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Features of the (t, p) reaction below the Coulomb barrier of the entrance channel
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The differential cross sections for the reactions '@Cu(t, p)@'8TCu were measured at &,
=3.2, 3.0, and 2.8 MeV. For I- =0 ground-state transitions, the energy dependence of the
values of the differential cross sections is strong and exponential, while the angular dis-
tribution shape, which is of a clear diffraction pattern in sharp contrast to the case of the
sub-Coulomb (d, p) reaction, does not cb&~f- e with small energy variation. The reactions
proceed well below the Coulomb barrier of the entrance ch~~riel, yet through a direct pro-
cess. A definite difference is observed between the. anapQar distributions for the two
ground-state transitions. The zero-range distorted-wave Born approximation can repro-
duce the energy dependence of the differential cross sections and the trend of isotope de-
pendence of the angular distribution. In distorted-wave Born approximation calculations, a
definite nuclear optical potential is needed for the triton-nucleus c»rigel which is below
the Coulomb barrier, in sharp contrast to the sub-Coulomb (d, P) reaction. The triton-
nucleus optical potential below the Coulomb barrier is nearly equal to the optical potential
that works at energies of a few tens of MeV. The angular distribution for an I- =2 transi-
tion is forward-rising, though not diffractionlike, and can be reproduced on the whole by
the zero-range distorted-wave Born approximation. It is confirmed for the first time that
the (t, P) reaction below the Coulomb barrier of the entrance c&~~eel takes place in an ex-
tended region outside the nucleus. It is argued and concluded on various grounds that the
(t, P) angular distribution shape below the Coulomb barrier of the entrance channel is sen-
sitive to the radial two-neutron from factor outside the nucleus. Physical implications of
the revealed features are discussed, especially on the coherence of the two-particle form
factor and the proton and neutron distributions in the nuclear surface region.

NUCLEAR REACTIONS @'+Cu(t, P), E=2.8, 3.0, 3.2 MeV measured o(E. 0) ~

DWBA analysis. Enriched 3Cu, natural Cu targets, resolution 200 keV; 0=10-
165'. Revealed features below the Coulomb barrier, sensitivity to the form

factor.

I. INTRODUCTION

Systematic experiments of the (t,p) reaction
were performed first with the tandem accelerator
in the Atomic %'eapons Research Establishment,
Aldermaston, at incident triton energies about 12
MeV, "and subsequently with the tandem acceler-
ator in Los Alamos Scientific Laboratory at inci-
dent triton energies around 20 MeV. ' The experi-
mental data obtained in the two institutes formed,
along with an accumulation of (P, t) reaction data,
the basis for extensive theoretical investigations
into dynamical aspects of the particle-particle and
hole-hole correlations in nuclei. ~ ' Available ex-
perimental data of the (t, P) reaction are quite lim-
ited, however, in the sense that systematic experi-

ments of the reaction were performed only at two
discrete incident energies in only two institutes.
The situation is due to poor availability of the ra-
dioactive triton beam. It is obviously desirable to
have more (t, p) reaction data in wider ranges of
energy, in order to achieve more detailed clarifi-
cation of the interplay of the reaction mechanism
and the nuclear structure, ' and to extract nuclear
structure informations more quantitative than ev-
er. Study of the (P, t) reaction cannot be a sub-
stitute in general for study of the (t,p) reaction.

In the zero-range distorted-wave Born approxi-
mation (DWBA), 4' a (t,P) transition from a nucle-
us with mass number A to a nucleus having mass
number A +2, with a definite orbital-angular-mo-
mentum transfer L and its projection I, is des-
cribed by the transition matrix element
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Fz,(R) = g S ( v) v, )Fz,
' '(R)

1V2

(2)

as a coherent sum over a number of pure two-
particle configurations (v v,)) with spectroscopic
amplitudes S(u, v, ), where v denotes a shell-model
single-particle orbit n, l, j."Because of the
coherence of Fz(R) over various two-particle con-
figurations, the differential cross sections for a
(t,p) transition are sensitive, in principle, to the
correlations in the wave functions of the nuclear
states involved in the transition. However, in

practice it has not proved possible to determine
the configuration-mixed form factor, i.e., to de-
termine the spectroscopic amplitudes S(v, v, } in

(2) by an analysis of experimental data. At best,
calculations with some configuration-mixed wave
functions that had been deduced from some model
or determined by data other than two-neutron-
transfer ones were compared with (t,p) or (p, t)
experimental data with more or less satisfactory
agreements. ' " The reason is that, in general,
the (t,P) or (P, t ) angular distribution shape ob-
served to date is not sensitive to different two-
particle configurations for a definite angular-mo-
mentum transfer I.." At energies where experi-
ments of the (t,P} and (P, t) reactions have been
performed, two-neutron transfer takes place in

some narrow region around the nuclear surface
due to the strong absorption of the triton, and the
short wave lengths in both the entrance and exit
channels. Therefore the transition matrix element
and, in turn, the angular distribution shape turns
out to be rather insensitive to the detailed functional
form of the radial form factor, being determined
essentially by the values of the form factor on the
nuclear surface. Furthermore, given a definite
value L of the transferred angular momentum,
radial form factors for two-particle configurations
belonging to one and the same major shell have
nearly identical functional forms around the nu-
clear surface. "" The coherence of the form fac-
tor over various two-particle configurations shows

up only in the absolute value of the cross section.
Consequently, what has been done is to extract

