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Experiments on elastic and inelastic scattering of deuterons by '2C, *8Ti, 5%%4Ni nuclei at laboratory energy of

37 MeV for angles ranging from 16° to 61° were carried out on the U-240 isochronous cyclotron of the Institute for

Nuclear Research, National Academy of Science of Ukraine. A broad maximum comprising the giant resonance in

the spectrum of scattered deuterons for scattering angles less than 21° is observed at the nucleus excitation energies

ranging from 12 to 30 MeV. The observed maximum was theoretically described in diffraction approximation after

summing the cross-section over all final nucleus states.

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

1. INTRODUCTION

The continuum in the energy spectrum of practically
all multi-nucleon nuclei can be exited by various par-
ticles (including complex particles).

The excitation of nucleus states in the region of
the giant resonance was discovered in inelastic scat-
tering of helions by medium nuclei not long ago [1].
In the spectra of He-particles scattered by ®Ni and
64Nj isotopes, an asymmetrical broad maximum cor-
responding to the excitation energy U = 16—20 MeV
was observed. In this energy domain, monopole as
well as dipole and quadrupole resonances can be ex-
cited [2, 3, 4]. With the reference to the analysis
carried out in [4], the authors of [1] identify the ob-
served asymmetrical maximum as a manifestation
of the monopole and dipole resonances. According
to [1, 2], the energy of the giant quadrupole reso-
nance excitation corresponds to 16.3 MeV for *8Ni
and 15.8 MeV for %4 Ni, whereas the energy of the
giant quadrupole resonance excitation — 20.7 MeV
for ®8 Ni and 20.0 MeV for 54Ni. Thus the ob-
served asymmetrical maximum at the excitation en-
ergy U = 16 — 20 M eV apparently corresponds to
the excitation of both monopole and quadrupole res-
onances. According to theoretical estimations [3], an
excitation of the giant dipole resonance is quite small.

In order to describe the results of our experiments
on measurement of the cross-sections in the contin-
uum domain in the inelastic scattering of deuterons
by 2C, 48T, 5864 Ni nuclei, we used the developed
theory of a coherent and non-coherent scattering of
particles by nuclei as well as the diffractive nucleus
model.

*E-mail address: odavi@kinr.kiev.ua

2. EXPERIMENTAL RESULTS

Experimental study of inelastic scattering of
deuterons by atomic nuclei was carried out on the
isochronous cyclotron U-240 of Institute for Nuclear
Research, NAS of Ukraine. A beam of deuterium
ions with energy E; = 37 MeV was transported to
the scattering chamber through the beam collimat-

ing system.
Beam collimation was carried out with
quadrupole lenses and slit diaphragms. ”Cutting-

off” diaphragm, located behind shielding wall of
experimental box, was used to reduce background
scattering. Ion beam quality was checked by TV
cameras and residual current measurement from the
diaphragms.

The target, detectors and part of electronic mod-
ules were placed in scattering chamber. Deuterons
were registered by two telescopes AE — E, consist-
ing of AE(S%) detector with thickness of 150 pm and
scintillation E detector with thickness of 25 mm. In-
cident beam current was measured by Faraday cup
beyond the target. Remote control and observation
of collimating system, detectors and target were car-
ried out from the measurement center.

Inclusive spectra were accumulated as described
earlier in [5]. Increase of productivity of spectra ac-
cumulation was achieved by use of 512 K memory
modules in CAMAC standard.

Local network client with CAMAC crate pre-
formed preprocessing of experimental information
and recorded in to the network drive. After that,
it became accessible at any point of local network.

In the experiment, targets from carbon, titanium
and nickel isotopes were used. To carry out energy
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Fig.1. Experimental data:
a, b — scattering of deuterons by S*Ni at 16°, 21°, 36° and 47°;
¢, d — cross-sections of the deuteron scattering by 2C, *® Ti, and 5®5*Ni at 16°

calibration, additional measurements on target from
polyethylene enriched with deuterium were done.
All targets were self-supported foils, thicknesses
and enrichment of which are stated in the table.

