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Abstracf

One-proton, two-proton, and "oa-particle'" transfer have been studied on
nuclei with closed neutron shell N = 82 using l60 beams of 63 MeV to 66.5 MeV
incident energy. Transfer probabilities defined in a semiclassical model are
derived for the different reaction channels. For this purpose the Q-value and
aﬁgular dependence of the cross section are discussed. The two-proton transfer
t§ the ground states shows an enhancement by a factor 20-25 compared to other.
nuclei, showing the effect of the proton pairing in these nuclei (they correspond

108’lj‘o’llESn). The total transfer

to equivalent neutron configurations in
probability follows a common trend for all three target nuclei as a function of

energy above the Coulomb barrier for the proton and two-proton transfer,

respectively, but not for the four nucleon transfer.
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1. Introduction

Recently, several studies of single and multinucleon transfer reactions
induced by 16O on heavy nuclei have been reportedl_h). Of particular interest
re the two-proton and two-proton + two-neutron (a—particle)itransfer reactions,
because they can yield ne% information on proton and neutron pairing interactions.
16O induced feactions on heavier nuclel are characterized by é‘large value of the
Sommerfeld parametér n and therefore show marked characteristics of reactions
5,6).

proceeding under semiclassical conditions The conditions for maximum cross

sections are very stringent and lead to very sensitive dependence of the cross
section on kinematical factors. The strong dependence of the reaction cross

Z,h,7)

section on Q-value necessitates a careful study of the dynamical properties
of the heavy ion transfer reaction. DWBA calculations neglecting recoil terms
have been quite successful in explaining general features of single nucleon
transfer reactionsz) although certain discreapancies with expefimental data
can only be removed by including recoil terms in the DWBAB) or by epplying
complete finite range calculationsg’lo).

The present study of transfer reactions was undertaken on nuclei with
a closed neutron shell (N = 82) and open proton shell qqrresponding to the
analogous situation for neutrons in the Tin isotopes (where the Z = 50 closed
proton shell combines with an open neutron shell). Thé nuclei chosen are

L _
spherical and lhhSm (2 = 62) corresponds to llen, 1 2Nd (z = 60) to 1051 ana -

140 08Sn. The Q-~-values for the one-proton, two-proton and four

Ce (Z = 58) to *
nucleon transfer are negative. The incident energies were chosen in such a way

that the favored Q-values were in the vicinity of the Q-values for the ground

state transitions. The incident energies were thus only a few MeV above the
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Coulomb barrier, a fact which made it necessary to obéerve the reaction products
at large angles (150°-1T70° Lab). Nevertheless, in the four nucleon transfer
reactions the gréﬁnd state transitions could not be measured in all cases,
because 6f a consideraﬁle mismatch in Q-value.

A pairing force acting between the protons should manifest itself in

1L6 160’1h

proton-superfluid states in the nuclei 1*2Nd to 1'%Gd. It the ( c)

reaction proceeds predominantly by the transfer of a proton pair in an'S = 0,

T = 1 state, the two-proton transfer should be enhanced by an equivalent factor

as observed in (t,p) reactions on Tin-isotopes.
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2. IExperimental Technigue and Results

The experiménts were performed using the 16O beam of the Heidelberg
MP Tandem. The targeté ranged in thickness from 100 ug/cm2 to 300 ug/cm2 and
were deposited on 120 backings. Due to the fact that all measuremeﬁts were
performed at angles between 150° Lab and 170° Lab no conﬁimanation lines from
the backing could interfere with the relevant spectra of 120, th, and 15N
particlés. All targets were made from material enriched to more than 98%.

The particles were identified using AE -~ E telescopes. The AE counters
were of thickness between 18y to 25u. The heaviest particles, 160 and 15N left
up to 3/k of their total energy in the AE counter. Thé AE and E pulses were
added at high levél and given (via biased amplifiers) onto two-dimensional
analyzers (128 x 128). Up to three AE - E telescopes were used simultaneously.
using two ND 128 x 128 analyzers and an online computer for the storage of the
data. The separation of 120 and 1hC was usually compléfe with AE counters with
a thickness larger 20u.