(A Q, P) v)A, t) Jx' '
(Q, R))' ()))

xFi(R)}t(+ (kq, R)d R,
where)((' and }(z are, respectively, the distorted
waves in the entrance and exit channels, R denotes
the radius vector that points to the center of mass
of the transferred neutrons from the center of
mass of the target nucleus, and Fr(R) is the radial
form factor for a (t,p) transition with a definite or-
bital-angular-momentum transfer L. The form
factor Fl(R) is given by

some enhancement factors from experimental
cross sections" in terms of two-particle units
calculated on the assumption of some standard
wave functions, "but not to determine the config-
uration-mixed form factor itself from experimen-
tal data. Qn the other hand, just the insensitivity
of the angular distribution shape to the radial form
factor provides much reliability to the determina-
tion of the angular-momentum transfer L by the
experimental angular distribution for a strong
transition. In fact, the spin-parity assignment
based on the determination of L forms an impor-
tant result of experimental (t,P) and (P, t) work to

te 2 10 ~ 11 ~ 14

At energies below the Coulomb barrier of the
triton-nucleus channel there arises a situation that
may be called "complementary" to the above-
stated one. Namely, the angular distribution shape
tends to be sensitive to the radial two-neutron
form factor. For the (t,P) reaction, the Coulomb
barrier in the entrance channel acts to damp the
incident wave inwards, and at the same time
stretches extremely its wave length. The region
where two-neutron transfer takes place is shifted
outwards by the former action of the Coulomb bar-
rier, and is extended by the latter. Indeed, the
incident wave is a very slowly varying function of
spatial coordinates around the classical distance
of closest approach. It decays monotonically from
there inwards to the nuclear surface where it be-
gins to suffer strong absorption and distortion by
the triton-nucleus optical potential. The product
of the distorted wave of the entrance channel de-
caying inwards with the radial form factor decay-
ing outwards forms a broad hill over a region ex-
tending far beyond the nuclear surface. Two-neu-
tron transfer takes place in the region outside the
nucleus, and the angular distribution shape turns
out to be sensitive to the functional form of the
radial form factor in that region. It will be shown
in the following that the measurement of the de-
pendence of the angular distribution on the func-
tional form of the radial form factor is feasible
with present-day experimental techniques. Physi-
cal implications of the fact will be discussed as
well.

II. EXPERIMENTAL PROCEDURE

We performed experiments of the reactions
"'"Cu(t,P)"'"Cu at the incident triton energies of
3.2, 3.0, and 2.8 MeV. " Tritons were accelerated
by the Van de Graaff accelerator of the NAIG Nu-
clear Research Laboratory. Bombarded targets
were self-supporting metallic foils of "Cu isotope
and natural Cu with thicknesses of 410 and 250 t(g/
cm', respectively, fabricated by evaporation in
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vacuum. The thicknesses were determined by the
Rutherford scattering of protons on the targets.
The energy losses of 3.0 MeV tritons in the tar-
gets are 48 and 29 keV, respectively. The protons
from the (t,P) reaction were detected by two sili-
con semiconductor detectors mounted on two ro-
tatable arms. They mere of the Li-drifted type
with depletion layers about 2 mm thick. The solid
angle subtended by each detector mas 3.8& 10 ' sr.
It was defined by an 8.0 mm diam circular aper-
ture in a tantalum plate placed 3 mm before the
detector surface. A gold plate with a 6 mm diam
circular aperture located 60 mm before the tanta-
lum one served as a baffle to prevent scattering-in
of background particles. Elastically scattered tri-
tons as well as deuterons and e particles from the
(t, d) and (t, o) reactions were stopped in 40 pm-
thick gold absorbers just in front of the detectors.
Use of the thick absorbers worsened the over-all
energy resolution for protons to about 200 keV.
Due care was taken to reduce the background. The
Faraday cup as well as the internal surface of the
vacuum chamber around the Faraday cup were
covered with 0.1 mm tantalum plates, as was the
surface of the target holder facing the incident tri-
ton beam. Possible variations in the conditions of
the target and the beam were monitored by detec-
tion of scattered tritons with a silicon surface-
barrier detector placed at 165'. Monitoring at a
backward angle was effective in checking a very
small amount of stray beam which could yield an
intolerable amount of background. The diameter
of the circular beam spot on the target was about
1 mm.