Target characteristics

Element | Thickness, mg/cm? | Enrichment, %
2C 4,5 98,9
BTy 7,48 Nat. (73,8)
Ni 9,37 99,5
6INi 8,48 91,0

Inclusive spectra of deuterons on targets 2C, 4871,
and °%%4 Ni in wide energy range at scattering angles
16° < # < 61° were measured. Statistical error of
measurements was 3% for '2C, 48T% nuclei and 5%
— for nickel isotopes. Energy calibration of spectra
was carried out by elastic scattering of deuterons,
measured on CD, target, on deuterium and carbon
nuclei.

In Fig.1,a, experimental spectra, obtained on
64 Ni nucleus at angles § = 16°, 21°, 36° and 47°
in all energy measurement range are given; and in
Fig.1,b — in the range of high excitation energies.
Spectra, given in Fig.1, are typical for all investi-
gated nuclei and are characterized by drastic decrease
of cross-section in the region of continuum with in-
crease of scattering angle. At angle § = 21°, cross-
section decreases by about 5 times compared to the
cross-section at angle § = 16°. Appearance of wide
maximum in the region of high excitation energies
is a characteristic feature of spectra at small angles.
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With increase of scattering angle, maximum becomes
less evident. In the spectra of deuterons at angles
0 = 36° and 47°, structural peculiarities are no longer
observed.

Analysis of inclusive spectra of deuterons on tar-
gets 12C, 48Ti, and °®%4Ni at scattering angles of
16° < 6 < 61° has shown that it is expedient to in-
vestigate excitation of high states only at scattering
angles 0 < 21°. Therefore, later on, we will pay ma-
jor attention to analysis of energy spectra, obtained
at angle 6 = 16°.

In Fig.1,c, energy spectra of deuterons, measured
at scattering angle # = 16° on '2C, 48T, and °%64 N
nuclei in wide excitation energy range (beginning
from 5 MeV') are shown; and in Fig.1, d — these spec-
tra in the region of continuum. As it is seen from
Fig.1, for all nuclei investigated, increase of cross-
section in continuum is observed. For nuclei with
medium atomic weight, increase of cross-section in
continuum may be characterized as ”structured maxi-
mum”, width and position of which practically do not
change in the given range of atomic masses. Region
of continuum is separated with ”dip” from the field
of excitation of discrete states.

In spectrum of deuterons, inelastically scattered
on titanium nuclei, structural peculiarities are fee-
bly marked. Only increase of cross-section at exci-
tation energies of ~ 16 — 20 MeV and ~ 26 MeV
could be noted. Maximum has slight slope both
to the range of low excitation energies and to the
range of high energies. On nickel isotopes, struc-
tural peculiarities in the range of excitation energies
of ~ 16 — 18 MeV and ~ 22 — 26 MeV are mani-



fested more evidently. ”Structured maximum” is bi-
furcated. Essential discrepancy in cross-sections be-
tween titanium and nickel isotopes is observed in the
range of excitation energies 17— 23 MeV. The differ-
ence is about 20—25%. One of the reasons of discrep-
ancy can be more drastic angle dependence of cross-
sections on nickel isotopes, than on titanium. Mea-
surements on titanium and nickel isotopes were car-
ried out at different values of parameters of deuteron
beam, therefore, we consider the experimental data
as preliminary results.

Another peculiarity of observed energy spectra is
discrepancy in values of cross-sections on nickel iso-
topes in the range of excitation energies 15—20 MeV .
Cross-sections in this energy range on %*Ni are by
15% more than on ®N3i. In this case, difference in
cross-sections is not related to experimental accuracy
and is a consequence of isotopic difference.

In energy spectrum of inelastically scattered
deuterons on '2C nucleus, decrease of excitation
cross-section of high states is observed. Nevertheless,
in spite of evident increase of cross-section in contin-
uum, maximums are observed in the range of exci-
tation energies ~ 16 — 18 MeV and ~ 24 — 26 MeV.
It is possible that their origin has common nature
with increase of cross-section on nuclei with medium
atomic weight, being observed in the same region.

Narrow maximum at excitation energies of ~
11 M eV apparently belongs to the excitation of group
of discrete states.

