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The potential for using deep inelastic reactions to populate high-spin states in neutron-rich nuclei is studied
in a series of experiments using GAMMASPHERE fprray detection and a silicon strip detector for mea-
suring the angles of projectilelike and targetlike fragments. In three experiments 61 new transitions up to a
maximum spin of 22 in 12 neutron-rich rare-earth nuclei were found. We observe thaty yields as a
function of spin are flatter for all neutron transfer products than for inelastic excitation of either the projectile
or target nucleus. Calculations are presented which indicate that this difference cannot be accounted for by
quasielastic processes, but more likely are the result of larger energy loss processes, such as deep inelastic
reactions[S0556-28189)06009-4

PACS numbgs): 21.10.Re, 25.70.Lm, 25.70.Hi, 21.60.Ev

[. INTRODUCTION transitions in several neutron-rich Yb isotopes. These results
allowed us to address questions regarding the structure of
The ability of the deep inelastic mechanism to generateeutron-rich nuclei at high spins.

large amounts of rotational angular momentum has long Here we extend the scope of our previous work by ad-
been recognized1]. Using a y-ray multiplicity detector dressing the topic of spin production as a function of the
Glasselet al. were able to demonstrateray multiplicities in ~ masses of the projectile and target. Knowledge of the behav-
excess of 15 in the reactiofiNe+"¥Ag at 175 MeV[2]. As  ior of these parameters is desirable for optimizing the spin
might be expected with a more massive projectile and higheyield of very neutron-rich nuclei. We accomplish this by
bombarding energies, the maximumrray multiplicities  studying several reactions that have an isotdg@am or tar-
were shown to exceed 30 in a series of reactions involvingget) common to successive experiments. Our second experi-
86Kr+19710ng, %Ho, and ¥’Au, all at 618 MeV [3].  ment,®Sm+1%vb at 949 MeV, had'’%vb in common with
These experiments were primarily concerned, however, withhe reaction “8Ca+'7®vb, while the third experiment,
relaxation time scales of the deep inelastic mechanism. TakdP‘Sm+2%%Pb at 1 GeV, had®*Sm in common with the sec-
et al. were among the first to utilize discreteray spectros- ond experiment. All three experiments were conducted at
copy in the study of deep inelastic reactidd$. In that ex-  projectile energies roughly 20% above their respective Cou-
periment Doppler corrections were madejiaays emitted lomb barriers. Although several features of the experiment
from recoiling targetlike nuclei and spin states as high as*®Ca+!"%vb were discussed in our previous paps}, a dis-
20i were resolved. In a recent papé] we extended this cussion of the spin yields from that experiment was post-
technique to neutron-rich nuclei which, because of neutromponed so that it could be compared with the spin yields from
evaporation or the unavailability of stable beam-target comthe two remaining experiments in this paper.
binations, cannot be populated by more conventional tech- In Sec. Il the experimental setup is discussed. In Sec. lll
nigues such as compound nucleus formation. In an experiwe discuss the reaction kinematics and the role it plays in
ment using®Ca+17%Yb at 250 MeV we found newy-ray  particle identification, as well as the techniques used to de-
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TABLE |. Distance from the target to the center of the silicon  TABLE II. Kinematic ranges of the projectilelike and targetlike
strip detector, angles subtended by the silicon strip detector, anduclei. The labels are to be interpreted as follows: for a projectile-

grazing angle for the indicated reactions. like (targetlikg fragment, 6, (6,) refers to the angles over which
the projectilelike(targetlike fragment will hit the silicon strip de-
d Angular range Grazing angle  tector if the targetlike(projectilelike fragment, recoiling over the
[cm] [deg] [deg] range 6y, (6,) is to miss it. Similar interpretations hold for the
; . labelsE, andE,. For “Ca+'"®b and ***Sm+2%Pb the projec-
’Ca+'"b 2.0 55-67 65 tilelike fragment always has higher energy when hitting the silicon
1Sm+17%vp 1.0 45-63 53 strip detector, thus making particle identification possible. By con-
1545 m+ 20%pp 1.0 45-65 55 trast, for 1%Sm+176vb it is only when both projectilelike and tar-

getlike fragments hit the silicon strip detector that the kinematics
are separable.

