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Fast neutron forward distributions from C, Be, and U thick targets bombarded by deuterons

S. Ménard, M. Mirea F. Clapier! N. Pauwels, J. Proust, C. Donzaud, D. Guillemaud-Mueller, I. Lhenry,!
A.C. Mueller! J. A. Scarpacl,and O. Sorlir
!Institut de Physique Nucléaire, Orsay 91406, France

2Institute of Physics and Nuclear Engineering, P.O. Box MG-6, Bucarest, Romania
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Measured angular and energetic distributions of neutrons obtained by bombarding Be, C, and U thick
targets with?H 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 determinet] &t,A0°, and 20.

The data are compared with a modelization based on stripping formalism extended for thick targets.
[S1098-4402(99)00029-4]

PACS numbers: 28.20.—v, 29.25.Dz, 25.85.Ec

[. INTRODUCTION nesses [5,6]. The Serber formalism is used to compute the
angular and energetic distribution in each of these slices
In principle, to produce neutron rich radioactive beamg4]. The final distribution is obtained by superposing the
with sufficient intensities, a source of isotopes far from thepartial yields with some weights. Other contributions con-
valley of B stability can be obtained through the fission sider that a polynomial fit [7] can give sufficient informa-
of 28U induced by fast neutrons [1,2]. A very promising tion about the neutronic distributions for a specific setup.
way to assess the feasibility of these very intense neutroim this contribution, the Serber model, considered with its
beams is to break an intendg beam in a dedicated con- improvements which account for the Coulomb deflection
verter. The main objective of the SPIRAL and PARRNeand the mean straggling of the beam in the material, is com-
(Production d’Atomes Radioactifs Riches en Neutronspared to experimental data in order to verify the validity of
R&D projects is the investigation of the optimum parame-this alternative theoretical method for the characterization
ters for a neutron rich isotope source in accordance with thef the emerging neutron flux. This formalism hereafter
scheme presented above. In such conditions, the chargan only be applied to fast neutron yields.
particle energy loss can prevent the destruction of the fis-
sion target. In the frame of these projects, special atten- Il. EXPERIMENTAL SETUP
tion is dedicated to the energetic and angular distributions o
of the neutrons emerging from a set of converters at a se-. The measurements of the angular and energetic dis-
ries of 2H incident energies. Deuteron beams at energiel/ibutions of different targets were performed with the
less than 30 MeV are particularly interesting because it i§/@ssic TOF technique [8]. The DEMON-type detectors
expected that, after the disintegration in#J target, the ~ (filled with NE213 organic scintillator liquid) are de-
neutron rich radioactive fission products are cold enougl*ﬁ'c,rlbed elsewhere [9]. The scintillator cells have a cylin-
thus avoiding the evaporation of a too large number of neudric shape with a 16 cm diameter and a 20 cm length.
trons [3]. Unfortunately, at smaller incident energies, thel "€ threshold of each detector was determined with a
angular distribution becomes broader and, if the convertep© Source. The values are presented in Table | in re-
is far from the neutron rich isotop&U source, only arela- 1ation to the angle of detection {Uneans beam direc-
tively small number of neutrons can be collected to inducdion) and in connection with the light output signal in
fission reactions. For such purposes, one needs expefilectron-equivalent energy. The DEMON detector effi-
mental angular distributions at given energies for differ-Ciency is known for a threshold of 1.9 MeV [9], and the
ent types of converters and to elaborate a theoretical to§l€utron energy dependence of the efficiency on the thresh-
in order to estimate accurately the characteristics of th@!d also exists. The experimental data are reported, as in
secondary neutron beam. In this paper, the experimental
results were obtained with 17, 20, and 28, MeV de_Uteronl'ABLE I.  Experimentally determined thresholds for the de-
energies on Be, C, and U converters using the time-oftectors disposed at the four different angles.
flight (TOF) method. These data are compared to results

given by a model valid at higher energy in order to obtainA?,;C)’ € T(hkrgg\r};ﬂd Neut(r&ré\t/r)lreshold
pertinent simulations in a large range of incident energies

[4]. Many theoretical tools were developed to characterize © 430 1.5

the properties of the neutron beams emerging from thick o %g %g

targets. In many of these treatments the target is divided

into circular slices with uniform or energy dependent thick 20 430 15
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other publications, above 4 MeV because the systematic lll. FORMALISM
errors obtained at lower neutron energies are too large.

. . At first instance, the formulas are derived for Be targets.
The flight distance between the target and our detector. . : ST

. he main extension of the Serber formalism is given by
was fixed at 4 m. The neutron flux was corrected for

attenuation in air. The energetic resolution for 30 Meveffectlng averages over the thickness of the target and

over selected angles. In the case of thick targets, the
nucleons was 10%. The pulséd beam at a frequency hickness will always be considered as equal to the range
of 1.25 MHz was delivered by the Tandem accelerator aE y q 9

; . of the 2H as a function of its incident energy in the given
associatod with & nf Signal. The intensity was bemeef 212l The generalizaton is described n Sec. IV. The
30 and 150 pA ' angular distributionP,(6) is determined rigorously in

) Ref. [4] using the hypothesis of a transparent nucleus.
Ceﬁ‘le choice of this hypothesis was decided by the fact that
the experimental angular distributions for Be and U [4,10]

(at an incident energy of the deuterons of 190 MeV) are
C, and U, respectively. On the beam ling, 42 mg/cn? better reproduced by the transparent nucleus than by the

kapton window (composition: 72% C, 2.7% H, 7.6% N, opaque one. The angular distribution is thus
and 17.5% O) causes a projectile energy loss of 0.688, w2 Py (u)