3. THEORETICAL ANALYSIS

Differential cross-section for inelastic deuteron scat-
tering per unit spatial angle and unit final deuteron
energy E’, in nonrelativistic approximation after sum-
ming over all final nucleus states in diffraction ap-
proximation [6, 7] can be written in the following
form:

do Eld 1 2
e N
dE"dy E, D [fa (@I N,

where D = D(U) is the distance between neighboring
nucleus levels with excitation energy U = E4 — E,
(Landau formulae was used to find D); f4(q) is an
amplitude of quasielastic scattering of deuteron by
a single nucleon of a nucleus; I;d and Eél are ini-
tial and final deuteron momenta respectively; Ny is
an effective number of nucleons, which scatter in-
coming deuterons, at the periphery of target nucleus
(N1 < A, where A is the nucleus mass number).
The cross-section (1) is written in the approximation
of smallness of the nucleon-nucleon interaction radius
as compared with the size of scattering nucleus, ne-
glecting the contribution of multiple scattering and
correlations between nucleons in the target nucleus.
Formulae (1) is the generalization of the correspond-
ing expression for the cross-section given in [6, 7).

-
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By choosing the Gaussian expressions for
deuteron wave function
3
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and nucleon-nucleon profile functions
(3)

(pn is an impact NN parameter), the amplitude f4(q)
in (1) can be expressed in explicit form:
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It follows from (4) that the total cross-section of
deuteron-nucleon interaction has the following form:

fa(q) = ikq

(4)
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For multi-nucleon spherical nucleus with radius R
and constant nucleon density p(7) = pg = % for
the N7 in (1) we can obtain the following expression:

1 3b + 1
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(6)

Parameters of NN-interaction a and b, entering
(3) - (5), are taken from [8, 9, 10], where they were
obtained from experimental data:

b? = 0.30 fm 2.

Rea =2.65, Ima= —-1.95,

(7)

In order to find the total cross-section o, of inter-
action between deuterons and target nuclei, we use
the optical theorem and stepped nucleon-nucleus pro-
file functions

where 6(R — p) is the Heaviside function. In this case
o = 2mR? {1 + exp (fZMRQ) X

x [Io (2uR?) + I (2uR?)]}, (9)

where Io(2uR?) and I (2uR?) are modified Bessel
functions [11]. In our case, the total cross-section
o, in barns equals to 0.7, 1.6, 1.8, 1.9 for 12C, 8T,
58,64 Ni respectively.

Since theoretical cross-section was summed over
all final nucleus states, it can not describe all details
of the cross-section in the range of observed broad
maximum at excitation energies 12 — 30 MeV. How-
ever, at small scattering angles of deuterons in our
experiment, for '2C and especially for %64 Ni, the
two-hump fine structure of the broad maximum (see
Fig.1) can be observed. It could correspond to the
excitation of the quadrupole giant resonance at lower
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Fig.2. a — calculated cross-section vs. excitation energy for *®T% at 16°; b — the same for %4 Ni at 16°

energies, and the dipole giant resonance at higher en-
ergies [12]. It is also possible that the first of two
humps is related to the energy transfer to the periph-
eral nucleons of a nucleus, whereas the second hump
— to nucleons of the internal 1s-shell.

The cross-section of the processes with excitation
of discrete nucleus levels (between the elastic scat-
tering peak and the broad maximum) with energy U
was calculated according to the following formulae:

doy,

_ | Ea
dEdQ, | Eq

fa(Ra—R)[ 5 (Ba - BL - 1),

(10)
where J-function was replaced by the finite multiplier
n(Ey—E;,—U) = !
a(Ba=FEy=U) = =5

(11)

(the parameter A defines errors in measuring the en-
ergy). The same formulas (10) and (11) were used to
calculate the cross-section of elastic deuteron scatter-
ing (at U = 0).

The results of our calculations of the cross-section
(1) for 4T and 54 Ni nuclei in the region of the con-
tinuum are presented in Fig.2. We have reached quite
good agreement of our calculations with the experi-
mental data in the whole region of continuum except
its central part (around 20 MeV'). The discrepancy in
that region is rather significant for 4 Ni (see Fig.2,b),
because of the two-hump structure of the maximum.
Though the data for T do not show the same struc-
ture of the maximum (see Fig.2,a), we believe that
the same physical effects as for %4 Ni contribute here.

1
X exp <A2 (Eq— E)} — U)Q)

4. CONCLUSIONS
In this work we have studied experimentally the

scattering of deuterons by 2C, 8T, 5854 Ni nuclei
and found the existence of the continuum region in
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the differential cross-sections at angle 0 < 21°. Ex-
perimental data show that the broad maximum of the
cross-section in the continuum region has fine struc-
ture. For 12C and %94 Nj this structure has a shape
of two humps.