rive the spin yields. Section IV A presents level schemes of
the rare-earth nuclei for which new-ray transitions have EXPt Part. Ot Ou Ep Eq
been found. Experimental spin yields reflect the ability of the detected [ded [ded [MeV] [MeV]
projectile to transfer gmgular momentum to thg various reacssc,, 176y, projectilelike 57-67 49-55 178-195 55-72
tion p(rjoducsts. SR|/nBy|eId3 baseg oRray |ntensd|t|es are prtla- . targetlike  37-55 56-67 197-224 26-53
sented in sec. IVB, and are then compared to quasielastigigy, 176y projeciilelike 49-63 33-45 283-474 475-667

transfer calculations in Sec. IVC. targetiike ~29-45 48-63 461-666 283-488
In a companion papédb] we present isotopic yield results 19451 20%h  projectilelike 53-65 36-45 367-518 472—633

for all three experiments. targetike  29-44 52-65 638-825 175-362

II. EXPERIMENTAL METHODS IIl. EXPERIMENTAL TECHNIQUES

The experiments described in this paper were performed Detection of one of the recoiling particles at the silicon
at the 88-Inch Cyclotron at the Lawrence Berkeley Nationalstrip detector, in conjunction with the assumption of two-
Laboratory. Gamma rays were detected by the GAMMA-body kinematics, allows the velocity vectors of both projec-
SPHERE array, which fof**Sm+17®vb and *Sm+2%%b tilelike and targetlike fragments to be calculated. The intrin-
had 55 high-purity Compton-suppressed germanium detecic energy resolution of the silicon strip detector was quickly
tors. For'%sm+17%vb two stacked target@ach 0.5 mg/chy  degraded by radiation damage from ion bombardment; hence
thick and enriched to 97.8%%b) were used, while for direct energy loss measurements were not possible. Nonethe-
1545m+20%pp a single targel mg/cnt thick and enriched to  less, the recoiling projectilelike and targetlike fragments
99.9% 2%%Pp) was used. These targets were sufficiently thincould still be distinguished kinematically from one another
that y-ray emission occurred after the recoiling fragments(except in the experiment‘sm+176yb).
left the target. The direction of the recoiling fragments was In the *Ca+1"%b and ***Sm+2%%Pb experiments it was
recorded by a silicon strip detector electrically segmentegossible to distinguish between projectilelike and targetlike
into 16 concentric rings on its front face and 16 wedges infragments hitting the detector due to the large difference in
the ¢ direction on the back face. Signal multiplexing in the energy between the two fragments over the angular range of
electronics allowed for complete angular identification basedhe silicon strip detector, as is illustrated in Table Il. Accord-
on only 20 output signals; however, two-body kinematicsingly, there were only two possibilities for carrying out the
allows only one¢ segment to fire per quadrant. This permit- Doppler correction of eacly ray — either assuming that the
ted additional signal multiplexing so that only 12 analog-to-fragment hitting the silicon strip detector emitted theay or
digital converters were required. The silicon strip detectoiby assuming the other fragment emitted theay. For the
was placed inside the 14-in.-diam target chamber with the&ase where the Doppler correction is appropriate forray
beam axis serving as the centerline of the detector. The diemitted by the projectilelike fragmeittargetlike fragment
tance from target to detector was determined by the requirea y ray emitted by the targetlike fragmeiprojectilelike
ment that the calculated grazing an@@ fall roughly be-  fragmenj has the wrong Doppler correction applied to it.
tween the inner and outer radii of the silicon strip detector.This technique therefore has the desirable effect of smearing
The distance from the target to the center of the silicon striput the inappropriate kinematic solution. F&¥Sm+17%vh
detector, the angles subtended by the silicon strip detectothe energy ranges of the projectilelike and targetlike frag-
and the grazing angle for each reaction are given in columnments overlap over the angles subtended by the silicon strip
2, 3, and 4 of Table I. detector, leaving four possibilities for carrying out the Dop-

