ELASTIC DEUTERON-TRITON SCATTERING AT 37MeV
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Results of measurement of differential cross section of elastic scattering of deuterons by tritons at the laboratory
energy of 37 MeV for the center-of-mass angles 0..,. ranging from 25° to 150° are presented. The experiment is
carried out on the U-240 isochronous cyclotron of the Institute for Nuclear Research, National Academy of Science
of Ukraine. Obtained experimental data is analyzed theoretically in the framework of microscopic nuclear diffraction
model. Angular distributions of deuterons in a region of the main maximum (0c.». < 60°) are described quite
well at deuteron energies of 14.4, 37.0 and 39.9 MeV. An explanation of a broad secondary maximum emerging
at low deuteron energies is proposed using the phenomenological quasiclassical approximation. The quasiclassical
approximation allows to describe the angular distributions only qualitatively at large angles 60° < 0..,,. < 150°,

where the cross sections are quite small.

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

1. INTRODUCTION

Collisions of deuterons with tritons at energies of tens
MeV still remain studied insufficiently [1-7], though
they are very informative and are of interest for in-
vestigation of both the few-nucleon nucleus structure
and the nuclear interaction. Coulomb interaction
gives negligibly small contribution (of the order of
1%) into the scattering cross section at the energies
of incident deuterons in the interval of 10...40MeV .
Therefore, in considering dt-scattering we will sub-
sequently neglect the Coulomb interaction. For the
same reason, the d>He-scattering [7-9] is very much
similar to the dt-scattering.

At the deuteron energies that are being consid-
ered, the wavelength )\ of the relative motion of 2H
and 2H nuclei divided by 27 appears to be a few
times less than the radius of their nuclear interac-
tion Ry (approximately 4...6 fm), therefore the dif-
fraction approximation can be used for a calculation
of the elastic deuteron - triton scattering cross sec-
tion. Consideration will be inherently quasiclassical
(M < Ry) when an influence of many quantum me-
chanical effects (the Pauli principle, spins of nuclei,
antisymmetrization of wave functions) becomes sub-
stantially weaker [10], which simplifies calculations
significantly. In addition, as it will be shown, the
macroscopic description of the dt-scattering process
is also possible. In present work, we consider the dt-
collision and solve the very complicated problem of
five interacting nucleons of continuous energy spec-
trum approximately in the framework of nuclear dif-

fraction model. The goal of this work is to present
the results of our experiment on elastic scattering of
deuterons with the energy E; = 37 MeV by tritons
as well as to provide the theoretical description and
interpretation of our data together with the published
data corresponding to other energies F; using simple
quasiclassical methods of quantum mechanics [10-15].

2. EXPERIMENT

Elastic scattering of deuterons by tritium nuclei with
energy of deuterons E; = 37 MeV was experimen-
tally studied on Kiev isochronous cyclotron U — 240
of KINR, NAS of Ukraine. Measurements were car-
ried on self-maintained titanium-tritium target and
on pure titanium target. Ti-T target is a tritium-
loaded titanium film with activity of 7.57 C4.