The energy resolution was typically 400 to 500 keV. The target thickness
contributed the iargest part to the energy spreaq due to:the fact that for the
difference in energy loss between the incoming and outgoing particles the'target
thickness enters twice for reactions observea at backﬁard angles. At angles of
approximately 150° Lab .the outgoing particles pass through the target material
at an angle to the incident beam (target being at a right gngle to the beam i
direction) and are submitted to a longer path through the target material than
the incoming l6O ions. The difference in total energy léés between 160 and th
(or 16O) ions considering reactions taking place on the front or backside of the

target can be rather large. The 1hC,120 spectra often show a better resolution
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than the elastically scattered 16O due to a smaller difference in energy loss

between 1hC and 160 at angles of 150°.

o 16 15

Th 0 and "“N spectra were processed with an automatic computer

program which fits polynomy to the different element lines in the two dimensional

. . IR
matrix of AE + E and AE. The 1 C and 120 were separated by hand from printout

on paper. In some cases, especially at the higher energies above Coulomb

barrier, intensities between the 12C and th lines were observed which could be

assigned to 13C. In view of the fact that their separation was usually not

unique and their intensity was usually less than 5% of the total yield of either

12C or th no attempts were made to deduce 130 yields. The 120 and lhC yields

13

given in the next section both contain parts of the C yield if any was present.

The same applies to the th yield, whose identification was not unique.
5. . o b
The ~°N yield thus may contain ~ 5% to max. 10% of ~ N.

During all the measurements the elastic scattering was recorded
‘simultaneously with the total nitrogen and carbon spectra. Thus the normalization
of the data was made with respect to the elastic scattering. Detoriation of
the target, if it occurred, therefore could not interfere with the normalization

of the data.

For all three targets lb'OCe, lthd, and lhhSm several angles, usually

four (150°, 155°, 160°, 165°, sometimes 170°, Lab) were measured at each energy.
15 1h 12 _ X . '
Spectra of "N, ~ C, and ~ .C for each target are shown in fig. 1. The ground
state Q~values for the two-proton transfer vary from target to target and a
corresponding change in the strength of the ground state transitions in the
16 1k
(7o,

C) reaction is observed reflecting the strong Q-value dependence of the

reactions (see next section). The Q-values for the one-proton and o~-particle
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160,12

transfer vary less strongly. For the ( C) reactions only extremely weak

transitions to the ground states could be observed, the reaction proceeds mainly
to regions of approximately 8 MeV excitation in.the final nucleus due to the
rather negative optimum Q-values. Figure 2 shows in a logarithmic scale two
(16O,th) and (160,120) spectra for the 11‘OCe target, the th spectrum being
shifted by 5 channels. The similarity between the twovspectra is rather evident.
Whereas the Q—values for the ground state transition are rather similar (9.2 MeV
for 12C and 9.8 MeV for th) the reactions proceed mainly to different final
excitations possibly due to a corresponding difference in optimum Q-value, (see

section 4.3) or due to differences in level densities in the final nucleus.

Figure 3 shows the same spectra in a ‘linear scéle.' There are definite

16

peaks in the ( O,lec) spectrum at high excitation. Similar peaks which separate

well from a general curve and which can be identified at several incident

energies are observed with the other targets too (fig. 4). In the reaction

1h2N 160’12 146

a( C)” “Sm peaks are observed at 6-8 MeV excitation in the final

nucleus (fig. 5) where the level density is of order 100-1000/MeV. The spectra
shown in fig. 5 were measured with the same experimental calibration. The peak

intensity bf_the spectrum thus remains at the same final laboratory energy for

the three energies (63 MeV, 64 MeV, and 65 MeV) at a given anglé. The optimum
Q-value fhus becomes more négative with increasing incident energy by approximately
1 MeV (see also next section).

At the energies chosen the intensity as a funcﬁion of scattering angle
has its maximum at approximately 160° Lab (= 163° cm). Figure 6 shows as an.

15 1k

example the total yield (divided by elastic yield) for ~°N, C, and 12C nuclei

16 1k

in the reactions induced by ~ 0 on 0Ce at 64 MeV as a function of scattering

angle.
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3. Ansalysis of the Dats

For the analysis of the data the strong dependence of the cross section
on Q-value, scattering angle and angular moﬁentum has to be discussed. Different
transfer reactions on a variety of nuclei can then be redﬁced fo corresponding
values at the same kinematical éondition. The reduced cross section is then
given by:

o (@ ,6 )
- _ . _c 0’0 _
oexp(QO’eo) = Oexp(Q,e) E:cs:gy—‘ s OC(Q,G) calculated

cFoss sections

In semiclassical conditions the reduced experimental cross section can be replaced
by an appropriate semiclassical transfer probability as discussed in the
following. The grazing angle 60, which is different for different targets and

incident energies can be replaced by a distance parameter do determined by the

relation:

o= 1/3 1/3
R=4a (A7 + A7)
and relation (1) between minimum distance and scattering angle given below. The
transfer probability P, (4 ) deduced from 0 _ (Q ,0 ) is the function, which

: tr o exp o o ‘ _
does not contain any more kinematical factors and can be compared for different’

nuclei.