In each experiment, an event was defined as the detectigsier correction of eacly ray.
of at least one particle at the silicon strip detector in coinci- In each experiment the Doppler-correctgdrays were
dence with twoy rays recorded by GAMMASPHERE. Un- then incremented inte-y matrices andy-y-y cubes cre-
der these conditions the event rate was approximately 1 kHzted for each distinct kinematic solution. The data were ana-
Furthermore, particle~y-y events comprised nearly a quar- lyzed using theRADWARE package$8]. Both analysis pack-
ter of the data which made it possible to analyze bptly  ages allow for the placement of one or more gates on known
and y-y-+y coincidences. transitions and the generation of coincident spectra. The re-
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FIG. 1. Level schemes, including-ray and level energies, plus tentative spin and parity assignments, for Yb-like nuclei. Transitions
denoted by a solid arrow represent those known prior to this Wb2k while the dashed arrows represent those added by experiments
“8Cat1"%vp and %*sm+1"%vb. Al =1 crossover transitions between signature partners infoddelei are not shown.

sultant spectra were then analyzed for evidence of new trarfew cases where a single gate in twofold data could not pro-

sitions. This analysis resulted in the level schemes of Figs. @luce a clean spectrum, double gates were placed on the two

and 2 for Yb- and Sm-like nuclei, respectively. lowest members of a rotational cascade in threefold data. The
Spin yields were generated by singly or doubly gating onfollowing strategy of summing spectra was employed in in-

the lowest possible transiti¢s) in a nucleus in order to re- stances when onésingle or doublg gate could not ad-

solve weak, higher-lying transitions from the background.equately resolve the highest transitions: assuming that the

While a gate on any member of a cascade might suffice fointensity of thenth transition has been obtained by one

resolving the cascade, in practice the lowest possible transisingle or double gaje while the intensity of thenth+1

tion is chosen as a gate since all transitions below the gateansition is too weak to measure, a sunmofates all below

are restricted to having an intensity equal to the intensity othenth transition is used. The ratio of the intensity of tht&

the gated transition and thus do not reflect the true yield. In @ransition in this multiply gated spectrum to that obtained
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FIG. 2. Level schemes for Sm isotopes from the experim&{&m+17%vb and 15sm+2%%Ph. See the caption to Fig. 1 for interpretation.

from one(single or double gajegives a normalization factor IV. RESULTS AND DISCUSSION
that 1S applied to thath+1 and all higher transitions in the_ One of the goals of our high-spin studies in the rare-earth
multiply gated spectrum. Peak areas were extracted by fitting. =~ ~. S -

. ; gion is to populate nuclei with sufficient angular momen-
the peaks with a Gaussian shape and a constant background: : . )

. o tum that the first backbend is obsenj@&. From these data it

To convert from areas o intensities it was necessary to COlvould be possible to extract the interaction matrix element
rect for the relative efficiency of GAMMASPHERE. Apply- P

ing th thod duced th in vield i Fi , which is a measure of the strength of the Coriolis operator
Ing these methods produced the spin yield cUrves in Figs. onnecting the ground and excited states in the presence of
and 4 for Yb and Sm nuclei, respectively.

) ) , o pairing [5,10]. For heavy even-even rare-earth nuclei the
Of particular interest is the effect on the spin yields whenp,ckbend is predicted to lie around spink2@nd at higher
one of the reaction partners is changed. To make this COMspins as additional neutrons are ad@iet]. We were able to
parison, relative intensities from different reactions must b&,opylate states as high as227%Yb) in the “éCa+176vb
normalized. In the bottom plot of Fig. 5 the spin yields for all reaction. Unexpectedly, higher-spin states were not observed
Yb isotopes are normalized by requiring that the intensitiesyhen a heavier projectile was used — the highest observed
of the 6"—4" transitions in *"°vb (produced in either spin using a Sm projectile was again 22%Sm) in
*Cat'"b or **Sm+1"%b) be identical. A similar nor-  15%Sm+2%%ph. We attribute this result, in part, to the appre-
malization for Sm isotopes using thé 6-47 transitions in  ciable Doppler broadening of the peak widths due to the
159Sm resulted in the upper plot in the same figure. large (8~0.1c) recoil velocities of both the projectilelike
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0 2 4 6 8 101214 16 18 20 22 24 FIG. 4. Sm yrast spin yields from®Sm+1"®vb (lower and

