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We follow up on our earlier work involving a light projectile*{Ca) to populate high spin states in
neutron-rich nuclei with results from experiments involving a heavier projecti®sn) for the purposes of
studying isotopic yields. These yields, which in some cases were measurable down to a level of 0.1% of the
total reaction cross section, are presented from three separate reactions. A trend in the isotopic yields towards
N/Z equilibration is observed in one experiment having a large disparity/ hratios between the projectile
and target. In the two other reactions, where Wi& driving force is less pronounced, the yields are instead
clustered around the projectile and target nuclei. We present correlated projectilelike and targetlike fragment
isotopic yields derived fromy-y coincidences, a technique that enables one to partition the yield of an isotope
according to the amount of neutron evaporation. Using this method we find that for the zero-neutron evapo-
ration channel transfer occurs predominantly into the light fragment, consistent with the nature of the deep-
inelastic mechanism. We further find that multiple-neutron evaporation contributes substantially to the yields
of the isotopes.

PACS numbgs): 21.10.Gv, 25.70.Hi, 27.48.z, 27.70+q

[. INTRODUCTION With this technique the cross sections for producing an iso-
tope are known at a particular energy. Additionally, the thin-
Neutron-rich nuclei may possess novel features such asrget technique is impervious to Doppler broadening of the
modified residual interactions, a neutron skin, or exoticfastest(highest spintransitions caused by rapid slowing in a
modes of excitation. A challenge lies, however, in their pro-thick target. In an experiment designed to exploit the poten-
duction, since the majority of reaction mechanisms do notial of this reaction mechanism for producing high-spin states
produce neutron-rich isotopes. By contrast, deep-inelastic rén neutron-rich nuclei we discovered 39 newray transi-
actions can access nuclei with appreciably higi&Z ratios  tions in eight neutron-rich ytterbiumlike nuclei usirffCa
[1], thus permitting the study of otherwise inaccessible nu-+*"%Yb at 250 MeV[6]. In that experiment we were able to
clei. Furthermore, due to its potential for substantial energyneasure rotational states as high as 12 ’®vb. By com-
dissipation and angular momentum generation, the deepparison, compound nucleus reactions cannot access Yb iso-
inelastic reaction mechanism has begun to play a moréopes heavier thah®®yb. In this paper we extend our earlier
prominent role in high-spin nuclear structure studi2s5].  work by exploring the impact of changes in the makeup of
A typical approach, exemplified by the recent experimenthe projectile and target on the isotopic yields. Accordingly,
4Ni+13°Te at 350 MeV[3], involves a target sufficiently we chose the reactiofP*Sm+17%b at 949 MeV, followed
thick to stop all recoiling reaction fragments. In that experi-by the reaction*>Sm+2%pb at 1 GeV(These experiments
ment new transitions were found in the four-neutron transferre referred to as>sm+1"%vb and >*Sm+2%%b, respec-
product®®Ni whose half-life of 19 s precludes study by Cou- tively, throughout the remainder of this paper, whereas our
lomb excitation in a conventional accelerator facility. previous experiment is referred to &Ca+ "5b.) The re-
Our use of a thin target distinguishes the experiments deaction **Sm+17%vb was designed to explore the implica-
scribed in this paper from thick-target experiments in that wetions of going from a light beanf{Ca) to the heaviest beam
rely on kinematic reconstruction of the event and Dopplerthat the 88-in. cyclotron at the Lawrence Berkeley National
correction of they rays to identify the reaction products. Laboratory was capable of producing at an energy of 6 MeV/
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TABLE |. Experimental parameters relevant for determining the 178
) o Hf
isotopic yields.
0.1
Target | At AQ
thickness [p-pA] [hrs] [mb/si
[mg/cn?] 172y Thyp |1"yp ["oyp | 177yp ' 78yp
0.5 31 -} 24 [381]08 |01
“8Cat1"%b 1.0 3.25 82 1048 169 I Y
1945 m+ 7%y 1.0 0.8 47 1590 ml 1 s
1545 m+ 2%8pp 1.0 0.34 50 1454 “ 170
Er
0.3