0.601, and 0.455 MeV for the incident energies of 17, Pi(§) =G 2m(1 + £2 + £2)3/2)°
20, and 28 MeV, respectively. The Serber mechanism ¢
predicts similar proton and neutron yields with a mostwhich is equivalent to
probable energy approaching half of the initial energy of P
the beam. The protons were attenuated in the target and Py(0) = PS<§ = —)03, 2
in the air. With the detectors being placed at a distance of %o

4 m from the target, only protons with more than 20 MeVyhere ¢ is the angle of detection in the laboratory
can reach them (the maximum most probable energy dfame. HereG is an operator which has the effect

the protons in this work being 14 MeV). Moreover, the of spreading the angular distribution by an additional
window of the detectors can also stop charged particleszaussian distribution,

so that their detection is unlikely. The targets were also 5
surrounded with a plasticized Al envelope (for protection G = explﬁ A’ 3)

correspond exactly to the range of deuterons up to twi
the range of deuterons for aH incident energy of
30 MeV: the thicknesses were 3, 5, and 1 mm for Be

1)

purposes) of 0.1 mm thickness. The experimental setup 4T
is presented in Fig. 1.

The kapton window and the plasticized Al foil create
some neutrons which overlap the yields emerging fro
our targets. This effect corrupted our experimental dat
only to a small extent, the kapton and Al pieces bein
very thin. A correction of the experimental data by EIN  ERA? EOA3
eliminating the events emerging from these thin foils is C=1+ "+ "0 T 3a1’ (4)
not possible for our targets. So, it can be considere ) . .
that the experimental distributions are obtained from th having a6 dependence in polar coordinates,
incident energies of deuterons 28, 20, and 17 MeV. 1 9 9

The errors on the experimental data are roughl$ % A= E E & % . (5)

and will not be plotted on the figures to avoid confusion. .
In the above formulas we used normalized angfes

0/00, & = 05/00, and &, = 6./6y. 6y represents the
mean angle of deflection solely due to the breakup
reaction of the deuteron,

due to the multiple scattering of the primary beam in

he target material, the so-called angular straggling. In the

hird-order approximation, this operator averaged over the
ickness can be written as

Detectors
0° e 1/2 !
SR - bp=arctan ( — | — |, 6
s e
S . . e ‘
- with €, being the binding energy of the deuterafi,
\\\\ denoting its incident energy, add the nucleon massé.
--20° is the angle of deflection of the deuteron in the Coulomb
FIG. 1. Experimental setupD represents the deuteron beam, field of the target nucleus,
n the emerging neutrons, arkl is the kapton window. The |
target is surrounded by the plasticized Al foil and the detectors 9. = — arctan =< 7)
are disposed at 4 m from the target. ¢ )
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o

whereE,, is the Coulomb barrier height,

Z,32
E.= ————, 8
@l 1Al ®)
with the reduced radiugy = 1.2 fm, A,, Z, the mass and
atomic number of the target, anyg, the mass number of
the deuteron. Finallyg, takes into account the spread of
the distribution due to the multiple scattering within the
target and it is a function of the target thicknes, /> (u)
is the Legendre function

- _ u—1Y
Pip(u) =1+ 3 (=1)" lan( 3 ) ,
n=1

@n — 1)(2n + 3) ©)
dap = ay,
o An + 1)
with the argument 0
60 70
1+ &2 + &2 (10) ¥ (deg)
u = .
[(1 + &2 + £2)2 — 4¢2£2]'2 FIG. 2. Comparison between experimental data (from

; ; Ref. 11) obtained for a thick Be target at 16 MeV incident
Values ofd; are also given in Ref. [10] where the Serberenergy (filled circles) and the angular distributions theoretically

the‘?fy was applied for the first time. o obtained within the Serber model with and without taking into
Finally, an average over the range of the incident consideration the straggling: the two curves with = 0.01
particles in the target weighted by the cross section of thand 0.09 rad. The experimental spectrum is reproduced by the

stripping reactiors(E,) will give the distribution curve with @, = 0.01 rad only up tof = 15. Itis clear that,
T even for larger values of;, the experimental spectra cannot
Jo o(Eal1])P(6) dt

be explained by taking into consideration only the stripped
T
Jo o(Ealt]) dt

5 (11) neutrons.
wherek, is a normalization constant which ensures theare due to this second process. In fact, as evidenced in
condition [ P(6)d# = 1, and this formula takes into ) f

; Ref. [12], three processes are responsible for the neutron
account the dependence of the cross sectqf,[7]) [12] b b

h ¢ the deut t the denthA production: stripping of the deuteron, direct interaction
Versus tne energy ot the deuteron at the dep producing a neutron recoil, and evaporation. From our
relation for the cross section will be proposed below.

e e . ison, displayed in Fig. 2, it b bvi
The parametrization of the angular distribution given bycomparlson as dispraysd In -1 ' DECOMES OBVIOUS

Eq. (1 h b h lized with that at least the second distribution of neutrons must be
9. (1) was chosen .ecayse_t e att_empts realize .W"F trfﬁken into consideration to reproduce the data and, for
second-order approximation g of this equation as indi-

) ) . simplicity, we chose that given by direct interactions, for
pated in Ref. [4] failed. The second-order approximation ich the angular distribution is spread with an angle
in & works well only for very small values dfy, 6., and

& (10" uC'sr™)

10 20 30 40 50

O T

P0) = k,

0, that means for thin targets at high incident energies. 9! = arcta Er (12)
The relations used in the computing code are presented in 0 d
the appendix. instead of6, previously defined, wher&; is the Fermi

The angular distributions in the frame of this extendedenergy and is approximately 20 MeV. The mathematical
Serber model are compared to experimental dataioat  formalism remains unchanged. The influence of this new
16 MeV deuteron incident energy on Be obtained fromgistribution will be analyzed in the following section.