Spin (h) 1595m+2%pp (upped. The data corresponding t&>‘Sm+1"¢vb
come from double gates of threefold data, while the data for
FIG. 3. Yb yrast spin yields fronf®Ca+"°vb (lowen) and 1545208 were obtained from single gates of twofold data.
1545m+178yh (upped. The data corresponding fCa+7%vb were
?btainegl7 from single gates of twofold data, while the data fromand/or unstable nucléf3sm, 155Sm, and'®%Sm. The results
*Sm+17%¥b comes from double gates of threefold data. for 1%Sm confirm the recent findings from spectroscopy of

. ] ) R fission fragment$13].
and targetlike fragments in that experiment. The inability to

separate the kinematic solutions ffSm+1"%b added sig-
nificantly to the background and obscured weaker, high-
lying transitions. Another contributing factor is the presence Spin yields, which measure population intensities as a
of numerous strong transitions from octupole bands to statef§inction of spin, reflect the ability of a reaction mechanism
in the yrast band, which tend to dominate the spectrum abov® generate angular momentum. One notable feature of the
750 keV in the even-even Sm isotogddg]. In spite of these  Spin yield curves is the decided change to a flatter slope for
limitations a total of 61 new transitions were added to theinelastic excitation of the zero-nucleon transfer product

level schemes of 12 rare-earth nuclei from these three experi- Yb from “®Ca+*"%b around spin 12, as seen in Fig. 3.
ments. (There is evidence of this same behavior abové #&0the

spin yield curve of***Sm from %*Sm+2%pPb data shown in
Fig. 4) By contrast, the spin yield slopes of the transfer
products’217417%p are flatter over their entire spin range.
Based on our analysis, a total of 39 new transitions werdReferring again to Fig. 3, one observes that the slopes of the
added to the level schemes of one thulium and seven Ybpin yields for the transfer data are similar to the slope for
isotopes populated in eithéfCa+1"®vb or 1%'Sm+1"®%b. A "%vp data above 12. This similarity suggests that the same
majority (30) of these new transitions are associated withmechanism is responsible for the flatter slopes of high-spin
173Tm, 75vb, %b, or b — odd-A and/or unstable states in both the zero- and multiple-neutron transfer prod-
nuclei. The high-spin states of such nuclei have been inaaicts. In the next section we show that quasielastic excitation
cessible via other reaction mechanisms. alone cannot account for the shallower slopes in either of
Twenty-two new transitions were added to the levelthese cases.
schemes of four Sm isotopes populated in either We now address the normalized spin yields for Yb data
BASm+17%vp or Sm+2%pPbh. A large majority(19) of  from Fig. 5 to compare spin yields from successive experi-
these new transitions are again associated with thefodd-ments. The spin yield ot’®Yb from %*Sm+17vb data falls

