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TWO-PARTICLE BREAK-UP OF TRITON
BY INCIDENT DEUTERON WITH ENERGY OF 37 MeV
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The break-up reaction D+7 — d +d +n is investigated at the energy of incident deuterons of 36,9 MeV. Inclusive
energy spectra as well as angular distributions of deuterons are measured. We described the results of the experiment
satisfactorily in the framework of the microscopic diffraction nuclear model taking into account the interaction in the
final state. Our calculations have shown that the main process leading to appearance of deuterons in the output channel
of D+T — d +d +n reaction is diffractive break-up of the triton by the incident deuteron, and the scattered deuterons
give major contribution to the cross section. The contribution of the processes involving the formation of the

intermediate resonances is quite small.
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1. Introduction

In this work, we present the results of our
experimental study of the inclusive T(d, dd)n
process at the energy of incident deuterons of
36,9 MeV. Two most contributing processes, first,
the break-up of triton into deuteron and neutron by
an incident deuteron and, second, the scattering of
the incident deuteron are described in the framework
of the microscopic diffraction nuclear model mainly
as a quasi-free process with improbable formation of
intermediate short-living resonances. The latter is
related, as shown below, to the specifics of the
process and the structure of the colliding nuclei,
whereas the numerical interpretation of the cross
section of the concurrent D+7 — p+n+t reaction

is usually not possible without an assumption
concerning the formation of the intermediate four-
nucleon resonances.

Collision of deuterons at the energy of 35 MeV,
which is close to the energy in our experiment, with
tritons was investigated in [1]. The results of
calculations of the cross sections came into
agreement with the experiment even in the plane
wave impulse approximation, when quasi-free
processes dominate and the final state particle
interaction can be neglected. It was shown that both
quasi-free reactions and quasi-free scattering are
specific for the dt-collisions.

The deuteron-triton reactions were also studied in
[2 - 4] at various energies of incident particles.

2. Experiment

The experimental research of D+7 —>d+d+n
reaction is carried out on the isochronous cyclotron
U-240 of the Institute for Nuclear Research of
National Academy of Science of Ukraine at the
incident deuteron energy of 36,9 MeV.
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Inclusive spectra of deuterons are measured on
T-Ti and Ti targets in the range of particle escape
angles of 15° < 04 < 52° in laboratory reference frame.
The threshold of particle detection is approximately
5 MeV. The T-Ti target in the form of titanium film
with thickness of 4,9 mg/cm” saturated with tritium up
to activity of 7,57 Ki is used in the experiment. Earlier
obtained data on carbon target [5, 6] are used for the
energy calibration. The experimental setup and the
measurement procedure are described in [5, 7, 8]. The
statistical accuracy of measurement of reaction
products varies in range of 1 - 3 % depending on the
particle detection angle. The differential cross sections
of deuteron production in D+7T —d +d +n reaction
are determined (taking into account the absolutization)
with the accuracy of approximately 15 %.

Obtained energy distributions of deuterons for
their escape angles of 15, 20, 30 and 35° in the
laboratory frame are shown in Fig. 1. They are broad
maxima steeply inclined in the high-energy region of
the spectrum and slowly decreasing in the low-
energy region.
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Fig. 1. Energy distributions of deuterons from
D+T —d+d+n reaction for 64 =15, 20, 30 and 35°.
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The intensity of peaks rapidly decreases with the
increase of the scattering angle. The maxima in the
deuteron spectra at angles of 15 and 20° are located
approximately at the energy of 22 - 23 MeV, and the
maxima at angles of 30 and 35° are located
approximately at the energy of 12 - 14 MeV. As it
will be shown in the Section 4, the contribution to
the spectrum mainly comes from deuterons from
T(d, d)dn reaction scattered on tritons, causing the
break-up of the latter into deuterons and neutrons,
and also from deuterons produced due to the triton
break-up. At small energies, some contribution from
deuterons produced in the decay of the intermediate
resonance states *H*—d + 2n and *He*—d + d is
quite possible.

