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The energy distributions of deuterons from the reaction D + D — p + n + d were measured in the angular range
of 15° < Oc.;m. < 35° at Ep = 36.9 MeV. The experiment was carried out on the cyclotron U-240 of INR NAS of
Ukraine. Microscopic diffraction model was used for analysis of experimental data taking into account the interaction

of nucleons in the final state. Two types of three-body reactions were considered: 1) break-up of the target nucleus

with formation of scattered deuterons d’ and 2) break-up incident deuteron with formation of recoil deuterons d.

Experimental energy distributions of deuterons are described satisfactorily both by shape and by absolute value,

taking into account total contribution of cross sections of deuterons d’ and d.

PACS: 24.30.Cz, 13.75.Cs, 21.30.Fe, 21.60.Jz

1. INTRODUCTION

Three-body break-up reactions D + D — p + n +d
were mainly studied in pn—,pd— and nd— correla-
tion experiments at low and medium energies [1-15].
Reactions 2H(d,dn)*H and 2H(d,d)n are usually
analyzed using plane-wave approximation, distorted
waves Born approximation or modification of plane-
wave approximation with p-n interaction in the fi-
nal state. Interaction in the final state was ana-
lyzed using theory of Migdal and Vatson [16,17] and,
later on, using theory of G.C.Phillips, T.A.Griffy,
L.C.Biedeenharn [18] that assumed isospin allowed
triplet interaction. Theory reproduces only the shape
of spectra. The energy distributions of protons and
neutrons, especially deuterons,in D + D — p+n +
d reactions were studied in [19-22]. The three — body
theory in the impulse approximation was used to an-
alyze protons and neutrons energy spectra and good
qualitative description of experimental data was re-
ceived. The use of four-body model in [22] for de-
scription of protons and deuterons energy distribu-
tion could not satisfactory describe both the shape of
spectra and angular distributions. In this work, re-
sults of experimental energy distribution of deuterons
from D + D — p 4+ n +d reaction in the angular
range 15° < 6., < 35° at energy Ep = 36.9 MeV

are presented. For analysis of the experimental data,
the microscopic diffraction model with simple expres-
sions for internal wave functions was used.

2. EXPERIMENTAL RESULTS

The inclusive spectra of deuterons from reaction
D + D — p 4+ n +d in the angular range
15° < 0., < 35° were measured on cyclotron U-240
INR, NAS of Ukraine at energy Ep = 36.9 MeV.
The targets from deuterated polyethylene (CDs) and
carbonic film were used in the experiment. The ex-
perimental technique was published in [23-25].

The typical spectra on the targets CDs and C at
the angle 6; = 15° are presented in Fig.1,(a). The
background spectra (on target C) were subtracted
from the spectra corresponding to the target CDs.
The main difficulty at angles 6; < 30° consists in the
identification of the closely spaced peaks correspond-
ing to the elastic scattering of projectile deuterons
on deuterium and hydrogen nuclei in the target.
The continuous deuterons spectra after subtraction
of the elastic scattering of projectile deuterons on
the target deuterium and hydrogen are presented
in Fig.1,(b) for the scattering angle 6; = 15°.
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Fig.1. a)The inclusive deuterons spectra on target CDy (points) and C (circles) at the angle 65 = 15°
for deuterons energy Ep = 36.9 MeV. Arrows designate peaks of the elastic and inelastic scattering of
projectile deuterons on carbon (1, 3), deuterium (2) and hydrogen (4). b) The spectra corresponding to the
dd —scattering (contribution of deuteron elastic scattering on carbon and hydrogen was subtracted from the

spectra measured on the target CDs)

The statistical error of measurements was within
3..5%, depending on the particle detection an-
gle. The absolute value of cross sections was de-
fined within 10...15% accuracy accounting an er-
ror of target thickness definition. = The energy
spectra of deuterons from the break-up three-
body reactions D + D — p 4+ n +d
at the angles 6; = 15° 20°, 29° and 35° at
deuterons energy 36.9 MeV are presented in Fig.2.