Ref. [11] and are shown in Fig. 2. The experimental The straggling angle for thin targets can be obtained in
values show that the angular distribution presents a longhe framework of Moliere’s theory [13],

tail at large angles. This behavior cannot be explained in 2.2 + D)2 T
the frame of the theory if the stripped neutrons alone are 93 —0.157 &4 T Jzd — B, (13)
taken into account. Serber affirmed that another process A Ey
(neglected in many publications) can compete to producehere B is a coefficient which takes values between 10
neutrons: the direct collision between one of the particlesnd 16,7 is the thickness of the target in nhg?, E, is

of the deuteron and one nuclear particle of the targettaken in MeV,Z, and A, address the target nucleus, and
Moreover, he supposed that the number of neutrong; = 1 is the deuteron charge. For an incident particle of
produced by each of these two processes are of the sarbarge 1, values oB are tabulated [14] for different,
order of magnitude. He expected that almost 10% of thand T up to 1 mg/cn?, this last value of the thickness
neutrons obtained at’@t an incident energy of 180 MeV also reflecting the limit of reliability of the Moliere’s

033501-3 033501-3
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formula. In the case of our targets, the thickness camhere we replaced instead ofs, considering that once
be considered as equal to the range of the deuterons #ie breakup of théH is produced, the neutron is no longer
the incident energy considered. The neutron cross sectiafeviated. Because th&H mass is small in comparison
decreases dramatically for small values of the deuterowith that of the target nucleus, it can be considered that the
energy. That means that the production of neutronaingle in the laboratory frame is approximately equal to that
after the passage df mg/cn? of matter is very small in the center-of-mass system. If the breakup is produced
compared to that obtained in the rargel mg/cn?. So  at the distance.ax between the two nuclei, the most
the straggling associated with the nucleons produced aft@robable energy of the emerging nucleon will be

a 1 mg/cn? passage in matter can be neglected. The
mean value of the straggling associated to the neutrons d ™ o)
is obtained by averaging the values obtained at three E,(0) = f (15)

different thicknesses€d) mg/cn? (4, is obviously zero in i i i )
this case), half-range éHe in the target, and mg/cn?, Thg most probable energy is denotEd in this section,
weighted with their respective cross sections. For BeVhile E isthe energy of the neutron given by the theoretical
(Z, = 4 and A, = 9), we obtained approximately, — d_|str|but|on. _ In the next section and in the follqwmg
0.04, 0.05, and 0.06 rad for the values of the straggling{'gures,En will address the energy of the nucleon in the
angle forE, = 50, 33, and 16 MeV, respectively. These ab_ora_ltory frame. Also,_ it can be c_onS|dered that the
values will represent the starting point in our attempt to fitStripping of the proton is produced 1'/”3t0 a small range
the experimental angular distribution for Be targets. [Ri + R, R, — Rq] (WhereR; = 124, fm and R, =
Energetic distributions can be approximately determined .24, > fm, approximately the radii of the deuteron and of
in the frame of the model. Let us suppose that the deuterotie target nuclei, respectively) of the distances between the
is slowed down in the Coulomb field of the target nucleuscenters of the fragments. From Eq. (14), this interval can
and that the Rutherford formula is valid. In this case,be associated to an angular drtg, 6,], and the energy
the breakup distance of the deuterpp..x between the distribution will be shifted to smaller values. As pointed
centers of the’H nucleus and the target nucleus can beout in Ref. [5], the deuteron energy also decreases by an

Ze?

estimated as follows: amount equal to the binding energy. So, at an anglé,
27e2 1 the Serber distribution for the first process in the function
Poreak = £ sin(g) L], (14)  of the energyE of the neutron (stripped neutron only for
4 | the incident energy of the deuterdly) appears as
1 0, E 1/2
D\(E.Eq.6) = Ki f (€aEa) de;. (16)
02 = 01 Jo, w{[E — (E,(0;) + 7€) + €4Eq}

where K, is the normalization constant ang} is the | wherek, is the normalization constant, and this time the
angle of integration included in the interv@b,,#,].  reaction takes place after surpassing the Coulomb barrier
The condition D;(E > 2E;) = 0 is imposed because (the proton must reach the surface of the nucleus) so that
neutrons with energy much greater than the incidenthe energy of the neutrons becomes

energy of the deuteron are not expected; in addi- Ze?

tion, Di(E, < 0) = 0. Up to now, only the reaction Emax _ Eq — R (18)
°Be(d,n)'°B (Q = 4.4 MeV), which produces the n 2 ’

stripped neutrons, was treated. As mentioned abowit is considered, 100, thab,(E > E, + Ey) — 0. Fur-

another kind of process can yield neutrons: the direc . :
nucleon-nucleon collisions. In this case, the fol_thermore, the par.ametéy approximately dgtermlned pre-
lowing reaction channels can coexistBe(d,2n)°B wously characterizes the angular _straggllng WhI-Ch qan_be
(0 = —4.1 MeV), °Be(d, pn)’Be (0 = —2.2 MeV) a_lssouated to an angular spread in the energetic distribu-
9Be(d, p2n)2*He ’(Q _ —3’.8 MeV) [15]. In all thes’e tion. Moreover, the energy and, therefore,_ the cross sec-
channels, theQ value is negative and, therefore, the tion of the *H vary within the target at a given depth

process is exoenergetic. The neutron can range an amo'_!}]{ollows that, on average, the neutrons are emitted in the
0

of energy due to the nuclear process itself. This quantity lowing distribution:

was appreciated to b@ = 1 MeV. However, the results T

of the simulations have a very poor dependenceloif D(E, Q) = N(@)] o(E4[t]dt)
this value varies between 1 and 3 MeV. The distribution 0

for the second process becomes

(EFEy)'?
m{(E — (Ep> — 30)P + ErdEg} X exp<—w>dez, (19)

x fo "Da(E, Ea, 05) + r(62)D1(E, Eq, 0]