The differential cross section of deuteron
production do/dQ, is obtained by integrating the
cross section do/dQ,dE, over the energy at the
5<E,<35MeV. Obtained
distribution of deuterons is shown in Fig. 2 (filled
circles represent our experiment, open circles
represent our calculations). As it is seen from the
figure, the cross section rapidly decreases with the
increase of deuteron escape angle up to 64 =~ 45°
(such behavior is characteristic for the direct nuclear
reactions), whereas for the further increase of the
escape angle 04 the cross section is almost constant.
The theoretical analysis of the cross section
do/dQ, is given in the Section 4.

interval angular
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Fig.2. Angular distributions of deuterons from

D+T —>d+d+n reaction at the energy of incident
deuterons of 36,9 MeV: filled circles show the
experimental data, open circles represent the calculated
total contribution from scattered deuterons (d') and

deuterons (d ), produced due to the triton break-up.
3. Formalism

At the energy of incident deuterons, used in our
experiment, E4 = 36,9 MeV in the laboratory frame,
when the wave length of relative motion of colliding
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deuteron and triton divided by 27 is less by almost
an order of magnitude than their nuclear interaction
radius, the motion of the particles in initial and final
states in the D+7T —>d+d+n reaction can be
treated as quasi-classical. Therefore, we can use the
diffractive approximation at small angles of particle
escape [9].

The amplitude C(q,f) of D+T —>d+d'+n

process, where d’ denotes the scattered deuteron, d
denotes the deuteron, produced as a result of the
triton break-up, can be written according to [9] in
the following form:

C(G /)= [dVp [dVF[dVs[dPR ¥y(R,)

><¢; (,51)¢;(’_;)¢; (5)€2,,€2,502,,Q,5Q,,Q,:6,(57) 4, (5).
o (1

In Eq. (1), g=k,—k, 1is the transferred
momentum (in diffraction approximation ¢ is two-
dimensional vector, which is perpendicular to the
momentum £, , the z-axis is aligned with k), where

k, and k, are the momenta of the incident and

. = 2=
scattered  deuterons  respectively, f = gkn -
1- 2. - .
——k; =—q—k; is relative momentum of the
3 3

produced neutron with the momentum £k, and

deuteron with momentum ]_(;7 , 7=—q¢ (h=c=1).
The matrix €, of scattering of the j-th nucleon

from deuteron (j = 4, 5) with radius vector 7, on the

i-th nucleon from triton (I = 1,2, 3) with radius
vector 7. is chosen in the following form [10, 11]:

— _ 2 =2
Q,=l-o,=1-aexp(-b"p;), 2)

where @, is the profile function for interaction of
the j-th nucleon of the incident deuteron and the i-th
nucleon of the target triton; g, is the component of
the vector 7, =7, — 7, perpendicular to k,.

The amplitude (1) is expressed in terms of the
intrinsic wave functions of triton ¢,(p,7), incident
deuteron ¢,(s), scattered deuteron ¢, (s), deuteron
produced due to the triton break-up ¢;(7) and the
wave function of relative motion of that deuteron

and neutron from the triton ¢j.(/31). The wave

functions depend on the relative radius vectors
(Jacobi variables):
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3)

R, is the perpendicular to lgd component of the

vector, which connects the centers of gravity of
colliding nuclei. The wave function of their relative

motion in the plane, perpendicular to Ed , depends on
R, 9]

W,(R)=exp(iZR,), 7=- )

The reaction amplitude (1) contains an integral of
quite high order, therefore, for simplification of
calculations, we use simple Gaussian dependencies
for the wave functions included in Eq. (1) [10]

3/4 3

9.(p,F) = —5expl-a (o +2 i Il

a=0,375fm™’, (3)

212 3/4
¢d(§)=( - ] exp(-A%s%), 1=0,267 fm™, (6)

4,5 =" B exp(—-L

—a’p). (D)

The functions (5) and (6) are normalized to unity,
and the functions (5) and ¢f.(,51)¢3(17) are
orthogonal (the functions ¢.(7) and ¢,(s) in
Eq. (1) have the same form as Eq. (6)). In addition,
since the escape angles of the particles in our
experiment, as we have seen, are quite small (this
fact justifies the use of diffraction approximation), in
future we will calculate the amplitude (1) and the
cross section of D+T — d +d +n reaction in the
impulse approximation, which is appeared to be
sufficient for the description of our experiment.

