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Fast neutron forward distributions from C, Be, and U thick targets bombarded by deuterons
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Measured angular and energetic distributions of neutrons obtained by bombarding Be, C, and U thick
targets with2H at 17, 20, and 28 MeV incident energies are reported. The data were obtained using the
time-of-flight method. The energetic distributions of neutrons were determined at 0±, 5±, 10±, and 20±.
The data are compared with a modelization based on stripping formalism extended for thick targets.
[S1098-4402(99)00029-4]
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I. INTRODUCTION

In principle, to produce neutron rich radioactive bea
with sufficient intensities, a source of isotopes far from
valley of b stability can be obtained through the fissi
of 238U induced by fast neutrons [1,2]. A very promisin
way to assess the feasibility of these very intense neu
beams is to break an intense2H beam in a dedicated con
verter. The main objective of the SPIRAL and PARR
(Production d’Atomes Radioactifs Riches en Neutro
R&D projects is the investigation of the optimum param
ters for a neutron rich isotope source in accordance with
scheme presented above. In such conditions, the ch
particle energy loss can prevent the destruction of the
sion target. In the frame of these projects, special at
tion is dedicated to the energetic and angular distribut
of the neutrons emerging from a set of converters at a
ries of 2H incident energies. Deuteron beams at ener
less than 30 MeV are particularly interesting because
expected that, after the disintegration in the238U target, the
neutron rich radioactive fission products are cold enou
thus avoiding the evaporation of a too large number of n
trons [3]. Unfortunately, at smaller incident energies,
angular distribution becomes broader and, if the conve
is far from the neutron rich isotope238U source, only a rela
tively small number of neutrons can be collected to ind
fission reactions. For such purposes, one needs ex
mental angular distributions at given energies for diff
ent types of converters and to elaborate a theoretical
in order to estimate accurately the characteristics of
secondary neutron beam. In this paper, the experime
results were obtained with 17, 20, and 28 MeV deute
energies on Be, C, and U converters using the time
flight (TOF) method. These data are compared to res
given by a model valid at higher energy in order to obt
pertinent simulations in a large range of incident energ
[4]. Many theoretical tools were developed to characte
the properties of the neutron beams emerging from th
targets. In many of these treatments the target is div
into circular slices with uniform or energy dependent thi
1098-4402y99y2(3)y033501(14)$15.00
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nesses [5,6]. The Serber formalism is used to compute
angular and energetic distribution in each of these sl
[4]. The final distribution is obtained by superposing t
partial yields with some weights. Other contributions co
sider that a polynomial fit [7] can give sufficient inform
tion about the neutronic distributions for a specific set
In this contribution, the Serber model, considered with
improvements which account for the Coulomb deflect
and the mean straggling of the beam in the material, is c
pared to experimental data in order to verify the validity
this alternative theoretical method for the characteriza
of the emerging neutron flux. This formalism hereaf
can only be applied to fast neutron yields.

II. EXPERIMENTAL SETUP

The measurements of the angular and energetic
tributions of different targets were performed with t
classic TOF technique [8]. The DEMON-type detecto
(filled with NE213 organic scintillator liquid) are de
scribed elsewhere [9]. The scintillator cells have a cy
dric shape with a 16 cm diameter and a 20 cm leng
The threshold of each detector was determined wit
Co source. The values are presented in Table I in
lation to the angle of detection (0± means beam direc
tion) and in connection with the light output signal
electron-equivalent energy. The DEMON detector e
ciency is known for a threshold of 1.9 MeV [9], and th
neutron energy dependence of the efficiency on the thr
old also exists. The experimental data are reported, a

TABLE I. Experimentally determined thresholds for the d
tectors disposed at the four different angles.

Angle Threshold Neutron threshol
s±d (keeV) (MeV)

0 430 1.5
5 513 1.9

10 750 2.5
20 430 1.5
© 1999 The American Physical Society 033501-1
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other publications, above 4 MeV because the system
errors obtained at lower neutron energies are too la
The flight distance between the target and our detec
was fixed at 4 m. The neutron flux was corrected
attenuation in air. The energetic resolution for 30 M
nucleons was 10%. The pulsed2H beam at a frequenc
of 1.25 MHz was delivered by the Tandem accelerato
IPN Orsay (width at half maximum of the pulse 1–2
associated with a hf signal). The intensity was betw
30 and 150 pA.

The targets were chosen in such a way that thickne
correspond exactly to the range of deuterons up to tw
the range of deuterons for an2H incident energy of
30 MeV: the thicknesses were 3, 5, and 1 mm for
C, and U, respectively. On the beam line, a14.2 mgycm2

kapton window (composition: 72% C, 2.7% H, 7.6%
and 17.5% O) causes a projectile energy loss of 0.
0.601, and 0.455 MeV for the incident energies of
20, and 28 MeV, respectively. The Serber mechan
predicts similar proton and neutron yields with a m
probable energy approaching half of the initial energy
the beam. The protons were attenuated in the target
in the air. With the detectors being placed at a distanc
4 m from the target, only protons with more than 20 M
can reach them (the maximum most probable energ
the protons in this work being 14 MeV). Moreover, t
window of the detectors can also stop charged partic
so that their detection is unlikely. The targets were a
surrounded with a plasticized Al envelope (for protect
purposes) of 0.1 mm thickness. The experimental s
is presented in Fig. 1.

The kapton window and the plasticized Al foil crea
some neutrons which overlap the yields emerging fr
our targets. This effect corrupted our experimental d
only to a small extent, the kapton and Al pieces be
very thin. A correction of the experimental data
eliminating the events emerging from these thin foils
not possible for our targets. So, it can be conside
that the experimental distributions are obtained from
incident energies of deuterons 28, 20, and 17 MeV.

