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Study of neutron-rich nuclei using deep-inelastic reactions
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We have used th&Ca+17%vb reaction to study the population of high-spin states in neutron-rich nuclei by
deep-inelastic reactions. Using Gammasphere, we observed gamma transitions from nuclei several neutrons
richer than the target. Yrast states with spin up to 20 were populated in this reaction. High-spin states in
1751771781 were observed. In this region of reduced pairing, a reference based on experimental data was used
to derive experimental Routhians. Systematics of experimental Routhians in neutron-rich Yb nuclei compare
well with cranked shell-model calculations$0556-28187)03608-X]

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

I. INTRODUCTION used. However, using deep-inelastic reactions together with
the new gamma-ray detector arrays, one expects to have
Neutron-rich nuclei are of particular interest since theyenough sensitivity, in spite of the low cross sections, to form
might reveal new aspects of nuclear structure associated withhese nuclei at high-spin states. Indeed, these reactions have
an excess of neutrons, such as a neutron skin, a modifideeen shown to produce a high multiplicity of gamma rays
shell structure, and new modes of excitation. However, thesgLl: and in reactions of rare-earth beams with rare-earth tar-
nuclei are difficult to produce, particularly in high-spin 9ets. a multiplicity 7°f 40 ?55 been (ig)ser\,{a;B]. Neutron-
states. Currently, nuclear high-spin states are produced diich nuclei such as’'Tm, 1%b, and Lu have been iden-
most exclusively by heavy-ion-induced fusion reactions ani'f'ed from -y spectroscopy following reactions of Xe on W
in a few cases by Coulomb excitation. Fusion reactions form4]- In addition, attempts have been made to use deep-
compound nuclei with spin as high as#ZHowever, with inelastic reactions to produce and study hlgh—spm. states.
stable beams and targets, only neutron-deficient nuclei cant@teS With spin up to 20 have been observed in an in beam
be produced by fusion reactions. Coulomb excitation can b&tUdy[3], @nd isomers with spin 10 have been identified in
used to study stable nuclei. For deformed nuclei, states witQf-P€am studieq6]. Since these reactions produce many
spins up to 36 have been populated by Coulomb excitation.f'”?‘l_”Ude" some of them with a low cross section, a high-
Neutron-rich nuclei in the mass region of X08<150 pro-  €fficiency gamma-ray detector array, such as Gammasphere,
duced as fission fragments have been studied and states wigh"€€ded to resolve the cascades through high-fold coinci-
spin as high as Z0were observed. So far, high-spin states ind€nceé measurements. This paper reports on the yield of
neutron-rich nuclei and most of the odd-even and odd-odd€utron-rich nuclei and the population of high-spin states in
nuclei near the stability line have not been studied due to thd Particular deep-inelastic reaction. High-spin states in
tron-rich1">7"17%p were observed. These data enable

lack of suitable nuclear reactions. Neutron-rich radioactive'€Y rved
beams would be required to do this if fusion reactions ard!S {0 extend the study of the spin-alignment processes to
neutron-rich Yb nuclei, and to compare our results with

cranked shell-model calculations.

*Current address: Department of Physics, Royal Institute of
Technology, S-10405 Stockholm, Sweden.

Current address: Oak Ridge National Laboratory, Oak Ridge, We have employed the reactidfiCa+1"®vb at a beam
TN 37831. energy of 250 MeV. The most neutron-rich stable isotopes of