D,(E,E;4,0) = K,

(17) 203
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wherer(6,) depends on the emission angle of the neutronversusEy in a larger range of energies
Here o (E,[t]) is the cross section which depends on the dE
i i o(Eg) = 2. X 1074EL | =4
energy and, therefore, on the depth in the tamget is d . d di
the range in the target corresponding to the incident beam JE . _ . _
energy, and-(6,) is the ratio at angl@, between the neu- Where; is the stopping power in MeV/gnr. This for-
trons obtained in the stripping process over those obtaine@ula is based on Eq. (22) and is valuable for energies
in nucleon-nucleon direct interactions. The normalizatiorgreater than 15 MeV. The cross section must be further-

: (24)

constant is obtained as follows: more corrected by the factar— E./E,, which takes into
pmax account the deviation of the trajectory in the Coulomb
N(9) = Jgmin D(E, 0) dE (20) field. An extrapolation of the formula (24) will be used
P(0) ’ to determine the yields at’@or other kinds of targets.

E™"is 4 MeV (it depends on the experimental threshold),
while E™®is the incident energy of the primary beam. All IV. RESULTS AND DISCUSSION
the integrations are performed numerically by means of a Figure 3 was obtained by summing the two contribu-
Gauss-Legendre quadrature in 32 points. tions of the stripping reactions and that given by direct
An experimental systematic of yields at @xists for nuclear encounters. We have fitted the value® dthe
thick Be targets bombarded bjH at diverse incident ratio between the total number of neutrons obtained by
energies. From different parametrizations, a good choicstripping and the total number of neutrons obtained by
is to estimate the yield in the beam direction up todirect nuclear encounters), being determined theoreti-
15 MeV with the formula [16] cally, to reproduce as much as possible the experimental
o T data. The quantity® must not be confused with(#),
Y(0 = 0°)/Q = 10.1 X 10%(E;/MeV*® st 1 C™1, ek i the ratio emerging from the two processes at an
(21) angled. Itis evident that the next relation exists between

and above 15 MeV (up to 50 MeV) with the relation [15] these two q:s?r?pt:iileg?e) arctaris[ 2212 ( E 1/2
r(6) = R T (—F) . (25)

Paireet(9) arctari[ ££]1/2)

Y(6 =0°/0 = 3.4 X 103(E;/MeV)*> st C71,
(22)

€4

where Y/Q represents the number of neutrons over
the incident charge unifC). These relations allow the
determination of the neutron flux at’.0 This value of
the yield furthermore determines the angular distribution
quantitatively by means of Eq. (1). Finally, from (19),
the energetic distributions could be found for each angle
if the ratio between the number of neutrons obtained by ©
stripping and direct nucleon-nucleon reactions is given.
Predictions for C and U targets will be obtained by
interpolations using the atomic and mass numbers. Also,
the experimental systematic of yields fat, n) reactions 2
in different materials from Ref. [17] can be invoked
to predict productions for other kinds of targets by
renormalization.

One choice for the dependence of the cross section for
a Be target is given by the formula [6] 0

10" wC'sr™
(10" u

(&N

0 10 20 30 40 50 60 70
o(Eg) = 0.18In(E,) + 0.007E, (23) ¥ (deg)

and is expressed in/br while E; is in MeV. This FIG. 3. Comparison between experimental data obtained for

lati ‘s det ined f . tal data obtai e targets at 50 MeV incident energy (filled circles), 33 MeV
relation I1s determined from experimental data OblaiN€G, ijent energy (filled squares), and 16 MeV incident energy

up toE; = 15 MeV and was extrapolated in calculations (filled triangles) (from Ref. [11]) and results obtained by taking
made in Ref. [6] up to 40 MeV. From our simulations into account the stripping reaction and the direct collisions.
made at 50 MeV deuteron energies, we are able to asseSgrve @) is obtained for an incident energy of 50 Me¥, =
that this relation underestimates the cross sections fgh04 rad and a ratik = 3.7 between the neutrons considered
deuteron eneraies areater than 20 MeV o originate from the stripping reaction and by direct nuclear

gies gre: . : . encounter. Curveb) is obtained for an incident energy of
The next semiempirical formula is proposed to simulate33 mMev, 6, = 0.05 rad, andR = 4. Curve €) is obtained for
better the behavior of the dependence of the cross sectiam incident energy of 16 MeMW, = 0.06 rad, andR = 5.

033501-5 033501-5
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the superscripts, stripping and direct, denoting the strip- ~ 4
ping process and the direct reaction between nucleons, '
and the arctan function, together with the square root of -
energies, are obtained from the normalization constants % - ]
K, andK;.

Now, the model displays a good approximation to the
experimental distributions up to 2530°. The neutrons
appearing at high values of are probably due to -
evaporation. In the spirit of Serber’s theory, as evidenced 2 -
in Ref. [18], the interaction of a high energy particle
with an atomic nucleus can be thought of as taking
place in two stages. In the “prompt” or “cascade” L b
stage, individual nucleon-nucleon collisions result in the T
escape of some particle from the nucleus (the second (<
process mentioned previously). Those which do not L d) :
escape eventually distribute their energy throughout the - y \ \
whole nucleus, which is thus raised to a highly excited 0 o é 1‘01‘5 “2‘6‘ 2‘5 =0 35 40 45""""’50
state and, therefore, subsequently decays by emission of E, (MeV)
low energy particles in the second stage of the reaction.