The errors on the experimental data are roughly615%
and will not be plotted on the figures to avoid confusio

FIG. 1. Experimental setup.D represents the deuteron bea
n the emerging neutrons, andK is the kapton window. The
target is surrounded by the plasticized Al foil and the detec
are disposed at 4 m from the target.
033501-2
tic
e.
rs
r

at

n

es
e

,

,
8,
,
m
t
f
nd
of

of

s,
o
n
up

ta
g

s
d
e

,

rs

III. FORMALISM

At first instance, the formulas are derived for Be targe
The main extension of the Serber formalism is given
effecting averages over the thickness of the target
over selected angles. In the case of thick targets,
thickness will always be considered as equal to the ra
of the 2H as a function of its incident energy in the give
material. The generalization is described in Sec. IV. T
angular distributionPssud is determined rigorously in
Ref. [4] using the hypothesis of a transparent nucle
The choice of this hypothesis was decided by the fact
the experimental angular distributions for Be and U [4,1
(at an incident energy of the deuterons of 190 MeV)
better reproduced by the transparent nucleus than by
opaque one. The angular distribution is thus

Pssjd ­ G

√
u3y2P1y2sud

2ps1 1 j2 1 j2
c d3y2

!
, (1)

which is equivalent to

Pssud ­ Ps

√
j ­

u

u0

!
u2

0 , (2)

where u is the angle of detection in the laborato
frame. Here G is an operator which has the effe
of spreading the angular distribution by an additio
Gaussian distribution,

G ­ exp

(
j2

s t

4T
D

)
, (3)

due to the multiple scattering of the primary beam
the target material, the so-called angular straggling. In
third-order approximation, this operator averaged over
thickness can be written as

G ­ 1 1
j2

s D

8
1

j4
s D2

96
1

j6
s D3

864
, (4)

D having au dependence in polar coordinates,

D ­
1
j

≠

≠j
j

≠

≠j
. (5)

In the above formulas we used normalized anglesj ­
uyu0, js ­ usyu0, and jc ­ ucyu0. u0 represents the
mean angle of deflection solely due to the break
reaction of the deuteron,

u0 ­ arctan

"√
ed

Ed

!1y2
1

1 2
Ed

Mc2

#
, (6)

with ed being the binding energy of the deuteron,Ed

denoting its incident energy, andM the nucleon mass.uc

is the angle of deflection of the deuteron in the Coulo
field of the target nucleus,

uc ­
1
2

arctan

√
Ec

Ed

!
, (7)
033501-2
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whereEb is the Coulomb barrier height,

Ec ­
Zte2

r0sA1y3
d 1 A

1y3
t d

, (8)

with the reduced radiusr0 ­ 1.2 fm, At , Zt the mass and
atomic number of the target, andAd the mass number o
the deuteron. Finally,us takes into account the spread
the distribution due to the multiple scattering within t
target and it is a function of the target thickness.P1y2sud
is the Legendre function

P1y2sud ­ 1 1
X̀
n­1

s21dn21an

√
u 2 1

2

!n

,

an11 ­
s2n 2 1d s2n 1 3d

4sn 1 1d2 an ,
(9)

with the argument

u ­
1 1 j2 1 j2

c

fs1 1 j2 1 j2
c d2 2 4j2j2

c g1y2 . (10)

Values ofus are also given in Ref. [10] where the Serb
theory was applied for the first time.

Finally, an average over the rangeT of the incident
particles in the target weighted by the cross section of
stripping reactionssEdd will give the distribution

Psud ­ kn

RT
0 ssEdftgdPssud dtRT

0 ssEdftgd dt
, (11)

where kn is a normalization constant which ensures
condition

R
p

0 Psud du ­ 1, and this formula takes int
account the dependence of the cross sectionssEdftgd
versus the energy of the deuteron at the deptht. A
relation for the cross section will be proposed below.

The parametrization of the angular distribution given
Eq. (1) was chosen because the attempts realized wit
second-order approximation inj of this equation as indi
cated in Ref. [4] failed. The second-order approximat
in j works well only for very small values ofu0, uc, and
us, that means for thin targets at high incident energ
The relations used in the computing code are presente
the appendix.

The angular distributions in the frame of this extend
Serber model are compared to experimental data for2H at
16 MeV deuteron incident energy on Be obtained fr
Ref. [11] and are shown in Fig. 2. The experimen
values show that the angular distribution presents a
tail at large angles. This behavior cannot be explaine
the frame of the theory if the stripped neutrons alone
taken into account. Serber affirmed that another pro
(neglected in many publications) can compete to prod
neutrons: the direct collision between one of the partic
of the deuteron and one nuclear particle of the tar
Moreover, he supposed that the number of neutr
produced by each of these two processes are of the
order of magnitude. He expected that almost 10% of
neutrons obtained at 0± at an incident energy of 180 Me
033501-3
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FIG. 2. Comparison between experimental data (fr
Ref. 11) obtained for a thick Be target at 16 MeV incide
energy (filled circles) and the angular distributions theoretica
obtained within the Serber model with and without taking in
consideration the straggling: the two curves withus ­ 0.01
and 0.09 rad. The experimental spectrum is reproduced by
curve with us ­ 0.01 rad only up tou ­ 15. It is clear that,
even for larger values ofus, the experimental spectra cann
be explained by taking into consideration only the stripp
neutrons.

are due to this second process. In fact, as evidence
Ref. [12], three processes are responsible for the neu
production: stripping of the deuteron, direct interacti
producing a neutron recoil, and evaporation. From
comparison, as displayed in Fig. 2, it becomes obvio
that at least the second distribution of neutrons must
taken into consideration to reproduce the data and,
simplicity, we chose that given by direct interactions, f
which the angular distribution is spread with an angle

u0
0 ­ arctan

√
EF

Ed

!
(12)

instead ofu0 previously defined, whereEF is the Fermi
energy and is approximately 20 MeV. The mathemati
formalism remains unchanged. The influence of this n
distribution will be analyzed in the following section.