II. EXPERIMENTAL METHOD
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the projectile and target were used in order to enhance the | . T .
production of neutron-rich nuclei. A self-supporting metallic 40004 - yp (©
target of 17vb with an isotopic enrichment of 97.8% and a Te-"w
thickness of about 1 mg/éhwas bombarded with a beam of 30007 v urknoun 12 x2
2 pnA from the 88-Inch Cyclotron at LBNL. This target was 2000 A Yo
sufficiently thin to allow both the projectile- and target-like 1000 I
fragments to decay outside the target so that gamma rays . W}Ub
from short-lived high-spin states can be observed as sharp 0 o
lines after Doppler-shift correction. An annular silicon-strip 30000 N ®)
detector with an inner diameter of 5 cm and an outer diam- 1 8
eter of 10 cm placed 1.8 cm downstream from the target was & 20000 - 12 X2
used to detect the scattered fragments. This detector coverecg ] 10 14
polar angles from 55° to 67° with 16 concentric strips on the 10000 LI
front surface and the full range of azimuthal angles with 16
sectors on the back surface. The early implementation of 0 M4 o
Gammasphere with 36 detectors was used to detect the (@
gamma rays. Coincidence events with at least one fragment >
and two Compton-suppressed gamma rays detected were 1 x10
taken at a rate of 1000/sec. 100000 | 8

The particle detector detects either the projectile-like or 12
the target-like fragment. The detector was placed such that ﬂ 10 by
its laboratory angular range of 55° to 67° which corresponds 0 e e e e
to a center-of-masé&.m) angular range of 68°—-82° for the ENERGY (keV)

scattered projectile-like fragment covered the grazing angle

of the reaction. Thus the detection of the projectile-like frag- FIG. 1. Spectra from doublg-coincidence data corrected for
ments selects events with nuclear interaction from small imthe Doppler shift of the targetlike fragment fée) "%vb, (b)
pact parameter collisions. On the other hand, the target-liké"*b, and(c) *"*vb.

fragment has a ¢.m. angular range of 47°-~70° which is more

forward and corresponds to larger impact parameters. Theingle-gated twofold and double-gated triple data. The tran-
detected projectile-like fragment has an energy of abousitions belonging to"8yb are clearly identified in the triples
180-200 MeV and the target-like fragment has a lower enspectrum which is much cleaner than the doubles spectrum
ergy of 25—-56 MeV. Thus the projectile-like products werebut with 1/6 of the counts. The identified impurity peaks in
identified from their higher energy detected in the Si detectothe double spectrum are frofi®b and *"*Yh. It is obvious
and the velocity vectors of the target- and projectile-like

product were calculated from the angles determined fromthe |, — . '

Si detector assuming a two-body reaction. The Doppler-shift ] A=l @ -
correction of the gamma rays was based on these vectors and 1000+ 8- " .
the direction of the gamma rays. To study the gamma rays 1 U~ unknown 1
from the target-like fragments, event-by-event Doppler cor- 07 |
rection was made using the velocity of the target-like frag- 600

ments. In the resulting spectra, the gamma rays from the ] A

target-like fragments show up as sharp lines with a FWHM 400+
about 0.8% of the energy, and the gamma rays of the
projectile-like fragments were smeared out over a range
about+9% of the energy.

Two- and threefold gamma-ray-coincidence data were
analyzed for the gamma rays from the target-like fragments.
Gamma-ray spectra were obtained by single and double gat-
ing on transitions belonging to a gamma cascade. Gamma
sequences from Er, Tm, Yb, and Hf nuclei have been iden-
tified from this data set. Figure 1 shows the spectra of even- 1
even Yb nuclei from the twofold data. The low-spin transi- 0
tions of ’5vb have more than fOcounts and the highest ]
line observed is the 14 12. The spectrum ot’4Yb has ten
times fewer counts but the highest spin observed is 18. This 0
indicates that the yield ot’®Yb drops faster as a function of ]
spin than the yield oft"#yb. The spectrum of’?Yb has ten
times fewer counts than the spectrumfYb and because
of the low yield the spectrum is not clean. The main impurity  FIG. 2. Spectra of8vb from double(top) and triple(bottom y
peaks are due td’%Db and *"’Yb and a third set is not coincidence data with the Doppler correction for the targetlike frag-
identified. Figure 2 compares the spectra BfYb from  ment.

