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Multineutron transfer in  *®Ni+124Sn collisions at sub-barrier energies
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(Received 10 December 1997

Cross sections for multineutron transfer reactionsi + *24Sn collisions have been measured with good
particle identification at four energies around the Coulomb barrier. The angle- and energy-integrated
multineutron transfer cross sections exhibit an exponential falloff with increasing number of transferred neu-
trons. The elastic scattering and one-nucleon transfer reaction data can be reproduced well by coupled-channels
calculations and distorted-wave Born approximation calculations, respectively, using the same optical poten-
tial. The transfer probabilities for each transfer channel, plotted as a function of the distance of closest
approach, fall on a common exponential curve; the slopes of these exponential falloff curves are discussed.
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[. INTRODUCTION esting question relates to the possibility that all these data
can be described in a consistent way by coupled-channels
Heavy ion induced fusion reactions have been used extergalculations. This topic will be discussed in the following
sively for studies of neutron-deficient nuclei, covering thepaper[14].
range from the valley of stability to the proton drip line.  The paper is organized as follows. In Sec. Il we describe
Because of the curvature of the valley of stability in e  the experimental setup. In Sec. Il we give a discussion of
plane, fusion reactions cannot be used to produce neutrour experimental results followed by a short summary in
rich nuclei. Multineutron transfer reactionge.g., the Sec. IV.
(*%0,%0) reactior on a neutron-rich target, on the other
hand, can pr_oduce nuclei on t_he_ neutror_\—rich side of the val- Il. EXPERIMENTAL DETAIL
ley of stability. Q-value restrictions limit these reactions,
however, mainly to two-neutron transfer processes. Complex The experiments were carried out at the Argonne National
multinucleon transfer reactions have recently been discussdciboratory’s ATLAS facility with a'?“Sn beam bombarding
as a way to produce exotic nuclei which are not accessible bg *®Ni target. The'2Sn ions were accelerated in the super-
other processegl]. The possibility of using unstable ion conducting linac to energies of 512.0, 500.8, 489.6, and
beams in these reactions strongly reducesQhealue limi-  480.3 MeV, respectively. Typical beam intensities were
tations as shown, e.g., in recent calculations for the systembout 1 pnA. The target consisted of a highly enriched
118,136,154 o+ 208pp) [2]. The calculations for'5Xe beams (>99.8%) self-supporting®Ni foil with thicknesses of
suggest that neutron-rich isotopes of polonium and mercur34 ng/cn? (at 512.0 and 500.8 MeMand 404ug/cn? (at
far away from the valley of stability can be produced. While 489.6 and 480.3 Me)\ The isotopic abundances of heavier
these neutron-rich beams are not yet available for experiNi isotopes in the target were 0.090, 0.005, 0.008, and
ments, we can test the predictions of the calculations i©.020 % forA=60, 61, 62, and 64, respectively.
multineutron transfer reactions with stable beams. The outgoing particles were momentum analyzed in an
The transfer of many nucleons of the same kind has beeRnge split-pole spectrograph and detected in a hybrid focal-
studied in several systems. The transfers of up to six protonglane detector which measured the positioalong the focal
in the system'*Sm+2%%Pb [3] and of up to six neutrons in  plane, the time-of-flightT, the nuclear charg&, the total
the systems®Ni+ Mo [4] and “°Ca+ ?“Sn[5] have been energyE, as well as the rang® in the counter ga§15].
observed. Calculations using a recently developed ¢6fle From these measured quantities the nuclear chZigthe
reproduce the general features observed in the syéf@a massM, the charge statg, as well as theQ value of the
+1243n[5], but they cannot describe the strength of the two-reaction can be obtained. THe and M resolutions were
proton stripping and pick-up reactions in the systéf@a Z/AZ=70 andA/AA=150.
+1245n [7] measured at an energy above the barrier. Angular distributions of Ni-like particles were measured
In this paper we report the results of a study of multi- at anglesf,,=10°-50° in steps of 5°, which correspond to
nucleon transfer reactions at energies around the Coulom@. ,,=100°-160° in the center-of-mass system. At low en-
barrier for the systeni®Ni+ 24Sn. Of particular interest was ergies this corresponds to the most interesting angle region,
the energy dependence of multineutron transfer reactions arftecause most of the transfer reaction products are concen-
a comparison of the highest-energy result with the predictiortrated in the backward angle region. Sn-like particles were
of Ref. [6]. This system was chosen since other reactiormeasured at only the most forward angles (10°-25°). Due to
channels, including fusion evaporatif8l, fusion-fission9],  the large dynamic range of the split-pole spectrograph, up to
neutron transfef10—-12, and deep-inelastic scatterinffs3] 7 and 5 charge states for Sn- and Ni-like particles, respec-
have been studied for this system previously. Another intertively, could be detected simultaneously in the focal plane
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FIG. 2. Angular distributions for elastic scattering and inelastic
scattering at four incident energies for the systéfiNi+ 2sn.
Solid lines are coupled channels calculations using poteXfjal
Dotted lines are obtained with potenthdl, .

