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Comprehensive high precision complete and incomplete fusion cross sections have been measured for the
BLi+29%Bi, "Li+ 2%Bi, and °Be +2%®Pb reactions, at energies near and below the Coulomb barrier. The experi-
mental details and the analyses procedures for the characteriggcay and fission measurements are de-
scribed. Three different methods are used to conclusively show the large suppression of complete fusion at
energies around and above the average barrier, which is associated with the projectile nuclei having a low
energy threshold against breakup. First, theoretical predictions of fusion cross sections above the average
barrier are compared with the data, and second the area under the measured barrier distribution is compared
with expectations. The sensitivity of the suppression factors to variables which can affect the calculated cross
sections is thoroughly investigated. The third method, essentially model independent, compares the complete
fusion cross sections for tHei+ 2°%Bi and °Be +°%%Pb reactions with those for the fusion of nuclei with a high
threshold against breakup, which produce the same compound nucleus. All methods give consistent results,
showing that the complete fusion cross sections at energies around and above the barrier are suppressed by
~30% compared with reactions of nuclei having a high energy threshold against breakup. The cross sections
for incomplete fusion are found to be similar to the missing complete fusion cross sections. The experimental
controversies regarding the effect of breakup on fusion is discussed, and the importance of unambiguously
separating complete fusion from incomplete fusion is emphasized. This distinction is also important to achieve
theoretically for realistic modelling of fusion of nuclei which break up readily.
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I. INTRODUCTION In this paper we present precise excitation functions for

The effect on the fusion process of the breakup of weaklyhe fusion of’Li and "Li with **Bi, and of*Be with **Pb, at
bound light nuclei is a subject of current experimerffatg) ~ €nNergies ranging from 0.9 to 1.7 times the Coulomb bgrners.
and theoretical investigatiojd0—15. This is due to the re- EXxcitation functions are presented f@Gn complete fusion
cent availability of beams of unstable nuclei with weakly (CF)—defined experimentally as the capture of all the charge
bound nucleons. An understanding of breakup and fusion i§f the projectile by the target, andi) incomplete fusion
directly relevant to producing nuclei near the drip lines, andICF)—where, following the breakup of the projectile into
possibly super-heavy nuclei. Although it is now possible tocharged fragments, one of the fragments is captured by the
investigate reaction mechanisms with these exotic nuclei, exarget[6,16,17. The separation of complete fusion from in-
perimentally such studies are limited due to the low intensicomplete fusion is crucial for understanding the effect of
ties of unstable beams currently available. Fusion reactionkreakup on fusion. The target nuclei in the present work were
with high intensity stable beams which have a significantchosen so that the fused system, being heavy and neutron-
breakup probability are good references for testing the modrich, de-excites overwhelmingly by neutron evaporation, and
els of breakup and fusion currently being developed. Lighthe residues formed following CF and ICF are alpha active,
nuclei such asBe, °Li, and ’Li with low breakup thresholds with lifetimes such that most of the alpha activity could be
are ideal as they have a large breakup probakitigpmpared measured during or shortly after irradiation. The measure-
with heavy nuclei with low breakup threshojddue to the ment of characteristic decay alpha particles allows the unam-
low Coulomb barriers associated with breakup. The nucleubiguous identification of CF and ICF products. Selected re-
®Li breaks up into“*He+°H, with separation energy ,S sults from this work have been reported previouys)g]. In
=1.48 MeV;'Li into “He+°H, with S,=2.45 MeV. The Bor- this paper we give the details of the experiment, analysis and
romean nucleu$Be can break up int§Be+n—“He+*He  present the cross sections for each CF and ICF product
+n, with $,=1.67 MeV or into *°He+*He, with S,  nucleus.
=2.55 MeV. Fusion with the three above mentioned nuclei,
with d_iffe_rent structures and_ separation energies, are ideal for Il. THE EXPERIMENTAL METHOD
quantitative tests of theoretical models. They are also useful
as comparators for fusion measurements with unstable beams The experiments were performed using the 14UD tandem
of YLi and *Be. accelerator at the Australian National University. Beams of
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TABLE |. Beam characteristics, monitor angles, and reaction products measured.

Epeam (Estep Monitor Pulsing Products
Reaction (MeV) angle on:off measured
6L+ 299 26.0-34.0(1.0 +17.2° 1 ns:533 ns 211-21Rn, fission,
211—21%&,211,21%30
36.0-40.0(2.0), +17.2° 1 ns:533 ns as abové®Rn
44.0, 48.0
30.0-38.0(4.0) +15.0° d.c. 210,208
44.0, 48.0 +15.0° 10.7 ms:21.3 ms 210-21_n 2112150 ¢
211,210,20?;0
48.0 +13.35° 1 ns:640 ns as above &nhRn
Li+ 209 25.0-36.0(1.0) +17.2° 1 ns:533 ns 212-21Rn, fission
211'21430,211_21%\t,2118i
38.0, 40.0-52.Q4.0) +17.2° 1 ns:533 ns as abov@®?'Rn and?*%o
30.0, 34.0 +15.0° d.c. 2%
30.0, 33.0-39.G2.0),  +13.35° 1 ns:640 ns 211-21%n 2po 2Lt
48.0
Be+?%Ph  36.0-51.01.0) +22.5° 1 ns:1us 213-21Rn 2112190 fission
45.0-51.0(3.0 +17.2° 1 ns:533 ns 21Rn %0
38.0, 41.0, 43.0 +17.2° d.c. 2199

8Li, “Li, and °Be were incident on self-supportif§Bi and  ucts, had thicknesses of 18@/cn? and 360ug/cn? for
enriched(>99%) 2°%PbS targets evaporated onto 2§/cm?  the Li and Be induced reactions, respectively. These thick-
C foils. Recoiling evaporation residues were stopped in alunesses are more than 1.5 times the mean range of the recoil-
minum catcher foils placed immediately behind the targetsing nuclei. The nuclei were identified by their characteristic
Two Si surface barrier detectorsnonitory, placed above & particle energies and decay half lives, which ranged from
and below the beam axis, were used to measure the elas§10 ns to 138 days. Alpha particles from the short-lived ac-
cally scattered beam particles, for normalization purposediVities, ranging from 110 ns to 23.1 min, were detected be-
The angles of these detectaigee Table )l were chosen so tween the beam pulses using an annular silicon surface bar-
that(i) elastic scattering from Bi/Pb could be separated fronfi€r detector, placed 8 cm from the target, at a mean angle of
elastic scattering from lo& elements in the target, and from 174° to the beam. Alpha decays from long-lived activities,
the catcher foils, andii) elastic scattering would be purely fanging from 23.1 min to 138 days, were measured using a

Rutherford. Most of the measurements were done with (a)

pulsed beams, with laboratory energies ranging from 26.0 to target catcher foil

52.0 MeV. Table | shows the beam energies, pulsing re- # monitor
gimes, and the reaction products measured in these experi- annular >\ detéctor
ments. The fusion reactiorf&i+2°%Bi, ‘Li+2°Bi, and °Be detector ] | " beam
+2%%pp lead to the compound nucféRn, 2*Rn, and®*'Rn, g« \\\)I .
respectively. These nuclei de-excite mainly by neutron . monitor
evaporation, with some fission. The residual Rn nuclei are ﬁl surface ~ detector
near theN=126 andzZ=82 closed shells, and are alpha ac- dotoctor target ladder

tive. The products of incomplete fusion, Po and At isotopes

for ®’Li induced reactions, and At isotopes for t'i&e reac- )

tion, are also alpha active. The cross sections for residues fission monitor
resulting from complete and incomplete fusion were deter- detecfor detectors
mined by measuring their alpha activity as discussed in the (Gut:of plar)
next sub-section. The fission cross sections were determined T

by direct detection of the fission fragments, as described in
Sec. Il B.
fission

A. Decay alpha measurements detector

The experimental setup for the decay alpha measurements
is shown in Fig. 1a). The catcher foils, placed immediately  FIG. 1. Detector configurations fae) the decaya measure-
behind the target to stop the recoiling heavy reaction prodments, andb) the measurement of the fission fragments.
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silicon surface barrier detector below the annular counter, 80 %50 ' 2085

. ' E I = 33’ MeV
placed so that when the target and catcher foil were moved (@) bean
down one target position after the irradiation, they were only or e P

0.8 cm from the detector fadeee Fig. 1a)]. Absolute cross
sections were determined by measuring sub-barrier elastic
scattering in the annular detector and monitors. The relative

20

0

counts

solid angle between the annular and the close geometry () Epean = 50 MeV
a-detector was determined by measuring fi&kn decay Ly m T
(T1/2=23.1 min in both the detectors. Fresh targets were 500 | i
used at each energy, except for a few energies where previ- 21p, 21,
ously irradiated targets were used. For the latter cases, small Bor @R G 214
y . g . . S» 212g, X\ 212p, “a R0
corrections were made to theyields to account for previous 000 et To00
irradiation. Typically, at the end of irradiations, the following Eq, (keV)
decay spectra were collectgd) ~2 min after the irradiation
for a duration of~10 min, (b) ~15 min after the irradiation FIG. 2. Measureda-spectra for the’Be+>°®Pb reaction col-

for a period of~40 min,(c) ~1 day after the irradiation for lected during irradiation at beam energies@f38 MeV, which is

a period of about 1 h, and finallid) a few days after the =2 MeV below the fusion barrier, angb) 51 MeV, which is
irradiation for a period of several hours to detect very long=10 MeV above the fusion barrier. The full lines are fits to the
lived activity. These decay spectra enabled determination of-spectrum. All the peaks can be clearly identified, and the peak
cross sections for direct population by ICF of nuclei which marked with an asterisk is from the decaﬂﬂPo which is formed
are members of decay chains and are also populated throu§h the decay of “Rn (see the text

decay of the parent nuclei. The measurements of {ghe
were not done at all energies, and were only used to dete
mine the cross sections 6fPo (T;,,=138 days.

psses experienced by theparticles. This arises because the
decay products are implanted to a range of depths in the
catcher foil due tqi) the finite thickness of the target foils,
and (i) the mechanism of CF and ICF leading to different
B. Fission measurements energies of the recoiling nuclei. Figure 3 shows @hepectra

7) i 2090 - _
Fission following fusion was measured during the irradia-for the ‘Li+ “Bi reaction at an energyes,=52 MeV col-
tions using two large are@8.4x 35.7 cn?) two dimensional €cted(a) during irradiation,(b) commencing 3.2 min after
position sensitive multi-wire proportional countefss], as the irradiation, and(c) 42.5 h after the |r_rad|a_t|_on. _The_
shown in Fig. 1b). The detector§19,2q were placed at a a-decay of the CF and ICF progiucts are |dent|f|ed in Fig.
distance of 18.0 cm from the target. Each detector, with z(@. along with those from the high spin isomeric states of
position resolution of 1 mm, covered an angular range of 75° PO and*“At. The offline spectrum in Fig. @) is domi-
(-95°= ,,=-170° in the backward hemisphere and 10° nated by the decay from ?*Rn (T;,,=24 min) although the