Charged particles were detected by three tele-
scopes of counters (AE — F) placed in reaction plane.
Intensity of ion beam passed through the target was
detected with Faraday cup connected to current inte-
grator. For determination of angular distribution of
elastically scattered deuterons data on elastic scat-
tering of deuterons T'(d, d)T" as well as data on recoil
tritons were used. Registration was performed in an-
gular range of 15° < 0,4, < 58° for deuterons and in
angular range of 15° < 64, < 52° for tritons. (0;4p is
an angle in laboratory system of coordinates). Statis-
tical error of measurement for inclusive spectra was
1...3% depending on angle of detection. Absolute
values of cross sections were determined with accu-
racy ~ 15%. Measurement procedure and prelimi-
nary results were published in [1,6].
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Fig.1(a) presents one-dimensional deuterons
spectra measured on Ti — T and 7Ti¢ tar-
gets at angle 15°, Fig.1(b) presents re-
coil tritons spectra at the same angle.
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Fig.1. Deuteron spectra measured on Ti—T and T4
targets for the angle of 15° at the deuteron energy
of 3T MeV (a); the same for recoil tritons (b)
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Fig. 2. Energy spectra for elastically scattered
deuterons and recoil tritons at the deuteron energy
of 3T MeV for the angle of 15° (a); (b) - the same
for the angle of 38°. Solid and dashed lines corre-
spond to the calculations based on the microscopic
nuclear diffraction model [15,16]
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Isolation of peaks corresponding to elastic scattering
of deuterons on tritons was carried by subtraction
of spectra derived on Ti-target from spectra ob-
tained from 77 — T target. The same approach was
used for separation of peaks of recoil tritons. En-
ergy spectra of deuterons and recoil tritons from
T(d,d)T reaction obtained at 15° and 38° are il-
lustrated on Fig.2(a,b). Analysis of energy spectra
is presented in sections 4 and 5. Dependence of
differential sections do/dS) for elastic scattering of
deuterons on tritons in center-of-mass system (c.m.)
is presented on Fig.3(a). Before, the elastic scat-
tering of deuterons on tritons was studied only at
low energies (6.6...14.4 MeV) [7]. On Fig.3(a) pre-
viously published data on dt-scattering at 8.3 and
14.4 M eV are presented together with data obtained
in our experiment. Angular distributions have com-
mon typical features: sharp decrease of section with
scattering angle increasing to 6.,,. < 60° and no-
ticeable rise of cross sections at angles starting from
0..m. =~ 130°. However there are considerable differ-
ences at 60° < 0., < 130° angle range. Wide max-
ima observed at 6., ~ 100° with energies 8.3 MeV
and 14.4 MeV, disappears at our energy 37 MeV.
We made comparison with data on elastic d®He
scattering at energies 10.0, 14.4 [7], 17.49, 39.9 MeV
[7,8,9]. Comparison is presented on Fig.3(b).
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Fig.3. FElastic scattering of deuterons by tritons at
the laboratory energies of 8.3 MeV [7], 14.4 MeV
[7] and 37T MeV (our data) (a); (b)- deuterons on
helions at the laboratory energies of 14.4 MeV [7],
17.49 MeV [7,8] and 39.9 MeV [9)

Nature of dependence of elastic d®He cross-
section at range of low and high angles is identical to
dependence of cross-section for elastic dt-scattering.
At angular range of 60° < 6., < 130° the similar
picture is observed: with deuterons energy increasing
the wide maximum at angle 6. ,, =~ 100° disappears



distorting with energy 39.9 MeV. Data on 3He(d, d)
scattering obtained at energy 17.49 MeV already in-
dicate maximum disappearing at angle 6. ,, ~ 100°.
Deuterons elastic scattering on helions at energy
FE; =39.9 MeV has practically the same dependence
as elastic scattering of deuterons on tritons at our
energy.

3. FORMALISM FOR ANGULAR
DISTRIBUTIONS OF SCATTERED
DEUTERONS

We consider the deuteron - triton scattering in the
center-of-mass frame and use the microscopic diffrac-
tion model [10,15], in which an interaction of each of
three nucleons of >H nucleus with each of two nucle-
ons of 2H nucleus is described by the nucleon-nucleon
profile functions of Gaussian type [10,12,16]:

(1)

where pj; is the component of the vector 75; = 75 — 7

wij = w(|pi;]) = anP(*b2P2ij)’

perpendicular to the incident deuteron momentum Ed
in the laboratory frame. Here 7 is the radius vector
of the ¢ — th nucleon of triton (i = 1,2, 3), 7; is
the radius vector of the j — th nucleon of deuteron
(J =4, 5)

The amplitude of elastic deuteron - triton scatter-
ing in the diffraction impulse approximation [11]
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It describes well the corresponding diffraction cross
section

do = K |A(Y)|? dQ
- (271_)2 X 9
3 . .0
k—gkd, \X|—2ksm§. (3)

In a region of the main diffraction maximum, where
the scattering angle 6 = 0. ,,,. does not exceed 65° (in
the laboratory frame this angle does not exceed ap-
proximately 40°), simple intrinsic wave functions of
deuteron ¢4(5) and triton ¢;(p1,7) in Gaussian form
[10,12,16] are used:

s
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A =0,267 fm~1, (4)
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The relative motion of deuteron and triton before and
after scattering is described by the following wave
functions [11]:

vg(R1) = e,

Yo(RL) =1, (6)

where ¥ is the transferred momentum (kq = 0), R.
is the component of vector ﬁ, which connects the
centers of mass of deuteron and triton (h = ¢ = 1),
perpendicular to Ed.