Mere]y thre_:e _type c.)f Processes which produce neutron 0 MeV 2H incident energy on a thick Be target from Ref. [11]:
coexist: stripping, direct collisions between nucleons, anijeq circles at 0, filled triangles with up-point at 5 filled
evaporation. In this paper, only the two first processesquares at 10 and filled triangles with down-point at 25
are accounted for. This fact, apart from the fact thafThese distributions are compared with theoretical onagsof,

it represents a limit of our formalism, explains the low (b) 5°. (¢) 10°, and @) 25°. The dotted lines are to guide
yields obtained in the angular distributions for high valuesN® €Ye-

of 6. In the forward direction, the neutrons coming up

from evaporation are evidently considered as being due to

the first two distributions. Another process can competgne calculations. As a difference, in our simulations, the
to boost the neutron yields emitted at highin a small  (ota| neutron flux is approximately equal to that obtained
measure, and that is the disintegration in the CoulomRyperimentally in the limits of Serber's theory and of the
fied. — o , semiempirical relation (22) for angles up to°2®5°. This

~ The distributions obtained in the frame of this formal- characteristic favors this kind of simulation, which is easy
ism for 50 MeV deuteron incident energy on thick Be tar-5 eyaluate, for practical purposes. In this simulation, to-
gets are compared with experimental data in Fig. 4. Fogether with that from Ref. [5], an average of distributions
E, > 25 MeV (E, from now on will denote the energy ajong the range of the incident particle is taken into ac-
of the neutrons for different distributions), the theory suc-cont. In this context, the experimental peak found at
ceeds in reflecting the data in a satisfactory manner. Thgg pev [(E./2-5) MeV] in Fig. 3 can be due to a cross
experimental pronounced peakigt ~ 20 MeV is attenu-  gection intensification at the entrance surface of the target,

ated irj the calculations and the yields of the_neutrons Withyecause the average on the range of the particle in the tar-
energies smaller than 20 MeV are overestimated by th@et predicts a lower value<{17.5-18 MeV).

simulations. This behavioris due to the fact that the evapo- |t can pe accepted that determined previously is a

rated neutrons are considerec_i to be emerging also from thgnction of the deuteron energy only and its values can
two former processes: the stripping and direct nuclear colye extrapolated for other kinds of targets. Further, to de-

lisions. The shape of the theoretical distribution exhibitSiermine the cross section for other targets, it can be as-
a maximum at an energy of neutrons lower than that givemed that the major part of the neutrons is given by

by the experiment by approximately 2 MeV. A similar he siripping of the deuteron. In this case, the most im-
theoretical behavior of the energetic distributions is preportant factor playing a role in the simulations for other
dicted by the calculations effected in Ref. [5]. In this ref- targets is the stripping cross section. In this approxi-
erence, the maximum of the distribution is also found athation, the following formula can be used to determine

a lower value than the experimental one. Also, as in oufpe yield at O for a target made from an elemental
simulations, the yields of neutrons with energies lower than,aterial X:

that of the maximum yield are overestimated. In this ref-

S
T

¢ (10"

IG. 4. Experimental energetic distributions of neutrons for

. A . /
erence, a normalization was effected for the peak ampli- JEE™ o (E) :“}/{ ;‘%232 (1— 5y dr
tude of the calculated spectrum so as to have the same y, = yg, T ETE X OB =5
value as the measured spectrum. In this circumstance, it fOB° o(E)(1 — &) dt
is difficult to know the total production rate expected by (26)
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whereYx is the yield for the X targetYg. the yield for 20
the Be targetg (E) is given by the formula (23), andy
is the mass number of the X target whilg. is the mass
number of the Be target. The integral is effected over the
ranger of the 2He in the material and thus will differ from
one target to another. The differences in the integrals are
given byT(E,), which is not the same for the two targets
because it depends ofx and Zx, and by the Coulomb
barrier. The ratio between the mass numbers in the first 10
integral is deduced from two assumptions:
(i) The neutron yield is proportional to the number of
atoms in the deuteron range [19]. So the rafiyéin
mg/cn?) must be divided byly. 5
(i) The Serber stripping cross section is proportional

to the product betweel,%n%(/3 of the target nucleus and

D+Be

15 b

10" uC'sr™)

~

L °
ro(A§/3+A}im),whereAdisthedeuteronmassnumber. o AN AN VR IN EFRAATN PRI I
In the case of a C target, a correction is imposed by 0 5 10 1520 1295(d I>SO
€g

the fact that its root mean square radius is even smaller
than the Be radius [20] and, therefore, does not follow theFIG. 5. Experimental angular distributions of neutrons ob-

general rulergA'/3. The yield of the C target must be tained in the present experiment fay; = 28 MeV (filled tri-

13, ,1/3 angles), E; = 20 MeV (filled squares), andE; = 17 MeV
corrected byc = Age /A¢~ X 2.5/2.47 = 0.92 (2.5 fm  (filled circles) for Be targets. The data are compared with
is the root mean square radius of Be while 2.47 fm is thasimulations [full curvesd) E;, = 28 MeV, (b) E; = 20 MeV,

of C) in order for the formula to be valid. and €) E; = 17 MeV] at the same energies.
From this relation, the ratid’s./Yc = 1.4 was de-

duced while the experimental value [19] is 1.5 (expecteq - o
L .~ In Fig. 6]. Renormalizations are not effected for the theo-
error £20%) at 54 MeV deuteron incident energy. This etical curves to test the reliability of the formalism and its

result contradicts the systematic presented in Ref. [17(£ijmits In Fig. 6, at 0, it is evident that the yield is un-
}[/(\;heer_e tabp pt(/(\;xzanr:atae;y %Tj ordeé (:; dn}zgrgt;dz g Ctla'm; erestimated because the total theoretical production was
xistbetwe yIelds expec r nad be targety maller than the experimental one. For the last three curves

First, the formalism is applied to determine the distri- o 1Mo . :
butions from a thick Be target withH incident energies (a5, 10°, and 20), the total experimental and theoretical

of 28, 20, and 17 MeV and to compare the simulations

with the experimental data. The interpolat&dvalues —~

are, respectively, 4, 4.5, and 5, while the fluxes afr6m e

formula (22) in the same succession ar@9 x 10'!, -

5.35 x 10'°, and3.48 x 10 uC'sr . <12
(@]

In Fig. 5 the angular distribution simulations at 28 MeV
(curve a), 20 MeV (curveb), and 17 MeV (curver) are P
compared with experimental results at the same deuteron o
energies. The simulation reproduces the general behavior
of the distributions: the maximum value is obtained at
0°, the yields are reproduced at fr incident deuteron
energies 28 and 20 MeV in the limit of experimental
errors, and the widths at half maximum are also well
reproduced. Unfortunately, the curgeverestimates the
neutron yields by approximately 25%, this value being
greater than the experimental erroro15%.