. . . : 50_. 52
nucleon, while using the same targ&t®yb) as in our earlier Ori 2
work. The experiment>‘Sm+2%%Ph was intended to study ol 0.54
the consequences of using a target with the higRé&tratio
of any stable, commercially available target, while keeping -
the same projectile'f’Sm) as in the preceding experiment. 45a [%ca | Yca | *at%a | %a
To minimize the influence of beam energy on the isotopic 1.0 |40 |69 | 456 | 13.1 | 109
yields all three experiments were run at an energy of roughly
6 MeV/nucleon. FIG. 1. Production cross sectiofrab/s) from “®Ca+"%Yb cor-

The results of these experiments fall into two general catlesponding to Ca-like ‘ nuclei strikjng the ;ilicon strip detector
egories: the isotopic yields of the various reaction product$®>’= fca=67°) from single gates in a matrix. The shaded boxes

and the spin yields, i.e., how the isotopic yields vary as 4dentify stable nuclei, while the dashed lines reflecthdd ratio of

function of spin. In this paper we address the isotopic yields2PProximately 1.49 corresponding to the compound system.

In Sec. Il we describe the technique used to conyeray peak(and the energy of the gate used to derive the spectrum
energies into isotopic yields. In Sec. lllA we present thefrom which the peak fit is made, if necessaryhis method
yields from the experiments and discuss the results in termgyoqyced the isotopic yields in Figs. 1 through 3. Due to the

of N/Z andQ-value considerations. Finally, in Sec. lll B we (jfficulty in resolving peaks in the spectrum, the yields for
compare these results with the results obtained via crosstsagm-176vp were obtained by double-gating three-fold

gating. data.

In a previous paper we presented spin yields from these By studying they rays of the projectilelike(targetlike
reactiong7]. We refer the mtgrgsted reader to fthat paper anqlragment coincident with the targetliképrojectilelike

Ref. [6] for a complete description of the experimental setup,ays one explores correlations between the nuclei populated

in the reaction(cross-gating Matrices containing cross-
IIl. YIELD DETERMINATION gated yields were produced fof*Cat"%vb and %Sm
+2%Pp data with one of the axes correspondingytcay

In each experiment a silicon strip detector was placed ; o
downstream from the target and centered around the grazi ergies corrected for the prOJectll_ellke fragments, and the
angle to enhance the yield coming from large energy los _her axis correcte_d fo_r the tar_gethke fragmen_ts. T_he_ tech-
events. For the reaction®Ca+17%b and 5%Sm+2%%pp it Mique of cross-gating is especially useful for identifying a

was further possible to kinematically select events off-line in{]huclleuslwhen no Ievlels alfe tknOV\:n In Its level scht(;me, (t); i
which the projectilelike fragment hit the silicon strip detec- € levels In one nucleus lie oo close in eneérgy with another

tor, again for the same purpose. An event was defined by thl9 permit unambiguous identification by normal coincidence

coincident measurement of a fragment at the silicon StriF;lechnlques. An example of the latter was the identification of

7 ; ; 4 i 48 17

detector and twoy rays detected by GAMMASPHERE. %Er via cross-gating or?*Ti transitions from*éCa+ 1%
Isotopic yields were determined from the area of the low-

est spin peak of a nucleus in theray energy spectrum. In 1523,“ 1533,“ 154Sm

the case of weakly populated isotopes it was necessary to

' o 0.78 0.59 | 10.5
gate on the lowest lying transition and use the second lowest
transition in order to determine the yield. The peak afea
obtained in this way is dependent upon the target thickness

wglcn?, beam current and duration of the experimenit. 172 174 175 176
Representative values for these experimental parameters for Yb Yb Yb Yb
each of the three experiments can be found in Table I. The 0.49 1.24 0.22 66.0