FIG. 1. Mass spectrum foZ=28 isotopes measured B ,,
=153.0 MeV, 6,,=20°, and integrated over the charge states
g=23-26 in the systen®Ni+%‘sn.

detector W'th a single magnetic field setting of the SPECRutherfold scattering are shown in Fig. 2 for the four inci-
trograph. This covered more than 60 or 80 % of the totalyent energies. These angular distributions fall off smoothly
charge-state distributions for the Sn- and Ni-like particles. Apom the Rutherford cross section at backward angles, with a
Gaussian fit to the charg_e state distribution was used to COKteeper falloff at higher incident energies. Coupled-channels
rect for the undetected yields. calculations have been performed with the cedeLEMY
The Q value for a given reaction product was determined[16], including the first excited 2 states of>®Ni and '2/Sn.
from the measured position signal. Tievalue resolution The B(E2) values were taken from the literatur&7], and
was limited mostly by the difference in the stopping powersare summarized in Table I. As shown in Rgl2], these two
for Sn- and Ni-like particles in the target, and by the inho-states give the dominant contributions for inelastic scattering
mogeneity and the energy-loss straggling in the target. Thiat energies around the Coulomb barrier. The optical potential
resolution was 3—4 MeV which is not sufficient to separateused previoushf4] for *®Ni+°Mo already gives a rather
transitions to individual levels. With the large dynamic rangegood description of the angular distributions as shown by the
of the spectrograph the quasielastic energy spectra of Ni-likdotted curves in Fig. 2. A small increase of the two radius
particles could be measured simultaneously with a singl@arameters, andro improves the agreement as shown by
magnetic field setting. The energy loss’8fSn in the target splld I|_nes in Fig. 2. The optical potential parameters are _also
energyE., of 5-6.4 MeV. The resulting four center-of- distorted-wave Born approximatio(DWBA) calculations

mass energies calculated for the center of the target af@r transfer reactions which are discussed in the next subsec-
160.6, 157.0, 153.0, and 150.0 MeV. tion. It_should be noted that from the real _part of the ion-ion
Two monitor detectors were mounted on either side of thé?0tential one cglculates a Coulomb_ barr.|er of 160'2 Mev!
beam and were used to normalize the measured angular di¢SS than the highest energy used in this experiment. This
tributions. Absolute cross sections were obtained by normal/2/ue is aiso less than the barriég=167.1 MeV calculated
izing the 12%Sn scattering angular distributions at the mostT0M the fusion systematics by Va al. [18]
forward angles to the corresponding Rutherford cross sec-
tions. This normalization introduced an uncertainty of about o )
5% and contributed to the total uncertainty in the absolute At these low incident energies pure neutron transfer reac-

cross sections. tions are the dominant processes. Cross sections for proton
A mass spectrum for Ni-like particleg =28, summed TABLE |. B(E2) values and optical potentials used in the

over the charge stateg)=23-26, measured aEcn,  coupled-channels calculations described in the text.
=153.0 MeV andd,,,=20° is shown in Fig. 1. Ni isotopes