3.1. Inclusive process with detection
of the knocked out deuteron d

In our experiment, the energy distributions of

unresolved scattered deuterons d’ and deuterons d
knocked out of tritons have been measured for a
number of their escape angles. We get the
expression for the inclusive cross section of the

D+T —d+d'+n process with production and

detection of only & in the following form:

dﬁa;ZE S ME, E, j dEJE, j d@, sin@, j d¢d‘C(q f)‘ 5,(T), (8)
5.(T)= ! exp(—T—z), lim&,(T)=S8(T), A—0, 9)
A A
T=E,+¢, +3E,+3E,~4,JE,E! cos@, —4\|EE, cosO, +
+4M(cos6_?d cosd, +sinf, sinf, cosd), (10)

where g4, = 6,3 MeV is the energy of separation of
neutron from deuteron in triton. Here &), 6, are the

k. and k,; ¢ is

angles between momenta l;d,, .
and k,, , which

azimuth angle between vectors lgg N

are the components of vectors lgg and k, being

perpendicular to Ed . Numerical value of the energy
uncertainty A in Eq. (10) is approximately 1 MeV
for our experiment.

The amplitude C(§, /)

approximation can be obtained in explicit form using
Egs. (1) - (3) and the wave functions (4) - (7)

in the diffraction

1677464 a Fo11 f (J} ‘5‘1)
C - 9L 3
(4. /) P @ 130" exp[ 4 (b2 8/12)] exp )
> 1, q2
+—¢°)) +2exp(-—————) x
9q ) p( 4(47° +3a2))
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(7. +1ay
x[exp(—

—3) exp(—4—2<fl —q N

(11

The values of parameters of interaction a and b, which are used in (2) and (11), are taken approximately

the same as in [8, 10, 11].

3.2. Inclusive process with detection of deuteron d' and total cross sections

The expression for the inclusive cross section of the D+T —d +d'+n process, when the triton breaks

up and the scattered deuteron d' is detected, similarly to Eq. (10), has the following form:

2 Ey T 2 R
% = 2M—”5 [ME,E] ! dE,\JE, ! dd,sind, ! dg,|c@. /) 6.(T).

Measuring the cross sections (8) and (12) apart is
attended with some experimental difficulties;
therefore it was more reliable to measure the total
cross section

do  do N do
dQ,dE, dQ,dE, dQ.dE,’

(13)

when the deuterons d and d' are not distinguished
by the detectors. (In this case, kinematic variables
E,, 0, in Egs. (8) - (10) and E}, €, in Eq. (12),
which are not integration variables, are replaced by
E, and 6, respectively.)

The total angular distribution of final deuterons
in the reaction D+T —d +d'+n is measured in the
same way

do do N do
aQ, dQ, dQ|’

(14)

where the “partial” angular distributions are defined
in an ordinary way

E, E,

do
s,

- s deE dQ’ I acae,

0 0

dQ dE'

The details will be given with the analysis of the
experimental data that we have obtained.

4. Analysis of the results

Fig. 3 illustrates the energy spectra of deuterons
from the D+T —>d+d+n reaction at energy
Eq= 36,9 MeV for four escape angles: 6,= 15° (a),
20° (b), 30° (c¢) and 35° (d) in the laboratory frame
as well as corresponding results of their theoretical
interpretation in the form of calculated curves using
the obtained formulae, presented in Section 3.

Let us discuss the results of our experiment
(Section 2) and their theoretical analysis (Section 3) for
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(12)

the D+T —>d'+d+n process. Unlike the
D+T — p+n+t process, the energy spectra and

angular distributions of final deuterons in the
D+T — d +d +n reaction (see Figs. 2 and 3), which
have been obtained by us, are basically described
satisfactorily using only diffraction approximation
(thick solid curves in Fig.3), and the spectra are
reproduced quite well by the Egs. (13) - (20) in quite
wide range of variation of the detected deuteron energy
Eq4. That is, in this case, the quasi-free scattering of
incident deuterons (these will be deuterons d' in the
final state) and quasi-free process with production of
deuterons d due to the break-up of the target tritons
(see also [1, 2]). The contribution of the processes
involving the formation of the intermediate resonances
seems to be small (see below).

The experimental and calculated spectra of
deuterons in Fig. 3 for a number of deuteron escape
angles are broad bell-shaped dependencies (maxima)
on the energy of final deuterons E4 (do not confuse
with the energy E;=36,9MeV of incident
deuterons!). These figures also illustrate the
calculated contributions from scattered deuterons d’
(curves 1, plotted using Egs. (12) and (11)), and the

deuterons d produced due to the triton break-up
(curves 2, plotted using Eqgs. (8) - (11)).