3.1. SEMICLASSICAL CONSIDERATIONS

Reactions proceeding at conditions with large values of the Sommerfeld

7.7, e2
parameter n, n = L2 s can be described by semiclassical modelss’ ). This

hv

fact is connected with the circumstance that the deBroglie-Wavelength * of the
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relative motion is small compared to typical distances R, the distance of closed
approach in a scattéring'orbit. The distance is for given scattering angle 6; -

and wave numbers k, giveh by

2
1 ) = Z,2,¢ (1 +
sin 6/2 QECM

1
sin 6/2

R = E-(l + ) =n-k (1 +

(1)

Under semiclassical condiﬁions the total transfer crosé section can be factorized

into a scattering probability |fsc(6)|2 and transfer probability Ptr(e)

- do 2 .
8 = lr  (8)]|7-p, (6) | (2)

The scattering probability is determined by a classical orbit and can

be described rather satisfactory by the Rutherford scattering o_ multiplied with

R
L
an adequate absorption function F . (8) (ref. ')). The transfer probability strongly

abs

depends on the differences between the initial and final orbit (and thus on

Q-value) described by a function F(Q). Thus we obtain

o}

E%(e) = oR(e) - F(Q) - F . (8); F (e) =1-P_ (8) . (3)

abs

and we have for elastic scattering with absorption

5 _
g;(e) =1 - Pabs(e) (L) -

The probability of absorption P__. (6) can be described satisfactorily for a large

abs

variety of nuclei as suggested by Christensen gg_gi.h) using the function
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0; R>R
(®) ° (s)
P R) = - 5
abs - R - Ro
1- exP(*-zr*‘-); R <R,

The relation between scattering angle 6 and minimum distance R can be
taken as relation (1) — neglecting the real potential. The real potential
usually has little influence for distances larger RO, the interaction radius.
R, being determined by & parameter r

R, = ro(All/3 + A21/3) | (6)

The value r, = 1.68 fm was found to describe the elastic scattering data rather

satisfactory, and with A = ,55 fm.

The concept of classical orbits implies specific conditions on changes
of the parametgrs for the final scattering state. Matching of the orbits of the
incoming and outgoing channel at the minimum distance leads to the classical

condition for maximum cross section as suggested by Buttle and Goldfarbs)

J .

n.
i 1 _ _f 1
R e, TE (Ytame, ) (1)

An optimum Q-value is thus obtained from expression (7) assuming

®; = 8¢
Q - gl EEiEL:;jiﬁii . Q ' (8)
opt CM ZlZZ- > Topt 1

The angular momentum transfer is then strictly determined by the relations

N[5 ' R
L; = 5~ cot{z=; zi -8, = (n, - ”f)'z‘ ctg 8/2 (9)
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Usually transfer reactions proceéd not at the optimum Q-values. The cross
section is smaller in non-optimum conditions and depends via the function F(Q)
approximately by a Gaussian function6) on the parameter AD; (Ri - Rf) = AD,

o-decay constant of the bound state.

OL-R-}:2

2 . '
F(Q) ~ exp (— léQL__) (10)

An alternative description for the optimum Q—Qalﬁe is suggested by
fig. 5. Given é certain charge product ZBZh’ 8 scattering angle ef (where the
counters are placed) and a minimum distance determined by the strong absorption
radius defined in expression (6), eq. (1) defines a fixed final energy Ezm which

can fulfill eq. (1). The "optimum" Q-value for this angle will be then

- &f i3k 1y gl
“opt = Fom ™ Fom T 2R U+omo2 “Ems Upto (11)

Equation (11) gives in the present case a change for QODt by -.9 MeV per

i

Lab" Equation (8) for the optimum Q-value gives only a change

1 MeV change in E
of Qopt of .25 MeV per 1 MeV change in incident energy. (Qopt here is the
percentage change in charge times incident energy; and (2122 - Z3Zh)/ZlZ2 is

from expression (11) depends on the choice of R > the interaction

25%) . QoPt 5

radius (which may be different for different transfer reactions, see also
section 4.3).