B. Angular distributions for transfer reactions

ranging fromA=58-65, i.e., up to seven transferred neu-Nucleus Ee(MeV) B(E2)(e?b?)

trons, are observed. As discussed in Rdi. the contribu- :

tions from target contaminations of other Ni isotopes to these ! 1.454 0.070

multineutron transfer reactions can be neglected. “Sn 1.132 0.166
System \% w I ag lio aio

lll. EXPERIMENTAL RESULTS (MeV) (MeV) (fm) (fm) (fm) (fm)

A. Blastic scattering Ve: ®Ni+%vo 787 400 1.19 063 121 061

The measured angular distributions for elastic scattering/,: 5Ni+'?sn 787 400 120 063 1.22 0.61
including inelastic excitations up to about 4 MeV, relative to
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FIG. 3. Angular distributions for transfer reaction channels in G, 4. Energy dependence of the angle- and excitation energy-

the system *Ni+'2%Sn. (a) neutron pickup channels & integrated cross sections in the syst#iNi-+ 2%sn. The solid lines
=153.0 MeV. (b) proton stripping channels &;,=157.0 MeV.  genve to guide the eye.

The solid lines serve to guide the eye.

+1255p(0.700,1/2), respectively, with the optical potential
transfer reactions are considerable smaller. These results ggarameters given in Table |. Earlier studies for the system
different from those obtained in the two recent studies of°®Ni+2%Pb[19] have shown that the shape of the angular
40Cat ?sn[5] and “8Ca+ 124Sn[7], where significant cross distributions does not depend much on the detailed configu-
sections for thep-xn) channels were observed. The latter rations used in the calculations. The calculations have been
measurements, however, were performed at energies aboermalized to the experimental data with energy-
the Coulomb barrier where a considerable overlap of the twéndependent normalization constants, which are different for
nuclei can occur in central collisions. one-neutron pickup and one-proton stripping. One can ob-

Typical energy-integrated angular distributions are showrserve that these simple DWBA calculations reproduce the
in Fig. 3. Angular distributions for pure neutron-pickup general trends of the measured angular distributions for one-
channels aE. = 153.0 MeV are shown in Fig.(8), while  nucleon transfer reactions at all four beam energies.
the angular distributions integrated over all Ni, Co, Fe, and For an overall description of the experimental data we
Mn isotopes atE.,=157.0 MeV are shown in Fig.(B). have converted the angular distributions into transfer prob-
The solid lines serve to guide the eye. At the highest enerabilities and plotted them as a function of the distance of
gies, these angular distributions are bell shaped with a maxclosest approacB. The transfer probability, is defined as
mum that shifts to more backward angles with increasinghe ratio of the transfer cross section to the corresponding
number of transferred nucleons. Rutherford cross sectigr20]

The energy dependence of the angle-integrated cross sec-
tions is shown in Fig. 4 with the cross sections tabulated in _ day (1)
Table II. The angular distributions were extrapolated towards " doguyn’
smaller angles using the exponential falloff property of trans-
fer probabilities (see discussion belowThe uncertainties and the distance of closest approdghs calculated assum-
from the extrapolation process are included in the error of théng @ pure Coulomb trajectory as
integrated cross sections. The yields are clearly dominated
by neutron-transfer reactions, which at the lowest energy are
about four times stronger than all the charge-transfer pro-
cesses.