The straggling angle for thin targets can be obtained
the framework of Moliere’s theory [13],

u2
s ­ 0.157

ZtsZt 1 1dz2
d

At

T

E2
d

B , (13)

whereB is a coefficient which takes values between
and 16,T is the thickness of the target in mgycm2, Ed is
taken in MeV,Zt and At address the target nucleus, a
zd ­ 1 is the deuteron charge. For an incident particle
charge 1, values ofB are tabulated [14] for differentZt

and T up to 1 mgycm2, this last value of the thicknes
also reflecting the limit of reliability of the Moliere’s
033501-3
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formula. In the case of our targets, the thickness
be considered as equal to the range of the deuteron
the incident energy considered. The neutron cross sec
decreases dramatically for small values of the deute
energy. That means that the production of neutr
after the passage of1 mgycm2 of matter is very small
compared to that obtained in the range0 1 mgycm2. So
the straggling associated with the nucleons produced
a 1 mgycm2 passage in matter can be neglected. T
mean value of the straggling associated to the neut
is obtained by averaging the values obtained at th
different thicknesses:0 mgycm2 (us is obviously zero in
this case), half-range of2He in the target, and1 mgycm2,
weighted with their respective cross sections. For
(Zt ­ 4 and At ­ 9), we obtained approximatelyus ­
0.04, 0.05, and 0.06 rad for the values of the straggl
angle forEd ­ 50, 33, and 16 MeV, respectively. Thes
values will represent the starting point in our attempt to
the experimental angular distribution for Be targets.

Energetic distributions can be approximately determi
in the frame of the model. Let us suppose that the deute
is slowed down in the Coulomb field of the target nucle
and that the Rutherford formula is valid. In this ca
the breakup distance of the deuteronrbreak between the
centers of the2H nucleus and the target nucleus can
estimated as follows:

rbreak ­
2Ze2

E0
d

√
1

sins u

4 d
1 1

!
, (14)
e
e
d

v
e
l

e
o
ti

io
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where we replacedu4 instead ofu

2 , considering that once
the breakup of the2H is produced, the neutron is no long
deviated. Because the2H mass is small in compariso
with that of the target nucleus, it can be considered that
angle in the laboratory frame is approximately equal to t
in the center-of-mass system. If the breakup is produ
at the distancerbreak between the two nuclei, the mo
probable energy of the emerging nucleon will be

Ensud ­
Ed 2

Ze2

rbreaksud

2
. (15)

The most probable energy is denotedEn in this section,
while E is the energy of the neutron given by the theoreti
distribution. In the next section and in the followin
figures,En will address the energy of the nucleon in t
laboratory frame. Also, it can be considered that
stripping of the proton is produced into a small ran
fRd 1 Rt , Rt 2 Rdg (where Rd ­ 1.2A

1y3
d fm and Rt ­

1.2A
1y3
t fm, approximately the radii of the deuteron and

the target nuclei, respectively) of the distances between
centers of the fragments. From Eq. (14), this interval
be associated to an angular onefu1, u2g, and the energy
distribution will be shifted to smaller values. As pointe
out in Ref. [5], the deuteron energy also decreases b
amount equal to the binding energyed . So, at an angleu,
the Serber distribution for the first process in the funct
of the energyE of the neutron (stripped neutron only fo
the incident energy of the deuteronEd) appears as
D1sE, Ed , ud ­ K1
1

u2 2 u1

Z u1

u2

sedEdd1y2

phfE 2 sEnsuid 1
1
2 eddg2 1 edEdj

dui , (16)
the
rrier
that

-
be

ribu-
sec-

the
where K1 is the normalization constant andui is the
angle of integration included in the intervalfu2, u1g.
The condition D1sE . 2Edd ­ 0 is imposed becaus
neutrons with energy much greater than the incid
energy of the deuteron are not expected; in ad
tion, D1sEn , 0d ­ 0. Up to now, only the reaction
9Besd, nd10B sQ ­ 4.4 MeVd, which produces the
stripped neutrons, was treated. As mentioned abo
another kind of process can yield neutrons: the dir
nucleon-nucleon collisions. In this case, the fo
lowing reaction channels can coexist:9Besd, 2nd9B
(Q ­ 24.1 MeV), 9Besd, pnd9Be (Q ­ 22.2 MeV),
9Besd, p2nd24He (Q ­ 23.8 MeV) [15]. In all these
channels, theQ value is negative and, therefore, th
process is exoenergetic. The neutron can range an am
of energy due to the nuclear process itself. This quan
was appreciated to bēQ ­ 1 MeV. However, the results
of the simulations have a very poor dependence onQ̄ if
this value varies between 1 and 3 MeV. The distribut
for the second process becomes

D2sE, Ed , ud ­ K2
sEFEdd1y2

phfE 2 sEmax
n 2

1
2 Q̄dg2 1 EFdEdj

,

(17)
nt
i-

e,
ct
-

unt
ty

n

whereK2 is the normalization constant, and this time
reaction takes place after surpassing the Coulomb ba
(the proton must reach the surface of the nucleus) so
the energy of the neutrons becomes

Emax
n ­

Ed 2
Ze2

Rt

2
. (18)

It is considered, too, thatD2sE . Ed 1 EFd ­ 0. Fur-
thermore, the parameterus approximately determined pre
viously characterizes the angular straggling which can
associated to an angular spread in the energetic dist
tion. Moreover, the energy and, therefore, the cross
tion of the 2H vary within the target at a given deptht.
It follows that, on average, the neutrons are emitted in
following distribution:

DsE, ud ­ Nsud
Z T

0
ssEdftg dtd

3
Z p

0
fD2sE, Ed , u2d 1 rsu2dD1sE, Ed, u2dg

3 exp

√
2

su2 2 ud2

2u2
s

!
du2 , (19)
033501-4
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wherersu2d depends on the emission angle of the neutr
HeressEdftgd is the cross section which depends on t
energy and, therefore, on the depth in the targett, T is
the range in the target corresponding to the incident be
energy, andrsu2d is the ratio at angleu2 between the neu
trons obtained in the stripping process over those obta
in nucleon-nucleon direct interactions. The normalizat
constant is obtained as follows:

Nsud ­

REmax

Emin DsE, ud dE

Psud
, (20)

Emin is 4 MeV (it depends on the experimental threshol
while Emax is the incident energy of the primary beam. A
the integrations are performed numerically by means o
Gauss-Legendre quadrature in 32 points.