< 6= 385° in the forward hemispheyeallowing the deter- 600 ————————————————
mination of the cross section in one measurement. Signals in i+ 2094 Mo, Epean = 52.0 MeV
the forward detector were only accepted when in coincidence 400 - 2z, (@ .
with the backward detector. Detailed descriptions of the fis- 2, '1":19"

sion product selection and the fission cross section determi- 200 - @5/25 ©/2| K W .
nation can be found in Ref§19-27. Absolute fission cross ange | g A NK 2120 o
sections were determined by performing calibrations at sub- 0 Telapsed = 3-15 nin
barrier energie§21], by the detection of elastically scattered 6000 W 1

. . . . .. (b)
heavy projectilege.g. °®Ni,®*Cu) in the multi-wire propor- w000 L ]

tional counters and monitor detectors. The large solid angle

counts

of the fission detectors, compared with the solid angle of the i B - A

annular counter, allowed the measurement of angular distri- 0 A e LB
butions with high statistics and consequently small uncer- 2lgy, 2Alpe 211p, g Telapsed = 42.5 hzs
tainties, despite the small fission cross sections. 400 - ) 1
200 —

I1l. ANALYSIS OF ALPHA SPECTRA 210p,
0 L " 1 " 1 L
Figure 2 showsa-particle spectra foBe+2%pPb, col- 5500 @00 . (;53:’ 8500 9500
o (ke!

lected during irradiation at two energies, orn€ MeV below
the Coulomb barrier, and the other 10 MeV above the barrier. g5 3. Typical measured-spectra for théLi+2°%Bi reaction
The a-particles from CHRn nucle) and ICF(Po nuclej are  or a beam energy of 52 Me\(a) Collected during the irradiation,
identified. The change in the dominant evaporation channg) off-line measurement commencing 3.2 min after the end of ir-
from 3n (**Rn) to 4n (**Rn) with an increase in energy is radiation, and(c) off-line measurement commencing 42.5 h after
clearly seen. The individual peak shapes of thepectrum the irradiation. The full lines in panéh) are the results of a fisee
and their detected energies are determined by the energye tex).
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lines from the?!At (T,,=7.2 h decay chain are also vis- complete fusion
ible. The strongest peaks in Figic3result from the decay of
21Rn (Ty,=14.6 h—2"At—2MPo. This spectrum also 2 . .
shows thea-line from the decay of'%Po (T,,=138 days. s ECoumy | o fusion
The a-spectra were fitted using the peak-fitting program Eox = 5784, 8851 koV T
FITEK [22]. The energy calibration for the-spectrum was 7.2A,: Incomplese fusion
determined for each bombarding energy using isolated and a@1.7%) EC (58.3%)
intense lines, such as those resulting from &aporation Fe=SaTley 2
and 4 evaporation. The energy differences between the 516,:5
a-lines resulting from CF were fixed with respect to the O

strongest CF peak. The same was done for incomplete fusion
products. The CF and ICF peaks were grouped separately to F|G. 4. The decay of th&"Rn nucleus by EC and/gg* to **'At
account for the small differences which may exist in theand ?%Po nuclei. The wide arrows indicate direct population by
implantation depth of the recoiling nuclei resulting from CF complete and incomplete fusion.
and ICF. This effect can most clearly be seen in Figp),2 . ) .
where the peak corresponding to the decag*#o has two duction cross sections of Po and At nuclei for t#i® and
components: one frortiPo populated through ICHower 13C induced reactions were found to be insignificaa%
detected energy and the second frorA*'Po populated via 235‘7&'1) atTk?" fmeastuhred i entergle(:j{ex;;ltatloppenergyAt
CF (marked with asterisk in the spectriinin cases where €V). There ore, the direc pr% uction 5 0 an
the residual nucleus decays by more than arenergy, the qbserved for the reactions induced biLi and °Be projec-

; . i . A . tiles cannot be due to CF.
known branching ratio was used to fix their relative intensi-

i Having thus fixed th lati diff The breakup of the projectile into two charged fragments
I€s. Having thus Tixed e relative energy diferences ang, g ijes a mechanism for the direct production of Po and At
relative intensities, the fitting routine was run to find the best

o 2= LR , S sotopes. The breakup 6ti into “He and®H followed by
x“fit. The full lines in Fig. 2 and Fig. @) show typical fits ~ apsorption of one of these fragments¥B5Bi will lead to the
to the spectra collected during irradiation. For spectra whichqymation of213at and2Po. Subsequent evaporation of neu-

were collected long after the irradiation, and consequentlyyons from these nuclei will give rise to various isotopes of
had one or two very well separatedlines, the intensities At and Po, as observed experimentally. Similarly, incomplete
were obtained by simple peak integration. The resulting infysion for ’Li will lead to 2**At and**%Po, while that for’Be
tensities were then corrected for dead times, prior to obtainwill lead to the nuclef'?Po and®*3%Po. The Po and At nuclei
ing the cross sections for individual channedse Sec. Y. were therefore attributed to ICF, where following breakup of
the projectile, just one of the charged fragments fuses with
the target(fusion of both fragments with the target leads to
the same product as QFTransfer reactions that produce
these nuclei may in principle be present. A recent study of
The main peaks in the-particle spectra for théLi in-  Be+**Pb[26] has found large yields af-particles at sub-
duced reactions are from Rn,At,Po isotogese Fig. 3 and  barrier energies. One component had a broad energy spec-
for the °Be case from Rn and Rsee Fig. 2 The Rn nuclei  trum, consistent with prompt breakup, while the other clearly
result from neutron-evaporation from the compound nucleugesulted from breakup of thiBe, , associated with neutron

formed following complete fusion of the projectile with the SUIPPINg and Coulomb excitation dBe. No contribution
target. The At and Po nuclei can result frasdecay, elec- from a-particle transfer to discrete states could be identified.

tron capture and/og* decay of Rn nuclei, as shown in Fig. Thus transfer contributions are expected to be small for the

4 for the 2!'Rn decay chain. However, the measured crosd€actions studied in this work.

sections for At and Po were well in excess of those calcu- B. Other reaction products

lated from the measured decay of the Rn isotopes, indicating In the Li induced reaction, small yields~10 mb at the
that there is another mechanism populating these nuclei dhighest energy of the nucIeL’JsmBi Wwere observed(see
rectly. Table VII laten. This is likely to be due to two neutron
transfer from the projectile to the target withQxvalue of
A. Origin of the At and Po nuclei -3.17 MeV. Apart from Po and At nuclei which can be

_ _ populated by transfef!'Bi is the only other transfer product
Complete fusion followed byrxn and xnyp evaporation \yhich is alpha active with a short enough lifetime to be
could, in principle, lead to Po and At residual nuclei. How- ghserved in the present experiments. In‘hiereactions, the
ever, for the’Be +°%*Pb system, prompt-particles measured Q-value for two neutron stripping is —17.44 MeV, thus mak-
in coincidence with gamma transitions in Po nuclei showedng the transfer process much less likely than in the case of
angular distributions inconsistent with fusion evaporation’L;.

[23,24. The origin of the yields of these nuclei was investi-

gated by the measurement of above-barrier fusion cross sec- V- DETERMINATION OF CROSS SECTIONS

tions for the'®0+'%%Pt [25] and *C+**Hg reactions, that FROM a-DECAY MEASUREMENTS

form the same compound nuclei dki+2°Bi and °Be The determination of production cross sections of indi-
+20%p respectively, at similar excitation energies. The providual nuclei from thea-decay measurements requires the

IV. IDENTIFICATION OF THE REACTION
PRODUCTS
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knowledge of(a) the detector solid angléb) the product of the spectrum collected during irradiation, making a small
the number of incident beam particles and target atoms focorrection for feeding due to decay. The same measurement
normalization, andc) the total number of nuclei produced, was also used to determine the population of ¥Heo iso-

for which the alpha branching ratios and the interplay ofmeric statefspin=(25'/2)T;,,=25.2 § which is not fed by
a-decay lifetimes and data collection times must be acthe decay of Rn or At. The cross sections for direct popula-
counted for. The normalization and solid angle measuregon of 21Rn and?!!At were determined individually from
ments have been discussed in Secs. Il and lll, respectivelw\,0 separate off-line measurements: one was made soon af-
The number of nuclei produced can be determined from thg, 16 eng of irradiation where the counts in the 7451 keV
known a-yields, lifetimes, branching ratios, irradiation time, peak are mainly due to the decay BfAt, while the other
COHeCt'.0n time, dea_d time, and production and decgy formuwas made typically 30 h after the end of irradiation, where
lae which can be simply derived. For the evaporation changaqjing from the decay dt'Rn is dominant. The individual
nels giving residues with half lives much smaller than '[heCrOSS sections foft'Rn and?!At could then be obtained

|rr_ad|flt|on t'TeSt.Of typlf_a_lly (.)'5_1'?] h((j)ur, ed.gt-?llzi a fevlv ‘ from the above measurements by solving two simultaneous
minutes, saturation activity s reached, and the formula for, o ctive decay equations. In the case of ¥e induced
determining the cross sections is even simpler. The determ

feaction, there is no direct population &fAt king it
) : 211 ; , population , making i
hation of cross sections for tHé'Rn and_ AL nuclei was simpler to determine the cross section BfRn from the
more involved and is discussed here briefly.

For the Li induced reaction$!'At is populated from the 7451 keV offlinea-yield.
parent nucleu$''Rn by electron capturéEC) decay, but is
also directly populated by ICFsee Fig. 4. Both the nuclei
ultimately decay by EC t6'%Po, which is also directly popu- It was shown in Sec. IV that amongst the observed evapo-
lated by ICF in the three reactions studied here. dkdecay ration residues, only Rn isotopes are the result of complete
energies could not be used in the present experiment fdusion of the projectile with the target. Rn isotopes will also
determining the individual cross sections since the degay be produced if both the charged breakup fragments are cap-
energies for®'Rn (5783.9 keV and 5852.2 keVare too  tured by the targetthus technically breakypand also i’Be
close to that of theé*'At (5869.5 keV. The differences in  breaks up into a neutron af@e (Q=-1.67 Me\} and the
their half lives were therefore exploited in determining theirlatter is captured by the target. Likewise for the Li induced
yields. The half life of the parent nucled$'Rn is 14.6 h, reactions, our experimental definition of complete fusion in-
while the half life of the EC-decay daught&r'At is 7.2 h,  cludes the capture GEi and ®Li. However, the probability of
and that of the EC-decay grand-daughtéfPa(g.s) is  °®Li (Li) breaking up intc®Li (°Li) and a neutron may be
shorter still being only 0.516 s. The time evolution of the expected to be much smaller than that ¥8e— n+°Be, due
intensity of the 7451 keV decay from **'Pd(g.s), which is  to the large negativ€-values for breakup into these parti-
energetically well separated from those frélRn and?''At,  tions (=5.67 MeV for®Li and -7.25 MeV for’Li).
was used for cross section determination. The direct popula- The observed fission cross sections were attributed to CF,
tion of ?!’Po(g.s) was obtained from the 7451 keV peak in since fission following ICF is expected to be negligible due

VI. COMPLETE FUSION RESULTS

TABLE Il. Complete fusion cross sections and the cross sections for individual evaporation residues and fission components following
the fusion of°Li with 2°Bi. The E. ,,, is corrected for energy losses in the target.