For comparison, Fig. 3 illustrates the results of
calculations of the contributions from scattered
deuterons d' (curves I and /a) and produced

deuterons d (curves 2 and 2a) for two essentially
different values of parameter b: 0,4 fm™ (curves /
and 2), and 0,1 fm™' (curves /a and 2a) — a special
case, the rest of the parameters vary insignificantly.
Curves 3 and 3a illustrate the behavior of the
resultant contribution of curves / + 2 and la + 2a
correspondingly. Only in the case, when parameter b
decreases to the value of 0.1 fm™, the contributions
from the deuterons d’ and d are of the same order
of magnitude.
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Fig. 3. Comparison of theoretical spectra with experimental data for D+7 —d +d +n reaction at the energy of
incident deuterons of 36,9 MeV. Filled circles show the experimental data, curves / show: /a — differential cross
section do/dQ,dE, for scattered deuterons (d') at various values of parameters; curves 2 show: 2a — differential cross

section do/dQ,dE, for the deuterons (d ), produced due to triton break-up (see in the text). Total cross sections of
two processes: /(1a) + 2(2a) are shown in Fig. 3 by solid (or dashed) thick curves (3 or 3a).

In Fig. 2, the experimental data (filled circles) as
well as calculated (open circles) angular
distributions of final deuterons from the
reaction D+ 7T — d'+d +n, obtained by integrating

the corresponding deuteron spectra from Fig. 3 over
the energy, are presented. Theoretical cross sections
calculated within diffraction approximation are in
satisfactory agreement with experimental data by
absolute magnitude. The angular distributions have
big magnitude at small deuteron escape angles, and
the corresponding cross sections (both experimental
and theoretical) rapidly drop with increase of escape
angle 04. Such behaviour is specific for the direct
nuclear processes.

Notice that the amplitude C(c},f), obtained in
the explicit form for the D+7 — d +d +n process,
as it is seen from Eq. (11), strongly depends on the
structure of triton (unlike the amplitude of the
process T(d,p)nt). In our approach to the
investigation of the D+7T —d +d +n process, the
structure of both colliding nuclei as well as
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interaction in the final state are taken into account in
consistent way. It has made possible to explain to a
large degree the observed spectra and angular
distribution of deuterons in the framework of the
microscopic diffraction model only (Figs. 3 and 2).
In some cases a small excess of the experimental
values of cross sections over the theoretical values,
especially at high energies of the produced deuterons
(curves / and 2 in Fig. 3), is probably related to
neglected processes of formation of intermediate
resonances (first of all, “He*) as well as four-particle

processes D+T —d'+d+n—d' +p+2n and

D+T —>d'+d+n—>d+p+2n, but their contri-

butions into the cross sections are relatively small.
Some contribution to the increase of the cross
section far from the diffraction maximum can come
from the use of the internal wave functions of the
colliding nuclei with correct asymptotics.

In addition, we calculated the resonance cross
section do,/dQ,dE, corresponding to the

. . . 4
formation of two intermediate resonances "He*, each
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decaying to two deuterons. An excitation energy E,

for the first such resonance (above the ground state
of ‘He) is 24,25 MeV [12, 13] with parameters
E =0,403MeV and I'=0,150 MeV, and for the
second E, =27,42 MeV,
E =3,573MeV, TI'=8,210MeV [13, 14]. The
second resonance seems to give greater (though

comparatively small) contribution into the cross
section.

resonance

5. Conclusions

1. Inclusive spectra of deuterons from the
D+T —>d+d+n reaction are measured in wide
range of energies of final deuterons at incident
deuteron energy of 36,9 MeV. The differential cross
sections (angular distributions) of deuterons are
determined in the range of their escape angles
15° <04 <52° in laboratory frame.

2. The experimental spectra and the angular
distribution of deuterons from the
D+T —>d+d+n reaction are satisfactorily
described in the diffraction approximation taking
into account the final state interaction and correct
asymptotics of wave functions of colliding nuclei.

3. It is shown that the main process leading to the
production of deuterons in the output channel of the
D+T —>d+d+n reaction at the energy under
consideration is the diffractive break-up of the triton
by incident deuteron. The scattered deuterons d’
give the main contribution to the cross section (up to

70 - 90 %), whereas deuterons d from triton can be
observed at quite small or big energies only, at the
ends of the spectra.