In Figs. 6, 7, and 8, experimental and theoretical en-
ergetic distributions are compared in the case of the Be 0
target for 28, 20, and 17 MeV deuteron energies, respec-
tively. It must be specified from the beginning that the ] o
normalizations of the theoretical energetic distributions ar&!G: 6. Experimental energetic distributions of neutrons from
determined from the theoretical angular distributions [calcc, o3¢t obtained fin_the present experiment for=0

g [ (circles), 5 (squares), 10 (triangles), and 20 (stars) for

culated with the semiempirical formula (22) to obtain the, = 28 MeV compared to simulations at the same energy (full
yield in the forward direction of the beam and displayedcurves). The dashed lines are to guide the eye.

o
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D+Be
E,=20 MeV

5

10 15 20 25
E, (MeV)

12 MeV. ltis interesting to note that the experimental data
show a second peak at about 13 MeV for the distributions
at 5° and 10, while at @ an attenuated peak can be dis-
cerned at 10 MeV. These peaks can be due to neutrons
emerging from the kapton foil and Al envelope. In Fig. 7,
the right flank of the energetic distribution is well enough
reproduced (neutron energies between 13 and 20 MeV).
The maximum of the theoretical productivities are again
at lower energies than those found experimentally. The
experimental peak is at about 8 MeV while the theoretical
one is at=6.5 MeV. In Fig. 8, due to the overestimation
of the total productivities when the angular distributions
were calculated, the curves exceed the trends displayed by
the experimental points. Again, the theoretical maximum
is shifted toward lower values of the energies: the experi-
mental peaks of the maximal yield are located about 7 MeV
while 5 MeV are obtained theoretically.

In Fig. 9, the experimental angular distributions of
neutrons at 28 and 20 MeV incident deuteron energies

FIG. 7. Experimental energetic distributions of neutrons from ; ; ;
Be targets forf = 0° (circles), 5 (squares). 10 (triangles), from the C target are displayed. The simulation at

and 20 (stars) forE, = 20 MeV compared to simulations at O° @grees in the limit of experimental errors with the
the same energy (full curves). The dashed lines are to guidgata but for both energies overestimates the experlmental

the eye. values by 3% and 10% for 28 and 20 MeV, respectively.
Despite this discrepancy, the extrapolation (26) predicts
)yyell enough the yields for other targets and this behavior
emonstrates that the assumptions (i) and (ii) used to
etermine this relation are valid. A similar trend, marked
y an overestimation of the yields at lower incident
energy, was also noticed for the Be target.

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

yields agree, the theory succeeding in reproducing the e
perimental data within experimental errors. As a genera
remark, the maximum of the productivities is obtained ag
lower neutron energies than given experimentally. Th
theoretical maximum is obtained at about 9 MeV while
the experiment gives a peak atl0 MeV with one ex-
ception: the experimental curve &t @ives a maximum at

ool D+Be ER

< f - D+C

O 5 Q

3 N I

© r o 10

= 4 Z

< - o

3+

2 [ S

e

[ L [ |
7\ O\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
% 0 5 10 15 20

25 30

¥ (deg)

FIG. 8. Experimental energetic distributions of neutrons fromFIG. 9. Experimental angular distributions of neutrons ob-
Be targets fo® = 0° (circles), 5 (squares), 10(triangles) and tained in the present experiment fay = 28 MeV (filled tri-

20° (stars) forE; = 17 MeV compared to simulations at the angles) andt; = 20 MeV (filled squares) for C targets. The

same energy (full curves). The dashed lines are to guide thdata are compared with simulations [full curves) (E, =
eye. 28 MeV and p) E; = 20 MeV] at the same energies.
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12 experimental data from C is very similar to that of the Be
converter.
D4+C In Fig. 12, the angular distribution of neutrons deliv-
ered by the U target are presented for the deuteron in-
cident energies of 28 and 20 MeV. The theory fails
© to reproduce correctly the shape of the distribution, the
' parametrization giving a wider angular spread than what
is experimentally determined. At the same time, it can be
observed that the yields af @re well predicted by the
formula (26) if we acknowledge the fact that the U tar-
get presents physical properties very different from that
of the Be one, used as reference. It is of interest to note
that, this time, the yield at 28 MeV incident energy of
deuterons is overestimated, while at 20 MeV it is under-
estimated. In Fig. 13, the experimental energetic distribu-
: tions at four angles are plotted. Peaks for the maximum

2 w productivities observed at°05°, and 10 are not pre-

£ B(Ol\/le\/) dicted by the simulations. Only two curves were drawn

" for the simulations: one at’Qbecause the curves fof,0

FIG. 10. Experimental energetic distributions from the C5° and 10 are similar) and one for 20 The right flank
target for§ = 0° (circles), 5 (squares), 10(triangles) and 20 of the experimental distribution af @ well described by
(stars) forEy = 28 MeV compared to simulations at the same g yrand of the theoretical curve. Finally, in Fig. 14, the
energy (full curves). The dashed lines are to guide the eye. energetic distributions delivered by the U target are pre-
sented forlE,; = 20 MeV. The shapes of the distributions
are governed by a wide peak at about 10 MeV character-
- . L -~ jzed by some fluctuations. The position of the maximum
show that, again, the maximum OT the yield is predlc_:te of the peak and the width at half maximum agree with
at a lower energy. Apart fr_om this fact, the theo_retlcalt e values obtained for stripping (theoretically the peak at
curves succeed in reproducing correctly the experimentaln \1av and the width at half maximum of 9 MeV can

points. In the case of; = 20 MeV, the experimental : ; ,
data for the C target are plotted in Fig. 11. Apartbe obtained in the frame of Serber’s theory), and these

from the systematically lower yields, the behavior of the

10

¢ (10° uC'sr™)