On using the equations (1) - (6), we get the follow-
ing compact expression for the angular distribution
of deuterons in elastic scattering in explicit form:
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(7)
where M is the nucleon mass.

For quality description of scattering at large an-
gles (65° < # < 180°) in the center-of-mass frame,
where the cross section is quite small, we use qua-
siclassical expression for the scattering amplitude
of two colliding impenetrable balls, which represent
deuteron and triton, disregarding their internal struc-
ture [13]:
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(8)

4. FORMALISM FOR ENERGY SPECTRA

With the help of the above formulae of the micro-
scopic diffraction model, we obtained the following
differential cross sections, which can be used to de-
scribe the energy distribution in the laboratory frame
(where tritons are in the rest before collision) versus
the energy of scattered deuterons E/, and the recoil
energy of tritons F; at fixed deuteron angle 6; and
triton escape angle 6;:

do __9MVEAEY o
AQdE, ~  on? X

1) (5E(Ii - Ed —4 EdEé COS 9(1) s (9)

do__ SEMVEEL 0
AGdE,  5v2n2 X

5 (2 6ELE] cos 0, — 5Et) , (10)

where |A(x)|? is taken from (3) and (7). In addition,
the variable y in the amplitude A(x) should be ex-
pressed in terms of kinematic variables in the labora-

tory frame. So, we substitute the following expression
to (9):

1/2
X = 4M(Ed+E{1—2\/KEgc089d)} ;o (11)
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and the following expression to (10):

X:\/6MEt:%\/MEdcosed, (12)
where the relationships for scattering (escape) angles
and energies of nuclei before and after collision in the
center-of mass and laboratory frames were used [14].

In calculations of the cross sections (9) and (10),
the delta-functions §(F) were replaced with the finite
functions dr(F), whose narrow maxima are defined
by the finite width T' [10,16]:

r 1 .
or(E) = 2 B2 1 112 lllg%)fsr(E) =0(E). (13)
5. ANGULAR AND ENERGY

DISTRIBUTIONS ANALYSIS

5.1. ANGULAR DISTRIBUTIONS
ANALYSIS

Differential cross-sections of elastic dt-scattering
do /dSY in center of mass system obtained at deuterons
energy 37.0 MeV as well as published data at energy
14.4MeV [7) and data on d*He scattering at en-
ergy 39.9 MeV [9] were used in analysis. Fig.4(a,b,c)
presents these data and corresponding theoretical cal-
culations. Curves 1-la on Fig.4 are derived using
equation (7). As shown on Fig.4 experimental angu-
lar distributions of scattered deuterons in the vicinity
of main maximum (6., < 65°) are quite well de-
scribed theoretically by (7) at energies Fy = 14.4; 37
and 39.9 MeV.

Curves 2 and 3 on Fig.4(a) and curves 2 on
Fig.4(b,c) are derived using equation (8). Curves 2a
are plotted using only first item in (8) i.e. based on
model of colliding black balls with sharp edge, and
curves 2b are plotted using only second item in (8),
which is concerned with classical isotropic scattering
(Ry = 4.4 fm). Curves 3 on Fig.4(b,c) corresponds
to the same second item in (8), but with Ry = 2 fm,
what better describes cross-section at 8 > 65°.

Decreasing of radius of interaction Ry with in-
creasing 6 when energy transmission is increasing, is
in accordance with long ago observed [17-19] decreas-
ing of Ry with increasing of relative energy of collid-
ing nuclei, when energy transmission is increasing.
This phenomenon was confirmed (and explained) by
optical model calculations [17].

Appearance of wide but low in height experimen-
tal maximum on Fig.d(a) for Eq = 14.4 MeV at
65° < 6 < 140° is explained by the advent of sec-
ondary diffractive maximum due to the first item in
(8), which however is distinctly distorted by interfer-
ence of quantum and classical amplitudes in (8) and
by influence of inner structure of nuclei. This maxi-
mum disappears with increasing of energy Fg.