4. The analysis of some other mechanisms of
deuteron-triton interaction with production of
deuterons in the output channel of reactions has
shown that the contribution of the mechanisms to the
corresponding cross section is small.
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JBOYACHHUKOBE PO3IIEIUVIEHHSA TPUTOHA JEMTPOHOM 3 EHEPTIEIO 37 MeB

0. O. Beawckina, B. I. I'panues, B. B. lapugoBcskuii, K. K. Kicypin,
C. €. Omenbuyk, I IL. Iaakin, FO. C. Po3uwk, b. A. Pyaenko,
B. C. Cemenos, JI. I. Cirocapenko, b. I'. Ctpykko, |B. K. TapTaKOBCLKl/Iﬁ|

Peakuist poswemnnennss D+ 7T — d +d +n gocnijmkyBanack npu eHeprii aeiitponis 37 MeB. OrpumaHo iHKII031MBHI
€HEepreTU4Hi CIEeKTPH Ta KyTOBI PO3NOALIM ACHTPOHIB. Pe3ynbraru 3a10BIIBHO OMUCAHO B paMKax MIKPOCKOIIYHOT
TUPPaKIiAHOT sIIEPHOT MOJISITi 3 ypaXyBaHHSIM B3a€MOJIl B KiHIIEBOMY CTaHi. Po3paxyHKH TOKa3ajaH, 110 OCHOBHHI
MpoLIeC YTBOPEHHs ACHUTPOHIB y BuximHomy KaHami D+7T —>d+d+n € nudpakuiiiHe poO3IICIUICHHS TPUTOHA
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JEUTPOHOM, IO HAIITa€, a PO3CifAHI JEHTPOHHU AAIOTh OCHOBHHM BHECOK y Iepepi3. BHECOk mporeciB 3 yTBOPEHHSIM
MPOMDKHUX PE30HAHCIB HE3HAYHUI.

Kowosi crnosa: po3iieruieHHs, TPUTOH, JCHTPOH, TU(PpaKiiiHe HAOIMKCHHS, CKCIICPUMEHT, Tepepi3, iIHKIF03UBHUN
npotec.

JIBYXUACTUYHBINA PA3BAJI TPUTOHA HAJIETAIOIUMM JEMTPOHOM C DHEPTHMEM 37 MaB

0. O. Beawockuna, B. U. I'panues, B. B. laBbinosckuii, K. K. Kucypun,
C. E. Omeapuyk, I'. II. ITaakun, 1O. C. Po3niok, b. A. Pyaenko,
B. C. Cemenos, JI. 1. Cmocapenko, b. I'. Ctpy:xko, |B. K. TapTaKoncxnﬁ|

Peakimst pacmerienus D+7T —d +d+n  uccienoBaiach IPH SHEPrHM HaleTalONMX AedTpoHoB 37 MbaB.
W3MepeHbl HHKIIIO3UBHBIE CIIEKTPBI U YTIOBBIE paclpeAeIeHUs JeHTPOHOB. Pe3ynbTaTsl yA0BIETBOPUTEIBHO OMUCAHBI
B paMKaX MHUKPOCKOIHMYECKOHW AN(PPAKIIMOHHON SIIEPHON MOJIENIHU C YIE€TOM B3aUMOJACHCTBUS B KOHEYHOM COCTOSHHH.
PacueTtsl nmokasanu, 4To OCHOBHOI ITpoliecc 00pa30BaHusl ASHTPOHOB B BEIXOAHOM KaHaie peakuud D+T —d+d +n
ecTh IU(paKIMOHHOE paclielUIeHHe TPUTOHA HAJIETAIOIIMM JEHTPOHOM, a pacCcesHHbIC NEHTPOHBI NAI0T OCHOBHOW
BKJIa] B ceueHue. Bkia nporeccoB ¢ 00pa3oBaHNEM IIPOMEKYTOUYHBIX PE30HAHCOB, BEPOSITHO, HE3HAUUTEIICH.

Kniouesvie crnosa: pazpan, TpUTOH, NEHTPOH, AU(PAKIMOHHOE MPHUOIMIKECHUE, IKCIIEPUMEHT, CCUCHUE, MHKITFO3HB-
HBIH Ipo1iecc.
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