An experimental systematic of yields at 0± exists for
thick Be targets bombarded by2H at diverse incident
energies. From different parametrizations, a good cho
is to estimate the yield in the beam direction up
15 MeV with the formula [16]

Y su ­ 0±dyQ ­ 10.1 3 1012sEdyMeV d2.95 sr21 C21 ,

(21)

and above 15 MeV (up to 50 MeV) with the relation [15

Ysu ­ 0±dyQ ­ 3.4 3 1013sEdyMeV d2.5 sr21 C21 ,

(22)

where YyQ represents the number of neutrons ov
the incident charge unitsCd. These relations allow the
determination of the neutron flux at 0±. This value of
the yield furthermore determines the angular distribut
quantitatively by means of Eq. (1). Finally, from (19
the energetic distributions could be found for each an
if the ratio between the number of neutrons obtained
stripping and direct nucleon-nucleon reactions is giv
Predictions for C and U targets will be obtained
interpolations using the atomic and mass numbers. A
the experimental systematic of yields forsd, nd reactions
in different materials from Ref. [17] can be invoke
to predict productions for other kinds of targets
renormalization.

One choice for the dependence of the cross section
a Be target is given by the formula [6]

ssEdd ­ 0.18 lnsEdd 1 0.007Ed (23)

and is expressed in bysr while Ed is in MeV. This
relation is determined from experimental data obtain
up toEd ­ 15 MeV and was extrapolated in calculation
made in Ref. [6] up to 40 MeV. From our simulation
made at 50 MeV deuteron energies, we are able to as
that this relation underestimates the cross sections
deuteron energies greater than 20 MeV.

The next semiempirical formula is proposed to simul
better the behavior of the dependence of the cross sec
033501-5
n.
e

m

ed
n

),

a

ce

r

n

le
y
.

o,

or

d

ess
or

e
ion

versusEd in a larger range of energies

ssEdd ­ 2. 3 1024E1.5
d

É
dEd

dt

É
, (24)

wheredE
dt is the stopping power in MeV gycm2. This for-

mula is based on Eq. (22) and is valuable for energ
greater than 15 MeV. The cross section must be furth
more corrected by the factor1 2 EcyEd , which takes into
account the deviation of the trajectory in the Coulom
field. An extrapolation of the formula (24) will be use
to determine the yields at 0± for other kinds of targets.

IV. RESULTS AND DISCUSSION

Figure 3 was obtained by summing the two contrib
tions of the stripping reactions and that given by dire
nuclear encounters. We have fitted the values ofR (the
ratio between the total number of neutrons obtained
stripping and the total number of neutrons obtained
direct nuclear encounters),us being determined theoreti
cally, to reproduce as much as possible the experime
data. The quantityR must not be confused withrsud,
which is the ratio emerging from the two processes at
angleu. It is evident that the next relation exists betwe
these two quantities

rsud ­ R
Pstrippingsud

Pdirectsud
arctans 1

2 f Ed

EF
g1y2d

arctans 1
2 f Ed

ed
g1y2d

√
EF

ed

!1y2

, (25)

FIG. 3. Comparison between experimental data obtained
Be targets at 50 MeV incident energy (filled circles), 33 Me
incident energy (filled squares), and 16 MeV incident ene
(filled triangles) (from Ref. [11]) and results obtained by taki
into account the stripping reaction and the direct collisio
Curve (a) is obtained for an incident energy of 50 MeV,us ­
0.04 rad, and a ratioR ­ 3.7 between the neutrons considere
to originate from the stripping reaction and by direct nucle
encounter. Curve (b) is obtained for an incident energy o
33 MeV, us ­ 0.05 rad, andR ­ 4. Curve (c) is obtained for
an incident energy of 16 MeV,us ­ 0.06 rad, andR ­ 5.
033501-5
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the superscripts, stripping and direct, denoting the st
ping process and the direct reaction between nucle
and the arctan function, together with the square roo
energies, are obtained from the normalization const
K1 andK2.

Now, the model displays a good approximation to
experimental distributions up to 25±–30±. The neutrons
appearing at high values ofu are probably due to
evaporation. In the spirit of Serber’s theory, as eviden
in Ref. [18], the interaction of a high energy partic
with an atomic nucleus can be thought of as tak
place in two stages. In the “prompt” or “cascad
stage, individual nucleon-nucleon collisions result in
escape of some particle from the nucleus (the sec
process mentioned previously). Those which do
escape eventually distribute their energy throughout
whole nucleus, which is thus raised to a highly exci
state and, therefore, subsequently decays by emissio
low energy particles in the second stage of the react
Merely three type of processes which produce neutr
coexist: stripping, direct collisions between nucleons,
evaporation. In this paper, only the two first proces
are accounted for. This fact, apart from the fact t
it represents a limit of our formalism, explains the lo
yields obtained in the angular distributions for high valu
of u. In the forward direction, the neutrons coming
from evaporation are evidently considered as being du
the first two distributions. Another process can comp
to boost the neutron yields emitted at highu in a small
measure, and that is the disintegration in the Coulo
field.

The distributions obtained in the frame of this form
ism for 50 MeV deuteron incident energy on thick Be t
gets are compared with experimental data in Fig. 4.
En . 25 MeV (En from now on will denote the energ
of the neutrons for different distributions), the theory su
ceeds in reflecting the data in a satisfactory manner.
experimental pronounced peak atEd ø 20 MeV is attenu-
ated in the calculations and the yields of the neutrons w
energies smaller than 20 MeV are overestimated by
simulations. This behavior is due to the fact that the eva
rated neutrons are considered to be emerging also from
two former processes: the stripping and direct nuclear
lisions. The shape of the theoretical distribution exhib
a maximum at an energy of neutrons lower than that gi
by the experiment by approximately 2 MeV. A simil
theoretical behavior of the energetic distributions is p
dicted by the calculations effected in Ref. [5]. In this re
erence, the maximum of the distribution is also found
a lower value than the experimental one. Also, as in
simulations, the yields of neutrons with energies lower th
that of the maximum yield are overestimated. In this r
erence, a normalization was effected for the peak am
tude of the calculated spectrum so as to have the s
value as the measured spectrum. In this circumstanc
is difficult to know the total production rate expected
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FIG. 4. Experimental energetic distributions of neutrons
50 MeV 2H incident energy on a thick Be target from Ref. [11
filled circles at 0±, filled triangles with up-point at 5±, filled
squares at 10±, and filled triangles with down-point at 25±.
These distributions are compared with theoretical ones: (a) 0±,
(b) 5±, (c) 10±, and (d) 25±. The dotted lines are to guid
the eye.

the calculations. As a difference, in our simulations,
total neutron flux is approximately equal to that obtain
experimentally in the limits of Serber’s theory and of t
semiempirical relation (22) for angles up to 20±–25±. This
characteristic favors this kind of simulation, which is ea
to evaluate, for practical purposes. In this simulation,
gether with that from Ref. [5], an average of distributio
along the range of the incident particle is taken into
count. In this context, the experimental peak found
20 MeV [sEdy2 5d MeV] in Fig. 3 can be due to a cros
section intensification at the entrance surface of the tar
because the average on the range of the particle in the
get predicts a lower value (ø17.5 18 MeV).