Phenomenological semi-classical approach can’t
describe well in angles range 25° < 6 < 150°
the observed cross-section dependence on 0., with-
out taking into account some number of quan-
tum effects and real structure of colliding nuclei.
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Fig.4. Ttheoretical calculations compared with
experimental angular distributions at the following
energies: (a) - 14.4MeV, (b) - 37TMeV, (c) -
39.9MeV. Curves 1 and la - calculations based
on the microscopic nuclear diffraction model (7)
with the following parameters: (a) 1 - o = 1.30,
b2 = 030 fm=2; la - a = 0.5, b*> = 0.10 fm~2;
(b) 1 - a=0.80; b> = 0.31 fm~2; 1la - o = 0.65,
b2 =0.22fm=2; (¢c) 1 - a = 0.70, b*> = 0.31 fm~2.
Line 2 - calculations based on quasiclassical approx-
imation (8) with the following parameters: (a) 2 -
Ry =52fm; 8- Ry =4.15fm, (b) Ry =4.4 fm,
(c) Ry = 4.4 fm. Curve 3 on (b,cb) denotes the
cross section 3—6 = iR?\, for deuteron scattering
angles 04 > 70°, Ry =2 fm

5.2. ENERGY SPECTRA ANALYSIS

Experimental energy spectra at angle 6;,, = 15°
for deuterons (I' = 0.69 MeV) and tritons (I' =
0.92 MeV) are represented on Fig.2(a), and Fig.2(b)
shows spectra for deuterons (I' = 0.68 MeV') and tri-
tons (I' = 1.07 MeV) at angle 6,4, = 38°. Location,
width T', and height of maxima are well described
with curves calculated by equations (9) - (13), except
of cross section do/dWdE; at §; = 15° and E; in
range from 15 MeV to 30 MeV (see Fig.2(a)). The
last circumstance is concerned with fact that at low



0; and E; > 15 MeV impulse and energy of recoil
triton gain high values what can excite inner degrees
of freedom of colliding nuclei with its transition into
intermediate quasisteady states, majority of which
come back to bound states and we detect it in our
experiment, minority break up and we don’t detect
the decay products.

6. CONCLUSIONS

1. Differential cross sections of the elastic scatter-
ing of deuterons with the energy of 37 MeV by tritons
are measured for the center-of mass scattering angles
ranging from 25° to 150°.

2. The analysis of the elastic scattering of
deuterons by tritons (helions) is carried out for
deuteron energies of 14.4 MeV [7], 37 MeV (our
data) and 39.9 MeV [9] in the framework of the mi-
croscopic nuclear diffraction model. The experimen-
tal angular distributions of scattered deuterons in the
region of main maximum (0., < 65°) are quite well
described theoretically for the deuteron energies of
14.4MeV, 37 MeV and 39.9 MeV.

3. The phenomenological quasiclassical approxi-
mation cannot adequately well describe the observed
dependence of the cross section on 6., in the whole
range of angles 25° < 6., < 150° without taking
into account a number of quantum effects and real
structure of colliding nuclei. In the range of angles
65° < O..m. < 150°, only qualitative description of
the cross sections is achieved.

4. An explanation of the broad secondary max-
imum emerging in the dependence of the observed
cross section on the deuteron scattering angle in a
range 65° < 6., < 140° for the incident deuteron
energies Fy < 17MeV is proposed. It is shown
that the maximum emerges due to the diffraction
process and the interference of quantum and classi-
cal isotropic scattering amplitudes as well as to the
manifestation of the structure of colliding nuclei.

5. The analysis of measured energy spectra of
deuterons and recoil tritons from the reaction ¢(d, d)t
at the energy E; = 37MeV is carried out. Our
calculations of the energy distributions, based on
the microscopic nuclear diffraction model, are in
good agreement with the experiment at width I' =
0.68...0.69 MeV (15° < 6, < 38°) for deuterons and
' =0.92...1.07 MeV (15° < 0,4 < 38°) for recoil tri-
tons.
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VYIIPYTOE dt-PACCEAHUE ITPY SHEPT'MN 37 M>B