Successful measurement of very small cross
sections below the Coulomb barrier depends criti-
cally on overcoming the effects of target contami-
nants having atomic numbers smaller than that of
the target material. Our previous experience
showed that silicon was the most prevalent con-
taminant next to carbon and oxygen. In the pres-
ent case, contamination by carbon and oxygen
poses no problem, because the Q values for the
(t,P) reactions on carbon and oxygen are much
smaller than those for the "'"Cu(t,p}"'"Cu re-
actions. On the contrary, the Q value for the (t,P)
reaction on silicon is larger than those for the
"'"Cu(t,p)"' Cu reactions. Therefore, it is nec-
essary to suppress contamination by silicon as far
as possible. This is achieved effectively, in the
present case of metallic copper targets, by fab-
ricating targets by evaporation in vacuum, be-
cause the vapor pressure of silicon is smaller than
that of copper by three or more orders at suitable
temperatures (around or below 1400 K). Data for
subtraction of possible contributions of the "Si-
(t,p)"Si peaks were obtained with a SiO, target

III. EXPERIMENTAL RESULTS

Typical proton energy spectra are shomn in Fig.
I. Small contaminant peaks are observed and as-
signed to the "Si(t,P)"Si reaction, besides the gi-
ant peaks for carbon and oxygen. The contribu-
tions of the peaks were subtracted when necessary
using the "Si(t,P}"Sispectra measured with a SiO,
target, to deduce the differential cross sections
for the "'"Cu(t,p)"'"Cu reactions. They are less
than the statistical errors for the ground-state
transitions in the "'"Cu(t,P)"' Cu reactions for
a major fraction of measurements. However, add-
ing to low statistics and bad energy resolution,
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FIG. 1. Proton energy spectrum for the (t, p) reaction
on (a) a Cu target and (b) a natural Cu target at E& =3.2
MeV, 45' c.m. Each arrow points to the peak corre-
sponding to the ground-state (t, p) transition from the
nuclide indicated over it.

Spectra for the "Cu(t, P}"Cu reaction were ob-
tained by subtraction of the spectra for the "Cu
target from those for the natural Cu target. This
procedure was intentionally adopted in order to
determine the ratio between the cross sections for
the ground-state transitions in the "Cu(t, p)"Cu
and "Cu(t, p)"Cu reactions without any systematic
errors in target thickness or beam-detector geom-
etry mhich could amount to several tens of percent.
The advantage of the procedure was partly coun-
teracted by the lower statistics due to using an
effectively thinner target for the "Cu(t,P)"Cu re-
action. However, the method for statistical evalu-
ation of such experimental data is well known. The
ratio between the differential cross sections for
the two ground-state transitions is determined in-
dependently for each set of angle and incident en-
ergy. Therefore, the ratio between the summed
or integrated cross sections for the two transi-
tions at an incident energy is determined with an
accuracy that is sufficient for the discussions to
follow, even if the accuracy for the ratio between
the differential cross sections for each angle is
not very high.
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FIG. 2. Differential cross sections for the L =0
ground-state transition in the 83Cu(t, p)@Cu reaction
at E& =3.2, 3.0, and 2.8 MeV. The absolute cross sec-
tion scale is correct wi¹» +20%. The curves repre-
sent results of DWBA calculations. Normalization to
the experimental data is made at 30' c.m. , E&=3.2 MeV.

they obscure seriously most of the peaks for tran-
sitions to excited states. Other contaminants
might have been present. In fact, some indication
was found for the presence of sulphur. It is es-
timated that the over-all contributions of contami-
nants other than silicon do not exceed those of sil-
icon.

Figure 2 shows the differential cross sections
for the I.=0 ground-state transition in the reaction
"Cu(f,P)65Cu at E, =2.2, S.O, and 2.8 MeV. It is
readily seen that the reaction takes place mell be-

low the Coulomb barrier of the entrance channel
as well as through a direct process. The absolute
value of the cross section varies exponentially
with energy, while the angular distribution shape
does not change with small energy variation. It
should be noted that the angular distribution shape
is of a forward-rising, clear diffraction pattern,
in sharp contrast to the case of the well-known
sub-Coulomb (d,P) reaction. ' " The absolute
cross section scale is estimated to be correct
within +20%. Major contributions to the cited er-
ror come from uncertainties in the beam-detector
geometry. The absolute differential cross sections
for the "Cu(t,P)"Cu reaction were measured in-
dependently with the "Cu and natural Cu targets.
The results obtained with the two targets were in
agreement with each other within statistical er-
rors. Double measurement of the "Cu(t, P)"Cu re-
action with different targets was also helpful in
estimating the degree of contamination, and great-
ly increased the reliability of the results.

Figure 3 shows that a difference is observed be-
tween the angular distribution shapes for the
"Cu(&,P,)"Cu and "Cu(t,P,)"Cu transitions at E,
= 3.2 MeV. The differential cross sections for the
"Cu(f,P,)"Cu transition are definitely larger than
those for the "Cu(f,P,)65Cu at backward angles,
while both the transitions are of nearly equal
strength at the major peak around 20' c.m. .

Differential cross sections at Et =3.2 MeV for
the (t,P) transition to the second excited state at
E„=1.12 MeV in "Cu are shown in Fig. 4. The an-
gular distribution, though not clearly diffraction-
like, is still. forward rising.

IV. DWBA CALCULATIONS
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The curves drawn in Fig. 2 through Fig. 4 repre-
sent results of DWBA calculations" made by the
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FIG. 3. Differential cross sections for the I- =0
ground-state transition in the reaction 83Cu(t, P)@Cu
(full circle, solid line) and for that in the reaction

Cu(t, p)+Cu (open circle, dashed line) at E& =3.2 MeV.
Error flags for the 3Cu(t, p&)ICu transition (see Fig. 2)
are omitted in the forward hemisphere for clarity of the
figure. The curves represent results of DWBA calcula-
tions. Norm~&ization to the data is made at 30' c.m. for
each transition.
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FIG. 4. Differential cross sections for the transition
to the second excited state at 4'„=1.12 MeV in +Cu in
the reaction Cu(&, p)ICu at E, =3.2 MeV. The curve
represents a result of DWBA calculation, nor~~&&zed

to the data at 15 c.m.
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TABLE I. A set of potentials for the incident triton, outgoing proton, and bound neutrons.
Notation is the same as in Ref. 24.