200+

COUNTS

150 ®

100 200 300 400 500 60 700 800

ENERGY (keV)



56 STUDY OF NEUTRON-RICH NUCLEI USING DEERP. .. 755

T T T T T T T T T * T T T T T T T
10000 122712 45251172 (a) 7
4 4 AN _’_176Yb
8000 - 8 o J 10° |- \? —o—14yp |
| g 3 | o172
&4 \ o—"Yb
6000 - S . 5 —a—178yp
N g 8 1 K= N — —Coulex
4000 Qo8 & a7 § 2 =
Tdrygl ® - R > el g |
g § 4 ddiagg = o
2000 - R 3&&%”35 4 E \\ \\
' R & 2 \5\
2] A \
% 0 i T ] 1 \O \ 0O
] 13/2->11/2 ®) 10" + \ \ \ i
4.\/"
3000 B T \ ‘\?
] g \ o N
é\‘ % x5 l 1
2000 Tl48 o ] 10° 1 1 L 1 L 1 OLF\ L
- TP, TEE 0 2 4 6 8 10 12 14 16 18 20 22
Ige B EgE,, B8 3 Spin ()
1000 £ - = fod B
5 &g g FIG. 5. Gamma-ray yield of Yb nuclei as a function of spin.
0 . ! ‘ ‘ . | system is very close to that of the target, its equilibration

30 400 500 600 700 800
ENERGY (keV)

I3
=]
83
8

then should produce target-like products wkiZ values
similar to that of the target. However, the measured distribu-
FIG. 3. Doubley-coincidence spectra similar to Fig. 1 fa@  tion shows that nuclei with more neutrons than the target
175vp and (b) Y"Yb. have smaller yield than nuclei with fewer neutrons. This
could be due to the evaporation of neutrons from the excited
that in order to study the weakly populated nuclei such aswuclei produced in the deep-inelastic reactions which moves
178yp the threefold data are essential. Figure 3 shows théhe distribution toward the neutron-deficient region. Also, if
double coincidence spectra 8f17¥b nuclei. From this ex- the quasielastic transfers contributed to this reaction, their
periment, high-spin levels if">1""1’§p were observed up cross sections would be sensitive to fRevalues. For neu-
to 33/2 in the odd nuclei and 12 in the even nucleus. tron transfer the optimaD value is zero. In this reaction, the
Q values for neutron transfer are5.3, —4.2, — 1.2, and
—1.7 MeV for producing ">~1"%b, respectively, and
—4.4 and—4.8 MeV for producing*’"1"&b, respectively.
The production cross sections of the target-like nuclei,These values favor the production of the neutron-deficient
determined from the gamma-ray yields of the low-spin statessotopes*’**"¥b in the quasielastic reactions.
are shown in Fig. 4. About 10 nuclei around the target From the current data set, we were able to study nuclei
176y have been identified. In general, the deep-inelastic reproduced with a cross section as low as 0.1 mb/sr. So far, a
actions can be understood in terms of a diffusion and relaxaumber of even-odd and odd-odd nuclei, such*@'b and
ation process toward equilibration of the neutron-to-proton*’**’2'm which are expected to be produced from the sys-
ratio (N/Z), the kinetic energy and the angular momentum.tematics of the yield distribution, were not identified because
The N/Z value is expected to equilibrate towards the valuevery little is known about their level schemes. Including
of the combined system. In this experiment, M/& ratios of  these nuclei, it is estimated that about 20 projectile-like nu-
the projectile, target, and the combined system are 1.4, 1.5tlei and a comparable number of target-like nuclei are pro-
and 1.49, respectively. Since th#Z ratio of the combined duced with cross sections greater than 0.1 mb/sr. So far, we
have identified about 60% of the-ray lines in the total-

projection spectra.