Epeam Ecm. UZn(ZlaRn) 0'3n(212Rn) 0'4n(211Rn) USn(ZlORn) Tfission OcF

(MeV) (MeV) (mb) (mb) (mb) (mb) (mb) (mb)

26.00 25.13 0.10+0.67 0.33+£0.16 0.43+£0.17
27.00 26.16 0.34+£0.14 1.12+0.38 0.002+£0.001 1.46+£0.40
28.00 27.11 0.63+£0.13 4.7+0.6 0.008+0.002 5.3£0.6
29.00 28.06 1.00+0.12 15.1+0.8 0.040+£0.003 16.1+0.8
30.00 29.08 1.48+0.18 36.1+1.3 0.137+£0.008 37.7+1.3
31.00 30.04 1.82+0.20 66.0£4.0 0.350+£0.002 68.2+£4.0
32.00 30.98 2.38+£0.22 105.5+1.7 4.6+0.8 0.80+£0.01 113.3+1.9
33.00 32.00 1.99+0.24 149.8+2.5 15.2+1.5 1.48+0.02 168.5+2.9
34.00 32.96 175.2+4.0 48.0£2.0 2.58+0.03 225.8+4.5
36.00 34.92 176.1+2.5 162.7+£3.7 5.90+£0.03 344.7£4.5
38.00 36.86 131.3+2.4 309+8 11.03+0.05 451+8
40.00 38.81 91.2+3.0 445+18 3.7£0.7 18.4+0.4 558+18
44.00 42.70 39.5%£0.7 530+£58 95.4+2.4 37.840.5 703+£58
48.00 46.58 24.4+£0.5 394+17 412+3 65.3£1.1 896+18

*Extrapolated value.
PInterpolated value.
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TABLE lll. Complete fusion cross sections and the cross sections for individual evaporation residues and fission components following
the fusion of’Li with 2°Bi. The E. ,, is corrected for energy losses in the target.

Epeam Ecm. 0'2n(214Rn) U'3n(213Rn) 0'4n(212Rn) O'Sn(leRn) Tfission OcF

(MeV) (MeV) (mb) (mb) (mb) (mb) (mb) (mb)

26.00 25.02 0.18+0.06 0.12+0.05 0.30+£0.08
27.00 26.01 0.71+£0.13 0.75+£0.11 1.46+0.17
28.00 26.98 1.36+£0.16 3.94+£0.24 0.006+£0.001 5.31+£0.29
29.00 27.95 2.31+£0.71 14.3+0.4 0.023+£0.002 16.6+0.8
30.00 28.92 3.10£0.95 39.0+£0.8 0.079+£0.003 42.2+1.2
31.00 29.89 2.50+£0.53 79.3£0.3 1.70+£0.36 0.230£0.006 83.7£0.7
32.00 30.86 1.20+£0.61 126.4+2.1 9.3+1.8 0.59+0.01 137.5+2.8
33.00 31.77 1.1+0% 173.2+4.0 38.7£2.5 1.08+0.84 214.1+4.8
33.00 31.83 1.04+£0.53 171.1+2.8 33.3£2.6 1.13+0.02 206.6+£3.9
34.00 32.80 192.4+3.1 80.9+£3.6 1.99+0.02 275.3+4.8
35.00 33.70 193.1+5.4 165.3+£5.5 3.0+£0.1 361.4+£7.7
35.00 33.77 195.0+3.2 154.3+4.9 3.16£0.03 352.5+£5.9
36.00 34.70 184.1+4.3 243.7£7.9 4.48+0.04 432.3£9.0
37.00 35.50 155.3+3.9 326.81£7.1 6.0+0.3 488.1+8.1
38.02 36.68 126.9+3.6 407.8£6.5 9.0£0.1 543.7£7.4
39.00 37.59 106.0+5.2 528+14 11.7+0.7 646+15
40.00 38.63 82.9+£2.2 567+13 8.2+1.0 15.0£0.1 673+£13
44.00 42.53 37.3£1.7 665116 129+8 32.7£0.2 864+18
48.00 46.34 19.6+1.6 433111 513+£35 5% 1 1025+ 37
48.00 46.38 0_6n(210Rn) 21.0£1.1 426.4+8.4 495+14 59.4+£0.3 1002+16
52.00 50.23 34.0£4.0 12.5+0.5 222.5+5.5 769146 95.3£0.5 1133+47

4interpolated value.

to the lower angular momentum and excitation energysimilar situation arises fofLi+ 2°Bi (not shown where the
brought in, and the higher fission barriers of the resultingwidth of the 31 channel is larger, while fotBe +?°%Pb the &
(lower Z) compound nuclei. The measured cross sections fochannel is expected to be wider.
each Rn isotope, and for fission, for tiei+2%%Bi, ‘Li The relativexn yields are compared with those measured
+299Bi, and °Be+°%%Pb systems, are given in Tables II-IV, for %0 +'%Pt [Fig. &c)] and °C+**Hg [Fig. &d)] which
and shown in Figs. 5-7 as a function of the center of masform the same compound nucleus as thieand °Be induced
energyE; ,. The beam energy loss in the target has beemeactions, respectively. For these reactions the fusion barrier
accounted for, hence beams of identical energy incident osBnergies andQ-values are such that the lowest energy at
targets with different thicknesséi different rung result in -~ which the measurements could be made corresponds to
different E, ,. The measured cross sections fti+2°Bi  E'~35 MeV. Thus the overlap the witl.i and °Be induced
and’Li+ 2°Bi are in good agreement with those of RE#7],  reactions is only in a narrow energy range. A better compari-
which cover the energy randg, ,, =24 to 33 MeV. son can be made using the mean neutron multiplicity, as it
Cross sections for eactn-channel for all three systems, can be determined from the data with small uncertainties,
presented in Figs. 5-7, show a gradual rise and fall witrand importantly it is expected to vary approximately linearly
energy as expected. This is seen more clearly by plotting thever a wide energy rang@8]. Figure 9 shows this quantity
ratio of the yield of a giverxn channel to the totakn cross  as a function of” for the ‘Li+ 2°°Bi and %0 +1%%pt systems
section as a function of the excitation enefgyof the com-  in panel(a), and for the’Be +?°%b and™*C +?**Hg reactions
pound nucleus. The measured ratios are shown in F{@$. 8 in the panelb). The dashed lines are to guide the eye. The
and 8b) for the 'Li+?°Bi and °Be+*®®Pb reactions, the small oscillations about the straight line are expected and can
dashed lines being presented to guide the eye. The increabe most easily understood by taking the limit of zero kinetic
in the width of thexn-distribution with an increasing number energy of the evaporated neutrons, and fixed compound
of evaporated neutrons is expected, as evaporation causesi@leus angular momentum. In this case the mean multiplic-
spread in the excitation energy of the residual nucleus. Howity as a function ofe” would look like a staircase, with each
ever, the distribution for thertevaporation channel for the step corresponding to tH€ at which the emission of another
"Li+299Bi case is much wider than thenchannel for’Be  neutron becomes energetically possible. The finite kinetic en-
+2%ph. This may be because 4vaporation in'Li leads to  ergy carried by the neutrons and the spread in compound
the closed neutron shell nuclet®€Rn (N=126), making nucleus angular momentum washes out the structure, which
evaporation more favorable tham-3or 5n-evaporation. A ultimately disappears at high energies.
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TABLE IV. Complete fusion cross sections and the cross sections for individual evaporation residues and fission components following
the fusion of°Be with 2°%b. TheE, ., is corrected for energy losses in the target.

Epeam Ec.m. U'Zn(215Rn) O'Sn(ZlARn) 0'4n(2:L3R n U'Sn(212Rn) Tission OCF

(MeV) (MeV) (mb) (mb) (mb) (mb) (mb) (mb)

36.00 34.40 0.35+0.19 0.21+0.11 0.0002+0.0001 0.56+0.22
37.00 35.37 1.45+£0.40 1.34+£0.17 0.0016+0.0005 2.79+0.43
38.00 36.33 2.01+0.63 7.5+0.7 0.0061+0.0015 9.5+0.9
39.00 37.29 1.86+£0.92 21.8+1.4 0.0294+0.0040 23.7+1.7
40.00 38.25 3.40+0.76 52.1+2.0 0.083+0.006 55.6+2.1
41.02 39.22 2.72+0.71 86.1+2.7 2.74+0.49 0.250+0.016 91.8+2.8
42.00 40.16 4.90+1.08 124.3+3.7 12.8+1.1 0.468+0.020 142.5+£4.0
43.00 41.12 3.17+1.06 147.3+4.6 34.52+2.33 0.888+0.031 185.9+5.3
44.06 42.15 162.9+4.2 79.312.6 1.46+0.03 243.7+4.9
45.00 43.05 162.4+4.6 138.6+4.6 2.14+0.04 303.1+6.5
46.00 44.01 139.1+4.1 207.7+5.0 1.5+9.5 3.13+0.04 351.4+6.6
47.00 44.96 108.9+3.4 286.6+6.9 3.6+0.5 4.45+0.05 403.6+7.7
48.00 45.92 84.4+2.8 355.8+8.1 7.8+0.8 5.85+0.06 453.8+8.6
49.00 46.88 64.8+2.6 419.5+9.5 15%2 7.90+0.06 507+10
50.00 47.84 50.6+2.1 479+11 30%3 10.31+£0.07 570+12
51.00 48.80 35.8+2.1 488+11 57+4 12.80+0.09 594+12

®Extrapolated value.
bInterpolated value.