solid anglesA() subtended by the silicon strip detectas

seen from the targetan be derived analytically due to the  FiG. 2. Production cross sectiorisib/sy from %*Sm+17vh
cylindrical geometry of the experimental setup. These valuegorresponding to either Sm-like nuclei or Yb-like nuclei hitting the
are also included in Table I. The differential cross sectiorsilicon strip detector and emitting therays. Due to the similarity
obtained in this way must still be corrected for the absolutén masses, both situations approximately correspond to 45°
efficiency of GAMMASPHERE at the energy of the fitted < 6,..,=63°.
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152 153 154 1 1
2 Sm Sm 2 Sm 553m 568m
1.0 1.0 16.2 0.2 0.15
206 207 208 209
Pb Pb Pb Pb
2.1 3.8 6.1 0.2

FIG. 3. Production cross sectiorimb/sy from %‘Sm+2%ph
corresponding to Sm-like nuclei hitting the silicon strip detector
(45°< 05, <65°) from single gates in a matrix.

data. 1"%Er has rotational transitiongrom the 2" to the 8"
state$ that are virtually identical in energy to the much
stronger transitions if’2yb.
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1 53$m 1 54Sm 1 55sm 156 sm
206, 0.15 0.19
207, | 0.04 | 0.25 | 0.28
208, | 0.06 | 1.0
2095, | 0.03
Q
(Mev) | 403 | 00 156 | -1.05

FIG. 5. Cross-gated yields fdP*Sm+2%Pb for Sm nuclei hit-
ting the silicon strip detector. All values are normalized to the

Figure 4 illustrates a typical cross-gated spectrum frontross-gated yield of the™2-0" transition in'>*Sm. The diagonal

1%45m+2%8pp for Sm-like nuclei, in this case obtained by
gating on the 3—0" transition in2°%b at 2614 keV. This

contains yields for reaction partners experiencing no neutron evapo-
ration, while entries off the diagonal reflect varying degrees of neu-

cross-gated spectrum brings back much of the known rota¥fon evaporation. Missing entries below the diagonal are inacces-

tional band in **Sm plus two low-lying transitions in

sible via this reaction, while those above the diagonal imply

1535m. As one example of measuring cross-gated yie|d§ptensities too low to measure. The ground st@tealues for the

T T T T T T T
g - 217
|
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N
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FIG. 4. A cross-gated spectrum of Sm-like nuclei from a gate on

a Doppler-corrected®Pb transition at 2614 keV. Prominent in this
spectrum are the ground state rotational bant?#8m (up to a spin
of 167) and two low-lying transitions in*>3Sm. The cross-gated
yields for *53m and®Sm in coincidence witt?%Pb are derived

diagonal entries are listed at the bottom of the figure.

peaks at 130 keV and 185 ke¢orresponding td°3Sm and
1545m, respectivelyare fitted. This measurement resulted in
the entries in the third row of the cross-gated yield matrix for
1%45m+2%pPh in Fig. 5, along with the yields from other
channels for this reaction. Most of the yields in this figure
come from gates placed gnrays from Pb-like fragments as
these(single-particlg transitions are generally better isolated
than the(rotationa) Sm transitions. All values in this matrix
have been normalized to the yield of thé 20" in 1®‘Sm
resulting from a gate on the 3-0" in 2%Pb. A similar
methodology was applied to tHéCa+ 1"%vb data to produce
Fig. 6. In these figures, th@ values for the diagonal reaction
partners are shown beneath the correlated yield data. Empty
entries in the lower right triangle of these matrices reflect

174Yb 175Yb 176Yb 177Yb 178Yb
460, | 0.011 | 0.024| 0.034 | 0.019| 0.031
476, | 0.013 | 0.083| 0.067 | 0.041
48, | 0.056 | 0.081 1.0
49, | 0.074 | 0.090
50c, | 0.119
Q | 119 |-147 | 00 |-437 |-a21
(MeV)

from the peaks 130 and 185 keV, respectively. Transition energies
shown above the peaks are derived from a calibration of 0.667 FIG. 6. Cross-gated yields fdfCa+ 175Yb for Ca nuclei hitting

keV/channel.