B. Experimental spin yields

A. New levels
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" w116 T oT%gm(s) the entire spin range than those from #%Sm+*"®vDb data,
101 1'15{:* 1-,;" @250 Mev —<>—:::Sm(2) i which is likely due to the marginally greater Coulomb exci-
2'1548"' tag & 248 MeV T s oM (3) tation from the larger atomic number of the lead target. The
3- 8m+ Pb@1GeV —*—"8Sm (2) . . 5 15 .
. —e—"25m (3) magnitude of the spin yields of®’Sm and '°3Sm is also
107 O ~Bp__ —=—1528m (2) slightly higher in the ***Sm+2%pb data. This behavior is
O\QQ;.\ likely a consequence of the greatéfZ ratio of the target in
10t . Q\g\ ) the 1%%Sm+2%Pb reaction, which leads to more neutron
_3 '\:E?N transfer, on average.
3 g Sl —0 Our experimental results are in approximate agreement
% 10%} ! . with those from an early experiment combiningray spec-
] troscopy from deep inelastic reactions and kinetic energy
i~ o loss measurements, using the reactfohe+'"%Er at 175
= L L L L L MeV [4]. By placing gates or-ray transitions in each of the
[ .
E’ —D—:::Yb(g) Yb |sotopes produced _by nucleon trz-insfer. anq subsequent
s - —o— . Yb(1) evaporation and studying th&’O particle kinetic energy
107+ o :’:,74“’“) 1 spectrum the authors of that paper were able to correlate
o NG = Yb (2) . - . :
o energy loss in the reaction with the gradual flattening of the
. \ spin yields for successively lighter Yb isotopes. Differences
104 Ne. R \ . do exist, however. In our data the yield curves show a degree
- e = of flatness even in the zero-nucleon transfer prod(atthigh
- \ sping, whereas this same behavior does not manifest itself
103} \E\’\ =N . until « transfer plus multiple-neutron evaporation occurred
Q\’\ - in the ?°Ne+1"%Er data. Based on this observation, it appears
o e that in our reactions the deep inelastic mechanism is acti-
02 LN vated with less nucleon transfer even though all three reac-
0 2 4 6 8 10 12 14 16 18 20 22 24 tions occurred at significantly lower energies relative to the
Spin ¢h) Coulomb barrier. This can perhaps be explained by their use

of a lighter projectile, which may cause the reaction to be

Sl ; i . more direct-reaction-like up to a certain threshold energy
yrast spin yields from the deep inelastic reactions. See the text for Bss experienced by the projectile-target pair, at which point

discussion of the normalization method. The numbers in parenthe[-he doorway to more complex reaction mechanisms is
ses refer to the reaction from which the yield was derived. The y P

lower figure compares Yb yields from thé&Ca+'"%vb and opened.
1%9Sm+17%vb reactions, while the upper figure makes the same

FIG. 5. A comparison of Yb and Sm normalized experimental

comparison for Sm yields from th&‘Sm+17%vb and >*sSm+2%%b C. Theoretical spin yields
reactions. All yields in this plot were obtained froga y-+y coinci- To model the contribution of the quasielastic component
dences.

to the zero- and two-neutron transfer spin yields we employ
a multiparticle-rotor mode[14,15 written for calculating
much more slowly than it does in tHéCa+'"%b data. We  paijr-transfer probabilities in deformed heavy ion reactions
attribute this to the greater Coulomb excitation afforded bynear the Coulomb barrier. This model, which uses a Nilsson
the higher atomic number of the Sm beam. A flatter slope ipasis to generate the rotational wave function of the target,
also seen in the two-neutron transfer prodd€tvb in the  takes into account Coulomb excitation and calculates pair-
1%%Sm+17%b data. This is the result of feeding at higher transfer probabilities at discrete points over the trajectory of
spins in the'>'Sm+17®b reaction. However, the magnitude the projectile. A theoretical description of these codes is
of the spin yield curve for”#vb in the *Sm+*"%b data  given elsewher§16,17. These calculations are expected to
lies below that of the spin yield curve fot’*¥b in the  model accurately the shape of the quasielastic component to
*8Cat+'7%vb data at all spins. This observation and the lackthe spin yields but cannot account for the absolute magnitude
of measurable intensity above the "12ransition in the of spin yields, since inelastic transfer is modeled by an opti-
15Sm+17%vb data have a common explanation, namely, thecal potential(i.e., no dissipation We then ascribe differ-
poorery-ray energy resolution in th&‘Sm+1"®vb data de-  ences between the calculations and experimental data to deep
scribed above. inelastic components of the total cross section.