Vs
(MeV)

ws
(MeV)

W~

(Mev)
~So

(MeV)

f ps
(fm)

JpI
(fm)

as
(fm)

al
(fm)

146.0
50.7

Varied '
25.0

0
0

0
12.5

0

0
7.5

Varied

1.24
1.34
1.34

1 ~ 36
1.34

0.692
0.65
0.65

0.890
0.47

See Hefs. 4, 9, and 21.
25 Thomas units.

zero-range DWBA code DWU~K" with the set of
bound-state and optical potentials shown in Table
I. The two-neutron form factor Fr, '(It) for a pure
two-particle configuration (v, v,} [see Eq. (2)j was
calculated by the method of Bayman and Kallio, "
projecting out the relative-angular-momentum-
zero part of the uncorrelated two-particle wave
function, with use of single-particle wave functions
given by the usual separation-energy prescrip-
tion.""The curves in Figs. 2 and 3 are for as-
sumed pure (lf, ~,)' configuration of transferred
neutrons. Normalization to the experimental data
is made at 30' c.m. , E& =3.2 MeV for each transi-
tion. The DWBA reproduces the angular distribu-
tion shape and the energy dependence of the differ-
ential cross sections (Fig. 2). It also accounts for
the observed trend of the isotope dependence of the
angular distribution for the ground-state transition
(Fig. 3}. These results are stable against small
variations of optical potential parameters. The
curve in Fig. 4 is discussed in the following sec-
tion.

The (t,P) reaction below the Coulomb barrier of
the entrance channel is in sharp contrast with the
well-known sub-Coulomb (d,P) reaction' " in that
the (t,P) angular distributions in Figs. 2 and 3 are
of a forward-rising, clear diffractionlike pattern.
This feature is due to the surface peaking of the
(t,P) form factor, strong absorption of the triton,
and the large positive Q value of the (t,p) reaction.
Because of the large positive Q value, the outgoing
proton interacts with the residual nucleus above
the Coulomb barrier of the exit channel. This re-
quires in D%'BA calculations that a correct nuclear
optical potential should be used not only in the ex-
it channel, but also in the entrance channel which
is below the Coulomb barrier. " If, for example,
a purely Coulomb-distorted wave is used for the
entrance channel, the calculated angular distribu-
tion, as shown in Fig. 5, is neither forward-rising
as a whole, nor has peaks and valleys at angles
near those observed in the experimental angular
distribution (Figs. 2 and 3). A definite nuclear in-
teraction should act to form the distorted wave of
the sub-Coulomb triton channel in such a way as
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FIG. 5. Angular distributions for the ground-state
transition in the reaction +Cu(t, P)@Cu at 8& =3.2 MeV,
calculated with pure Coulomb potential in the entrance
ch»~el, switch&~~ off the nuclear optical potential, for
assumed configurations (3+5g2) (solid line) and (2p f /2)
(dashed line) .

to effect proper contributions to the matrix ele-
ment from inside the nucleus, in sharp contra-
distinction to the case of the sub-Coulomb (d,P) re-
action, where the wave in the exit channel also
suffers heavily Coulomb distortion and attenua-
tion. " To keep this point clear, we carefully re-
frain from using the term "sub-Coulomb" (t,P) re-
action. Attempting to discover the ranges of tri-
ton-optical-potential parameters that can repro-
duce the experimental angular distributions, we
varied the depth Vs of the real central well from 0
to 200 MeV, and the depth S's of the volume-type
imaginary well from 0 to 30 MeV, while the geo-
metrical parameters were fixed at the values ob-
tained at E'& = 15 MeV for medium-weight nuclei
(family E of Ref. 23}. Only two narrow ranges of
Vs, i.e., around 145 and 180 MeV, with Ws&10 MeV,
were found to be able to reproduce main features
of the experimental angular distribution for vari-
ous proton optical potentials" ' "employed. Simi-
lar ambiguities in the triton-optical-potential pa-
rameters at higher energies are reported in the
literature. "'" The triton optical potential in Ta-
ble I is not much different from those that work at
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energies of a few tens of MeV. '" Thus, the tri-
ton optical potential can be extrapolated down to
below the Coulomb barrier, its dependence on en-
ergy being extremely weak. The high stability of
the triton optical potential over a wide energy
range is probably due to the presence of a number
of exothermic nuclear reactions initiated by the
triton. The imaginary part of the triton optical
potential seems to be already strong and stabilized
at very low energies. Finally, it should be re-
membered that the usual procedure" '6 to deter-
mine the optical potential by a best fit to elastic
scattering data is totally impracticable below the
Coulomb barrier. Elastic scattering cross sec-
tions deviate from the Rutherford values by not
more than a few percent, even at backward angles.
Any nuclear optical potential will reproduce elas-
tic scattering cross sections within experimental
errors. Goldfarb et a/. find this difficulty even
near the Coulomb barrier. ~