The results of DWBA calculations for one-neutron pickup Here 6., is the outgoing center-of-mass angle. Figure 6
and one-proton stripping reactions performed with theshows plots ofP/sin(6. /2) as a function oD for one- to
PTOLEMY [16] code are compared with the measured data asix-neutron pickup, and for one- and two-proton stripping
four energies in Fig. 5. The configurations for the outgoingreactions. In this representation all data points measured at
channels taken into account in the calculations areghe four different incident energies fall on the same curve.
5Ni(0.0,3/27) +12%5n(0.150,1/2) and °’Co(1.378,3/2)  Moreover, beyond the strong absorption regidr 13.8 fm

Z,Z,€? 1
D=2 / : .
2Ec.m. \ Sln( acmlz)

@
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TABLE IlI. Integrated cross sections for transfer reactidits mb) for the system®Ni+'?Sn. For
comparison the data for the systéfiNi+ Mo [4] are also included.

Channel Ecm(MeV)=160.6 157.0 153.0 150.0 137.5
58N + 1Mo
SN 130.7+9.9 104.9-8.4 88.9-9.8 80.8-10.5 86.1-8.6
60N 39.5+4.3 32.7:3.9 20.2:2.2 15.3:2.3 28.2-4.2
6IN 6.8+0.9 4.8-0.6 2.3:0.4 1.4:0.3 4.8-1.0
62Nij 1.8+0.5 1.4-0.2 0.80:0.12 0.61-0.24 1.3-0.4
B3N 0.47+0.14 0.30-0.07 0.18-0.05 0.13-0.06 0.40-0.16
4N 0.20+0.08 0.13-0.04 0.07%0.032  0.055:0.027 0.14-0.07
65Nj 0.015+0.008
5Co 36.2£6.5 24.7:4.9 17.4-3.8 15.8-3.7 21.4-6.0
SeFe 8.5-2.8 5721 4.6-1.8
Ni total 179.4-15.8 144.313.2 112.5:12.6 98.3-13.4 121.6:14.5
Co total 51.5-9.3 38.77.7 21.4-4.6 18.8:4.4 25.3-6.3
Fe total 26.5:8.0 16.75.5 8.9-3.2 6.8-2.7 11.4:3.4
Mn total 9.6-3.4 5.5-2.2 3.0-1.4 1.3+0.7

these curves fall off exponentially. These features are repro2Ni,  63Nj, and ®4Ni channels, which have considerable
duced by the DWBA calculatiog]s., whégh_are;hqwn ég Fig. 7.smaller cross sections, the solid lines serve to guide the eye.
The solid lines in Fig. 6 for thé®Ni, Ni, Ni, Co, In semiclassical models it can be shoj@0] that the ratio

and ®®Fe channels are least-squares fits to data points beyorrl /sin(6, ,/2) depends exponentially on the distance of
the strong absorption regionD(>13.8 fm). For the closest approach via

50'124I o B B o Py 2aD 3

sl 2480 (i PNi)Psn N (a) W“exlﬂ( aD), (3
R 77 2 2 G where the exponential decay constarns determined by the

10 binding energyB of the donor(or acceptor nucleus before

7F (or aften the reaction, i.e.,

5 -

[2uB
a= ? (4)

: : + t t Here u is the reduced mass of the transferred nucleon or
'1243,,(58Ni,57c°)1253b (b) nucleon cluster. Many systems have been analyzed with this
formula[21-33. The decay constanig observed for one-
nucleon transfer reactions usually agree quite well with the
values obtained from the semiclassical model. For two-
nucleon transfer the observed decay constant agrees with the
semiclassical model only when the incident energy is below
the Coulomb barrier. At higher incident energies, the ex-
tracted decay constant obtained is usually smaller. While
Wuosmaeet al.[21] explained this observation by consider-
Y T ing diffractive rather than semiclassical scattering, Baba
60° 80° 100° 120° 140° 160° 180° et al. [22] found that this can also be understood within the
Bem. semiclassical models if the contributions from both the
FIG. 5. DWBA calculations compared with the experimental nuclear and the Coulomb branch of the classical deflection

data for(a) one-neutron pickup angb) one-proton stripping at four function are considered. . .
energies for the systefiNi+ 124sn. The configurations for the out- The decay constants derived from the experiments are

going channels taken into account in the calculations arddVen in Table Ill. For one-neutron pickup and one-proton
5Ni(0.0,3/2°) +123%Sn(0.150,1/2) and 57C0(1.378,3/2) stripping reactions the decay constants agree with the values