It is clear from Fig. 9 that the data for the lighter projec- For instance, aE =40 MeV, the predicted average angular
tiles are shifted towards higher energies. An energy shift ofnomenta of the CN*®Rn formed by’Li and 80 projectiles
-1.7 MeV for ‘Li and —-1.3 MeV for °Be brings them in are=16% and 1, respectively, while fo*’Rn formed by
agreement with their heavier counterparts. The energy offséBe and'>C projectiles they are=19 and 16, respectively.
could be due to two effects. Firstly, pre-equilibrium emissionThis means that at the same excitation energy, the available
for the lighter projectiles may be present due to the higheenergy above the yrast line is lower for the lighter projec-
beam velocity(i.e., larger energy per nuclepat the same tiles, resulting in lower multiplicities. In the case e, the
excitation energy, leading to lower multiplicities. The veloci- observed energy shift could also result from ICF wiBe.
ties of 'Li and °Be are, respectively, 22% and 8% higher thanThe presence of incomplete fusion is likely to affect the an-
that of the'®0 and®C projectiles. Second, the average an-gular momentum distribution for complete fusion making
gular momenta of the compound nuclei formed by the lighterquantitative calculations unreliable until the incomplete fu-
projectiles are higher than those for the heavier projectilession process is better understood. The dashed curves in Figs.

T T T T T
3L i 3L i + 2093 i
107 E we > - . - a T
F 3 F y“.. x’"«.
[ ] [ g, Vs " ]
0 g 0 g T AT
F : ¥ " e .
F 1 I F & ~9-..
§ L
w0l e 3 w0l I Y M
g ! ] g ol ]
o b iy ] o JF Mk -
100 4 / s E 100 !" i\f 3
3 A o 2Wtgy E Y * 2% E
ff I,'"o v 213y ] [ i 'o' v 213py ]
10-1 L ',-° o 212py . 10-1 L f .." o 212py .
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° - Rn 3 F H - Rn
i o 210, ] - J o 210,
102 +' o fission E 102 ’.' o fission E
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FIG. 5. Excitation functions fokn-channels and fission for the FIG. 6. Excitation functions foxn-channels and fission for the
5Li+20%Bj system. The dashed lines serve to guide the eye. "Li+2%%Bj system. The dashed lines guide the eye.
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FIG. 7. Excitation functions fokn-channels and fission for the

9 20 H :
Be +2%%Pb system. The dashed lines guide the eye. FIG. 9. The average neutron multiplicities as a function of com-

pound nucleus excitation energy for the two sets of reactians

8(a) and §b), which describe the data for tHei and °Be  'Li+?°Bi and*®0 +'%t and(b) *Be+?°®Pb and’C +?°*Hg, which
induced reactions, when shifted by -1.7 MeV andform the compound nuclef*®Rn and *Rn, respectively. The
-1.3 MeV, respectivelyfull lines in Fig. 8, top panels de-  dashed lines guide the eye.
scribe well the data fot®0 +%pPt and'3C+2°*Hg, respec-
tively, as shown by the full lines in the corresponding bottomE, ., <37 MeV, and of 3.5 MeV for higher energies. Fige
panels of Fig. 8. This demonstrates that the individwal a step length of 1.92 MeV was used at all energies. The
channels as well as the mean multiplicity behave in a verybility to determine the experimental distribution of barriers
similar way for the different reactions. proved to be very important, as the centroids of these distri-
butions were used to constrain the theoretical calculations,
enabling the quantitative determination of fusion suppres-
sions. The shape of the barrier distribution provides an indi-
h | | fusi . btained b cation of the importance of the couplings involved. The low
e e e o oS Y168 rOGUEEZ:2r) f e projecte and aget comtine

. . . . ions, however, means that the couplings are not as strong as
sion cross sections, are given in the last column of Tables

ST in the case of reactions with heavier projectiles. This is re-
él_.lvéoan.d 57”.6 p)zlgttgd n Fg'gs' %?)' 11(@), and 12a) for t'he flected in the narrow, almost structure-less distributions for
Li+29%Bj, Li+2°Bi, and °Be +?°%Pb systems, respectively.

The experimental barrier distributions, evaluated by takingaII three reactions.

the second derivative of the quantity Eoy,s With respect to
the energyE, ,, using a point difference formulg29], are
shown in Figs. 1), 11(b), and 12b). For the Li induced The average barrier energy is often determined experi-
reactions a step length 62 MeV was used for energies mentally by fitting the high energy data with a single barrier

A. The cross sections and barrier distributions
for complete fusion

B. Determination of the average barrier energy

1.6 T T T T T T T T T T T T T T
F 714 + 2093 (@ T %Be + 208pp ®) T
1.2
0.8 FIG. 8. A comparison of the proportion of in-
dividual xn-channels for two different sets of re-
0.4 actions, with each sdi@ and (c); (b) and (d)]
Oxn 40 ‘ f_ormiljg the same compour_1d nucleus. The dashed
26,4, L 18 4 198p; © 1 1+ 204 @ lines in panel(@ and(b) guide the eye. The full
1.9 b 4 4 lines in panelga) and(b) are obtained by shifting
|20 o i S 1 in S 6n | the dashed curves by 1.7 MeV and 1.3 MeV.
0.8 - T These shifted curves are reproduced in paogl
0.4 i . i and (d) and describe well _the data for tHéO
i y +198pt and*?C +2%*Hg reactions.
0'0 1 1 h
20 30 40 50 20 30 40 50
EX (MeV)
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FIG. 10. The measured and calculai@y complete fusion ex- FIG. 11. The measured and calculategicomplete fusion exci-

citation function andb) experimental barrier distribution for the tation function andb) experimental barrier distribution for the fu-
fusion of 8Li with 2%%Bi. The short-dashed lines are the predictions sion of ‘Li with 2°%Bi. The lines have the same meaning as in Fig.
of a single barrier penetration model, and the long dashed lines ark0.
the results of a coupled channels calculatisee the text The full
line is the latter calculation multiplied by the indicted factor. perimental barrier distribution. The following steps were
taken to determine the centroid of the experimental barrier
penetration(SBP calculation using the approximate rela- distribution and its uncertaintyi) the measured fusion cross
tionship oy,s= 7R*(1-By/E. ). HereBy is the €=0 barrier  sections were randomly scattered from their measured values
used in the SBP calculations, which is taken to be equal tevith Gaussian distributions of standard deviation equal to
the average barrieR is the fusion barrier radius which is those of the experimental uncertainti¢is) a barrier distri-
often assumed to be constant and equdgdout in reality is  bution was determined from these data using a point differ-
a slowly varying function off and hence energy. However, ence formulayiii) this barrier distribution was used to cal-
this prescription of fitting high energy data may not be ap-culate the centroid. Steggg—(iii) were repeated many times
plicable in these reactions, as the suppression of fusion dugith different random scatter, to generate a frequency distri-
to breakup may be energy dependent. If the average barri@ution for the centroid energy. The mean value and the vari-
energy is instead determined from the centroid of the experiance of this frequency distribution gave the centroid and its
mental barrier distribution, then data from only a narrowuncertainty. The distributions in stefi) were calculated
energy range oE=B, is used and, furthermore, it can be with all energy steps between 1.7 MeV to 4.0 MeV for the
shown[29] that a linear energy dependence of suppressiofiLi reaction, 1.9 to 4.0 MeV for théLi induced reaction and
does not affect the determination of the centroid. The ceni.8 MeV to 4.0 MeV for the’Be reaction.
troid of the experimental barrier distribution is close, but not The centroid depends upon the energy range of the data
equal toBy, because of the slow decreaseRiwith increas- used in determining it. This dependence is illustrated in Fig.
ing energy [this gives rise to the negative values of 13 where the centroids f8ti and ‘Li are plotted against the
d%(E..moms/dE? at higher energies seen most clearly for theupper energy cut imposed on their respective experimental
single barrier penetration calculations in Figs(0 11(a), barrier distributions. If data points only from the first half of
11(b), 12(a), and 12b). For example fofLi+?%Bi the cen-  the barrier distributions are included, then the corresponding
troid of the barrier distribution for a single barrier penetra-centroid is low, as expected. The most representative value
tion calculation usind,=30.1 MeV is 30.0 MeV, i.e., there of the centroid is obtained at the energy where the barrier
is a 0.1 MeV shift between the centroid aBg used in the distribution returns close to zero. Beyond this energy, the
SBP calculations. The shift is not of any consequef@e  uncertainty in the centroid increases, reflecting the increased
cept when quotindgy), since the calculations presented hereuncertainty in the determination of the barrier distribution.
for the three systems were performed by matching the cenfhe centroids determined by using the barrier distributions
troids of the calculated barrier distribution to that of the ex-from only a narrow range of energy steps, corresponding to
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on . 208a. T sponding to By, of 30.1 Me\), 29.6+0.2 MeV (B,

3L Be 2085, ]
@ e E =29.7 MeV), and 38.2+0.6 MeV(B,=38.3 Me\), for the
i OLi+29%Bi, ‘Li+ 2°Bi, and °Be +?°%Pb systems, respectively.
2L
g 10
» B VIl. COMPARISON WITH THEORETICAL MODELS
=] /
& 1t 3 // ~--single BPM Modelling the effect of breakup on fusion requires mod-
g - coupled channels elling of the complete dynamics, includin@ couplings to
100 & —CC * 0.70 bound and continuum statéi) an appropriate coordinate
g J e complete fusion system to describe the physical boundary condition for the
10l L Ji wave-functions of the breakup fragments, iiid modelling
L L L L L L L L

i of the trajectories of the breakup fragments to determine
1000 - (o) i i whether one or both fragments are captured by the target
r | . nucleus. The first of these points has led to controversies in
the past, with some authors predicting enhancement due to
couplings to unbound and continuum statssmetimes re-
i ferred to in the literature as breakup statehile some oth-
- ers predicted a reduction in fusion due to loss of flux result-
] ing from breakup. These two opposing views were
reconciled in Ref[14], where it was shown that in fact there
; I are two effects of couplings leading to continuum statés:
- * the enhancement of complete fusion at energies below the
T T T T s s average barriefas in the familiar case of stable nugleand
(2) reduction in flux in the bound channels due to breakup of

Ec.m. (MeV) the projectile before reaching the fusion barrier. Similar con-

clusions were also arrived at in R¢L5], where continuum-

citation function andb) experimental barrier distribution for the continuum couplings were also included. In the continuum

fusion of °Be with 2°%Pb. The lines have the same meaning as indiscretized coupled channel€DCC) calculations such as
Fig. 10. those of Refs[14,15, complete fusion is defined as absorp-

tion from the bound states, and incomplete fusion as absorp-
those in Figs. 1@&) and 13b), are also shown in the corre- tion from the unbound states. The calculations thus provide
sponding bottom panels by the filled circle and the hollowOnly an upper limit to the reduction in fusion, since the pos-
square, and match those determined with a larger range #iPility [9] that following breakup, all the fragments could
step lengths. The full horizontal line indicates the adopteubsequently fuse with the target nucleus is not accounted
centroid position and the dotted lines the adopted uncerf©r- Thus, quantitative predictions of the complete-fusion
tainty. The energies of the centroids obtained from the extross sections and barrier distribution using the CDCC

perimental barrier distributions are 30.0+0.3 Mevorre- Model requires a good understanding of the couplings to un-
bound states and also a prescription to follow the breakup