The radius parameters of the real central well
and the surface-type imaginary well of the proton
optical potential in Table I have the value 1 ~ 34 fm,
different from the value 1.25 fm in the fixed-geom-
etry Percy potential. ' Smaller values of the pa-
rameters yield calculated angular distributions
shifted backwards by as much as 10' compared
with the curves in Figs. 2 and 3, and in particular
fail to reproduce the major peak around 30' c.m.
of the experimental angular distribution, even
with variation of other parameters of the proton
optical potential over reasonable ranges. It is
notable in this concern that the proton optical po-
tential for copper isotopes determined by Percy
through a best fit to elastic scattering data at 17
MeV with variation of all the parameters, have the
values 1.301 and 1.305 fm, respectively, for the
radius parameters of the real central well and the
surface-type imaginary well. " The value 1.34 fm
in Table I is not an unreasonable one. Below the
Coulomb barrier of the entrance channel, depen-
dences of the calculated angular distribution on the
geometrical parameters of the bound-state and op-
tical potentials are more systematically traceable
than at higher energies, due to the long wave
lengths of both the distorted waves outside the nu-
cleus. Geometrical peculiarities of the DWBA an-
alysis below the Coulomb barrier of the triton-nu-
cleus channel will be reported elsewhere. "

outside the nucleus. We consider the ratio of the
intensity of the Cu(f, P,)"Cu transition to that of
the "Cu(t,P,)"Cu. At energies sufficiently higher
than the Coulomb barrier, it is nearly equal to the
square of the corresponding ratio between the form
factors at the nuclear surface. The systematic
trend of the cross sections for the ground-state
(p, ~) transitions in the 1f-2p shell, '" '" as well
as available data of the 62'"Ni(a, p)"'~Cu reac-
tions" indicate that it is smaller than 1.0 by a few
tens of percent. On the other hand, the ratio of the
summed cross section for the "Cu(t, P,)"Cu tran-
sition to that for the "Cu(t,p,)"Cu is 1.04 +0.04 at
E, =3.2 MeV (Fig. 3). The Coulomb barrier shifts
the region important for two-neutron transfer to-
ward larger radii where the ratio of the form fac-
tor for the "Cu(f,p,) Cu transition to that for the
'Cu(f, P,)"Cu is larger than its value at thenuclear

surface. (Fig. 6). This point is corroborated by
DWBA calculations, which predict the ratio of the
integrated cross section for the "Cu(t, p,)"Cu tran-
sition to that for the "Cu(t,P,)"Cu to be1.31, 1.35,
and 1 ~ 30, respectively, for assumed pure config-
urations (2P, ~,)', (2P, ~,}', and (1f,',}'at E, =3.2
MeV. The ratio is nearly 1.0 for any pure config-
uration at sufficiently high energies. It follows,
therefore, that the (t,p) transitions at E, =3.2 MeV
proceed dominantly in a region centered around
about 7 fm, where the ratio of the form factor for
the "Cu(t,p, ) Cu transition to that for the "Cu-
(t,p,)"Cu is larger by 15% or so than its value at
the nuclear surface located at about 5 fm (Fig. 6).
Rather large absolute values" of the cross sec-
tions for the "'"Cu(t,P,)"'"Cu transitions at E,
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V. DISCUSSIONS

A. Sensitivity of the angular distribution shape to the radial

two-neutron form factor

There is a clear experimental evidence that the
(t,P} reaction below the Coulomb barrier of the en-
trance channel takes place in an extended region

7
R (fm)

FIG. 6. Forxn factors for the transitions +Cu(t, pp)@Cu
(solid line) and @Cu(t, pp) +Cu (dashed line), calculated
for the pure configuration (1f~]2) .
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=3.2 MeV indicate that the region where the tran-
sitions take place is an extended one. Namely,
contributions to the transition matrix elements
come from a wide region ranging from the nuclear
surface to several femtometers out of the nucleus.
Therefore, it is natural that the matrix element,
and in turn the angular distribution for the (t,P)
reaction, is sensitive to the functional form (log-
arithmic derivative, to the first approximation) of
the form factor in that region.

As shown in Fig. 3, there exists a definite dif-
ference between the angular distributions for the
"Cu(t,PO)"Cu and "Cu(t,P,)"Cu transitions. This
amount of isotope dependence of the angular dis-
tribution for the L =0 ground-state (t,P) or (P, t)
transition between spherical nuclei has not been
observed at higher energies. The trend of isotope
dependence is reproduced by DWBA calculations.
This is not peculiar to the two-neutron config-
uration (lf, t,)' which is assumed for the curves in

Fig. 3. The two-neutron configurations (2p, t~}'
and (2p,y,)' also reproduce qualitatively the same
trend: the differential cross sections for the
'Cu(t, PO) 'Cu transition are larger at backward

angles and smaller at forward angles than those
for the "Cu(t,p, )"Cu. The difference in angular
distribution between the two transitions is brought
about by the difference in logarithmic derivative
between the corresponding form factors in the re-
gion where the (t,P) reaction takes place. The tail
of the form factor for the "Cu(t, p,)"Cu transition
falls more slowly than that for the "Cu(t, p,}"Cu,
as shown in Fig. 6, because of the smaller @value
(V.V2 MeV)' for the former than that for the latter
(9.35 MeV)'.