(&)
L L L N B B ) B

(@]
(@)
N

for E; = 28 MeV. Comparisons with the simulations

—~ 3
! L
0
A AR D+U
L e b D+C 2 a)
O r ) L
3 C E,=20 MeV = 9
o 5t -
< B
4
3 1
2 F
1 =
- O \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
B 0 5 10 15 20 25 30 35
0 I R R R i /19 (deg>
0 5 10 15 20 25 . e
E, (MeV) FIG. 12. Experimental angular distributions of neutrons ob-

tained in the present experiment fd&, = 28 MeV (filled
FIG. 11. Experimental energetic distributions from the Ctriangles) and forE, = 20 MeV (filled squares) for U tar-
target for 6 = 0° (circles), 5 (squares), 10 (triangles), and gets. The data are compared with simulations [full cungs (
20° (stars) forE, = 20 MeV compared to simulations at the E, = 28 MeV and p) E; = 20 MeV] at the same energies.
same energy (full curves). The dashed lines are to guide the eye.
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3 velope, and the fission residues may interfere with those
- given by the U target and can cause greater yields than
L D+U those given by our semiempirical parametrization.

£,=28 MeV

V. CONCLUSIONS

The neutron yields are determined only up to° 20
because this angular width is pertinent to our R&D
program. This type of simulation provides a useful tool
for the optimization of the geometries of the (Be, C, or
U) converter2U fission source unit in order to yield the
best productions of neutron-rich elements. In spite of its
lower neutron yields compared to that given by the Be, the
C converter becomes more suitable for our applications
because it can be displayed very close to’tfig isotope
source (therefore the corresponding solid angle is greater),

30 thus reducing transuranic element contaminations. The
E, (MeV) Be has a lower melting temperature than C; therefore,
FIG. 13. Experimental energetic distributions of neutronsthe Be converter must be positioned at a greater distance
from the U target ford = 0° (circles), 5 (squares), 10 from the source, must be cooled, and, also, presents
(triangle), and 20 (stars) for E, = 28 MeV compared to health hazards that C does not. Calculations were already
simulations at the same energy (full curves). The uppenerformed [21] with different distributions of the neutron
curve is the theoretical distribution at @hile the second one fl d diff : f : h
corresponds to 20 The dashed lines are to guide the eye. ux-and di erent geometries of our system, proving the

superiority of the C converter for our goal. Parallel to
this work, the advantages of C have been experimentally
nucleons can be due to the kapton window and the Akvidenced [22] when measuring neutron rich exotic nuclei
envelope. It is also possible that these behaviors are d@roduction in the same deuteron energy range.
termined by neutrons emitted in fission processes. These
phenomena are not tractable in the case of our formalism.
These neutrons emitted by the kapton window, the Al en- ACKNOWLEDGMENTS

¢ (10° uC'sr™)
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| APPENDIX: ANGULAR DISTRIBUTION
- CALCULATION
4 B The A operator and its powers are
I 2
i a-lo, &
5 L 06 982
- 2 3 4
L S~ 2 %i _ iza—z 28_3 8_4’ (Al)
b |  RR T of £ (8§
o 5 o 5 20 25 B980P 60 39
E" (Me\/> §5 Bf €;4 852 §3 653 52 854
FIG. 14. Experimental energetic distributions of neutrons 3 95 96
from the U target foré = 0° (circles), 5 (squares), 10 + ——= —.
(triangles), and 20 (stars) for E; = 20 MeV compared to £9E  9¢S

simulations (full curves) at the same energy. The upper . .
curve is the theoretical distribution at @hile the second one The product given by Eq. (3) can be put in the
corresponds to 20 The dashed lines are to guide the eye.  following form after some simple operations:
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E9P(E) | & (1P PP | € aPP(E) | 28] 2P | & a*P©§)
GP(&) = 27 (&) + 8§ & * 96£2 (f & 9&2 ) * 8 09¢&2 * 96¢ 983 * 96 9¢&4
£190 99 69 39 39 £ o
864 |:§5 o0& &4 9¢2 §3 9&3 &£2 9&4 * £ 983 j|P(§) 864 856 P&y, (A2)
where
flu(é)]
= A3
with
flu@] = w@Piplu@)],  pd) =0+ &+ &), (A4)
and the partial derivatives
oPlu(&)] _ gou' _ 3f€
0& 63/2 ps/2° (AS)
PPu(@)] _ WP+ ' 6EdE + 3w | 15fW)e?
Y : P32 - e + Pz (AB)
aSP[u(ég)] (/)3 +33f '+ Bf ull 6f(u/)2§+ of //§+ Bf u! 3]; /§2 fé
9€3 P2 -9 5/2 452 B — 105£&3p?2,
(A7)
64P[u(§)] (M( /)4 + 6au3 (u/)zu” + 33 f(u”) + 4{;27.1214/”/// + %ulv
& P32
p du}( /)3§ + 68fu/u”§ + 23f me 33f( /)2 + 33f "
PRE
2/22_+_23f//2_,_43f/_’_ 42£/3+632 4
+ 45 2 e+ 28, 7/25 SR AT ﬂu”ig/z &4 oas ff/z, (A8)
5 3
d I;[gs(f)] _ ‘8 f( /)5 + 10 f( /)3 "4 15 f u'(u //)2103—1/;];(”/)2”///+
Pf wowm, Pf of !
+108—uzuu +a—u2uuw+£ v T/z
[15 f(l)4§_—+9oaf(l)2II§+3Oaf(l)3+458f(l/)2
2f / /Il f / " af af " 1
+ 24 g+90 u'u +15£uw§+305u }W
3 2
+ [150%(1/)352 + 450 2L f w'u" € + 450 f( ?é
u du
ﬁ 1 g2 ﬁ " ﬁ / L
150 - u"E2 + 450~ u'é +2258uu]p7/2
[1050 >f 5 W) + 1050 of u”§3 + 2950ﬂu’§2 + 1575f§] 1
ou p9/2
5
+ [4725 %,/54 + 9450f§3] p111/2 — 10395 Iflf/z , (A9)
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86P[u(§)] :[ f( /)6 15 f (ul)4 " + 45 f (u/)2( //)2 + 20 4f (ul)3 " + 15 f( ) + 60 f / //ulll