It can be accepted thatR determined previously is
function of the deuteron energy only and its values
be extrapolated for other kinds of targets. Further, to
termine the cross section for other targets, it can be
sumed that the major part of the neutrons is given
the stripping of the deuteron. In this case, the most
portant factor playing a role in the simulations for oth
targets is the stripping cross section. In this appro
mation, the following formula can be used to determ
the yield at 0± for a target made from an element
material X:

YX ­ YBe

RTXsEmaxd
0 ssEd A

2y3
Be

A
2y3
X

A
1y3
X 121y3

A
1y3
Be 121y3

s1 2
EX

c
E d dtRTBesEmaxd

0 ssEd s1 2
EBe

c
E d dt

,

(26)
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(full
whereYX is the yield for the X target,YBe the yield for
the Be target,ssEd is given by the formula (23), andAX
is the mass number of the X target whileABe is the mass
number of the Be target. The integral is effected over
ranget of the 2He in the material and thus will differ from
one target to another. The differences in the integrals
given byTsEdd, which is not the same for the two targe
because it depends onAX and ZX, and by the Coulomb
barrier. The ratio between the mass numbers in the
integral is deduced from two assumptions:

(i) The neutron yield is proportional to the number
atoms in the deuteron range [19]. So the rangeT (in
mgycm2) must be divided byAX.

(ii) The Serber stripping cross section is proportio

to the product betweenA
1y3
X of the target nucleus an

r0sA1y3
X 1 A

1y3
d d, whereAd is the deuteron mass numbe

In the case of a C target, a correction is imposed
the fact that its root mean square radius is even sm
than the Be radius [20] and, therefore, does not follow
general ruler0A1y3. The yield of the C target must b

corrected byc ­ A
1y3
Be yA

1y3
C 3 2.5y2.47 ­ 0.92 (2.5 fm

is the root mean square radius of Be while 2.47 fm is
of C) in order for the formula to be valid.

From this relation, the ratioYBeyYC ­ 1.4 was de-
duced while the experimental value [19] is 1.5 (expec
error 620%) at 54 MeV deuteron incident energy. Th
result contradicts the systematic presented in Ref. [
where approximately one order of magnitude is claim
to exist between the yields expected for C and Be targ

First, the formalism is applied to determine the dis
butions from a thick Be target with2H incident energies
of 28, 20, and 17 MeV and to compare the simulatio
with the experimental data. The interpolatedR values
are, respectively, 4, 4.5, and 5, while the fluxes at 0± from
formula (22) in the same succession are1.29 3 1011,
5.35 3 1010, and3.48 3 1010 mC21 sr21.

In Fig. 5 the angular distribution simulations at 28 Me
(curve a), 20 MeV (curveb), and 17 MeV (curvec) are
compared with experimental results at the same deut
energies. The simulation reproduces the general beh
of the distributions: the maximum value is obtained
0±, the yields are reproduced at 0± for incident deuteron
energies 28 and 20 MeV in the limit of experimen
errors, and the widths at half maximum are also w
reproduced. Unfortunately, the curvec overestimates th
neutron yields by approximately 25%, this value be
greater than the experimental error of615%.

In Figs. 6, 7, and 8, experimental and theoretical
ergetic distributions are compared in the case of the
target for 28, 20, and 17 MeV deuteron energies, res
tively. It must be specified from the beginning that t
normalizations of the theoretical energetic distributions
determined from the theoretical angular distributions [c
culated with the semiempirical formula (22) to obtain t
yield in the forward direction of the beam and display
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FIG. 5. Experimental angular distributions of neutrons
tained in the present experiment forEd ­ 28 MeV (filled tri-
angles), Ed ­ 20 MeV (filled squares), andEd ­ 17 MeV
(filled circles) for Be targets. The data are compared w
simulations [full curves (a) Ed ­ 28 MeV, (b) Ed ­ 20 MeV,
and (c) Ed ­ 17 MeV] at the same energies.

in Fig. 6]. Renormalizations are not effected for the th
retical curves to test the reliability of the formalism and
limits. In Fig. 6, at 0±, it is evident that the yield is un
derestimated because the total theoretical production
smaller than the experimental one. For the last three cu
(at 5±, 10±, and 20±), the total experimental and theoretic

FIG. 6. Experimental energetic distributions of neutrons fr
Be targets obtained in the present experiment foru ­ 0±

(circles), 5± (squares), 10± (triangles), and 20± (stars) for
Ed ­ 28 MeV compared to simulations at the same energy
curves). The dashed lines are to guide the eye.
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FIG. 7. Experimental energetic distributions of neutrons fr
Be targets foru ­ 0± (circles), 5± (squares), 10± (triangles),
and 20± (stars) forEd ­ 20 MeV compared to simulations a
the same energy (full curves). The dashed lines are to g
the eye.

yields agree, the theory succeeding in reproducing the
perimental data within experimental errors. As a gene
remark, the maximum of the productivities is obtained
lower neutron energies than given experimentally. T
theoretical maximum is obtained at about 9 MeV wh
the experiment gives a peak atø10 MeV with one ex-
ception: the experimental curve at 0± gives a maximum a

FIG. 8. Experimental energetic distributions of neutrons fr
Be targets foru ­ 0± (circles), 5± (squares), 10± (triangles) and
20± (stars) forEd ­ 17 MeV compared to simulations at th
same energy (full curves). The dashed lines are to guide
eye.
033501-8
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12 MeV. It is interesting to note that the experimental d
show a second peak at about 13 MeV for the distributio
at 5± and 10±, while at 0± an attenuated peak can be d
cerned at 10 MeV. These peaks can be due to neut
emerging from the kapton foil and Al envelope. In Fig.
the right flank of the energetic distribution is well enou
reproduced (neutron energies between 13 and 20 M
The maximum of the theoretical productivities are ag
at lower energies than those found experimentally. T
experimental peak is at about 8 MeV while the theoreti
one is atø6.5 MeV. In Fig. 8, due to the overestimatio
of the total productivities when the angular distributio
were calculated, the curves exceed the trends displaye
the experimental points. Again, the theoretical maxim
is shifted toward lower values of the energies: the exp
mental peaks of the maximal yield are located about 7 M
while 5 MeV are obtained theoretically.