The expefimental result in the present case seems to be consistent with
eq. (11) as shown in figs. S5a and 5b and Table 1, where different semiclassical

calculations of Qo and Qexp are compared. Similarly, the variation of Qo

pt
16O,lQC) reactions on 2 Zr and l72Y’b (ref.

pt
with incident energy observed in ( 1y

was found to be inconsistent with expression (8). The results of ref. ll) are,

however. well
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described by eq. (11). We may conclude that at energies above Coulomb barrier
and scattering angles 6 2’60 the position of the Q-value window is mainly
determined by the existence of an absorptive radius RO; Qopt is then given by
relation (11). At energies below the Coulomb barrier or at angles 6 < 60 the
matching condition for the scattering orbits'determines.det, whiéh is then
determined by relation (8). Inclusion of a recoil factor as discussed in
refs. 5’12’13) gives slightly more negative values for Q . Q values

_ opt 1 opt 2
given in Table 1 are probably to high due to the value for r, = 1.68 fm. We
also deduce from the table that DI = R;in is usually smaller than the interaction
distance R (which implies that 8 > 60) and that the relevant optimum Q-value
14
(

(r = 1.63 fm gives values for Q C) which are

‘Wlll be Qopt 2° o opt 2

1.5 MeV smaller.) If the reaction proceeds to the optimum Q-value the scattering

cross sections (or amplitudes) become the same in the initiel and final channel

because E-is the same and

N

(12)

= o]
ol

If the total radii change not too much in the reéction we.have also
(O/GR)i = (G/OR)f; i.e., the same degree of absorption is observed in the initial
and final channel (see also fig. 10) for optimum Q-values.

In cases of Q-value mismatch (however, not toé lérge mismatch, because

semiclassical models would fail in these cases) the differential cross section

L
can be written as ); O

R is an average elastic Coulomb scattering cross section

%%(e).= Mlo/0,) (0/0.) oy « B, .(8) - F(Q) | : - (13)
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Using this equation, Ptr(e) or preferably Ptr(do) can be deduced from the data,
dO is the radius parameter connected with the minimum distance R in an average
orbit and through relation (1) related to the scattering angle

0. Ptr(do) is then the quantity which can be compared for different targets.

3.2. DWBA CALCULATIONS

Using the no-recoil approximation énd the procedure of Buttle and
Goldfarbs) the DWBA transition amplitude can be calculated7) using standard
DWBA codes.

In the present case we used the code DWUCth) ﬁo calculate the Q-value
dependence of the differential cross section for the different reactions. It was
assumed that thé two protons are transferred in an S = O;_and T = 1 state. The
bound state in the final channel for the present target nuclei has as quantum
number 5S for the relative motion of the center of mass of the two protons (the
oscillator shell for the single nucleons is 35, 2d, and lg). The optical model
parameters were chosen té be those of ref. h), and.were derived ffom the elastic
scattering of 16O on nuclei in the mass range 48 to 90. The parameteré gave

equally good fits to the elastic scattering of 16O on 208Pb 3)

Figure T'éhéws as an example the results of the éalculations for the
l)40Ce(160,]')4C)lb'2Nd reaction. The dotted curves were obtained using the same
final bound state for the various Q-values. These curves illustrate the effect
of the mismatch of the scattering waves in the incident and final channel and .
the effect of absorption which decreases the cross section drastically if in
one of the channels G/GR is small and much different  from the other channel as
discussed in the previous section and described by eq. (13).

The inclusion of the proper variation of the binding energy of the

bound state yields the full curves in fig. 7. Different angular momentum transfers
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peak at the same vaalde. There is a variation of the optimum Q-value (point

of maximum cross sectioﬁ) with incident energy which amouhts to .9 MeV per 1 MeV
change in incident energy. This prediction agrees rather well with the
experimental observation, and with the second semiclassical calculation of

in éection k.,1. Higher anéular momenfum transfer gives larger cross

Qop‘b 2

sections for all Q-values. Specifically, transfer of large L-values can bridge
large gaps between $cattering waves at more negative Q-values. The shape of
the spectra of 120 and th nuclei is thus most probablj detérmined by higher:
angﬁlar momentum transfers at higher excitation energy as illustrated in fig. 8.

The inclusion of recoil terms is expected to shift the position of the

maximum to more negative Q—values5’12’13). A rough estimate based on the idea

that the incoming th particle in the 160 projectile is matched with its orbit

160’1h

to the outgoing'lhc particle gives a shift of 1.5 MeV: for the ( C) reactions.