[=]
1=
(=]
I
1

d? (EGgyg) /dE2  (mb/MeV)
g
T

FIG. 12. The measured and calculat@g complete fusion ex-

i 800 F 61y 209 o 1.8 - 2.0 bV T Tir s 209 e 1.9 - 2.0 nev fragmepts. Since th_is has not yet been achieved, an_d because
g ol @ °38-A0MNE (B, °3.8- 4.0 M- of the time consuming naturg of the CDCC calculations, we
gy or  gh T 6t+ + : do not attempt such calculations here. S
? 200 |- a; +*l | T e; oy | ] The experimental cross sections and barrier distributions
g o 1 i ’ * 3 | are instead compared with expectations of the single barrier
% 2001 T | 7 penetration model and coupled channel calculations which
— e — do not consider couplings to unbound or continuum states.
L L L Thus, breakup of the projectile is not included. The calcula-
i 2r ‘°’ T @ 1 tions are presented here to demonstrate that, at above-barrier
3 3 = af . TR energies, complete fusion is suppressed for nuclei which
g wl . f K ' T ] breakup at low excitation energies compared to those which
I ki i R fry-afmy 1T do not. This is obtained on the basisasfly oneconstraint—
0 x N B M LR that the centroid of the calculated fusion barrier distribution

out-off eneray (V) matches that obtained from the measurement. The single bar-

FIG. 13. The upper panels show the experimental fusion barriefi€" PenetratioSBP) calculations and the coupled channels
distributions for the reaction®.i with 2°%Bi (a) and"Li with 2%  calculations were performed using the coderuLL [30].
(b), determined using center of mass step lengths as indicated. ThENIS code solves the Schrédinger equation and the coupled
bottom panels show the variation of the centroid position with up-equations exactly, making only the iso-centrifugal approxi-
per energy cut imposed on the barrier distribution data. The solidnation. The fusion cross sections are calculated using an
line shows the adopted centroid position, and the dashed lines tHeacoming wave boundary condition. The nuclear potential
adopted uncertainty. was taken to be of a Woods-Saxon form. The degitand
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radius parametery, used for the single barrier penetration length corresponding to that of the combined std®4.
calculations for the®Li+2°%Bi, "Li+2"Bi, and °Be+?°®b  These states and the double octupole phonon state were in-
systems, wer&/,=107 MeV, r,=1.12 fm,V,=113 MeV,r,  cluded in theccruLL calculations. For%®Pb, the collective
=1.12 fm, andV,=198.00 MeV,r,=1.10 fm, respectively. 3~ and 5 states and double octupole phonons states were
The values ol andry were chosen such that the centroidsincluded in the harmonic limit. Since the calculations pre-
of the calculated fusion barrier distributions for each systensented here do not include the couplings to the unbound and
matched those measured. Also with these value¥yothe  continuum states in the projectilsee discussions in Sec.
CCFULL calculations could be carried out successfully at allVIl), the couplings to the included projectile states were ad-
measuredE, ,,. Choosing a small value 0¥, causes the justed to reproduce the shape of the measured barrier distri-
potential pocket to disappears at larger values of angular mdautions. A reasonable reproduction of the shape for the Li
menta and fusion can no longer be defi@d] in CCFULL. induced reactions could be obtained by including rotational
The diffuseness parameter of the Woods-Saxon nuclear couplings withB, deformation parameters of 0.87 and 0.80
potential was initially set to 0.63 fm for all three reactions. for °Li and Li, respectively. Here couplings were considered
This value is very close to the predictions using the Woodsenly to the first rotational state, which was taken to be de-
Saxon parametrizatiof82] of the Akyiiz-Winther potential ~generate with the ground state. The nuéléii are not good

[33] which givesa=0.62 fm, 0.63 fm and 0.64 fm, respec- rotors and hence the coupling scheme is probably unrealistic,
tively, for the®Li, ‘Li, and °Be induced reactions. The effect but is only used here to obtain a reasonable fit. In the reac-
on the fusion suppression factor of varying the diffusenession with °Be, couplings to thei‘ and %' states in theK™
parameter is shown to be small, as discussed in Sec. VIII C:%— ground state rotational band with & of 0.92 were

For calculations including couplingésee Sec. VIIB the  included. The dashed curves in Figs. 10-12 show the predic-
depthV, had to be changed slightly, since the introduction oftions of theccruLL code for thebLi+ 2°Bi, “Li+ 2°°Bi, and
couplings changes the average barrier energy slightly. Thége +2%%pp systems. While the calculated cross sections be-
analyses of the complete fusion excitation functions havgow the barrier are somewhat higher than those measured, the
already been reportd@,9], and in the following only a brief  calculations above the barrier are consistently well above the
description of them will be given. The suppression factorsmeasured cross sections, and are almost identical to the SBP
and the variables affecting them are however discussed igalculations, as expected. The measured CF cross sections

more detail here. are thus suppressed at above barrier energies due to breakup.
This also appears to be the case at sub-barrier energies, but
A. Single barrier penetration model the suppression cannot be reliably determined in the pres-

ence of the couplings that enhance the CF cross sections,

The results of the SBP calculatiodotted line$ are com- . di d ab h i i
pared with the measured complete fusion cross sections ii{''c€ @S dISCussed above the couplings are not yet suffi-
ciently well understood.

the upper panels of Figs. 10-12, and with the barrier distri-

butions in the lower panels. The calculations underestimate

the measured cross sections at energies below the barrier by Vill. COMPLETE FUSION SUPPRESSION FACTORS

a factor of~5 for Li reactions and slightly more for the Be Th q . b barri .

reaction. The underestimate is not unexpected, resulting from . € megsure Cfosg sections at above-barrier energies are
: : : 6.,%, 745%, and 705% of the coupled channels predic-

neglect of couplings between the relative motion and the6-4 f’ h2 6 : 209g; [ 20951 and 9Be+2%%h

intrinsic states(bound and unboundof the projectile and 1ONS for the”Li+“7Bi, "Li+“7BI, and "Be +"Pb, respec-

target. For larger values ofeZ; this enhancement is found tively. The uncertainties include statistical uncertainties, but

to be 2—3 orders of magnitude, but in the present systems tt?erise mainly from .the experimenta! uncertainties in the en-
enhancement is much smaller due to their lopZZvalues. ergy of the centroid as discussed in Sec. VIII B. The latter

However, at above-barrier energies in all three reactiond0€S not affect the relative suppressiorflgfto "Li, which is

studied here, the measured cross sections lie below the pré€términed to be 0.89:£0.02 by taking the ratios of the mea-
dictions. Using the data aboug, =36 MeV, for °Li and sured cross sections since the small differences in the calcu-
7Li, they are, respectively, 653/dménd 732%’ of the SBP lated high energy cross sections due to difference in their

predictions. The quoted uncertainties include the contribupag'erd?nerg'ez IS nﬁgl!glblz. . Sec. VI. the CF
tions from both statistical and measured uncertainty in the s discussed In the introduction to Sec. VI, the Cross

energy of the centroid, with the latter being the main Con_sections may include those incomplete-fusion events where

tributor (see Sec. VIII B. For the case olBe the percentage S‘" the charge of the projectile is capture.d, €.9., c_apture of
reduction is 0.68?% using the data above 44 MeV. Be by the target. It may be_ a.rgued that since the final prod_—
ucts are so similar that a distinction cannot be made experi-
mentally, it does not matter whether it results from complete
or incomplete fusion. This is true if the interest is only in the
The lowest collective states of the target nuclei were inpopulation of a particular nucleus. However, if the aim is to
cluded in theccruLL calculations. For®Bi, the septuplet understand the reaction mechanism then this distinction be-
and decuplet of identified stat¢34] associated with the™3  comes important. For example, large breakup and transfer
and 5 collective excitations, respectively, were each ap-probabilities[35] in reactions with radioactive beams may
proximated[34] by a single level with an energy equal to lead to significant incomplete fusion or transfer events which
that of the centroid of each multiplet and a deformationlook like complete fusion. If all these events were taken to be

B. Coupled channels calculations
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“true” complete fusion, then it could easily lead to wrong ' ' '

T
C , . 1.0F 6ri + 2093
conclusions about the fusion process. In the present work if - 1
incomplete fusion witt’Be were significant, then the sup- o8 ]
pression of complete fusion would be even more than given C o, 1
in this paper. These fusion suppression factors are a simple, o[ 4 TETTEETTY ]
but unambiguous, way of demonstrating that fusion is re- b ]
duced for nuclei which breakup easily in contrast with those 0.4 .
which do not. If the measurements were to be compared — I I I ]
with, for example, CDCC calculations where breakup and o Lop TLi + 20%;
subsequent fragment motion were correctly modeled, there =y F ]
would be no suppression, as the predicted cross sections g 08, P 7 —— ]
should match those measured. ‘ém 06k ]
The deduction of the suppression factors presented here g C ]
depends on the variables that affect the calculated fusion 0.4 ]
cross sections at energies well above the average barrier. In — : : : 1
this energy regime, in the case of nuclei which are well 1.0 98¢ + 208py o
bound and do not breakup readily, the coupled channels pre- - 1
dictions are close to the single barrier penetration calcula- 0.8 7
tions. This is because the barriers in the distribution, arising I + """ yuste 1
as a result of couplings, always cluster around the average 0.6 ]
barrier, i.e., the barriers are never widely separated. That this oal ]
is expected is apparent from the fact that coupling strengths ‘ . . . .
in nuclei are typically of the order of a few MeV and the 1.0 1.2 1.4 1.6 1.8
average barrier energy is 10-100 times larger. Thus, in most Ec.n./Bg

situations the couplings are unlikely to introdu&s] large
changes in the barrier energies or radii. The calculated cross FIG. 14. Energy dependence of the suppression factors for
sections much above the barrier are thus virtually indepenabove-barrier complete fusion for the three systems, as indicated.
dent of couplings, as long as the average barrier matches th&he open and filled circles represent the ratios obtained using the
determined experimentally. predictions of a single barrier penetration model and coupled chan-
Thus, at above-barrier energies, the calculated cross segels calculations, respectively. The dashed line is the adopted sup-
tions for nuclei which do not breakup depend primarily onpression factor obtained by taking the average of the filled circles.
the average barrier energy and radius. The latter, in turnThe suppression factor obtained by comparison of the areas under
depends on the shape of the nuclear potential, and if ththe barrier distributions is shown by a triangfgotted atE. ,/Bgy
centroid of the experimental barrier distribution is repro-=1.0 in each panel.
duced, is determined largely by the diffuseness parameter of

the commonly used Woods-Saxon potential. The uncertaincoupled channels model calculations are shown in Fig. 14 for
ties in t_he energy of the cer_ltr0|q of the barrler. distributionhe three systems using data at the high energies, where the
(or equivalently the uncertainty iBo) and the diffuseness measured barrier distribution has returned close to zero. The
parameter are therefore reflected in the uncertainties of theio< for no couplings and including couplings are in agree-

d_educed suppression factors, as discussed later in this S&fient with each other, demonstrating that the effects of cou-
t|or11_.h . f fusi Iso be determined b rrglings to bound states are minimal at such high energies, and
' N€ suppression ot 1usion can aiso be determined by Comlig expected the fusion suppression above the barrier is insen-
paring the measqrgd and cglculated area under the bamgftive to the couplinggto bound statesas long as the cen-
d'Stt”.buflon since ':. 'S a;zarf)rmilr:nately t?quﬁ_m to the 9€0°  troids of the calculated barrier distributions matches that of
metrical cross-sectiomR; for the reaction. The SUPPression o meagyred distribution. The above-barrier fusion suppres-