Figure 7 shows that a sensible difference exists
between the angular distributions calculated for
the pure configurations (if, ~,}' and (2p, y, }'with
one and the same set of potentials (Table I} at &,
=3.2 MeV for the "Cu(t, P,)"Cu transition. This
feature is very stable against variations of poten-
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FIG. 8. Angular distributions for the transition Cu-

(&, Pp) Cu at E& =12 MeV, calculated for the pure con-
figurations (1f& y&) (solid line) and (2P& g&) (dashed line).
The curves fit experimental data at &, =12 NeV (Ref. 2).

tial parameters. On the other hand, at a suffic-
iently high energy, the calculated angular distri-
butions for the (lf, ~,)' and (2P, ~,}'configurations
coincide almost perfectly (Fig. 9}. It should be
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FIG. 7. Angular distributions for the transition +Cu-
(&, pp) Cu at &&=3.2 MeV, calculated fox the pure con-
Sgurations (1fSg&) (solid line) and (2P & y~) {dashed line).
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FIG. 9. Angular distributions for the transition Cu-
{t,pp)+Cu at E, =43.8 MeV, calculated for the pure con-
figurations (1fSy&) (solid line) and (2P& h)~ (dashed. line).
The curves fit experimental data for the inverse transi-
tion Cu(p, tp) Cu at E&=51.9 MeV (Ref. 31).
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appreciated that the configuration dependence of
the calculated angular distribution is much am-
plified as the energy is lowered down to below the
Coulomb barrier by comparing Fig. 7 with Figs.
8 and 9. Furthermore, a comparison of Fig. 7
with Fig. 3 reveals that the difference between the
solid and dashed curves is of the same character
in both the figures. The difference between the
calculated angular distributions for the (lf, A)' and

(2p, ~,)' configurations is ascribed to the same type
of origin as the isotope dependence of angular dis-
tribution discussed in the preceding paragraph. In
the region important for the (t,P) transition at E,
=3.2 MeV, which extends around 7 frn, as shown
above, the logarithmic derivative of the form fac-
tor for the (2P, g, )' configuration is smaller in ab-
solute value than that for the (lf, y,)' (Fig. 10), be-
cause the angular-momentum barrier for the for-
rner is lower than that for the latter; at increas-
ingly larger radii, where the angular-momentum
barrier is no longer felt by the bound neutrons,
i.e., in the asymptotic region, the two form fac-
tors have the same logarithmic derivative deter-
mined by the two-neutron separation energy.

Figure 11 compares the calculated angular dis-
tributions for the pure configurations (2P, y, )' and

(2p, y, )' at E, = 2.2 MeV for the "Cu(t, p,)"Cu tran-
sition. Although the difference in angular distribu-
tion shape between the (2p, ~,)' and the (2p, ~,)' is
small, the trend of the difference is quite in par-
allel with the difference between the (2P, y, )' and
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IO ~:—
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4 5 6 7 8 9 IO

R (fm)

FIG. 10. Form factors for the transition Cu(t, po) Cu,
calculated for the pure configurations (1f&g2) (solid line)
and (2p, /, )' (dashed line).

50
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FIG. 11. Angular distributions for the transition 6'Cu-
(t, Po)@Cu at &'& =3.2 MeV, calculated for the pure con-
figurations (2P3y2) (solid line) and (2P& g2) (dashed line).

the (lf, g, )' (Fig. I). The angular-momentum bar-
rier for the bound neutrons is the same for the
(2P, ~,)' and (2P, g, )' configurations. However, the
spin-orbit force, which is repulsive for the 2P, ~,
orbit and attractive for the 2P, ~„distorts the
wave functions of the bound neutrons in such a way
as to cause a tighter binding around the nuclear
surface region for the (2P, ~,)' configuration than
for the (2P, y, )'. Therefore, the spin-orbit poten-
tial makes the logarithmic derivative of the two-
neutron form factor smaller in absolute value for
the (2P, y,)' configuration than for the (2P, y,)' just
outside the nuclear surface. The difference in
logarithmic derivative due to the spin-orbit poten-
tial, however, is limited to a narrow region ad-
jacent to the nuclear surface, and affects the an-
gular distribution much less than the above-men-
tioned deference due to the angular-momentum
barrier. The spin-orbit potential, as making the
wave function in the nuclear surface region larger
for parallel spin and orbital angular momenta than
for antiparallel ones, is all the same effective in
making the absolute value of the two-neutron-
transfer cross section larger for a configuration
with parallel spin and orbital angular momenta
than with antiparallel ones. '

The DWBA reproduces the main character of the
angular distribution for the (t,P) transition to the
second excited state in "Cu (Fig. 4). However, a
substantial discrepancy is observed around 40'
c.m. . Further calculational studies are needed to
account for it. The second excited state at E„
=1.12 Me& in "Cu with 4'=5/2 is interpreted as
a particle-vibration-coupled state with a large
component of the 2' phonon of the core vibration. "
On the other hand, it is known experimentally that
two-neutron transfer at energies higher than the
Coulomb barrier excites the 2' phonon component
of a particle-vibration-coupled state in an odd cop-
per nucleus, and that the odd proton can be consid-
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FIG. 12. Calculated angular distributions for an & =2
transition in the reaction @Cu(t, P)+Cu at E& =3.2 MeV

to an excited state with assumed excitation energies E
=0.0 (solid line), 1.0 (dashed line), and 2.0 MeV (dash-
dotted line). Pure (1fSg2)2 configuration is assumed.
Because of the coupling to the motion of the odd proton
which is neglected in the present DWBA for~~&ism, the
value of E„ that should be used in calculation is not
necessarQy equal to the experimental excitation energy.