Calculations as shown in fig. T have been performed for all target

nuclei. For the reactions on lthd and luoCe a correction factor was then

‘deduced from these curves to give the cross section and tfansfer probability at
ﬁhe optimum Q-value. The correction factors are defined by ;;292§1 = F at a

given angle. For the lhb'Sm no correction was necessary becausegihe ground state
Q-value (13.7 MeV) coincides rather well wifh the optimﬁm Q-value (~ -1k MéV).
Table 2 gives the experimental yield for the ground state transitions divided

by the elastic. yield, the correction factors applied, do, and the final transition

probabilities Ptr(do)’ The correction factors obtained using the semiclassical

Q(SC) - .in table, are in very good agreement with those obtained

from the DWBA curves, F,

description, F

1 (DWBA) .
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L, Discussion of the Results

- For each tafget the energy integrated yield divided by the elastic
yield is shown at 150° for the.lsN, th, ahd 120 in fig. 9 as a function of
incident energy'abdve Coulomb barrier which are shown by the same symbols for
each target. The scale for the energy above Coulomb barrier was changed by
-6 MeV, because deviations from the classically determined Coulomb barrier
(rO = 1,44 fm) are usually observed at approximately 10% smaller energy (see
also fig. 10). There is a steep rise of the crbss section as a function of
incident energy, which is well reproduced in its trend by DWBA calculations
with final channels corresponding to the optimum Q-value.

There are usually only a few single particle states which are populated
in the one proton transfer reaction (see also fig. 11). The summed single
particle strength (folded with the Q-value window) is the same in the three
nuclei, because the Fermi surface is spread over many shell model states. .
Therefore, it can be anticipated that the measured points shown in fig. 9 fall
on a common curve for 15N,nuclei.

| .Somewhat less expected is the fact that the totai yield for lhb nuclei
also follows avcommon curve. As can be seen from fig. 1l and as suggested_by '
the elastic scattering cross sections in fig. 10 and eq. (8), the ground state
transition is only a miﬁor proportion of the total yield for the lb'OCe target,
is approximately 20%-50% of the total yield for lthd.and is 80%-90% of the
total yiela for the lhb'Sm target. Corresponding to the change in the ground

state Q-value a very different proportion of the total transition strength goes

to higher excitations in the final nucleus filling the Q-value window with the
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same total transition probability. Whether this fact is manifestation of a
sum rule or of a constant totalbstrength vifhin.the kinematical window is not
clear.

The yield for the four nucleon transfer follows diffefent curves for
each target. lM‘Sm gives the largest yieldf

The discussion of the enhancement factors for two-proton transfer in the
semiclassical model is rather simple for two reasons. First, the scattering
process can be discussed independently from the transfer process. vSecond, if
one uses the expansion of the two~-proton waveffunction in terms of Hankel
functions and applies the Buttle-Goldfarb methods) for the form factor an
approximate separation of spectroscopic amplitude and fofm factor cah be
obtained because the radial dependence of the form facfor will be given by the
same Hankel function for all two-proton configurationsv(hél)(iar), with £ = 0,
angﬁlar momentum transfer and  o-decay constant in the assymptotié region).
In the presént analysis the comparison.of the transfer probabilities at Qopt
(fig. 12) corresponds to a comparison of the spectroscopic amplitudes with form

factors with the same £ but somewhat different decay constants o.

4L,1. PROTON TRANSFER

The three target nuclei studied here have 8 to 12'protons more than the
closed shell at Z = 50. The 2d5/2 shell would reach to Z = 56. Proton transfer

reactions studied by (3He,d) reactionsls’16) showed appreciable 2d5/2 strength

4 .
in l.SEu6 . Figure 11 shows the 15N spectra obtained in the present experiments

3
with the localizations and spectroscopic factors for thevsingle particle levels

15,16)

indicated (as obtained in refs. . The proton orbits 2d5/2, 37/2, 381/2,
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1hk

24 are all active in the nuclei lhoCe to Sm. The Fermi surface

1720
thus is spread out very strongly due to the proton pairing interaction. (A -
. 1ks5

spectroscopic factor of 0.3 is still measured for 2d5/2 in - Eu, which is 6

3/2

protons away from the usual closure of the 2d5/2 subshell at Z = 56i)

Due to the strong localization of the heavy ion reaction to the nuclear
surface 38172 levels are excited the strongest, because they have the largest
number of nodes in the bound state wave function. The spectra also show
indications of the j-dependence observed by Kovér gﬁ_gl.3).' The proton being
transferred from 16O iﬁ a j=lower (Pl/2) orbit the maximum anguler momentum
transfer and thus the larger cross section is observed for the j-upper states

(2d5/2) in the final nucleus.

L.2. TWO-PROTON TRANSFER

Two-proton transfer spectra have been shown in figs. 1 to 4. For a
discussion of a possible enhancement of the two-proton transfer, two methods are
possible. The first consists in a comparison of the transfer probability
defiﬁed in section 3.1 fof one-proton with that for two-protons; the second
consists in a comparison of two-proton transfer probabilities in the N = 82 nuclei
with those on other target nuclei (data are available for masses A = 40-90 in

refs. l’2’h).