We believe that the fine structure of the broad
maximum is related to the excitation of the giant
resonances in the target nuclei. As it was explained
above, our preliminary formulae do not take the ef-
fects, leading to the hump-like structure of the maxi-
mum, into account. Nevertheless, the formulae allow
us to describe the data in all but central parts of the
continuum quite well. We plan to take the contri-
butions of the giant resonances into account in our
further work. This will allow us to improve our de-
scription of the fine structure of the broad maximum.

Our experimental and theoretical study of the fine
structure of the deuteron-nucleus cross-section in the
continuum region will be continued in the future.
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BO3BY2XXKJIEHVUE CPEJHUX AJEP B OBJIACTU KOHTUHYYMA IIPU
HEVIIPYT'OM PACCEAHUN JENTPOHOB

B.U. I'panues, B.B. /lasudosckuti, K.K. Kucypun, C.E. Omeavuyx, I.II. Ilaaxun,
FO.C. Posniwx, B.A. Pydenxo, B.C. Cemenos, JI.U. Carocapenro, B.I. Cmpyoicxo,
B.K. Tapmaxosecxuti, B.A. IlTumiox

BoimoiHeHbI 9KCIIEPUMEHTHI TI0 YIPYTOMY U HEYIIPYTOMY PACCETHUIO JTeHTPOHOB sIIPaME 12C, 48Ti, 58,64Ni

upu suepruu 37 MsB na yrust ot 16° 10 61° #Ha nzoxponnoM rukaoTpone Y-240 MucTturyTa SAepHBIX UCCe-
nosanuiit HAH Ykpaunsl. B sHEpreTrnyeckoM ClieKTpe pacCesiHHBIX JEHTPOHOB JIJIsl YIJIOB PACCesiHUsI MEHbIIe
21° HabJro1aeTcst MUPOKUE MAKCUMYM IIPU HEeprusix Bo30yx)aeHus sijep or 12 mo 30 MsB, Britouaroruii B
cebst MAKCUMYM TUTAHTCKOTO pe3oHaHca. [IIupokuit MakcumyM OBLT OIUCAH TEOPETUIECKH B UMD PAKIIMOHHOM
MPUOINKEHNN TIOCJI€ CYMMUPOBAHUS CEIEHUS 110 BCEM KOHEUHBIM SIIEPHBIM COCTOSTHUSIM.

S3BY/I2KEHHA CEPEJHIX AJEP B OBJIACTI KOHTUHYYMA ITIPU
HEITPY2KHOMY PO3CIdHHI JEUTPOHIB

B.I. I'panues, B.B. /lasidoscvruti, K.K. Kicypin, C.E. Omeavuyx, I.II. ITarxin,
FO.C. Poswiox, B.A. Pydenxo, B.C. Cemenos, JI.I. Carocapenxo, B.I. Cmpyocko,
B.K. Tapmaxosecvkuti, B.A. IITumiox

BHUKOHAHO €KCIIEDHIMEHTH 3 IPYKHOIO Ta HEIPY’KHOIO po3CisiHHs Jeiirponis supamu 2C, 48Ti, 58.64Nj

npu eneprii 37 MeB na xytu Big 16° no 61° ma izoxponHomy mukaoTpoHi ¥Y-240 [HcTUTYTY sijiepHUX J10-
craipkens HAH Vkpainu. B eneprerudanoMy CrieKTpi po3CisiHUX JEHTPOHIB Jjist KyTiB po3cisiHHs MeHine 21°
CIIOCTEPITa€ThC IMUPOKUI MAKCAMyM IIPU €Hepriax 30ymkenns suep Bin 12 mo 30 MeB, skwuit Briouae B
cebe MaKCUMyM TiraHTChKOro pesonancy. IlIupoxknit MakcumyM OyJI0 OITUCAHO TEOPETUYIHO B AU PAKIITHOMY
HaOJIMKEeHH] TiC/Is MiACyMOBYBaHHS MEpepi3y 3a BCiMa KiHIEBUMU sIIEPHAMU CTAHAMHU.
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