ered a spectator during the reaction process. "
Therefore, we consider the (t,P) transition to the
1.12 MeV state in "Cu is with the definite angular-
momentum transfer I.= 2, even below the Coulomb
barrier of the entrance channel, and calculate the
angular distribution for I =2. Pure two-neutron
configuration (lf, y, )' is assumed. Just as in the
case of I =0, the calculated angular distribution
for an I.=2 transition is sensitive to the form fac-
tor. Figure 12 shows that the slope of the for-
ward-rising angular distribution changes system-
atically with variation of the binding energy of the
transferred neutrons in the final nucleus. There-
fore, making a fit to the experimental angular dis-
tribution, the binding energy shared by the trans-
ferred neutrons can be deduced. The curve in Fig.
4 is calculated with E, =1.35 MeV, which is the
excitation energy of the 2' phonon state in ~Ni.
The agreement between the slopes of the calculated
and experimental angular distribution is another
evidence of the weak particle-vibration coupling
and of the fact that the proton is a spectator to a
good approximation.

Summing up the preceding discussions, the (t,P)
angular distribution below the Coulomb barrier of
the entrance channel depends upon the functional
form of the radial form factor outside the nucleus.
Together with a reliable method to calculate the
two-neutron form factor in a realistic finite well
(see below), careful analyses of experimental data
having high statistical accuracies will yield valu-
able informations on the coherence structure of
the two-neutron form factor. This type of (t,P)
reaction approach to nuclear structure can be sys-
tematically exploited in precise comparative stud-
ies of the ground and low-lying states in medium-

weight to heavy nuclei with respect to particle-
particle correlations. Part of above discussions
has been already given in a short note. "

Various methods and prescriptions have been
presented to calculate the two-neutron form fac-
tor.""''"" Recent developments in finite-well
shell-model calculations have been in the direction
of extending the functional space by taking into
consideration larger and larger numbers of con-
tinuum states. "" Apart from some conceptual
defects, the main claim against the separation-
energy prescription is that it underestimates the
absolute cross section. "" Our DWBA calcula-
tions reported in the present paper have been per-
formed only with the separation-energy prescrip-
tion. '" However, our discussion above is cer-
tainly safe from possible limitations of the pre-
scription, since the whole discussion is based on
relative values of calculated quantities (form fac-
tors, differential and integrated cross sections),
and since the conclusions are qualitative. Our
point is to demonstrate the experimental sensitiv-
ity of the (t,P) cross section below the Coulomb
barrier of the entrance channel to the radial two-
neutron form factor in an extended region outside
the nucleus, and to indicate the origin of the sen-
sitivity by qualitative arguments and some illus-
trative calculations. On the other hand, the exPer-
imental sensitivity below the Coulomb barrier of
the entrance channel will serve to discriminate be-
tween different theoretical form factors, because
the region where the latters differ most from each
other, in general, lies outside the nucleus. ""
B. Proton and neutron distributions in the nuclear surface region

Possible difference between the proton and neu-
tron distributions in the nuclear surface region is
an old '~' yet new problem. The (t,P) reaction,
together with the isobaric mirror reaction ('He, s),
both below the Coulomb barrier of the entrance
channel, can form a new and effective approach to
the problem. The same is true for the inverse
reactions (P, t) and (n, 'He) below the Coulomb bar-
rier of the exit channels, because it is the ground-
state transition that matters in the present context.

On the matter distribution in the nucleus, we
have as yet no information of accuracy and reli-
ability comparable to the detailed information~4 on
the charge distribution obtained by high-energy
electron scattering" and muonic isotope shift. "'"
A large number of physical processes and quan-
tities have been invoked with a view to getting in-
formation from them on the difference between the
proton and neutron distributions, or in other
words between the charge and matter distributions,
in the nucleus; (a) elastic scattering of protons at
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low energies (tens of MeV), "(a') elastic scatter-
ing of nuclear particles heavier than protons, "
especially heavy ions, "(b) Coulomb energy differ-
ence between a pair of isobaric analog states, "
(c) elastic scattering of protons at high energies
(GeV region), " (d) elastic and charge exchange
scattering of pions, " (e) high-energy pion-nucleus
reaction cross sections, " (f) pion production by
protons on nuclei, " (g) photoproduction of neutral
p mesons on nuclei, " (h) level shift in pionic
atoms, " (i) the ratio between v -nucleus and v'-
nucleus reaction cross sections, "'"'"(j) absorp-
tion of stopped negative kaons, "'"(k) absorption
of stopped antiprotons. " All of the approaches (a)
to (h) involve integration over the nuclear volume,
and are not particularly sensitive to the structure
of the nuclear surface. In general, only one pa-
rameter indicating the extent of the nuclear matter
distribution, i.e., the half-density radius or root-
mean-square radius, can be determined. An over-
whelming majority of works show that the matter
distribution radius is almost equal with the charge
distribution radius. "'"'"'"" On the other hand,