The gamma-ray yield of observed Yb nuclei as a function
of spin is shown in Fig. 5. The sensitivity of the current setup
allowed states with spin as high as 20 to be observed in this
reaction. The yields decrease with increasing spin at about
the same rate for all nuclei except®b. The latter nucleus
has a higher yield at low spin and the yield drops by a factor
of about 1000 from spin 6 to 18, while the yields of other
nuclei drop by a factor of only about 100. This difference is
most likely due to additional contributions from quasielastic
reactions(e.g., Coulomb excitationin *"%b. Figure 5 also
shows the calculated Coulomb excitation yield'étb. The

FIG. 4. Production cross sections in mb/sr of targetlike nucleisteep drop of the yield of the states with spin below 12 is
deduced from gamma-ray yields. well reproduced by the calculation. The less steep yield at

Ill. RESULTS AND DISCUSSION
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FIG. 7. Dynamic moment of inertia of even-even Yb nuclei.

inertia of the even-even Yb nuclei as a function of rotational
frequency. The curves df ?b and *"#Yb are similar to each
other and'’®vb shows an increase of the moment of inertia
at frequency above 0.25 MeV. The new results 8b give

a rather flat moment of inertia curve which suggests a

experiment. Previously, only three levels were known in each osmaller value for the interaction strength of g, neutron

these nuclei.

higher spin which is similar to that of the other Yb isotopes

AB crossing than for the lighter Yb nuclei. The expected
sharp backbend is likely to occur just above spin 12. It would
be interesting to observe higher spin states with more statis

is most likely due to deep-inelastic reactions. Since fewdics or using a reaction which makes products with higher
nucleon transfer reactions do not bring in large amounts oéngular momentum. However to explore the interaction
angular momentum, the yield curve of Coulomb excitationstrength, we need to study the Routhians which will be dis-
plus few-nucleon transfer is expected to be similar to that ofussed below. Figure 8 shows the moment of inertia of the
Coulomb excitation alone. The less steep yield curves obdd-mass'’>*’¥b. The different behavior between these
other nuclei also indicate that Coulomb excitation plus few-two nuclei is due to the fact that it 'Yb the odd neutron is
nucleon transfer are not important for the population of thes@ccupying an 13, orbital and the alignment is blocked, pro-

nuclei which are indeed deep-inelastic products.

ducing a flat moment of inertia curve. Féf°Yb the align-

Before this study, only three levels in the yrast band weranent of thei s, orbital is not blocked and its moment of

known in ">"%b and 1’8b. This work extends the yrast
band of 18yb to spin 12 and the yrast bands #>1"¥b to

spin 37/2 and 33/2, respectively. Based on coincidence rela-
tions, these new transitions are placed in the level schemes

shown in Fig. 6. The structure of the yrast band*6iyb is
assigned 8] to be[514]7/2 and the yrast band df’Yb is
based[9] on i34 624]9/2. The spin and parity of the new

states are based on these assignments and assuming the ce

cade transitions are of stretch&® in nature. One of the

interesting properties of yrast levels with spin below about
20 in rare-earth nuclei is the alignment of a pair of neutrons

in theiq g5 orbital. In the even-even nuclei, the aligned band

crosses the ground-state band at a rotational frequency abou™
0.35 MeV. The interaction strength between the bands is
expected to show an oscillatory behavior as the Fermi level

moves through the multiplets of thes, orbitals with differ-
entK values. In the odd neutron nuclei, if the odd neutron
occupies amq g, orbital, the alignment is blocked. If the odd-
neutron does not occupysy, orbitals, a band crossing simi-
lar to that of the even-even nuclei is observed.

inertia curve is similar to that ot’*Yb.
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The experimental results and comparison to the calcula-

tions are shown in Figs. 7—10. Figure 7 shows the moment of

FIG. 8. Dynamic moment of inertia of">17¥b.
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176.178h as a function ofw,. They are obtained from the energy tions for 16876, 1741744f and 176178,

differences of yrast levels in even-even nuclei andithg band in

the neighboring oddN nuclei.