dc/deEd, mb/sr MeV

J 0 lﬁ%
it
HH o9 11 20°
] gggggggﬁ“ﬂﬂ; 29°
. ID 2+I%2 . . 350. . .
E, MeV

Fig.2. The energy distribution of deuterons from
the reaction D + D — p + n +d at the angles
0s = 15°, 20°, 29° and 35° at the incident energy
of deuterons Ep = 36.9 MeV. The arrows show the
deuterons energy corresponding to the cross section
mazimums calculated in the quasi-free scattering
model: 1 is the scattering of the incident deuterons
on nucleons of the target nucleus, 2 is the scattering
of nucleons from the incident deuterons on the
nuclei of target

Spectra have the sharp rise on the high-energy
side and a slow decrease on the low-energy side
up to the energy ~ 15 MeV. The cross section
of higher energy maximum rapidly decreasing with

increase of the scattering angle and the enhance-
ment disappears at the angles larger than 6; = 35°.
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Fig.3. The angular dependence of the energy of

mazximum cross section Eg for deuterons from the
reaction D + D — p + n +d. The curves 1
and 2 show the kinematical points corresponding to
the target nuclei break-up and projectile break-up due
to the quasi-free scattering, respectively

3. KINEMATICS IN THE REACTION
D+D— p+n+d

The quasi-free three-body process D+ D — p+n+d
were examined when one of the colliding deuterons
scattered on either proton or neutron of another
deuteron.  The results of calculation are shown
in Fig.3 as the angular dependences of survived
deuteron energy. The curve 1 shows angular depen-
dence of the deuterons energy corresponding to the
maximum cross section in the spectra when the inci-
dent deuteron scatters on the proton or neutron from
deuteron of target. It can be seen from Fig.3 that
the energy of scattered deuterons depends strongly
on the emission angles. It is implied that we have
two broad maximums at the angles 65 < 30° — one
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at the high energy end of spectra and another at the
lower part of spectra. The curve 2 shows the angular
energy dependence of the cross section maximum po-
sition in the spectra of the scattered deuterons that
are formed from the scattering of nucleons from the
incident deuteron on the deuterium in the target.
The energy of deuterons (recoil) is slowly decreasing
with the increasing of the angle up to 64 ~ 60°.

The energies of the expected cross sections maxi-
mum positions, corresponding to the kinematical cal-
culations presented in Fig.3 are shown in Fig.2 by
the arrows and numerals (the numerals indicate the
mechanism of reaction). We observe the agreement
between the kinematical calculation (curves I and 2
in Fig. 3) and the experiment for the angles §; = 15°
and 20°. Two broad maxima with comparable in-
tensities were observed in the experimental spectra
at the angle 6; = 29° that became almost undis-
tinguishable with the increase of the scattering an-
gle. The kinematical calculations show the position
of only one maximum in the low energy region.

4. DIFFRACTION SPLITTING OF
DEUTERONS IN THE REACTION
D+D — p+n+d

The deuterons break-up in the three body reaction
D+ D — p+ n+datenergy Ep ~ 40 MeV in the
first approximation can be treated as the quasiclas-
sical process as the consequence of deuteron ,loose-
ness“and the diffraction model [26-29] can be used.
The application of the diffraction model to the de-
scription of D + D — p + n + d reaction was
developed by V.K. Tartakovsky [25,27,29].

The cross section of deuterons diffraction splitting in
the three-body reaction D + D — p + n +d can
be written as

do M5/2VEpEq
dQE; ~ 4y2n0

2Ep T 27
x/ dEp\/Ep/ do, sinﬁp/ dp, X
0 0 0

x | A(qa@) |?6a(T), (1)
here Ep is the icident deuteron energy, F, is the
energy of deuteron formed in the three-body reac-
tion, E,, 0, is the energy and angle of the outgoing
proton,y, is the azimuth angle between the vectors
Ed/ L and Ep 1, which are perpendicular to the k D com-
ponent of the vectors kg and Ep; | A(q, @) | is the
process amplitude that depends on the momentum
¢ transferred to the deuteron in the three-body re-
action and 4 is the relative momentum of p and n.
The factor da (T') takes into account an energy un-
certainty. The profile interaction function of nucleons
for colliding deuterons was selected in the following
form

