons.

2.5 Parameters of the model

Model parameters were obtained from the comparison of
calculations with the experimental data [12, 13, 16, 25–30].
The deuteron spectra were calculated using Eq. (1)–(11),
(13)–(15), (17).

The change in values of different parameters results to the
different energetic dependence of calculated deuteron spec-
trum. In most cases such change cannot be represented by sim-
ple redefinition of other model parameters.

The global normalization of the sum for the F1;1 pick-up
and the F2;0 coalescence components adopted in Ref. [1] was
kept unchanged

X
kþm¼2

Fk;m ¼ 0:3 ð18Þ

The single particle state density for deuteron gd was taken
equal to g=2.

The ’ parameter of the knock-out model obtained from the
comparison of the experimental data and calculations for dif-
ferent nuclei is equal to 0.18 C 0.03.

The effective value of the Fermi energy EF was found equal
to 5 MeV. This rather small value reflects the influence of sur-
face nuclear effects on the deuteron emission. The similar re-
duction of the effective Fermi energy was obtained from the
analysis of nucleon pre-equilibrium spectra in Refs. [18, 19].
Fig. 4 shows the influence of the effective EF value on the cal-
culated deuteron energy distribution.

The imaginary part of the optical potential Wopt
d was para-

meterized as follows Wopt
d ¼ W0 at ed < e1 and Wopt

d ¼W0 &
exp ðb & ðed % e1)) at ed 5 e1; W0 ¼ c1 & ðE1 % EpÞ þW1 at
Ep 4 E1; W0 ¼ c2 & ðEp % E1Þ þW1 at Ep > E1 and W0 ¼ c &
ðE2 % E1Þ þW1 at Ep > E2, where e1 ¼ 20 MeV; b ¼ %0:1027 &
exp ð%11:45 & ðA% 2 ZÞ=AÞ; E1 ¼ 62 MeV; E2 ¼ 90 MeV;
c1 ¼ %1:37 & 10%3A% 0:213; c2 ¼ %0:45; W1 ¼ 32 MeV: This
rather complex energy and A- dependence of Wopt

d results from
the fitting of calculations to experimental deuteron spectra.
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Fig. 11. Calculated total deuteron emission
spectrum (solid line) and nonequilibrium deu-
teron emission spectrum (dashed line) for a
number of neutron induced reactions at the in-
cident neutron energy 14.8 and 15 MeV Experi-
mental data are taken from Refs. [28–30]



Partly, it accumulates an uncertainty of different measurements
and reflects general approximate character of the model dis-
cussed.

The parameters of Eq. (17) have been obtained from the
analysis of the experimental data. For the most nuclei the
value of (1 is equal to 1:5 & 10%3. The (2 parameter value is
equal to 0:77 C 0:54 and (3 is equal to 0:52 C 0:18. It is sup-
posed that EF is equal to 5 MeV in Eq. (17).

The inverse reaction cross-sections have been calculated as
described in Refs. [31, 32]. The optical potential of Koning
and Delaroche [33] has been used for the calculation of the
cross-section of nonelastic interactions, rnon for primary neu-
trons and protons.

The numerical calculations were performed with the help
of the modified version of the ALICE/ASH code [34, 35].

The model parameters used for the computation of nucleon
precompound spectra make an influence on the calculated
energy distribution of deuterons. The nucleon spectra were
calculated using the geometry dependent hybrid model [4].
The results of calculations were compared with the experi-
mental data [12, 13, 16, 27, 28, 36, 37] for several nuclei from
27Al to 209Bi. The comparison shows that in most cases the
measured nucleon spectra are described by model calcula-
tions with the multiplication factor for the free nucleon path
in the nucleus [4, 31, 34, 35] equal to one. For the incident nu-
cleon energy above 90 MeV the factor of two has been
adopted.

3 Comparison of calculations with experimental data

The calculation of deuteron energy distributions has been
carried out using Eq. (1)–(11), (13)–(15), (17) with the help
of the ALICE/ASH code.