To analyze the response of thg,, quasiparticles to rota-

tion we compare the experimental Routhians with the onesnes are shown in Fig. 10.

calculated by means of the cranked shell mgq@$M). We

757

FIG. 10. Neutron Routhians from cranked shell-model calcula-

eters as described in R¢f]. The parameters of the rotating
mean field are shown in Table I. The experimemtgl, qua-
siparticle Routhians are shown in Fig. 9 and the calculated

The experimental quasiparticle Routhians are obtained by

use the modified oscillator version and the associated paransubtracting from the experimental Routhian of thg, band
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TABLE I. Values of parameterf7] used in the cranked shell- increased interaction at th&B crossing. ForN=104 the

model calculations. Routhian goes straight down heading for an intersection with
the zero line. The calculated intersection occurs at somewhat
Nucleus & &4 A, (MeV) higher frequency. FON=106 the Routhian stays far from
174y 0.266 0.048 0.514 the zero line, whereas _fd>d= 108. the gxpenmental Routhlan _
17 seems to head for an intersection with the zero line, both in
®b 0.263 0.058 0.438 : . , ;
17 accordance with the calculations. Obviously, the Routhians
b 0.252 0.067 0.600 . :
17 depend in a more complicated manner Nnand « than
H 0.258 0.034 0.653 discussed in Refg8] and[9] where just another oscillation
1764 0.256 0.043 0.563 J

of the interaction between thg and s bands around\
=104 is predicted. The reason is the rather low neutron pair-
in the oddN nucleus the experimental Routhian of the even-ing gap(the experimental value afy lies around 0.6 MeyY
N neighbor, which is called the reference. This is differentas compared to the large spacing betweeri thelevels(the
from the commonly used reference which is a fourth-orderspacing between the 7/2 and 9/2 levels is 1.3 §jeMhich
curve fitted to the low-frequency part of the measuredhas the consequence that the crossings are no longer clearly
RouthiangHarris fit). As discussed in detail in R€f7], such  separated7]. Nevertheless, the comparison between calcu-
a “g-band reference” is only useful if one can clearly dis- lated and experimental Routhians seems to indicate that the
tinguish between the pieces of the band before and after theSM is able to account for the quasiparticle response at low
alignment of the pair of 3, quasiparticles. For very gradual pairing in a quantitative way, if one compares directly the
structural changes, as in the heavy-Yb isotopes, it is moredd- with the everN bands(yrast reference without trying
appropriate to apply the “yrast reference” of RET], which  to extrapolate the low-spin part of the eviinbands as a
consists of the measured Routhians of the yrast states in tiiarris reference. This finding is certainly of interest for su-
evenN neighbor. The experimental quasiparticle Routhianperdeformed bands where a similar weak pairing regime
obtained in this way can directly be compared with the low-seems to be present.
est calculated 15, quasiparticle Routhian. Figure 9 shows In conclusion, we have established that with a high-
the experimental quasiparticle Routhians for the neutrorefficiency gamma-ray array, it is possible to study high-spin
numbersN=98-108. These curves were obtained by usingstates in neutron-rich nuclei produced in deep-inelastic reac-
the yrast levels in168170176.1%h and thei,s, bands in  tions. These reactions extended the range of nuclei for high-
1691741, We had to use the data foF’*1"™>1ff for N spin structure study in the neutron-rich direction by about 10
=102 and 104, because thg,, band in 1"3Yb is not ob-  neutron numbers. The observed variation in the experimental
served. Routhians of the neutron-rich Yb nuclei agrees with the re-
For N=98 and 100, the calculated curves, lowestsults of CSM calculations. We have shown that in this region
Routhians in Fig. 10, clearly show first an upbend of theof weak pairing and large interaction strength, it is necessary
guasiparticle Routhian, which represents %B alignment to use the experimental odd-massg,, levels as a reference
in the evenN nucleus(in the yrast referengeand a later for calculating the experimental Routhians. With more pow-
down bend, which represents tBe&C alignment in the odd- erful gamma-ray detector arrays being constructed, it will
N nucleus. The large repulsion fdt=98 and the sharper soon be possible to increase the sensitivity by a factor of 10.
crossing forN=100 reflect the well-known oscillations of We are also planning to use a heavier projectile to bring
the interaction between thgands bands as function of the more angular momentum into the products.
neutron numbef10,11]. These two neutron numbers corre-

spond to the right side of thd=98 maximum of the inter- ACKNOWLEDGMENTS
action strength. The measured Routhians compare well with
the calculated ones. The excellent beam provided by the staff of the 88-Inch
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