0.0. Beatockuna, B.U. I'panues, B.B. /lagudosckuti, K.K. Kucypun, C.E. Omeavuyx,
L.II. IIaaxun, FO.C. Posniox, b.A. Pydenxo, JI.C. Caamuwvikos, B.C. Cemenos,
JI.U. Carocapenxo, B.I. Cmpyowcko, B.K. Tapmaxosckuti, B.A. IlITumiox

[IpencraBiensl pe3yabraThl nu3MepeHuil AuddepeHInaabHbIX CeYeHnl yIPYTroro pPacCesiHus JAeHTPOHOB C
sueprueit E; = 37 M»sB nHa TpuroHax B jauamnasone yrjioB paccesHus 25° < 0., < 150°. DkcrepumeHT
BBITIOJTHEH Ha M30XPOHHOM IukJjorpone ¥Y-240 AN HAH VYkpaunst. [IpoBesien Teoperndeckuii aHajms3 mo-
JIYIE€HHBIX SKCIIEPUMEHTAJIbHBIX JIAHHBIX B PAMKAX MUKPOCKOIMYECKON MU(PPAKIIMOHHON SAePHONR MOJIEIH.
VrioBble pacipeiesieHus JeHTPOHOB B 06JacTu riaaBHOro MakcuMyMa (.., < 60°) 10cTarodHo Xoporio
OIHCHIBAIOTCS IIPHU dHEprusx meiirponos 14, 4; 37,0 ta 39,9 M»sB. IIpennoxkeno ¢ ucnosbzoBanmem dhemMeHo-
JIOTMYECKOT'0 KBa3UKJIACCUYIECKOI'O IPUOJIMKEHNS 00bsICHEHIE [TOsIBJIEHHS IITTPOKOTO BTOPHYHOI'O MaKCUMYMa
[IpU HU3KUX YHEPIUsiX JefTpoHOB. KBasukiiaccuieckoe mpub/inzKeHne MO3BOJISIET JIUIIb KAYECTBEHHO OIICATh
yIJI0BBIE pacupefenenns: Ha 60sbmux yriax 60° < 6., < 150°, rje cedenus: y»Ke BeCbMa, MaJibl.

MPYXKHE dt-PO3CIIHHS 1P EHEPTIII 37 MeB

0.0. Bemockina, B.1. I'panues, B.B. /lasudoscvruii, K.K. Kicypin, C.E. Omenavuyx,
L.I1. Ilaaxin, FO.C. Poswiok, B.A. Pydenxo, JI.C. Caamuxos, B.C. Cemeros,
JI.I. Cmocapenxo, B.I. Cmpyocko, B.K. Tapmaxoscvkuii, B.A. ITumiok

[Ipencrasieno pesynbraru BUMIpIOBaHHS AUQEPEHITATBHIX TIEePEPi3iB MPYKHOTO PO3CITHHS JEeHTPOHIB 3
eneprieio Fy = 37,0 MeB na Tpuronax y aiamasoni kyTis posciguns 25° < 0. ., < 150°. ExcriepumenTt Buko-
HaHO Ha i30xpoHHOMY nukJIoTpoHi Y-240 4] HAH VYkpainu. [Iposeseno Teoperndnuit aHa i3z OTpUMAHUX
EeKCIIEPUMEHTAIBHIX JAHUX B MeKaxX MIKPOCKOMiIHOI Judpakiiiiinol saepuol momaesi. KyTosi posmomian eii-
TPOHIB B 06J1aCTi TOJIOBHOrO MAKCUMYMY (O, . < 60°) 3a10BUILHO ONUCYIOTHCS TIPU €HEPrigx JeidTponis 14, 4;
37,0 ta 39,9 MeB. 3BaBnsku BUKOpPHUCTAHHIO (DEHOMEHOJIOTIYHOIO KBA3IKJIACHIHOIO HAOJMKEHHS BJIAJIOCSH
MMOSICHUTHY TIPUPOJLY HOSIBA IMIMPOKOT0 BTOPUMHHOI'O MAKCHMyMy IIPW HU3bKUX €Hepriax seitrponiB. KBasikia-
cuyHe HaOJIMXKEHHsI J03BOJISIE JIAIIE SKICHO OIUCATH KYyTOBI PO3IOMiLIHN Ha Beaukux KyTax 60° < 6. ., < 150°,
Jie TIepepi3u JIOCUTh MaJIi.
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