Sion factors for all three systems remain constant with en-

nature of the couplings, since the inclusion of COUpImgsergy. Furthermore, as discussed above, these suppression fac-

changes the shape of the barrier distribution but preserves the = -+ 1 those determined using the area under the
area under it _Usm+g40the cross7 sections Eoe-rm-< 36 MeV,  measured barrier distributionshown by triangles in Fig.
thec;a.re.a foflLi '?964-%0 and for L|(|js 7622% of E_heo mO(fjeIh 14), that make use of cross-sections around the barrier ener-
predictions. For'Be the measured area is 70+5% of t atgies. This implies that the fusion suppression remains re-
caICL_JIated using the data 1@k, , <45 MeV. The reo_luct|ons . markably constant with energy fro, to 1.7B,. This is a
obtained from the data around the average barrier eNergies rnrising result, am priori one may expect the breakup

are very close to those obtained from the high energy dat&brobability and hence its effect on fusion, to be energy de-
Yet another method of obtaining the suppression faCtorpendent. ' '

which is fairly model independent, is presented in Sec.
VIII E. L . .
B. Sensitivity of suppression factor to average barrier energy
A. Energy dependence of the suppression factors The effect of changing the average barrier energy deter-
The ratio of measured complete fusion cross sections tmined from the centroid of the barrier distributiai®ec.
those from the single barrier penetration calculations and th¥1 B), within its measured uncertainties was investigated.
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1.0 T T - 200 show a slower increase of cross sections with energy. For a
i Ii + i

0.9F g @ - fixed value ofa, the potential parameters were varied so that
0.8 the measured®, was reproduced in each case. The ratio of
‘ the measured CF cross sections at high energies to those

0.7 . calculated for different values af was determined for all

§§ 0.6 ] three systems, and are shown in Fig.()5for the ‘Li
N ol . . . +20%Bj reaction. The full line joins the points obtained using
g0 ' ' 7L_l'+ 20%; - a=0.63 fm in the calculations, while the dashed lines join
%;6 0.9F a b) - the points obtained using a value @£0.43 fm (down tri-
08 ] angles and 0.83 fm(up triangle$. The uncertainties in the
suppression factors given previously do not include the effect
0.7 ] of changing the diffuseness parameter as this is not an ex-
0.6 - 4 perimental uncertainty. For the range afof +0.2 fm, the
ool . . . 1 spread in average suppression factors is 04383 and
1.0 1.2 1.4 1.6 +0.03, respectively, for théLi, ’Li, and °Be induced reac-
Ec.n./Bo tions.

FIG. 15. The effect on the suppression factor for complete fu-
sion due to change iifa) the fusion barrier energy angh) the
diffuseness parameter chosen for the Woods-Saxon nuclear poten- The suppression factors presented have been determined
tial for the "Li+2°Bi system. using two methodgSec. VIII); the first uses the measured

cross-sections at above-barrier energies and the second uses
For simplicity, single barrier penetration calculations, ratherthe area under the barrier distribution. The suppressions for
than the coupled channels calculations, were used for thithe three reactiond.i+ 2°Bi, "Li+ 2°Bi, and °Be +*°*Pb, re-
purpose, as it has been shoysee Fig. 14that the suppres- spectively, using the first method aref@&, 74f§°/, and
sion factor hardly depends on the calculation used. The caIZOﬁ?%; while using the area yields Q% 745%, and
culated average barrier energy was changed by one standaffi+6%. As discussed in the beginning of Sec. VIII, the rela-
deviation of the experimental barrier uncertainty for eachtive suppression ofLi to ’Li is much better determined and
system by adjusting the depth of the Woods-Saxon potentials measured to be 0.89+0.02. Although the suppression of
SBP calculations of the fusion cross-sections were carriethe CF cross sections are similar for the different systems,
out. The ratios of the measured complete fusion crossthe strongest CF suppression occurs for theprojectile,
sections to the predictions using different values of the barwhich has the lowest threshold against breakug7 MeV),
rier energies are shown féki+ 2°Bi in Fig. 15a) as a func- and the smallest suppression occurs for, which has a
tion of center of mass energy divided by the experimentallyhigher breakup threshold of 2.47 MeV. The suppression for
determinedB,. The solid line joins the points obtained using the °Be reaction, which has a threshold of 1.57 MeV and
the adopted average barrier energy, while the dashed lines47 MeV against breakup intoa2and a neutron, antHe
join the points obtained using the maximuwip triangle3  and®He, respectively, is intermediate between the above two.
and minimum(down triangley values. Calculations using This may lead to the simplistic picture that the suppression
the highest barrier energy give the least suppression, as eixcreases with a decreasing breakup threshold. However, the
pected. The uncertainties in the energy of the average barri@robability of breakup depends on the couplings to the con-
typically contribute~90% to the total experimental uncer- tinuum and to states above the breakup threshold, and also
tainty in the suppression factors for the three systems. on the Coulomb barriers encountered by the breakup frag-
ments. The coupling strengths in turn depend on the nuclear
structure and the charge product of the target and projectile.
The low charge product in reactions of Li with lo#targets

The calculations presented thus far used a value of difexplains the observation of no fusion suppression in these
fuseness parameter=0.63 fm, as given by Woods-Saxon reactions/46—49.
parametrizatior{32] of the Akyluz-Winther potential. How-
ever, theoretical fits to precise fusion excitation functions at
above-barrier energies for heavy nuclei consistently require
the diffuseness of 0.8 fm te-1 fm, which appears to scale
[38,39 with the charge product of the target and projectile.  The fact that the high energy cross sections are suppressed
The present systems have a small charge product and tlt@n be seen, in a fairly model independent way, by compar-
maximum value of diffuseness can be expected to béng the cross sections for forming the same compound
~0.8 fm. The effect on the suppression factor of changing nucleus using projectiles which break up easily and those
by +0.2 fm was therefore investigated using SBP calculawhich do not. This makes use of the relationshigs
tions. Changing the diffuseness parameter essentially mR%(1-By/E ), which describes well the above-barrier
changes the slope of the high-energy cross sections and cakoss sections. The different barrier radii and barrier energies
culations using a larger diffuseness would be expected téor the different reactions can be normalized by dividing the

D. Suppression factor for different projectiles

C. Sensitivity of suppression factor to the diffuseness parameter

E. Suppression determined from cross-bombardment
measurements
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8.0 T T T T — TABLE V. Q-values for three most energetically favorable
(a) 1 breakup partitions fofLi, ‘Li, and °Be, and the products following
6.0 1 180 + 198t T capture of the each of the fragments by the target.
10 - o T1i + 209s; 1
L ; _ Breakup Q-value Capture
20k g . 4 Projectile fragments (MeV) products
L o enall 8L “He+2H ~1.475 213, 211pg
& (b) ’ ] *He+H -4.594 21, %1%0
6.0 - a13c 4+ 204y e 5Li+n ~5.666 214Rna,2108ib
so | et i Li “He+H ~2.467 2137t %P0
I y ] SLi+n ~7.249 2R 21%B;P
2.0 A4 B cale. . SHe +2H ~9.618 2147 211p
00 eenet? 0T SE ] °Be *He+*He+n ~1.573 21200 201
0.8 10 1.2 L4 8Be+n -1.665 MR’ 20%Pp
Ee.n./ Bo He +"He ~2.467 2130 21%po

FIG. 16. Experimental reduced CF cross sections(&rthe aCannot be separated from complete fusion.
Li+2%Bi and *0+!%pt reactions andb) the °Be+°%%Pb and  PAlpha decay branch very small or does not decaynbgmission.
13¢ +20%g reactions. These show that CF cross sections for reac- ) N
tions involving projectiles which break up readily are substantially ~ 1he three most energetically favorable breakup partitions

6 : 7 9 : A
lower than for reactions of well-bound nuclei. The dashed lines ard0r the °Li, ‘Li, and "Be nuclei are given in Table V. The
the single barrier penetration model calculations which describe théther breakup channels in all cases require energies
data for the'®0 +198pt and™3C +2%Hg reactions. The full lines are =10 MeV. For all three nuclei, break up into charged frag-

the result of multiplying the dashed lines by the factors indicated. m_entg, is engrgetiqa”y moszto favorable. Indeed, experiments
with SLi and “Li incident on?%%Pb targets clearly show their