+12551(0.700,1/2), respectively. Closed circle and solid line: derived from the binding energies. For two-neutron transfer
E.m=160.6 MeV, cross and dot-dashed lirg; ,,=157.0 MeV, reaction only 80% of the decay constant predicted by(&q.

open triangle and dashed linE;,=153.0 MeV, open circle and is observed. For the three-neutron transfer a similar fraction
long-dashed lineE, ,,=150.0 MeV. (73%) of the expected decay constant is observed. For more

do/dQ (mb/sr)

-
T T T 71717
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10-3:_ 103 [ N neutron transfer reactions have been observed. A smooth in-
E Eolo 110 1MW crease in the reduction factor is observed with decreasing
12 14 16 12 14 16 energy. At energies around the Coulomb barrier all systems
D (fm) show values of about 4. This is near the value of 4—5 found

in Ref.[35], where this reduction factor was obtained from a
systematic study of one- and two-neutron transfer reactions
Mnduced by various projectiles.

We have applied the coderAzING [6] to calculate the
angle- and energy-integrated neutron pickup cross sections.
The results at the highest energi.(,=160.6 MeV) are
girown in Fig. 9 in comparison with the data. While the

FIG. 6. Py /sin(f. m/2) plotted versu® for one- to six-neutron
pickup and one- to two-proton stripping channels in the syste
58Ni+ 124sn for four energies. See text for definitionsRyf andD.
Open triangle:E. ,,=160.6 MeV, crossk, ,,=157.0 MeV, open
circle: E;,,=153.0 MeV, closed circleE;,,=150.0 MeV. The
solid lines for channel$®Ni, °Ni, °®INi, %Co, and®%Fe are
least-square fits to data points beyond the strong absorption regi
(D>13.8 fm). The lines for theé®>Ni, ®Ni, and ®Ni channels
serve to guide the eye. TABLE lIl. Decay constantgin fm~1) obtained from the ex-

periments ), from the semiclassical modet(.,) and DWBA
complex transfer reactions, the decay constants seem to sattalculations @pwgea) for the system®®Ni+'?“Sn, Don. and acc.
rate ata~1.5 fm 1, although, due to the small cross sec- denote what is calculated from donor or acceptor nucleus. See text

tions, the experimental uncertainties are quite large. for details.
C. Energy dependence of multineutron transfer reactions Pexp Csemi Csemi *DweA
Channel Don. Acc.
Angle- and energy-integrated cross sections are plotted in
Fig. 8 as function of the number of transferred neutrons forNi 0.63+0.06 0.638 0.653 0.66
the four incident energies. Similar to the results obtained ir’Ni 0.94=0.09 1171 1.380
the system>®Ni+1°Mo, the cross sections falloff exponen- ®Ni 1.33+0.16 1.813 1.971
tially as function of the number of transferred neutrons. The®Ni 1.23+0.25
solid lines in Fig. 8 are least-squares fits to the data whictf*Ni 1.26+0.25
give reduction factors for the cross sections of 4-5 per eackNi 1.50+0.25
transferred neutron. The energy dependence of the average
reduction factor is given in Table IV, together with the re- 5cq 0.80+0.16 0.623 0.761 0.83
sults obtained for®Ni+ %Mo [4], “°Ca+ *?4Sn[5], and for  S6re 0.96-0.18 1.151 1.453

11251112950 [34]. In the last system only one- to four-
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FIG. 9. Cross section calculations with the code Grazing in
comparison with the experimental data for neutron transfer reac-
tions in the systenP®Ni+'?%Sn atE,,,=160.6 MeV. While the
dashed line gives the results without neutron evaporation correc-

FIG. 8. Angle- and energy-integrated cross sections as a fundions, neutron evaporation is included in the solid line.
tion of the number of transferred neutrons for the syst&ii
+1%45n at four incident energies, together with data for the systenseen in the neutron-pickup cross sections f8ca+ 1%4sn
%Mo+ Ni [4]. The solid lines are least-squares fits to the dataj7].