In the top plot of Fig. 5, where we make this same com- The codes, previously applied only to head-on collisions,
parison for successive experiments involving Sm, we not&avere modified for this analysis in an attempt to model graz-
that the slopes of the spin yield curves for the transfer proding collisions appropriate to these experiments. To do this,
ucts (°°Sm, %%Sm) are quite similar, reflecting the basic the distance of closest approach corresponding to scattering
similarity in experimental conditions and projectile-targetinto the grazing angle for the reaction was calculated. From
combinations in the®Sm+1"®vb and 1%*Sm+2%Ph experi-  this distance an effective atomic number of the target and
ments. Furthermore, the magnitude of the spin yields okffective bombarding energy of the projectile were com-
4sm from %%sm+2%pb data is only slightly greater over puted. In order to compare the theoretical results with experi-
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as [ Theory also overestimates the slopes of the yield curves for
two-neutron transfer into and out 8fb, as is seen in the
bottom and top plots of this figure. This suggests that at 20%
above the barrier quasielastic excitation alone is insufficient
to generate the observed higher spin yields, and that deep
inelastic processes are making important contributions.

15

s
o

V. CONCLUSIONS

>
=)

The relative flatness of the spin yield curves for neutron-
transfer products from the reactions**Cat+"®vb,
1545 m+176vp, and ¥“sm+2%%Pb suggests that the predomi-
nant contribution to the population of high-angular-
momentum states is from processes other than quasielastic
ones. This behavior is seen not only in the spin yields of the
zero-neutron transfer channels at sufficiently high spins, but
also in the spin yields of the transfer products over their

Ln Spin Yield (counts)
(=] »N
o o

20

35 ¢ entire spin population. Fot®Ca+1"%vb we present calcula-
178, tions that show that the flat slopes cannot be accounted for
15 1 by direct Coulomb excitation of the transfer product or the
population of the yrast band from excited bands. Our results
differ somewhat from those of Takait al. [4] in that we
o5 expt. p_rovide _evidence_ of a deep inelastic component at suffi-
theory ciently h_|gh spins in the zero- and few-neutron transfgr prod-
25 s s - . . . . ucts. This difference may stem from our use of heavier pro-
4 6 8 10 12 14 16 18 20 jeCtiIes.
Spin (h) The comparative spin yield data do not support the need

FIG. 6. A comparison of experimental and theoretical yrast spinfor a massive prOJeCt'_le to generate the angular momer_ltum
yields for 17417617} from the reaction®Ca-+17%b. The top plot required to populate discrete states above the backben_d in the
shows the results of the two-neutron transfer proddétb, while ~ rare-earth region. In fact, the smaller momentum of a lighter
the middle plot compares data on the inelastic excitation of thd’rojectile results in less Doppler broadening and produces
target nucleus. The bottom plot is the same as the top plot but fopharpery-ray peaks. On the other hand, a light projectile
the two-neutron transfer produét®b. All data points have been may not be desirable for populating the most neutron-rich
normalized at a spin of 6. rare-earth isotopes since the driving force is then toward the

) _neutron-deficient heavy fragmenf6,18]. In such circum-
mental data on the yrast band, the population of the eXC'tegtances, to improve energy resolution, more highly seg-

bands was cascaded down to the yrast band by making regsented particle and/or segmented germanium detectors may
sonable assumptions about the statistical versus collectigs preferred in conjunction with a heavy projectile.

(E2) branching ratios. The codes were run tétyb, 1"%vb,

17 i 48, 17 ; i i
and _BYb produced in the**Cat b reaction since this ACKNOWLEDGMENTS
reaction not only provided the bestray energy resolution
but also because the kinematics were uniquely defined. We would like to express our gratitude to the staff of the

The results are presented in Fig. 6, where it is readily88-Inch Cyclotron for the development of tH&*Sm beam
observed that the calculations reproduce the shape of thesed in both!®*Sm+1"%vb and **Sm+2%%b experiments.
inelastic yields in1"®Yb up to a spin of 1&. Beyond this  This work was supported in part by the U.S. Department of
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