The ratio between transition probabilities for lp-transfer (summed over

14l
all single-particle states) and two-proton transfer is at 150° (for Sm).
Pl
?TE'E 5, (see fig. 9).
2p
1h4L 15 1L

For Sm the "“N spectrum contains mainly two levels and the C

spectrum consists to 90% of the ground state transition. The transfer probability
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~ 1/A (A-target mass), the

for single nucleon transfer is proportional to Plp

transfer probability for two-nucleon transfer is proportional to ~ l/A2;

ng ~l/Ag'EF. The enhancement factor EF will be larger unity if the two

nucleons are tfansferred as a pair. From the result Pl'p/P2p = 5 we obtain

EF = A2/AX5 = 27, Alternatively EF can be deduced from fig. 9. For lhhsm we

2

2 ~ -2, L - .
) =1.10 °; defining EF by P2p_— (Plp) .EF, this

have (P )" = 5.20™" and Poy
gives EF = 20, In the bresent estimation it is assumed that the Q-value is
optimﬁm for the single-proton and'two-prdton transfer. This assumption is
actually well'fulfilled as can be seen from Table 1.

Using the DWBA calculations illustrated in fig. T to correct the
experimentally measured transition probsbilities (yield/elastic yield) to the
transition probability at Qoft we obtain the values fqr-Ptr(do) shown in fig. 12.
Also given 'in fig. 12 are transition probabilities derived.using eq. (13) for
(l6o,lhq) reacfiohs ShFe, 6hNi, 888r given in ref. h) and transformed to the do
scale of fig. 12.> Different incident energies at the same angle or different
angles at a given energy give Ptr(do) at different &alues_of d . For the
nucleus lhoCe the strongest mismatch occurs and the correcfion factors become
rather sensitive to details of thé-calculations. The inclusion of recoil in
DVBA gives for lhOCe values for Ptr(do) which are by a factor 2 larger, which

brings its value‘near to.the value of the other target nuclei.

Figure 12 exhibits a pronounced difference between.Ptr(do) fbr the

N = 82 nuclei and nuclei in the fp-shell (ShFe,shNi). The two-proton transfer

54 6{1

is enhanced by a factor 20-30 in the N = 82 nuclei compared to ~ Fe and ~ Ni.

This value is consistent with the value obtained before from the comparison with

single-nuclear transfer. The different slopes of Ptr(do) are connected with
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differences in-the'binding energy of the proton pair, the.Q—values for the
N = 82 nuclei ?éing-more negative and binding energies being largef.

.The two-proton transfer on 888r (and the adjacent nuclei, see ref. )
seems to be enhanced too. 883r has a closed neutron shell (N = 50) and an
open proton shell, however, with.smaller J=values involvea in the individual
shell model ofbits. The enhancement factor is smaller and is approximately a

54 6k

factor of 5 relative to Fe and Ni.

160’1hc) is

We conclude thaf the two-protpn transfer in the.reactions (
enhanced in regions where proton pairing is expected to lead to a large spread
of the Fermi surface. In a microscopic description the‘two-pafticle transfer
consist of a cocherent sum over all éctive shells, and the enhancement of the
(16O,lhc) reaction on the N = 82 nuclei is the result of the coherent action of
the d5/2, 381/2, gf/g, hll/2’ and d3/2 shel;s. The corresponding enhancement
is observed in (t,p) reaction on Tin isotopes, where the sahe shells are active
in two—neufron trahsfer.

118

In the reaction Sn(t,p)120

Sn an enhancement factor (defined in a

slightly different way) of ca.35 was deducedls).

4.3. FOUR-PARTICLE TRANSFER

Spectra of "a-particle" transfer have been shown in figs. 1-5. Due to
the less negaﬁive Q-values fof the four-pérticle transfer the Q-value window
leads mainly to transitiqns with 4-8 MeV excitation in the final nucleus. In
addition the intensity in fhe spectra of 120 has its maximum at approximately
3 MeV more negative Q-value compared to the th spectra'(figs. 1-5). An
explanation of this circumstance could be found in the fact that the intersaction

radius is smallervfor the two-proton transfer reaction compared to a-particle
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transfer. Actually, for all target nuclei of the present'experiment, a-particle

16 1 1Lk

emitting nuclei are formed in the ( C) reaction (i.e., = N4, E, = 1.9,

lh63m, Ea = 2.53; thGd, Ea = 3.18 MeV). The bound-state in the final channel

is unbound and extends much further out of the nucleus? than the two-proton

wave funetion.. Thevsame observation holds for the projectile, l60, where the

binding energies are -7.16 MeV for the a—particle and -22iMeV for the two-protons.