breakug into the energetically favored partitionswefH [40]
. o . and «-°H [41] nuclei, respectively. At energies near and
Ry, and thek, , by Bo. The fusion excitation functionghe 5,6 the [bagrier, the breapkup fraéments Ca?I be captured by
sun of ”z‘g Rn proldsuctzrg)uclel and fissjouiivided byRGfor e target, resulting in incomplete fusion. Products resulting
the *Be +**°Pb and=C+ *Hy systems, leading 1o the com- from this process are given later in colurtim) of Table XI
pound nucleus 5Rn_' and for theLi+**Bi and 0+ 9Pt fo; the present systems. Amongst them, those which are
systems, both leading to the compound ”UC@%@B”: are  formed by the capture of a charged fragment of the projectile
compared in Fig. 16. The barrier radii aBgfor the ™0 and  can pe distinguished from complete fusion since they have
C induced reactions are obtained from the SBP calculationgjfferent z, and the CN formed following CF does not sig-
(dashed linep which describe the data well. For the lighter pificantly decay by charged particle emission. Furthermore,
projectiles, the barrier radius and energy are those of the SBf§ the present cases an unambiguous identification is rela-
calculations discussed in Sec. VII A. The full lines in Fig. 16 tively simple as the ICF products aseactive. If, instead, the
are obtained by multiplying the dashed lines by the suppresyreakup results in a neutron and only one other charged frag-
obtained in Sec. VIII. They are in close agreement with theand the latter is captured by the target, then it cannot be
high energy data for théLi and °Be induced reactions. This gistinguished from complete fusion, as all of the charge of
demonstrates that above-barrier fusion cross sections for rgne projectile is captured. Such events are included in the
actions involving nuclei which break up easily are sup-complete fusion cross sections. The capture of the neutron
pressed by the same amount, independent of whether thgone by the target leads to a stable nucleus in our measure-
comparison is made with theoretical expectations or Withments, and therefore these ICF events cannot be detected by
experimental measurements involving nuclei which do notpe decaya technique used here.
break up readily. The cross sections fax-active incomplete fusion grod—
ucts of Po,At are listed in Tables VI-VIII, for théLi
X INCOMPLETE FUSION +20Bi, "Li+ 299Bi, and°Be +°%®Pb systems, respectively, and
The complete fusion data clearly indicate that the fusiorthe corresponding excitation functions are shown in Figs.
above the average barrier is significantly reduced for all thred7—-19. The cross sections f6Y'Bi, a transfer productsee
systems, each involving a projectile which readily breaks upSec. IV B) in the reaction of Li with 2°%Bi, are also given in
In a classical picture this reduction would imply that a sig- Table VII, and shown in Fig. 18 by the hollow circles. The
nificant number of projectile trajectories, which would nor- cross sections fof*?At and ?’Po nuclei given in the tables
mally have led to complete fusion, resulted in some otheand figures are the sum of their ground state and isomeric
process. Breakup of the projectiles appears as an obviousate cross sections. The cross sections¥¥o in Fig. 19
explanation, and should manifest itself by large prompthave large error bars at the lower energies because of the
breakup cross sections, as indeed was seen in a recent invasibtraction of the large contribution from the decay of the
tigation [26] of the reaction ofBe with Pb. CF product?*“Rn.

fusion cross sections by the square of th® barrier radius
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TABLE VI. Measured cross sections for incomplete fusion products resulting from the reacibivadth 2°°Bi. The last column is the
sum of the individual cross sections. The cross section&fBo, which may be significant at the high energies, could not be measured due
to its long half-life.

Ecm. 213t 212t AL %% 2pg 1% SAt+3Po
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb)

25.13

26.16

27.11 0.22+0.09 1.40+0.16

28.06 0.94+0.13 3.56+0.24 0.51+0.10

29.08 1.14+0.20 8.10+0.39 1.85+£0.22 61.2+7.5 72.3+7.5
30.04 2.15+0.23 14.3+0.5 3.50+0.24 63£10 83+10
30.98 3.46+0.26 21.8+0.7 6.80+0.30 0.21+0.08 65%10 9710
32.00 4.38+0.37 29.1+1.0 13.8+0.7 0.39+0.13 66.5%10 114+10
32.96 4.89+0.36 36.2+0.9 19.9+0.7 0.50+3.15 68.6+8.7 130.1+8.8
34.92 5.94+0.36 46.2£1.0 41.4+£1.2 0.63+0.12 70.5%10 165%10
36.86 5.73+0.37 51.8+1.1 66.8+2.2 0.74+0.14 72.6+8.7 197.7+9.0
38.81 4.58+0.37 542+1.1 89.6+3.9 0.75+0.16 1.8£0.3 84+10 235+11
42.70 4.15+0.37 454+1.1 144+22 0.75+£0.16 3.49+0.46 105+£23 303+£32
46.58 2.42+0.29 33.5£0.5 173.3+8.8 1.30+0.22 4.71+0.17 336+22 551+24

“interpolated value.

For the®'Li induced reactions, ICF results in many dif- formed by ICF, decays almost completé§9.82% by EC
ferent isotopes of Po and At. The cross sections for a few of g8* to 2!%Po, with T;,=8.3 h. The cross section 6t%o
them could either not be determined or could not be detertT,,,=138 day$ was obtained from off-line spectra accumu-
mined individually, as discussed below. The nuclétf#t,
resulting from n-evaporation from the combined system nearly all of the?’°At would be expected to have decayed to

lated a few days after the irradiatiorisee Sec. Il A and

TABLE VII. Measured cross sections for incomplete fusion products resulting from the reactibhvath 2°°Bi. The cross sections for
21 resulting from two neutron stripping is also given. The last column is the sum of the individual At and Po cross sections. The cross
sections for%Po, which may be significant at the high energies, could not be measured due to its long half-life.

Ecm. 23t s\ .\ %o 2lpg 2%q 2ig; SAt+3Po
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb)

25.02 1.58+0.18

26.01 3.84+0.25

26.98 9.07+0.37

27.95 0.77+0.53 1.06+£0.13 15.2+0.5 0.43+0.09

28.92 1.62+0.50 3.24+0.23 22.9+0.7 745 0.68+0.12 102+5
29.89 4.00£1.03 7.12+0.40 28.7+0.8 100£15 1.17+0.17 140+15
30.86 4.90+1.01 11.4+05 0.54+0.15 35.0+£0.9 130%15 1.89+0.24 182+15
31.83 6.81+1.41 17.1+0.7 0.80+0.20 36.4+1.1 160%15 2.66+0.33 22115
32.80 6.41+0.83 21.6+0.8 1.48+0.27 39.2+1.2 192+12 4.04+0.41 261+12
33.77 8.33+£0.46 24.2+0.8 1.82+0.30 37.9%1.2 200%30 5.1+0.5 272+30
34.70 10.2+0.9 24.4+1.3 4.50+0.60 2.59+0.57 37.1£1.6 206+30 5.7+0.7 279+30
36.68 13.3+0.9 25.4+1.4 15484 2.66+0.54 33.9%1.7 200+30 7.3+0.6 290+30
38.63 15.5+1.5 27.6+1.1 21.7+2.0 2.32+0.41 31.7+£1.3 203+21 9.0+0.8 302+21
42.53 19.7£1.8 31515 44.1+3.1 1.87+0.44 23.9+14 194+25 9.3x1.0 315+25
46.38 19.4+0.9 43.9x15 51.0+4.0 1.55+0.30 22.2+1.1 191+83 9.3+x0.8 329+83
50.23 14.4+0.6 47.5+1.3 83.0+5.0 1.27+0.27 19.6+0.9 206+30 8.8+0.7 366+30

4interpolated value.
bExtrapolated value.
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TABLE VIII. Measured cross sections for incomplete fusion
products resulting from the reaction 8Be with 2°%Pb. The last 103}
column is the sum of the individual cross sections. 3

Ecm. 212pg 2lpg #0pg SPo 107
(MeV) (mb) (mb) (mb) (mb) F
34.40 0.77+0.20 0.65+0.31 1.42+0.37 ERY:
35.37 1.81+0.33 1.03+0.59 2.84+0.68 ° |
36.33 4.62+0.76 8.2+1.2 12.8+1.4 100
37.29 8.92+0.97 20.8+1.9 29.7+2.1 £
38.25 10.9+£0.9 35.6x2.4 46.5+2.6 L
39.22 14.3+£1.0 57.4+£2.5 3.3%x11 7511 107

40.16 13.4+1.1 72.7+3.2 8+10 94+11 F ]
41.12 13.5%£1.3 92.9+4.0 13+20 119+20 . ) . L . L

4215  13.6+1.2 114337 22220 150+20 ® o . (Mev)‘“’ %

43.05 14.7+1.3 131.2+4.5 32+25 178+25 e

44.01 15.6+1.6  142.8+4.9 32+20 190+21 FIG. 18. The measured ICF cross sections for thier 2°%Bi
44.96 15.5+1.6 144.0+4.9 32+%0 192+21 system. Also shown are the cross sections’tdBi, likely to have

45.92 15.7+1.9 147.2+5.2 32+14 195+15 resulted from the transfer of neutrons to the target. The lines are to

46.88  13.6+1.6  150.0+52 52+%0 216+21 guide the eye.
4784  11.7+1.6  146.3+49  73+20 23121

(seven nucleons, and their relative kinetic energy was ne-
48.80 12.3+£1.7 145.1+5.3 94+17 251+18

glected. So, the deuterofiriton) gets half (3/4) of the
“nterpolated value. a-particle energy. With such a simple picture, the code pre-
o . dicts that for®Li the ?°®Po channel becomes important at
%0 by then. Thus the individual cross sections #Po  medium and high energies, having cross sections larger than
and *'°At could not be obtained, and the summed yield isthat of22%o at the highest energies. Fabi the predictions
given. are similar, the?®®Po channel is important for the three or
The sizable population of"'Po and*'%Po leads to the four highest energies, with cross sections larger than the
expectation of a substantial population BfPo. The cross 21%gq channel for the two highest energies. The last column
sections for this nucleus could not be determined in thef Tables VI and VII give the summed cross sections for the
present experiments due to its long half-life of 102 yearsobserved Po and At nuclei. This cross section is only a lower
The coderACE [42] was used to get a qualitative idea of the limit to the total ICF cross section, particularly for energies
importance of this channel. In order to estimate the energy cdibove 36 MeV, since the sum does not include the cross
the deuteron(triton), to use as input in the code, a very sections forr°%Po.
simple energy sharing assumption was made; the available Compared witHLi, the ICF of °Be produces fewer nu-
energy E¢ m+Qpreakup Was divided equally among the six clei as the two charged fragments have the sznfégure 19

T T T T T T
[ 6Li + 20%; [y y ' ' ' ' '
3 - 9pe + 208pp,
1 10 E
,'. :
B oy 1
2L oS o 4 g-EE-8.0.8
T B s ol i E 10 el 4
".-:;,’“ Heee * » » t ol
L r g
. oy -~ B ,'. ". L. t 1
2lg $ 7 3 g 0l P ad B i §
° E 3 RSN . E = |
Foast Al © Y ]
L ll" ’.-" J [ I /,' ]
100 E 'Nq [ S— ’_-""" 3 100 3 .:" y 4
S ; 1M
i f + i r s 211p,
wlf o 22, 0% wil o 2100
E » 211pg #2023
o 200py 4+ 4 2lp
1 1 1 1 1 1 1 1 1 1 1 I 1
20 30 40 50 35 10 45 50
Ec.m. (MeV) Ec.pm. (MeV)
FIG. 17. The measured ICF cross sections for thie- 29°Bi FIG. 19. The measured ICF cross sections for #e +2°%Pb
system. The lines are to guide the eye. system. The lines are to guide the eye.
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shows that the cross section f61%o is continuously in- suppression of complete fusion that is observed in the
creasing up to the highest measured energy; only here doespitesent reactions. FSr'Li+ 2°Bi and °Be +2°%Pb, the com-
make a significant contribution to,c. Thus a substantial plete fusion is enhanced compared to single barrier expecta-
population of?“Po is not expected. This conclusion is sup-tions at energies below the barrier, though the enhancement
ported by the calculations from the statistical model codds not as significant as in th#e induced reactions, where
PACE (described abovewhich agree qualitatively with the couplings ton-transfer[2] may play a significant role in
data and do not predict the presenceBPo. Thus, for the enhancing fusion at low energies. Such a large influence of
energy range of the current measurements, the suitfleéd,  n-transfer is most likely due to the extended wavefunctions
21po, and?*%o would be expected to exhaust the total in-of the loosely bound neutrons fitle.

complete fusion cross section following absorption“bie Which products should be included in the experimentally
(or °He). The summed cross sections of these channels agetermined complete fusion cross sections is another poten-
given in the last column of Table VIII. tial problem. For example it is not possible to separate the

The summed incomplete fusion cross sections are typifusion of °Be from that of®Be since the energy of the neu-
cally 50% of the measured complete fusion cross sectiongron, following breakup close to the barrier, is similar to the
and are very similar to the cross section missing from comenergy carried by an evaporated neutron. Therefdf&n
plete fusion. This appears to fulfill the simple expectationsformed following the evaporation of one neutron from the
that the flux loss from complete fusion at above-barrier enCN formed by fusion of’Be has an excitation energy very
ergies appears as incomplete fusion. However, this deductiosimilar to that of?*®Rn which is formed by the incomplete
may be clouded by the fact that experimentally it is difficult fusion of ®Be. The resulting ERs are therefore very similar
to separate transfer contributions from incomplete fusion, aand hence cannot be identified separately as CF and ICF. A
will be discussed in Sec. X A. similar problem occurs for the fusion 8tBe, which is dif-
ficult to distinguish[1] from that of'%Be.