The reduction factors for each transferred neutron are given in p possible reason for this behavior might be that the
Table IV. ground stat&® valueQq for two-neutron transfer is positive

] ] ] _and larger than th&) values for one-neutron and three-
dasheq lines give the result_s W'Ith'Out neUt_fOn evapprqtlorﬁeutron transfer, and thus a larger region in excitation energy
corrections, neutron evaporation is included in the solid linejg gccessible for the two-neutron transfer. The other possibil-
The calculated average reduction factor is 4.4fter evapo- i might be a slightly enhanced direct pair neutron transfer

ration correction and 3.73(without correctio, close to the  contribution in the reaction process. This possibility will be
experimental value of 4.02. The calculation, however, overstdied in the following papdr4].

predicts the one-neutron stripping cross section by one to
two orders of magnitude. Because this code was designed to
study reaction mechanisms above the Coulomb barrier, we
have not applied it to the data taken at the three lower ener- Q-value spectra for the one- to six-neutron pickup chan-
gies. nels, measured #,,=20° andE. ,,=153.0 MeV, and inte-

No significant enhancement of the cross section for paigrated over the four charge statgs 23—-26 are presented in
transfer is seen in the energy-integrated cross sections. Howig. 10. As the number of transferred neutrons increases, the
ever, it is noticed that at all energies shown in Fig. 8 thecentroids of these distributions are seen to move to higher
one-pair(i.e., two-neutroh transfer cross section is always excitation energies, and the widths increase considerably.
higher than the fitted average value, and that the threeFhe same trend was observed f§Ni+ %Mo [4]. We shall
neutron transfer cross section is always below the fitted avaow try to make a simple estimate of the centroid of the
erage value. experimentalQ-value distribution.

Similar observations were made f&fiNi+ 1°Mo [4], and Within the simple Q-matching picture, the optimur®®
in the study of*’Ca+ 12%Sn[5], where the cross sections for value (without recoil correctiohis given by Q,,=0 (i.e.,
the two-neutron pickup reaction are also higher than the inE¢,~Qgg), While experimentally, more negative values are
terpolated value from the one-neutron and three-neutronbserved. Before a collision, the velocities 8fSn and>®Ni
cross sections, independent of how many protons wer@é the center-of-mass system are denoted/byandVy, re-
stripped( from one-proton to four-protgnThe same trend is spectively, and the center-of-mass energyEs;,=(M,

0 2 4 6 8
Number of Transferred Neutrons

D. Q value spectra

TABLE IV. Reduction factor of the cross section per each transferred neutron, obtained from least-square
fits to the cross sections. For comparison the data for the systedis 1Mo [4], *°Cat+?*Sn[5], and
1129+ 12057 [34] are also included.

Ecm(MeV) = 160.6  157.0 153.0 150.0 137.5 127.9 263-278
58Ni + 10%0 4°Ca+ 1248” lleT’H‘ 12°Sn
4.02+ .30 418-.36 4.79-.45 535-57  3.88-.30 4.04 4.15
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Qopt TABLE V. Experimental Q values Qg,, for neutron-pickup
000 4 channels(at E.,,=153.0 MeV, 6,,=20°, and integrated over
le _r,,r'Jl i 4 the charge stateg=23—-26 and estimated value3,, from a semi-

classical model. See text for details.