€6

93 92 92 92 ] 1
+ 11 —f(u/)zuIV + IO—f W"™? + 11 L u"u™ + Z—f u'uV + —quI
du’ du? du? du?

du p3/?
85
- ‘18 p f( €+ 1807 f 7 )u"é + 270 =5 f W)€ + 144 - f T )¢ + 144
ud
9 3’
2L ve 4 16" f uVé + 45 f( N+ 270 2Ly
ou2 " u’
v 135 2L (")’ + 144 — 82f du + 45 Lyt L
du? guz " ou " pS/?
3 9’
[195 f( )t + 1350 f( N2u" €2 + 900 f( 3+ 675 f( O
u3
2 2
+2702L f u'u"g? + 2250 =3 f wu'g +195 2L e 100 2L g 4 675 0Ly
au au au du?

+ 450 af u + 500 ( /)2]

2
[2250 & 7 W)'E + 6750 -3 f w'u" & + 9700 (u/)2§2 + 2250 - af " &
af 112 af / 1
+ 7800 —— + 4275 = u' + 1575f | —=
800 2 - u'¢ Soou 575f o7
9 9 1
14175 =5 f 5 W)?E + 14175 —fu”§4 + 46900—fu’§2 + 42525f¢2
du du pli/2
of .5 A 1 1305 135f ¢6
- [71820£u’§ + 174 825f¢& ]pm + i/

In these equalities, we can approximate
P =14 2H= L 15 (u— TLoas (u—1Y
/2 4 2 6\ 2 2356\ 2 )

0 3
8 2R y) + B

so that

P*f 3 _ip 12 3/2
—> = —u "Pyp(u) + 3u’"Bu) + u’"C(u),
du? 4

9? 3 9 9
a—u]; =-3 u 3Py o(u) + Zufl/zB(u) + > u2C(u) + w?>D(u),

84f 9 u=S? 6 _3p 9 _in 1/2
- Pip(u) — — u ¥2B(u) + — + 6ul’D
ot 16" 1/2(u) 2 (u) Su C(u) + 6u'’D(u),

or_ 4

27 15 15
= ——u 2P () + = u?B(u) — T u2C ) + > u 2D(u),

oud 32 16
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a°f 315 Y 180 /2 17 s 15 5,
— = P - = B + — D Al7
P Yy 1/2(u) 0 (u) C(u) — U (u), (A17)
2
3 15u—1 105 fu — 1
B =2 _ 15 + 1% A18
=% "6 2 512(2)’ (A18)
15 105 u — 1
= —_—— + —_—
=" 50 2 - (A19)
105
D(u) = T024° (A20)
u _ 2¢ 1 hg'
E - gl 2 g32° (A21)
Pu 2 1 4ég' + hg" 3 h(g)?
T R o
Bu 3¢ +3g"¢ + 12h¢ 9 2(g")?¢ + hg'g" 15 h(g')?
BT g7 a o gr s gr -
du _ 68" +96¢% + 12h  9(g)? + 18g's"E + T2hg' + Ths")
9&H - g3 g5/
15(8/)3§ + %h(g’)zg” 105 hg"
_ o e on (A24)
P u ¢ 45's" + 720g'E> + 0hg' + T(g")¢ + 180hg"¢
S = 360
&> 3/2 PRE
) %g'ﬁ (8" + 450h(gPE + The'(s" | FNE + ThE)s" s hg) oo
7/2 g9/2 32 g11/2 ’ ( )
9%u 360 5400g'¢ + 22(g")* + 90hg + 4320h¢?
— = - +
8§6 g3/2 g5/2
225(g')°g" + °7'(g")€ + 5040(¢/)°E> + 2600hg's"¢  675h(s') + Fh(g")
- e e
2 + 135(5))°8"¢ + 3150h(g)’ ¢ + T h(g)*(g")’
+ g2
2835, 15 8035 N4 11 N6
g (8¢ + T h(g')'s h(g’)
_ i +10395 =T (A26)
h(€) =1+ & + &2, (A27) | of Eq. (A2) due to the/ division by, &3, ar;d £ oI
the partial derivativedP/d¢, the division by¢< and &
— 2 2\2 _ 2¢&2
g(6) = (1 + &7+ £)° — 4¢°¢C, (A28)  f the partial derivatives>P/a£2, and the division by
g =4(1 + &2 + £2)¢ — 8¢¢2, (A29) & of 9°P/a¢* can occur. These uncertainties can be
p 5 5 immediately removed by taking into account that all the
g'(€) =4 + 12¢° — 4¢.. (A30)  terms in the expressionP/a& can be factorized by, the

These formulas are also valid fér= 0. In the case terms in the expressioi*P/0£? can be factorized by?,
of # = 0, at first view, some singularities in the origin and so on. Moreover, the expression in parentheses from
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