The overlap of the four-particle wave functions thus extehds to larger distances.
From eXpression (11) we deduce that an increase iano of 5% corresponding

to 0.08 fm leads to a decrease of E_ and an increase of Qopf 2.by 2.5 MeV. This 3

f
. . . 1k .12
is approximately the difference between Qopt’ C and Qopt’ C observed and

shown in fig. 2.

160,1h

This explanation of the difference in optimum Q-value for ( C) and

16

( 0,120) reactions is consistent with the observation in earlier work

l’2’17) thaf the grazing aﬁgle for the (16 l2C) reaction is cons1stently

16 15 N) a 16 1

(refs.

nd ( C) reactions. The radius parameters

16 12 c)

smaller compared to (

r, needed to describe the angular distributions were larger for the (

(*60.1%) ana (160,1%c), (rer. 1T)).

compared to
The presently measured 120 spectra show some significant structures,

which will be due to single states or groups of states in the final nucleus

(see figs. 1, 3, 4, and 5). The level density being rather large at 6 to 8 Mer

excitation in the relevant nuclei, one may conclude that.a'selective population

16 12

of states occurs in the ( C) reactions on these nuclei. Spectra with higher

resolution are, however, necessary for a reasonable discussion of the nature of

the observed selectivity.
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5. Sumary
The obsefved reactions clearly exhibit the featnrés of direct transfer
reactions. The strong Q-value dependence has been discussed. It 'is found that
the position ofvthe Q-value window can be satisfactonily described by a simple
specification of.the situatinn in the final channel if the angle of observation
is larger than,ﬁhe grazing angle 6 > 60; i.e., by interaction radius, RO, charge

product, Z Zh,'and scattering angle 8. Relation (1) in section 3.1 then

3
defines Egm and the position of the optimum Q-velue is given by expression (11),

which does not contain any information on the incident channel (except Ezm) nor
on angular momentum transfer. Thus, at energies above the Coulomb barrier in

many cases the strong absorption is . mainly responsible for the shape and position

pt
to differences in interaction radii Ro" The differences in the interaction

of the Q-value window. Differences in Qo are attributed in this description
radii Ro (parameter ro) then should bevreflectéd in corresponding differences
in the grazing angle 60, illustrating the close relation between the existence
of a Q-value window and a "window" as a function of séatfering angle (the cross
sections peak at the grazing éngle).

The two-proton transfer reactions induced by 16O on the targets with the
N =82 élosed neutron shell show clear effects due to the proton pairing
interaction. The semiclassical properties of the reactions studied made s
discussion of the enhancement factors in the two—proton transfer particularly
easy and transparént, because the scattering process can be discussed independently.
Total transfer probanilities, defined by semiclassical expressions have been derived
from the data for the proton transfer, two-pnoton and "o-particle" transfer.

Enhancement factors of 20-30 have been obtained for the (160,th)'ground state

transitions. It
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can be anticipatéd that the proton pairing interacfion hasbits éffects also oh
the "a—particie" trahsfer. Better resolution may be necegsary to solve thié
quesfion.
Distinétive regularities have beeﬂ observéd.for the total transfer
probabilities within the Q-value window to final state§ in different final
nuclei. Whereés these regularities are easy to understand for the single-
nucleon transfer reactions in the present nuclei ( the Séectra barely change
from nucleus to nucleus) the understanding of the systematics for the multinucleon

transfer displayed in fig. 9 needs further work.
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Table 1. GCround state Q-values Qo’ optimum Q-values QO (expression (11)),

(expression (8)) and Qop

. ptl t2
interaction distances Ro (ro = 1.68 fm) and minimum distances in the classical orbit of the initial channel
DI(eL = 150°) for 16O induced reactions (a value»of r = 1.63 fm gives QOpt2 = Qopt exper&mental for th).

‘ E, |Q Q ) .
Target in |Toptl 15, lhc 12, opt2 15, lhc 12C DI{fm] Reaction q [Mev]
Nueleus | [yev]| [mev] [MeV] N | | product 0

1k0¢, 63| 6.2 -12.6T  -12.67 -9.7  -15.5  -15.0 .97 w -6.9
R , . ' - lhc -9.87

o) 6k -6.3 -12.87 -12.87 -10.65 -16.4 -15.9 11.78 1 ’

_ . 3
= 13.0 6 641 13.07 13.07 11.54 1 16 11.60 1zc 9
[fm] 5 -0. .— . -13. . =11.5 -17.3 =16.77 11, C —9.06
lthd 63 -6.25 ~-12.7h4 ~12.74 -8.4 -14.k -13.8 12.37 15N -T7.94

) 1k
R, M -6.35  -12.9%  -12.9k -9.3 -15.3  -1k.7 12.17 13C -11.78

c -13.
= 13.03
[m] 65 -6.45 -13.14 =13.1k -10.2 -16.16 -15.6 11.99 120 _ -9.
gy 64 -6.38  -13.0 -13.0 -7.9 -1k.1 -13.5 12.56 liN -8.9
_ 1
Bo 65 | -6.64 -13.2 -13.2 -8.8 ' -15.0  -1k.L 1237 =13.65
= 13.04 o | | - | | C -1h.5
tm] 66.5| -6.64 -13.5 -13.5 -10.2 -16.3 -15.80 11.95 120 _10.