0
¥
_,_.-"'J:_‘-L"I_‘_‘_ 6ONi 4 Channel Qsemi Qgg Qrecoil Qopt Qexp

2 10 0 (MeV)  (MeV) (MeV) (MeV)  (MeV)
'
g 50|_ T o1y _{ *Ni -3.81 0.511 0.47 2.9 2.6
e I — T EONj -7.49 5.95 0.87 -0.7 25
5 i ®INi -11.0 4.96 1.28 -4.8 -4.0
g 20|~ N 62y j B2Ni -14.5 9.39 1.66 -3.4 -3.9
0 S Ni -17.8 7.11 2.03 -8.8 7.7
' G4Ni -21.1 10.29 2.38 -8.5 -6.0
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’ n 6 b
+ IV. SUMMARY
hE ]
0 L Pl SN o .
30 2 10 0 We have measured angular distributions for elastic scat-
Ex (MeV) tering and multinucleon transfer reactions Ni+ 24Sn

collisions with good particle identification at energies around
the barrier. The four angular distributions for elastic and in-
elastic scattering can be well described by coupled-channels
calculations. The angular distributions of one-nucleon trans-
5 . fer reactions are also well described by DWBA calculations
+M2)(M2/M1)V3/2. 'Aéﬁer thesscc_)lhsmn,x neutrons have ging the same optical potential. The transfer probabilities
been transferred fromi**Sn to ®Ni, and the new velocities o each transfer channel plotted as function of the distance
are denoted by/; andVy, respectively. The center-of-mass of closest approach fall on a common curve. For one-neutron
energy is NOWE,, ,=(M1+M)[(M,—X)/(M1+X)]V5%2.  pickup and one-proton stripping reactions the decay con-
If we assume that there is no energy exchange betweestants agree with the values derived from the semiclassical
(124-X95n and theX neutrons, that isV,=V,, then *Ni  model. For multinucleon reaction channels the decay con-
+X neutrons will receive the momentuV, from the stants are all smaller than the semiclassical model values,
transferredX neutrons. The associated value is called and seem to saturate at-1.5 fm 2.
Qsemi: @nd it is given by The cross sections for one- to six-neutron pickup reac-
tions have been measured. The angle- and energy-integrated
Qur —E (M +M2)X (5  Cross sections exhibit an exponential falloff with increasing
semi CMM,(M+X) ! number of transferred neutrons. The average reduction in
cross section per each transferred neutron has been extracted
with M;=58, andM ,=124. and the energy dependence of the reduction factor has been
Equation(5) is similar to that obtained by Mermast al.  determined. At the highest center-of-mass energy this aver-
[36] for reactions at higher bombarding energies. In additiorage reduction agrees well with the predictions made with
to the Qgemi, the ground stat€® value Qg4 and recoil effect  Winther's codeGRAZING [6].
contribute to the total) value. Anantaramaet al. consid- The centroids of th&-value spectra for the one- to six-
ered the recoil effect in an estimation of optim@nvalues  neutron pickup channels move towards higher excitation en-
for (*%0,C) reactions below the barri¢B7]. For neutron ergies, and the widths increase considerably as the number of
transfer reactions the recoil contribution is transferred neutrons increases. The detailed reaction mecha-
nism for these multineutron transfer reactions, such as the
Zizs sharing of excitation energies between the two reaction part-
Qrecoil™ Ec.m.(ﬂﬁ_ 1), (6)  ners is not known. A comprehensive coupled-channels
i analysis of the data measured in this experiment as well as
for other reaction channels in the systé&fi+ 2“Sn will be
given in the following papef14].

FIG. 10. Measure®®-value spectra for neutron pickup channels
atE.,,=153.0 MeV, 6,,,=20°, integrated over the charge states
g=23-26. The solid arrows indicate the estima@g;.

with 8=D; /D¢, whereD; andD; are the distances between
the projectile and target, and between the outgoing particl
and the residual nucleus, respectivébee Ref[37]). The
total optimumQ value Q. is then given by ACKNOWLEDGMENTS
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