the silicon strip detector. See the caption to Fig. 5 for a discussion.
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TABLE II. The first, second, and third columns identify the ~ The isotopic yields from the reactioffCa+7%b are
relevant experiment and the atomic masses of the projectile anghown in Fig. 1. The trends in the isotopic yields for this

target nuclei, respectively. The fourth column givesii& ratio of  reaction can be understood in terms of the basic characteris-
the (hypothetical compound nucleus. The fifth and sixth columns s of geep-inelastic reactions outlined above. In this reac-
specify theN/Z ratios of the projectilelike and targetlike nuclei,

respectively. Of these nuclei, onf}%Pb escaped detection. The last
column gives th&) value for the corresponding set of transfer prod-

tion the driving force for producing neutron-rich Ca nuclei is
very favorable as is reflected by the large yields*df°°Ca.

ucts. By contrast,**~4'Ca, which haveN/Z ratios in a direction
opposite from the composite system, all have yields that are
Expt. Ay Ay (NIZ)en (NIZ)y (NIZ)y Q lower than those for the neutron-rich isotopes. For the Yb

isotopes, thé\/Z driving force is less pronounced but favors

46, 17! _ . i X

47Ca 17¥b - 130 154 =49 peytron-deficient nuclei. The production 8f7 3vb re-

49Ca 175Yb ) 1.35 153 =44 flacts the stochastic nature of the deep-inelastic mechanism,
ca b ) 1.45 150 =17 \where variances give rise to products opposed by both the

“Cat¥b  “Ca b 149 140 1.51 0 N/Z driving force and negativ€® values[9]. By contrast, a

ca b - 150 148 -12 - g g Y ConTash

5C§ - ' : : multiple-nucleon transfer product, such ¥8Tm, which has

SOT! 174Er - 127 155 58 3 large negative) value, is an unambiguous example of the
o ME - 136 153 82  deep-inelastic process since it clearly cannot be produced by

1835 17hvp ) 1.46 153 —24 ql;as_lelastlc Lransfer. The dasf;ed Iln_es |rr]1 Fig. 1 I:?jppromlmate

1525y, 178y ) 1.45 154 —15 N/Z=1.49 (the approximateN/Z ratio that would result

15 17 15 17 from the fusion of*®Ca and'"®Yb). For Yb-like nuclei this
‘Smefyb Sm b 150 148 151 0 Lo yies along the line of stability, and the observed yields

15! 17 _ _
1522 17:;2 i 122 1'22 é'i follow this line. For Ca-like nuclei this same line points
i i i away from the line ofg stability towards the neutron-rich

1525 210pp - 1.45 156 —4.7 line, again in agreement with the observed yields.
1535 209pp - 1.46 155 —4.0 Figures 2 and 3 show the isotopic yields for the reactions

1545 m+ 208 1545y, 29%pp 151 148 153 0  Sm+178b and >*Sm+2%pPh reactions, respectively. For
1555, 207pp - 1.50 152 —1.6 these two reactions thR/Z ratios are similar between the
1565y, 206pp B 152 151 —1.1 projectilelike and targetlike products, henkéZ equilibra-