In Fig. 9, the experimental angular distributions
neutrons at 28 and 20 MeV incident deuteron energ
from the C target are displayed. The simulation
0± agrees in the limit of experimental errors with th
data but for both energies overestimates the experime
values by 3% and 10% for 28 and 20 MeV, respective
Despite this discrepancy, the extrapolation (26) pred
well enough the yields for other targets and this behav
demonstrates that the assumptions (i) and (ii) used
determine this relation are valid. A similar trend, mark
by an overestimation of the yields at lower incide
energy, was also noticed for the Be target.

In Fig. 10, the experimental energetic distribution
neutrons from the C target at four angles are presen

FIG. 9. Experimental angular distributions of neutrons o
tained in the present experiment forEd ­ 28 MeV (filled tri-
angles) andEd ­ 20 MeV (filled squares) for C targets. Th
data are compared with simulations [full curves (a) Ed ­
28 MeV and (b) Ed ­ 20 MeV] at the same energies.
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FIG. 10. Experimental energetic distributions from the
target foru ­ 0± (circles), 5± (squares), 10± (triangles) and 20±

(stars) forEd ­ 28 MeV compared to simulations at the sam
energy (full curves). The dashed lines are to guide the eye

for Ed ­ 28 MeV. Comparisons with the simulation
show that, again, the maximum of the yield is predic
at a lower energy. Apart from this fact, the theoreti
curves succeed in reproducing correctly the experime
points. In the case ofEd ­ 20 MeV, the experimenta
data for the C target are plotted in Fig. 11. Ap
from the systematically lower yields, the behavior of t

FIG. 11. Experimental energetic distributions from the
target for u ­ 0± (circles), 5± (squares), 10± (triangles), and
20± (stars) forEd ­ 20 MeV compared to simulations at th
same energy (full curves).
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experimental data from C is very similar to that of the
converter.

In Fig. 12, the angular distribution of neutrons del
ered by the U target are presented for the deuteron
cident energies of 28 and 20 MeV. The theory fa
to reproduce correctly the shape of the distribution,
parametrization giving a wider angular spread than w
is experimentally determined. At the same time, it can
observed that the yields at 0± are well predicted by the
formula (26) if we acknowledge the fact that the U ta
get presents physical properties very different from t
of the Be one, used as reference. It is of interest to n
that, this time, the yield at 28 MeV incident energy
deuterons is overestimated, while at 20 MeV it is und
estimated. In Fig. 13, the experimental energetic distri
tions at four angles are plotted. Peaks for the maxim
productivities observed at 0±, 5±, and 10± are not pre-
dicted by the simulations. Only two curves were dra
for the simulations: one at 0± (because the curves for 0±,
5±, and 10± are similar) and one for 20±. The right flank
of the experimental distribution at 0± is well described by
the trend of the theoretical curve. Finally, in Fig. 14, t
energetic distributions delivered by the U target are p
sented forEd ­ 20 MeV. The shapes of the distribution
are governed by a wide peak at about 10 MeV charac
ized by some fluctuations. The position of the maxim
of the peak and the width at half maximum agree w
the values obtained for stripping (theoretically the pea
10 MeV and the width at half maximum of 9 MeV ca
be obtained in the frame of Serber’s theory), and th

FIG. 12. Experimental angular distributions of neutrons
tained in the present experiment forEd ­ 28 MeV (filled
triangles) and forEd ­ 20 MeV (filled squares) for U tar-
gets. The data are compared with simulations [full curvesa)
Ed ­ 28 MeV and (b) Ed ­ 20 MeV] at the same energies
The dashed lines are to guide the eye.
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FIG. 13. Experimental energetic distributions of neutro
from the U target for u ­ 0± (circles), 5± (squares), 10±

(triangle), and 20± (stars) for Ed ­ 28 MeV compared to
simulations at the same energy (full curves). The up
curve is the theoretical distribution at 0± while the second one
corresponds to 20±. The dashed lines are to guide the eye.

nucleons can be due to the kapton window and the
envelope. It is also possible that these behaviors are
termined by neutrons emitted in fission processes. Th
phenomena are not tractable in the case of our formal
These neutrons emitted by the kapton window, the Al

FIG. 14. Experimental energetic distributions of neutro
from the U target for u ­ 0± (circles), 5± (squares), 10±

(triangles), and 20± (stars) for Ed ­ 20 MeV compared to
simulations (full curves) at the same energy. The up
curve is the theoretical distribution at 0± while the second one
corresponds to 20±. The dashed lines are to guide the eye.
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velope, and the fission residues may interfere with th
given by the U target and can cause greater yields
those given by our semiempirical parametrization.

V. CONCLUSIONS

The neutron yields are determined only up to 2±

because this angular width is pertinent to our R&
program. This type of simulation provides a useful to
for the optimization of the geometries of the (Be, C,
U) converter-238U fission source unit in order to yield th
best productions of neutron-rich elements. In spite of
lower neutron yields compared to that given by the Be,
C converter becomes more suitable for our applicati
because it can be displayed very close to the238U isotope
source (therefore the corresponding solid angle is grea
thus reducing transuranic element contaminations.
Be has a lower melting temperature than C; therefo
the Be converter must be positioned at a greater dista
from the source, must be cooled, and, also, pres
health hazards that C does not. Calculations were alre
performed [21] with different distributions of the neutro
flux and different geometries of our system, proving
superiority of the C converter for our goal. Parallel
this work, the advantages of C have been experimen
evidenced [22] when measuring neutron rich exotic nu
production in the same deuteron energy range.
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APPENDIX: ANGULAR DISTRIBUTION
CALCULATION

TheD operator and its powers are

D ­
1
j

≠

≠j
1

≠2

≠j2
,

D2 ­
1

j3

≠

≠j
2

1
j2

≠2

≠j2 1
2
j

≠3

j3 1
≠4

j4 , (A1)

D3 ­
9

j5

≠

≠j
2

9
j4

≠2

≠j2
1

6
j3

≠3

≠j3
2

3
j2

≠4

≠j4

1
3
j

≠5

≠j5
1

≠6

≠j6
.