(2)

w=w (| fij |) = cexp (=b?pf;)
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where pj; is the component of vector 7j; = 7 —
7; perpendicular to the momentum of the incident
deuteron kp in the laboratory system, 7 (i = 1, 2)
is the radius vector of i-th nucleon in the target
deuteron and m, 7; (j = 3, 4) is the radius vector
of j-th nucleon in the incident deuteron.
The amplitude A (g, @) can be obtained in the explicit
form by using simple Gaussian expressions for inter-
nal wave functions, the same as in [25]. The obtained
amplitude A (¢, @) has the following form:

oL (27r)7/4a _
Al(q,u) = —We

1 3
q W""szﬂ) X

u? a1q i, q 42
Xe  ax? (ezu2 +e ™ — Zew) . (3)
5. ANALYSIS OF THE EXPERIMENTAL
DATA

Two cases of the three-body reaction were studied: 1)
the break-up of the target nucleus D + D — d' +
p + n with formation of scattered deuteron d’ and 2)
the break-up of the incident deuteron D + D — d+
p + n with formation of the recoil deuteron d .

The experimental energy distribution of deuterons
from the reaction D + D — p + n +d,

d*a . . d*c
a0,E, 15 asum of cross sections QO Ey corre-

sponding to the break-up of the target nucleus, and

d’c
dQzE;
dent deuteron. Both components are undistinguished
experimentally.

, corresponding to the break-up of the inci-

5.1. CROSS SECTION OF SCATTERED
DEUTERONS d’ FORMATION

The energy distribution of deuterons d’ was calcu-
lated by using (1) and (3) assuming that Eqy = Eg.
Then terms in (3) would be determined as

q2 =4M (ED + FEy —2/EpEy C089> R (4)

u?* = |Ep + Ey +2E, — 2¢/EpEy cosf

—~2v2\/EpE, cos 0, + 2v2\/Ey E, x

x (cos 6 cos 6, + sin @ sin 6, cos wp)], (5)

@.G§=2M(Eysin®0 + 2v2\/Ey Eq x

x sin @'sin @, cos p,,), (6)
where 6 is the angle between the vectors k p and Ed/.
The energy distributions of the deuterons d’ for the
angles § = 15°,29° are shown in Fig.4 by dotted
curve 1. The scattered deuterons give the consid-
erable contribution in the high-energy region of the
spectrum reaching ~80% at small angles.



, mb/sr MeV

)

do/dQdE
®

T =7 T T T u d
0 5 10 15 20 25 30 35

do/dQdE , mb/sr MeV

Fig.4. The comparison of the theoretical calculations with the experimental energy distributions for

angles 6 = 15°,29° at Ep

= 36.9 MeV. Curve 1 is the energy spectra of scattered deuterons d' from

the reaction d + D — d +p + n, 2is the energy spectra of the recoil deuterons from the reaction

d+ D — p + n + d; 3is the total contribution of both processes

5.2. CROSS SECTION OF RECOIL
DEUTERONS d FORMATION

Replacing E4 in (1) and (5) by E; and defining the
transferred momentum as

¢ = 4M Ey, (7)

1§ = —2M(Ezsin® 0 + V2\/E;E, x
x sin @ sin 6, cos p,), (8)
the energy distribution of d will be received in the
accordance with (3). The angle 6 is defined by direc-
tions of the vectors kp and l;::;. Fig. 4 illustrates the
energy distribution of d for angles § = 15°,29° (curve
2). The recoil deuterons give the main contribution
to the low-energy region of the spectrum. The contri-
bution of the recoil deuterons d at the angle § = 15°
makes ~20%, and is increasing up to ~ 40...50% at
the angle 0 = 29°.
The full curve & in Fig. 4 shows the energy spectrum
defined by the sum of both mentioned above processes

d® g d® s d® s
dQ.dE; dQzdE; + dQudEy "