tion is less important. As with the reactioffCa+ *"%yb,
most of the cross section resides in the inelastic excitation of
products that cannot be produced in these reactions, whereti® projectile and target, as is to be expected with particle
gaps elsewhere imply intensities too weak to measure.  detection at the grazing angle. For the reactteism+2°%Pb
nucleon transfer into the projecti(eut of the targetis again
lIl. RESULTS AND DISCUSSION favored, which accounts for the yields of the heavy Sm and
light Pb nuclei populated in the reaction. Several factors
Previous work has demonstrated that one experimentaikely contributed to the absence of heavy Sm products from
signature of the deep-inelastic process is the tendency for the reaction>*sm+ "vb, the most important being the in-
reaction products to be enhanced in the vicinity of &  ability to measure intensities on the order of 1% of the total
ratio of the composite systefB]. Consequently, if both pro- reaction cross section due to the significant Doppler-
jectile and target are neutron-rich, the same will tend to holdbroadening of the peaks. The inability to distinguish between

for the resultant products. Beyond these generalities, little ishe various kinematic solutions also contributed to this prob-
known about how the product distribution is influenced bylem.

the masses of the projectile and target pair or on the differ-

ence in theN/Z ratips between them. An_other }Jncertairjty is B. Correlated yields

the degree to which neutron evaporation will conspire to ) ) ) ) )

lower theN/Z ratios of the final products. To systematically  >inc€ the —deep-inelastic mechanism involves large
study nuclear structure in the most neutron-rich nuclei we2Mounts of energy damping, neutr@nd to a lesser extent

sought to address these questions using both light and hea ro_tor‘) _evaporation is expected. Therefore, the |_orimary .
projectiles on heavy rare-earth by nuclei. topic yields are distorted by neutron evaporation towards

neutron-deficient nuclei. Correlated yields, by contrast, con-
tain information about the amount of neutron evaporation
that has occurred in populating a particular reaction pair. For
To aid in the interpretation of the yield patterns, th&Z  example, the diagonal elements of the cross-gated yield ma-
and Q values for representative reaction product pairs arerices in Figs. 5 and 6 reflect the zero-neutron evaporation
given in Table Il. The fourth column of this table gives the channels for the various reaction products. For these chan-
N/Z ratio of the composite system formed from the projectilenels there is no ambiguity due to neutron evaporation and we
and target nuclei, while the fifth and sixth columns give theconfirm the results obtained from the raw yields, e.g., that
N/Z ratios of the projectilelike and targetlike fragments for transfer into the lighter projectile is strongly favored. From
each reaction, respectively. these figures it is also seen that one- and multiple-neutron

A. Isotopic yields
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evaporation channels contribute substantially to the yields of 1.0@ . .
the isotopes. This is seen most clearly in the relative corre-
lated isotopic yield oft"4Yb, which is obtained by summing
along the first column of Fig. 6. The yield df*Yb is domi-
nated by direct population in coincidence wifCa, but also
has increasing contributions froff4°Ca, corresponding to
the loss of one to four neutrons. On average, about one nevg
tron is emitted when'’*Yb is produced. A similar break-
down can be made concerning the yield 8Ca, which is
comprised of contributions from’# 1"8yb. Here the zero-
neutron evaporation contribution to the yield #iCa is ex-
ceeded by the contribution from the two-neutron evaporatio
channel. Unfortunately, the total yield of any of the final
reaction products comes from both direct and indifeetu-
tron evaporation processes, hence ambiguity arises about 0.4
the actual path that the reaction products took in makingz
products off the diagonal. This observation precludes ex-
tracting the direct component of the yield other than for the
zero-neutron evaporation channel from the correlated yields
The sum of the diagonal elements gives the total yield for
the zero-neutron evaporation channels. The next off-diagona
elements represent one-neutron evaporation channels, and :
on. The cross-gated yields for*Ca+'"%vb and
1545m+ 2%8pp were summed along these respective diagonal 0.0 , , :
and plotted in Fig. 7. These data have been normalizedtothc 0 1 2 3 4
zero-neutron emission yields froffCa+1"%b. The close Number of emitted neutrons
agre_ement for one- and two-neutron emissio_n i_s likely are pgG. 7. Cross-gated sums along the diagonals of Figs. 5 and 6
flec4t|on of th2<?J similar one- and tvyo—neutron binding energie o the reactions!®“Sm+2°%b and “éCa+ 176yh, respectively.
% 8C51‘7and %Pb. The comparative flatness of the_ curve forThe data are normalized to the zero-neutron transfer emission yields
Ca+*"®b for one and more neutron transfer is anotherggm “8cas 176yp.
indication of the deep-inelastic process since multiple neu-
tron evaporation is additional evidence of the substantial en- On the other hand, if thdl/Z ratios of the projectile and
ergy dissipation expected from deep-inelastic processes. target are similar, as they were in the reactidérf$m+ 1"6vb
Few cross-gated coincidences were seen in the reactiaind >Sm+ 2%%b, nuclei in the vicinity of the projectile and
1%Sm+17%b. This may be attributed to the Doppler- target nucleus are predominantly populated. Nonetheless, the
broadening already mentioned, or may have a more fundaselds are sufficient to permit study of neutron-rich projec-
mental explanation, such as the large intrinsic deformationglelike nuclei by this method.
of both the projectilelike and targetlike nuclei in this reac- In these experiments the technique of cross-gating pro-
tion. vides for a precise measurement of the zero-neutron evapo-
ration yields. We find that the yields for product pairs that
IV. CONCLUSIONS are favored on the basis df/Z and Q value considerations