The product given by Eq. (3) can be put in t
following form after some simple operations:
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PRST-AB 2 FAST NEUTRON FORWARD DISTRIBUTIONS FROM C, BE, AND U … 033501 (1999)
GPsjd ­
1

2p

(
Psjd 1

j2
s

8j

≠Psjd
≠j

1
j4

s

96j2

√
1
j

≠Psjd
≠j

2
≠2Psjd

≠j2

!
1

j2
s

8
≠2Psjd

≠j2
1

2j4
s

96j

≠3Psjd
≠j3

1
j4

s

96
≠4Psjd

≠j4

1
j6

s

864

"
9

j5

≠

≠j
2

9
j4

≠2

≠j2
1

6
j3

≠3

≠j3
2

3
j2

≠4

≠j4
1

3
j

≠5

≠j5

#
Psjd 1

j6
s

864
≠6

≠j6
Psjd

)
, (A2)

where

Psjd ­
ffusjdg
psjd3y2 , (A3)

with

ffusjdg ­ u3y2sjdP1y2fusjdg, psjd ­ s1 1 j2 1 j2
c d , (A4)

and the partial derivatives

≠Pfusjdg
≠j

­
≠f
≠u u0

p3y2
2

3fj

p5y2
, (A5)

≠2Pfusjdg
≠j2 ­

≠2f
≠u2 su0d2 1

≠f
≠u u00

p3y2 2
6 ≠f

≠u u0j 1 3fsud
p5y2 1

15fsudj2

p7y2 , (A6)

≠3Pfusjdg
≠j3

­
≠3f
≠u3 su0d3 1 3 ≠2f

≠u2 u0u00 1
≠f
≠u u000

p3y2
2 9

≠2f
≠u2 su0d2j 1

≠f
≠u u00j 1

≠f
≠u u0

p5y2
1 45

≠f
≠u u0j2 1 fj

p7y2
2 105fj3p9y2,

(A7)

≠4Pfusjdg
≠j4

­
≠4f
≠u4 su0d4 1 6 ≠3f

≠u3 su0d2u00 1 3 ≠2f
≠u2 su00d2 1 4 ≠2f

≠u2 u0u000 1
≠f
≠u uIV

p3y2

2 6
2 ≠3f

≠u3 su0d3j 1 6 ≠2f
≠u2 u0u00j 1 2 ≠f

≠u u000j 1 3 ≠2f
≠u2 su0d2 1 3 ≠f

≠u u00

p5y2

1 45
2 ≠2f

≠u2 su0d2j2 1 2 ≠f
≠u u00j2 1 4 ≠f

≠u u0j 1 f

p7y2 2 10
42 ≠f

≠u u0j3 1 63fj2

p9y2 1 945
fj4

p11y2 , (A8)