(9)

We see that the diffraction theory explains satisfac-
torily both the shape and absolute value of the ex-
perimental cross sections at the angles § = 15°...35°
which are changed distinctly with an increasing of the
scattering angle.
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PACIIPEJEJIEHUE JEVTPOHOB B TPEXYACTUYHBIX PEAKIINAX
PA3BAJIA B D+ D - CTOJIKHOBEHINAX

0.0. Bemockuna, B.U. I'parues, K.K. Kucypun, C.E. Omeavuyx, FO.C. Po3nioxk,
B.A. Pydenxo, B.C. Cemenos, JI.U. Carocapenro, B.I. Cmpyoicko

W3mepennbl sHepreTuteckne pacipeaesenns 1eiTponoB u3 peaknuu D + D — p + n + d B auamnasomne yr-
JioB 15° < 0. 1. < 35° upu sneprun Ep = 36.9 M3B. DxcriepuMeHT BBINOJIHEH Ha IUKJI0oTpoHe Y-240 AN
HAH VYxkpaunbl. AHa/in3 9KCIIEPUMEHTAJIbHBIX JIAHHBIX [IPOBEIEH 110 MUKPOCKOIUYIECKON MupaKIMOHHOM
MOJIEJIA C YY€TOM B3aMMOJEHCTBUsSI HYKJIOHOB B KOHEYHOM COCTOSIHUE. PacCMOTpPEHBI J[Ba TUIA TPEXIACTHI-
HOIl peaknuu: 1) pasBaJi siipa MUIIEHE ¢ 0OPA30BAHUEM PACCESHHOIO Aeiirpona d’ u 2) pa3Bajl HAJIETAIOIEro
nefiTpona ¢ o6pazoBaHIeM JefTpoHa OTAAqH d. DKCIePIMEHTATbLHbIC SHEPIeTHUeCKAe PACIIPEICICHIS Ieii-
TPOHOB Y/IOBJIETBOPUTEJIHHO OIUCHIBAIOTCA KaK 10 (DOPMe, TaK U 110 BEJIMYMHE C YIETOM CyMMapHOrO BKJIAJIa
ceuennii neiirponos d' u d.

PO3IIOALJI AEMTPOHIB V¥V TPUYACTKOBUX PEAKIIIAX POS3IIEIIJIEHH S
B D+D - 3ITKHEHHAX

0.0. Bewockina, B.I1. I'panues, K.K. Kicypin, C.€E. Omeavuyxr, I.11. ITaaxin, FO.C. Po3niox,
B.A. Pydenxo, B.C. Cemenos, JI.I. Carocapenxo, B.I. Cmpyotcko

Buwmipsino enepreruyni posnomiiu gedTponis i3 peaknii D + D — p 4+ n + d y giamasoni kytiB 15° <
Oc.m. < 35° pu eneprii Ep = 36.9 MeB. ExcriepumenT Bukonano Ha nukJorponi ¥Y-240 1511 HAH VYkpalau.
AHaJti3 eKcliepuMeHTaIbHUX JTaHUX BUKOHAHO 38 MIKPOCKOIIIYHOI JAu(PaKIIiHOI MOIE/I0 3 ypaxyBaHHAM
B3a€MO/IIT HYKJIOHIB y KiHIeBoMy crani. PO3risiHyTO 1B THIN TPUYIACTKOBUX peakIiiil: 1) posmienienss si-
pa Mileni 3 yTBOpeHHAM po3CcigHOro mefirpona d’ Ta 2) posmienieHHs HaJIiTalouoro JeHTPOHa 3 yTBOPEHHSIM
nefitpona Bimmadi d. ExcrepuMenTasbHI €HEepreTHYHI PO3HOIIIN IEHTPOHIB 330BLILHO ONUCYIOThCA 1 TIO
dopmi, i Mo BesmUMHI 3 ypaxyBaHHSM CyMApHOTO BHECKY Iepepisis meiirponis d’ ta d.
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