are considerably enhanced. Furthermore, multiple neutron

Thin-target deep-inelastic experiments provide a selectivg, 5 n4ration is shown to substantially contribute to the isoto-
approach for studying neutron-rich nuclei by meang-o&y CPiC yields

spectroscopy. In three separate experiments isotopic yieldS e |50k of neutron transfer into the projectile or target in
were obtained and yields as low as 0.1 mb/sr were measuremSmJr 176vh serves as a reminder that in reactions where

. 17 . .
in the case of sYb' In mstanc_es _vvhere the dlff_erence be- the recoiling velocities approach 10% of the speed of light
tween theN/Z ratios of the projectile and target is large the Doppler broadening is significant, thus making weak chan-

yield patterns tend to fall along the line dictated by M& o5 hard to find. This problem can be solved by using more
ratio of the composite system. When tNéZ ratio favors highly segmented particle angiray detectors.
neutron transfer—as is the case with the reactiiga

+ 176yb—the yields can be appreciable. This is best seen by
the two-neutron transfer yields int¥Ca. This result should
open the door to the study of a wide variety of light, very ~ We would like to express our gratitude to the staff of the
neutron-rich isotopes. For the heavy reaction partner th@8-inch cyclotron for the development of tH&*Sm beam
driving force is away from neutron richness. Still, sinceused in both the!®*Sm+1"®vb and ®sm+2%%Pb experi-
nucleon transfer in the deep-inelastic process is a stochastinents. This work was supported by the U.S. Department of
process, yields in nuclei that defy these driving forces can b&nergy, Nuclear Science Division, under Contract No. DE-
appreciable, as was seen by the productiort’6f1"8vb. ACO03-76SF00098.

o—o CasYb
08 | @--4a Sm+Pb -

eld

06

aIizeé’ diagonal yi

orm

0.2

ACKNOWLEDGMENTS

014602-5



S. J. ASZTALOSet al. PHYSICAL REVIEW C61 014602

[1] V. V. Volkov, Phys. Rep., Phys. Let€2, 93 (1978. [6] . Y. Lee et al, Phys. Rev. (56, 753(1997).

[2] H. Takaiet al,, Phys. Rev. (38, 1247(1988. [7] S. J. Asztalost al, Phys. Rev. B0, 044307(1999.
[3] R. Brodaet al,, Phys. Rev. Lett74, 868 (1995. [8] W. Krolaset al, Acta Phys. Pol. B7, 493(1996.
[4] P. H. Regaret al, Phys. Rev. (55, 2305(1997). [9] R. Planetzet al, Phys. Rev. C38, 195(1988.

[5] K. Vetteret al, Phys. Rev. (56, 2316(1997).

014602-6