If the probability of breakup into one charged fragment
and neutrons is very large, then the cross section for the
capture of the fragment with charge equal tp &ay be

The effect of the weak binding of nuclei on fusion has €xpected to be large. The inclusion of such events could well
been the subject of many controversies in the past. Some dgad to apparently large complete fusion yields, which might
these controversies are related to theoretical descriptions #fean that the above-barrier suppression of “true” complete
the effect of breakup, some others are mainly due to experfusion would not be observed experimentally. Thus, in the
mental difficulties in identification of complete fusion and fusion reactions with nuclei such 88He, Y'Li, and Be,
separating it from incomplete fusion. These issues are dig¥hich predominantly break up into a charged fragment and
cussed below. neutrons, it is important to know and specify whether the

experimental complete fusion cross sections include or ex-

_ S clude contributions from the capture #fle, *°Li, and 1%Be
A. Enhancement or suppression of c_omplete fusion with heavy (or gBe). This knowledge is essential and has to be kept in
target nuclei mind while arriving at conclusions about the enhancement or

Until recently, there were two opposing theoretical pointssuppression relative to the calculations or results obtained
of view, one which predicted the enhancement of fusionfrom their stable counterparts.
cross sections due to couplings to the low lying unbound or
continuum states of the weakly bound light nud22,13,
and the other which predicted reduction in fusion due to
break up of the nuclej11,1qd. However, it was shown re- The sum of experimentally determined complete and in-
cently[14], that complete fusion cross sections are enhancedomplete fusion cross sections, referred to as the “total” fu-
at energies below the barrier but reduced at above-barriegion cross section, has sometimes been compared with theo-
energies. Since then this result has been supported by othegtical calculations. Breakup does not significantly affect the
theoretical calculationgl5]. Thus, the question of enhance- total cross sections at energies above the barrier, since CDCC
ment versus suppression is resolved as far as theoretical prealculations including the effects of breakup closely match
dictions are concerned. However, most of the calculation$43] those without breakup. For the Li induced reactions, the
are qualitative, and a quantitative understanding of the pro*otal” fusion cross sections at above-barrier energies agree
cesses of complete and incomplete fusion continues to bewith CDCC predictions[43] which include the effect of
challenge. breakup. This is not unexpected since it was already men-

Experimentally the question of enhancement and suppresioned in Sec. IX that the total incomplete fusion cross sec-
sion appears to be controversial due to the fact that differertions are similar to the observed deficit of CF. However, the
studies have concentrated on different energy regimes. Theumming of CF and ICF cross sections may not be a valid
discussion above makes it clear that it is important to alwaysneasure of “total” fusion, as the latter may include contribu-
make clear whether the measurements are below or abov®ns from transfer.
the fusion barrier. Thus the claims of large sub-barrier en- At energies below the barrier, a distinction between
hancement of fusion cross sections fiste +2°Bi [2] and breakup and transfer may be made experimentally by observ-
®He+%%J [7] may not be in conflict with the above-barrier ing the outgoing fragments, since the detection of all frag-

X. CONTROVERSIES IN FUSION WITH WEAKLY
BOUND LIGHT PROJECTILES

B. The “total” fusion cross sections
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ments can be identified as breakup, whereas in the case bibit incomplete fusion. Therefore, in all of the investigations
transfer only a part of the projectile would be observed. Atwith low-Z targets, the sum of complete and incomplete fu-
energies above the barrier, the breakup fragments may hawon (or the “total” fusior) is obtained, and compared with
sufficient energy to overcome the Coulomb barrier and getheoretical expectations. However, as discussed in Sec. X B,
captured by the target, resulting in the same product as tranghe “total” fusion cross section is not expected to be signifi-
fer. For example, the Po and At nuclei formed in the case otantly suppressed at above-barrier energies, which is entirely
a °Li induced reaction by breakup-capture can also beconsistent with the experimental observations.
formed by the transfer g, d, or « to the target. Thus, even The question may be asked as to whether the results
if it is assumed that in theorgfor example, based on impact would be any different if complete and incomplete fusion
parameter considerationsa distinction between the pro- could be separated. A recent stu@g] predicted that com-
cesses of transfer and breakup followed by capture is poglete fusion suppression at energies above the barrier is al-
sible, it is difficult to do so experimentally for light projec- most proportional to the charge of the target nuclei. A sup-
tiles such a$®He, Li, or Be. pression of~4% for °Be+%F [48] and 13% for’Be+%‘Zn

The present experiment therefore cannot distinguish be46] was predicted26], which is well within the experimen-
tween transfer and incomplete fusion. While this does notal uncertainties of the existing measurements. Thus, even if
affect the conclusions of the paper, nevertheless it is useful tocomplete fusion could be separated, the suppression might be
have an estimate of the contribution of transfer in incompleteexpected to be much smaller than for the hijkargets.
fusion before a comparison with theoretical calculations
are made. The only clear case of transfer observed in the
present experiment is the production 3fBi (2n transfer,
Q=-3.171 MeV, with a cross section of-10 mb, for the The complete and incomplete fusion excitation functions
’Li induced reaction(see Sec. IV B However, this cannot for the reactions ofLi and Li with 2°%Bi and of °Be with
be taken as a typical order of magnitude for transfer as first i#9%pp have been measured from below-barrier to above-
is the transfer of two nucleons, which is known to have aparrier energies. At energies below the fusion barrier, there is
probability smaller than one nucleon transfer, and second # small enhancement in the cross sections, compared with
cannot be used to estimate the cross sections for the transfgfe predictions of a single barrier model, consistent with the
of clusters such aa and t. It would therefore be very useful |ow charge product of the reacting nuclei. However, at ener-
to have a theoretical estimate of the cross sections for thgies above the barrier the complete fusion cross sections are
transfer of clusters, particularly those which are used in thguppressed by-30% compared with the expectations for
cluster model description of the projectile. fusion without breakup. An almost model independent dem-
’s In the case of reactions with very heavy targets such agnstration of this suppression was presented by comparing

®U, where the CN decays by fission, the separation even ahe complete fusion cross sections for the pairs of reactions
complete fusion from transfer can pose difficulties. A recent’j+ 2°°Bj and 80 +1°%t forming ?*°*Rn and®Be +2°%Pb and
measurement of the reaction %fie with 2% found large  13C+2044g, forming 2X’Rn. The observed suppression of
cross sections for neutron transfer induced fissfdd],  complete fusion is associated with projectiles with low en-
which were previously not distinguished from completeergy threshold against breakup which allows them to break
fusion—fission(7], leading to apparently large complete fu- up prior to reaching the fusion barrier. This is supported by
sion cross sections. the large incomplete fusion cross sections observed for all
three reactions.

It is pointed out that a separation of complete fusion from
incomplete fusior(and transferis important for meaningful

Reactions of weakly bound light nuclei with targets rang-conclusions about the effect of breakup of nuclei on fusion.
ing from Z=3 to Z~30 have recently been the subject of Misunderstandings or controversies about the enhancement/
many investigation§45-48,50,51 In most of the cases the suppression of fusion from an experimental point of view
(total) fusion cross sections do not show significant effects ohave resulted in part from the differences in what is included
breakup on fusion, i.e., neither substantial enhancement b& the measured complete fusion cross sections, and also
low the barrier nor reduction above the barrier was foundfrom the fact that various works have concentrated on differ-
This apparent “absence” of suppression or enhancement ent energy regimes with respect to the barrier. The above-
not in contradiction with the results of fusion with heavy barrier suppression of complete fusion seen here is not in
targets. Fusion with light nuclei results in CN which also contradiction with the below-barrier enhancement seen in fu-
evaporate charged particles in addition to neutrons. Thusion with radioactive beamgdue in the latter reactions
even when the projectiles break up into charged partitians largely to couplings to transfer channelén the latter cat-
favorable case for the identification of ICF for heavy CN egory of reactions, either the measurements have not ex-
the ICF products are identical to the evaporation residuetended far above the barrier for suppression to be observed,
following charged particle emission from the CN. Thus it is or the complete fusion measurements have included incom-
almost impossible, in a model independent way, to separatelete fusion and/or transfer, thus giving an apparently large
the products of complete fusion from incomplete fusion. Thisfusion yield. The fusion suppression at above-barrier ener-
is particularly so at energies above the barrier whereas aies is only with respect to calculations which do not include
below-barrier energies the lack of sufficient energy may probreakup, and not with respect to realistic quantum mechani-

XI. SUMMARY AND OUTLOOK

C. Fusion of weakly bound light nuclei with low-Z targets
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cal calculations which include the effect of couplings tohave not attempted to separate complete fusion from incom-
bound, unbound, and continuum states. Such calculationslete fusion cross sections. A separation of these processes
should be able to predict the observed complete fusion crosgquires the calculations to follow the projectile fragments
sections. up to their end point. This is not currently incorporated in

A lot of progress has recently been made in theoreticahny model, and remains a challenge for future realistic mod-

modeling of fusion of light nuclei having low breakup e|s of fusion of nuclei which readily break up.
threshold energies, and the past theoretical controversies

have, at least qualitatively, been resolved. It is now clear that

the complete fusion cross sections at energies below the bar- ACKNOWLEDGMENTS
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