(j) and (k) probe directly into the difference be-
tween the proton and neutron densities in the nu-
clear surface region. However, the results ob-
tained to date, ' ' which indicate much larger
probability of finding neutrons than protons in the
outermost region of a heavy nucleus, are qualita-
tive from two causes. First, it is practically dif-
ficult to attain high statistics. Secondly, funda-
mental problems of kaon-nucleus and antiproton-
nucleus interactions at extremely low energies
still remain to be investigated. There is indica-
tion that (j) and (k) are processes that take place
indeed in the outermost part of the nuclear surface
(called by the name of "halo'" o' ') where the nu-
clear matter density is very low. It is main-
tained that (i) is sensitive to the difference be-
tween the proton and neutron densities in the nu-
clear surface region. "'" However, results of
(i}"'" are in agreement with most of (b} to (h),
and in contradiction to (j) and (k). It is likely that
(i) on one hand, and (j) and (k) on the other, probe
different parts of the nuclear surface. The pres-
ent state of affairs is summarized: while the pro-
ton and neutron distribution radii are nearly equal,
there exists a neutron-rich halo in the tenuous out-
ermost part of a heavy nucleus. In spite of a
large number of laborious experimental works,
there is yet a serious lack of information on the
texture of the nuclear surface region.

It is shown in Sec. VA that the differential cross
sections for the (t,P) reaction below the Coulomb
barrier of the entrance channel are sensitive to the
two-neutron form factor outside the nucleus.
What is important is that the two-neutron form

factor for the ground-state transition is a stable
object varying not very fast from neighboring
neutron-even to neutron-even nucleus. Further-
more, the matter is certainly the same for the
isobaric mirror reaction ('He, n), although as yet
no experimental data are available for the ('He, n)
reaction on medium-weight to heavy nuclei with
qualities comparable with those of the (t,P) reac-
tion. The two-particle form factor for T =1, 8 =0
can be studied experimentally as a function of ra-
dial distance R, and the proton number Z [in the
case of ('He, n}] or the neutron number N [in the
case of (t,P)]." It is experimentally "differenti-
ated" concerning 8 by varying the incident energy.
Also, it is "differentiated" with respect to Z in go-
ing from isotone to isotone, or with respect to N
in going from isotope to isotope. The value of the
form factor at a radial distance off the nuclear
surface is very sensitive to the radius and sur-
face-thickness parameters of the nuclear poten-
tial that binds the transferred particles. By pur-
suing the change of the cross section with varia-
tion of Z or N, the changes of the radius and sur-
face-thickness parameters over the isotones or
isotopes may be deduced. By far the most impor-
tant, however, is that the difference in proton and
neutron distributions in the outermost part of the
nuclear surface (the "halo" region) can be directly
probed by comparing the ('He, n) and (t,P} cross
sections well below the Coulomb barrier of the
entrance channel. Experiments are more feasible
and results are likely to be more quantitative than
for (j) and (k).

In the point-triton approximation (see Refs. 29,
6), the radial form factor for a pure two-particle
configuration is just the product of the two radial
single-particle wave functions, apart from a num-
erical coefficient. In the current zero-range ap-
proximation, calculation of the radial form factor
involves an integration with respect to the relative
coordinates between the two neutrons by which the
internal structure of the triton is taken into con-
sideration. Though mediated by an integration, the
relation between the radial form factor and the
particle density distribution (single-particle wave
function) is explicitly well defined. The relation
indicates that even the point-triton approximation
is reasonable in the region outside the nucleus,
where the wave lengths of the distorted waves at
low energies are large, and single-particle wave
functions are simple and radially monotonous.
Configuration mixing introduces only a linear com-
bination over pure two-particle configurations.
With just the same extent of analysis as in a con-
ventional nuclear structure problem, the radial
form factor can be related to the radial particle
density distribution.



566 Y. IWA SA K I, T. M URA TA, T. TAMURA, AND Y. NOGAMI 13

Vl. CONCLUSIONS

It is confirmed for the first time that the (t,p)
reaction below the Coulomb barrier of the entrance
channel takes place in an extended region outside
the nucleus. A definite nuclear optical potential is
required for the triton-nucleus channel which is
below the Coulomb barrier, in sharp contrast to
the well-known case of sub-Coulomb (d, P) reaction.
The triton-nucleus optical potential is nearly in-
dependent of energy. The DWBA reproduces the
experimental angular distribution, its isotope de-
pendence, and the energy dependence of differen-
tial cross sections. The angular distribution
shape is sensitive to the functional form of the
radial two-neutron form factor outside the nucleus.
The (t,p) reaction below the Coulomb barrier of
the entrance channel has a number of promising
features which warrant systematic experimental
studies in the future, in spite of considerable
practical difficulties, especially in accelerating
particles out of a radioactive gas. It can provide,

together with the isobaric mirror rea. ction ('He, n),
information on the coherence structure of the two-
particle form factor for the T = 1, S =0 transfer
reactions, the matter distribution in the nuclear
surface region, and the difference between the
neutron and proton distributions in the outermost
"halo" region of the nuclear surface.
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