Figs. 5–7 shows the deuteron emission spectra calculated
for nuclei from 12C to 209Bi irradiated with 61.5–62.9 MeV
protons. The deuteron energy distributions calculated for re-
actions induced by 90 MeV protons and 96 MeV neutrons
are shown in Figs. 8–9. The experimental data presented in
Figs. 5–8 are taken from Refs. [12, 13, 16, 27]. There is an
agreement between calculated and measured spectra.

Examples of deuteron emission spectra calculated for nu-
clear reactions induced by nucleons of lower energies are
shown in Figs. 10–11. The reasonable agreement is observed
for calculations and experimental data [12, 28–30].

Recently a large number of measurements [37–41] has been
made for charge particle emission spectra in neutron induced
reactions. A special comment is required concerning deuteron
distributions obtained in Refs. [37–41]. The comparison of
model calculations with the experimental data shows a large
discrepancy at the high energy tail of measured deuteron
spectra [9]. Partly experimental points are in kinematically
forbidden energy region. The authors [9] mentioned that it
results from the measurement technique concerning i) the
energy resolution of the incident neutron spectrum, ii) the flat
neutron energy distribution at lower incident neutron energy
used in measurements.

The comparison of present calculations with the experi-
mental data [9, 41] also shows a noticeable difference. It is
more obvious at lower projectile energy, where the experi-
mental points are above the kinematic limit of the reaction.
Fig. 12 shows the calculated deuteron spectrum for n+natFe
reaction at the projectile energy 28.5 and 53.5 MeV. The
small step in the high energy part of calculated spectra is
due to the 54Fe(n,d) reaction contribution. The isotope 54Fe
has the highest value of the (n,d) reaction energy
ðQn;d ¼ %6:63 MeVÞ comparing with other stable iron iso-
topes ðQn;d: 56Fe: %7:96; 57Fe: %8:335; 58Fe: %9:73 MeVÞ.
The maximal energy of deuterons corresponding to 54Fe(n,d)
and

56

Fe(n,d) reactions are shown by touches on the energy
axis (Fig. 12). Fig. 12 shows that the measured deuteron
spectra are partly above the kinematic limit of the (n,d) re-
action. At the lower incident neutron energy (28.5 MeV)
the discrepancy between the calculated high energy part of
the spectrum and the measured data is more evident. The
lacks of measurements mentioned above make a rather
questionable to test theoretical models of deuteron emission
using the data discussed at least at lower incident neutron
energies.

4 Conclusion

A phenomenological model is proposed for the non-equi-
librium deuteron emission in nuclear reactions induced by
nucleons of intermediate energies. The model combines the
model of the nucleon pick-up, the coalescence and the deuter-
on knock-out.

The model of Sato, Iwamoto, Harada [2, 3] is used to de-
scribe the nucleon pick-up and the nucleon coalescence from
exciton states starting from the (2p, 1h) configuration. The
probability of the nucleon interaction with “preformed” deu-
terons in the knock-out model is calculated taking into ac-
count the Pauli principle. The contribution of the direct pick-
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Fig. 12. Calculated deuteron emission spectra for Fe(n,d)x reaction
induced by 28.5 and 53.5 MeV neutrons (solid line). The maximal energy
of deuterons for 54Fe(n,d) and 56Fe(n,d) reactions is shown by touches on
the x-axis. Experimental data are taken from Ref. [9, 41]
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up is described phenomenologically. The multiple pre-equi-
librium emission of deuterons (the precompound deuteron es-
cape after the fast nucleon emission) is considered. The emis-
sion and absorption rates of excited particles are calculated
by the hybrid model [4]. The exciton level density is cal-
culated taking into account the finite depth of the nuclear
potential depth.

The calculated deuteron energy distributions are in reason-
able agreement with measured data.

(Received on 8 August 2005)
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