≠5Pfusjdg
≠j5 ­

(
≠5f
≠u5 su0d5 1 10

≠4f
≠u4 su0d3u00 1 15

≠3f
≠u3 u0su00d210

≠3f
≠u3 su0d2u0001

1 10
≠2f
≠u2

u00u000 1
≠2f
≠u2

u0uIV 1
≠f
≠u

uV

)
1

p3y2

2

(
15

≠4f
≠u4

su0d4j 1 90
≠3f
≠u3

su0d2u00j 1 30
≠3f
≠u3

su0d3 1 45
≠2f
≠u2

su00d2j

1 24
≠2f
≠u2 u0u000j 1 90

≠2f
≠u2 u0u00 1 15

≠f
≠u

uIV j 1 30
≠f
≠u

u000

)
1

p5y2

1

(
150

≠3f
≠u3

su0d3j2 1 450
≠2f
≠u2

u0u00j2 1 450
≠2f
≠u2

su0d2j

1 150
≠f
≠u

u000j2 1 450
≠f
≠u

u00j 1 225
≠f
≠u

u0

)
1

p7y2

2

(
1050

≠2f
≠u2

su0d2j3 1 1050
≠f
≠u

u00j3 1 2950
≠f
≠u

u0j2 1 1575fj

)
1

p9y2

1

(
4725

≠f
≠u

u0j4 1 9450fj3

)
1

p11y2 2 10 395
fj5

p13y2 , (A9)
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≠6Pfusjdg
≠j6

­

(
≠6f
≠u6

su0d6 1 15
≠5f
≠u5

su0d4u00 1 45
≠4f
≠u4

su0d2su00d2 1 20
≠4f
≠u4

su0d3u000 1 15
≠3f
≠u3

su00d3 1 60
≠3f
≠u3

u0u00u000

1 11
≠3f
≠u3

su0d2uIV 1 10
≠2f
≠u2

su000d2 1 11
≠2f
≠u2

u00uIV 1 2
≠2f
≠u2

u0uV 1
≠f
≠u

uVI

)
1

p3y2

2

(
18

≠5f
≠u5 su0d5j 1 180

≠4f
≠u4 su0d3u00j 1 270

≠3f
≠u3 u0su00d2j 1 144

≠3f
≠u3 su0d2u000j 1 144

≠2f
≠u2 u00u000j

1 42
≠2f
≠u2 u0uIV j 1 16

≠f
≠u

uV j 1 45
≠4f
≠u4 su0d4 1 270

≠3f
≠u3 u02u00

1 135
≠2f
≠u2

su00d2 1 144
≠2f
≠u2

u0u000 1 45
≠f
≠u

uIV

)
1

p5y2

1

(
195

≠4f
≠u4

su0d4j2 1 1350
≠3f
≠u3

su0d2u00j2 1 900
≠3f
≠u3

su0d3j 1 675
≠2f
≠u2

su00d2j2

1 270
≠2f
≠u2 u0u000j2 1 2250

≠2f
≠u2 u0u00j 1 195

≠f
≠u

uIV j2 1 900
≠f
≠u

u000j 1 675
≠2f
≠u2 su0d2

1 450
≠f
≠u

u00 1 500
≠2f
≠u2 su0d2

)
1

p7y2

2

(
2250

≠3f
≠u3

su0d3j3 1 6750
≠2f
≠u2

u0u00j3 1 9700
≠2f
≠u2

su0d2j2 1 2250
≠f
≠u

u000j3

1 7800
≠f
≠u

u00j2 1 4275
≠f
≠u

u0 1 1575f

)
1

p9y2

1

(
14 175

≠2f
≠u2 su0d2j4 1 14 175

≠f
≠u

u00j4 1 46 900
≠f
≠u

u0j2 1 42 525fj2

)
1

p11y2

2

(
71 820

≠f
≠u

u0j5 1 174 825fj4

)
1

p13y2
1

1 305 135fj6

p15y2
. (A10)

In these equalities, we can approximate

P1y2sud ­ 1 1
3
4

u 2 1
2

2
15
64

√
u 2 1

2

!2

1
35

256

√
u 2 1

2

!3

, (A11)

so that

≠f
≠u

­
3
2

u1y2P1y2sud 1 u3y2Bsud , (A12)

≠2f
≠u2

­
3
4

u21y2P1y2sud 1 3u1y2Bsud 1 u3y2Csud , (A13)

≠3f
≠u3

­ 2
3
8

u23y2P1y2sud 1
9
4

u21y2Bsud 1
9
2

u1y2Csud 1 u3y2Dsud , (A14)

≠4f
≠u4

­
9

16
u25y2P1y2sud 2

6
4

u23y2Bsud 1
9
2

u21y2Csud 1 6u1y2Dsud , (A15)

≠5f
≠u5

­ 2
45
32

u27y2P1y2sud 1
27
16

u25y2Bsud 2
15
4

u23y2Csud 1
15
2

u21y2Dsud , (A16)
033501-12 033501-12
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≠6f
≠u6

­
315
64

u29y2P1y2sud 2
180
32

u27y2Bsud 1
117
16

u25y2Csud 2
15
2

u23y2Dsud , (A17)

Bsud ­
3
8

2
15
64

u 2 1
2

1
105
512

√
u 2 1

2

!2

, (A18)

Csud ­ 2
15

128
1

105
512

u 2 1
2

, (A19)

Dsud ­
105

1024
, (A20)

≠u
≠j

­
2j

g1y2
2

1
2

hg0

g3y2
, (A21)

≠2u
≠j2

­
2

g1y2
2

1
2

4jg0 1 hg00

g3y2
1

3
4

hsg0d2

g5y2
, (A22)

≠3u
≠j3

­ 2
3g0 1 3g00j 1 12hj

g3y2
1

9
4

2sg0d2j 1 hg0g00

g5y2
2

15
8

hsg0d3

g7y2
, (A23)

≠4u
≠j4

­ 2
6g00 1 96j2 1 12h

g3y2
1

9sg0d2 1 18g0g00j 1 72hg0j 1
9
4 hsg00d2

g5y2

2
15sg0d3j 1

45
4 hsg0d2g00

g7y2
1

105
16

hg00

g9y2
, (A24)

≠5u
≠j5 ­ 2360

j

g3y2 1
45g0g00 1 720g0j2 1 90hg0 1

45
2 sg00d2j 1 180hg00j

g5y2

2

75
2 sg0d3 1

195
2 sg0d2g00j 1 450hsg0d2j 1

225
8 hg0sg00d2

g7y2
1

525
8 sg0d4j 1

525
8 hsg0d3g00

g9y2
2

945
32

hsg0d5

g11y2
, (A25)

≠6u
≠j6 ­ 2

360
g3y2 1

5400g0j 1
135
2 sg00d2 1 90hg00 1 4320hj2

g5y2

2
225sg0d2g00 1

615
2 g0sg00d2j 1 5040sg0d2j2 1 2600hg0g00j

g7y2
1

675hsg0d2 1
225
8 hsg00d3

g7y2

1

2625
8 sg0d4 1 735sg0d3g00j 1 3150hsg0d3j 1

4725
16 hsg0d2sg00d2

g9y2

2

2835
8 sg0d5j 1

8035
16 hsg0d4g00

g11y2 1 10 395
hsg0d6

g13y2 , (A26)
in

be
he

from
hsjd ­ 1 1 j2 1 j2
c , (A27)

gsjd ­ s1 1 j2 1 j2
cd2 2 4j2j2

c , (A28)

g0sjd ­ 4s1 1 j2 1 j2
c dj 2 8jj2

c , (A29)

g00sjd ­ 4 1 12j2 2 4j2
c . (A30)

These formulas are also valid foru ­ 0. In the case
of u ­ 0, at first view, some singularities in the orig
033501-13
of Eq. (A2) due to the division byj, j3, and j5 of
the partial derivative≠Py≠j, the division byj2 and j4

of the partial derivative≠2Py≠j2, and the division by
j3 of ≠3Py≠j3 can occur. These uncertainties can
immediately removed by taking into account that all t
terms in the expression≠Py≠j can be factorized byj, the
terms in the expression≠2Py≠j2 can be factorized byj2,
and so on. Moreover, the expression in parentheses
033501-13
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tor
o
ed

),

.
,
r,

. C
s.

vo

v.

an

n,
ys.

s,

,
A.
rin,
m.

s.

ys.

cl.

cu,
t. A

EE

ata

3,

et-
nd

e,
Eq. (A2),

1
j

≠P
≠j

2
≠2P
≠j2 ­

≠f
≠u fj 3g014hj

g3y2 2
3
4

hg0

g5y2 g 2
≠2f
≠u2 su0d2

p3y2

1 6
≠f
≠u u0j

p5y2
2 15

fj2

p7y2
, (A31)

is not singular in 0. Moreover, the limit forj ! 0 of the
expression given by the action of the sum of the opera
in the square bracket on the right-hand side of Eq. (A2)
P is 0. The resulting detailed formulas are not display
to avoid useless complications of this appendix.
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