229T-141



Table 2. Cross sections and transfer probabilities Ptr for (160,lh

nuclei; errors are given with the cross sections only.

C) reactions to the ground states of final

Target [MeV] | [fm] , » [fm] Correctioﬁ factors
Nucleus B 0 4 ic/aQub/sr] o, /o AD F.(DwWBA) F_(SC) p_(a)
L L o} » . - tr’ EL : ' 1T 2 tr o
1400e 63 150° 1.5 525 8.8.107  _.12 3.2 3.5 2.8-1073
lhOCe -o6h 150° 1.50 215 . 5-10'h Z.Th b2 4.0 2.1.1073
Wayg 63 150° 1.59 1219 1.54.2073  -.263 1.4 - 1.3 2.2.1073
lthd 6k 150° 1.56 | 197+12 2.6-1073 -.308 1.b 1.35 3.7.1073
1h2y, 65 150° 1.5 155%20 2.6-1073  _.3h9 1.4 (1.5) 13.7.1073
. 1
lthd 6L 165° 1.5k 110£17 2.0-1073 -.305 2.0 1.35 4.0-1073 lﬁ
h2nq 65 165° 1.525 170450 4.5-1073 -.35  (1.2) 1.k5 _ 4.5-1073
Wby 65 150° 1.7 50%9 5,510 .123 (2.5) 1.0 A(1.h'1o‘3)
1hhSm. 66.5 1540 1.57 183+25 3.66-10‘3 .037 1.0 1.05 3.66-1073
1Lk

Sm  66.5  170° . 1.55 260£20  1.0.107° 037 1.0 1.05  k.0-107

2c9T—-1491
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Figure Captions

Fig. 1. Spectra of lSN, th, and 120 nuclei émitted at backward angles in
reactions induced by l60 on lhoCe, lthd, and lhhSm.
Fig. 2. Spectra of 120 and ll‘C nuclei from reactions induced by-l60 on ll‘OCe

. . h .
at 64 MeV (in logarithmic scale). The e spectrum was shifted by 5 channels.

L .
Fig. 3. ©Spectra of 12C and l C nuclei, same as in fig. 2, from reactions

induced by 16O on lhoCe at 64 MeV.

Fig. L. Spectra of 12C and th nuclei from reactions induced by 16O on 1h2Nd.

Fig. 5. a) 12C spectra from reactions induced by 16O on lthd at three energies
63 MeV, 64 MeV, 'and 65 MeV. b) 15N spectra as in fig. 5a.

15

Fig. 6. Angular distribution of total yield (divided by elastic yield) of "°N,

1k 2 16 Y

C, and 1 C nuclei in reactions induced by ~ 0 on 1 QCe at 64 Mev.

Fig. 7. DWBA calculations for the dependence of the differential cross section
' : in
at 150° for the two-proton transfer reaction lhOCe(l60,th)l °Nd.
Fig. 8. Spectra of th and 12¢ nuclei (compare fig. 3) and DWBA calculations

for the shape of the Q-value dependence of the cross section.

1 .
Fig. 9. Yield curves for SN, th, and 120 nuclei (integrated over the total

energy spectrum) for reactions induced by l6O on lu‘OCe, lthd, and lhySm.
The energy above Coulomb barrier is scaled down by -6 MeV because deviations

from Rutherford scattering are observed 10% below barrier.

Fig. 10. Ratios of the elastic scattering cross sections of 160 and lhC to the

Rutherford scattering cross sections for the reactiohs shown in fig. 9. The

1k
Q-values indicate ground state Q-values in the (160,l C) reactions.

i
Fig. 11. Spectra of 15N nuclei from proton transfer induced by 160 on 1 0Ce,

1h2 1Ly

Ng, Sm. For each spectrum the spectroscopic factors as determined

11,12)

from (3He,d) reactions (refs. are shown.
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Fig. 12. Transition probabilities P p 88 function of parameter do’ the minimum

sL_ 6L

distance between 160 and target. The points for °~ Fe, ~ Ni, and 88Sr are

t

derived from data in ref. h).
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