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1. INTRODUCTION

In-beam gamma-ray and'coﬂ%ersioh-electron spectroscopy has certainly
come.gflagé in the four years since the Lysekil Conference on "Nuclides far
off thé Stapility Line." th.on;&_haﬁe techniques become more.refined,
involving pulsed béams and multi-dimensional coincidence studies; but many
laboratories are nov actively engaged in this type of work or are about to
plunge iﬁf 'The‘uée'éflheawjéion beaﬁg offers aevéral features that can be
e#ploited. to advantage, nage1y; 1) high projectile nuclear charge, indis- )
pensiﬁle‘fbr multiple Coulomb excitation work; '2) large linear momentum
transfér; helpful in Dopéler-shifﬁ; IMPACT, and other recoil studies; 3)

large angqlar.momentum transfér;‘useful in the production of high-spin

' states and isomers and of highly aligned product nuclei; L) good product

specificity while still permittihg a wide range of neutron-deficient nuclei
to be studied.

I shall illusprate thesé-features with examples of heavy-ion in-beam - 3

into three categories dealing with . I) Nuclear moments, II) Energy level

2.1, Eiectric moments

The'principal electrié'tfénsition moment studied to-date has been’
the reduced quadrupole moment or B(E2). It can be determined by direct

half-life measurement or by Coulomb‘excitation. The advent of high-

DISTRIBUTION OF THIS.DOCUMENT IS UNLLMITEEL
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fesolutibn Ge(Li) detéétors has Had‘an‘impéct on all types of measurements,
but in particular has made the rec01l-dlstance Doppler-shlft methodl 5)
most useful one for ‘the 1mportant half-llfe region between 10 -10 and 10 -12
. seconds. The power of this method has been demonstrated by Alexander and
-'Allen637) and dthersa-ll). In addltlon the use of heavy-ion projectiles " 5
to (Coulomb) excite the levels to be measured results 1n a larger recoil

velocity, tyus permitting a thicker target (h;gher yield) and a more

accurate measureméntl2’l3). The principle of the latter scheme is shown |

in Fig.‘l. The nucleus rec0111ng from the back-scattered projectile may

aecay in flight (shifted peak) or'after being stopped in the plunger

(unshiftedlpeak).A The fractibn df'ggmma-ray.intensity (in éoincidence with
back-scattered hoAr ions) tﬁaﬁlis unshifted in energy, Fu, is approximately

e %?ﬂ; vhere d is the target-plﬁnger distance, v 1is the velocity of the

recoiliﬁg nﬁcléus, and T 1is théAméan-iife of the excited étate being

ﬁeasured The veloclty, v = Bc, is determlned from the Doppler-shift

1tself using

(1—82)1/2 e . (B+1)(2-cosey)

_ —)
Bl3=c0sB, ) Bcose —co 8 + [(cos8 -Beosd, )2+(1-8%)sin0, 11/

-1 . (i)

Thus a.nﬁmber»gf measufements of F_ at various distances, d, (Fig. 2) yield

a plot (Fig. 3) from which T .islnhtaingd hy a computer bgst—fit. A num--

a

ber of small-corrections havefto be made, as well as allowance for feeding

from hlgher-lylng states, and for the gamma-ray angular dlstrlbutlon and

its attenuatlonlq 12)

152

The results of such & study'for the ground-state band in Sm are

shown in Table 1 (Ref. 13). The experimental B(E2) values are somewhat
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Table I. B(E2) values for 1525

— B(E2; I-I-2)
Transi- Energy = 1/2 o exp. . rotor _ D-0®)
tion - (keV) . (ps)
2+>0 . 121.78 | S 1MAT 14179 0.670 £ 0.015% (0.670)  (0.670)
kr2 2k 58.9 6;109 0.989 + 0.035 0.958 1.012
6 >4 3k0.2 ©9.98° .0.038° 1.20 % 0.06 1.056 | 1.193
86 418.7 3.10  0.021 1.39 # 0.1k 1.106  1.373

a)Average-vglﬁé from references 1k and 15.

b)TheSé-(}Alues have been taken from A. S. Davydov and V. I. Ovcharenko,
Yadern. Fiz. 3, 1011 (1966) [translation: Soviet J. Nucl, Phys. 3, T40

(1966) ] for u = 0.3, Y = 1o°;
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larger than the rlgld rotor values based on the 1ndependently determined

B(E2; 2 » 0)1H>15)

If thls increase is ascribed to an increase in defor-
mation, the order'of the deviations is about 1/2 - 1/3 that required to
explain the deviations in the gfoundsband'energy-level spacings. They lead,

A .
however, to values of (?§02+ comparable to those obtained from M5ssbauer16’17)

s .18 : :
and y-nesic X-ray studies, ’)~and from mixing of the B-band into the ground
band, as determined by fB-band branchlng ratios and the values of the ground—
band and 1nter-band B(E2)! 519). On the other hand, a similar study of the

154

8"~ 6: -4 s ot a0t transitions in Sm yields good agreement with the

rigid fotor modél?o), even tuough the euergy—levél spacings show some devi-
ations. '

The more usual determination of B(E2) and B(E3) values“makes use of
Coulomb excitation of the desired levels, and then comparison of the meas-
ured yields Wlth those calculated by the deBoer-Wlnther programel) using
(estimated) values of all the. pertinent matrix elements. The experimental
yields may be obtained eitﬁer from the infensity of scattered particles of
the appropriate energy or from the intensity qf thé de-excitation gamma-rays,
éither in singles or in cbincidencé with back—scatteugd particles. The
first méthod is'simpler, in that one observes the direct population of the
deuired‘statés without having to correct for feeding from other levels.
~_But forlhéavy—ion beams the use of gamma~ray detection has the advantage of
better resolution and of permitting thicker targets, and hence higher yields,b
I shall only discuss the latter method.

Although'in éome cases'comparison of the expérimental yields with
:those calculated from the c0mputer program is a straight-forward process,

 in other cases it may not be. Besides accounting for the excitation of,

and feeding from, a number of excited bands, and for the possible
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attenuation of the initial gamma-ray angular distribution, excitation by

higher moments may also have to be considered.

" For example, &a recent determination of the B(E2; 4 + 2) in 152

Sm
L 16 Lo . . . .
by means of He, 0, and "Ar Coulomb excitation yielded discordant

resultslg); A.partial answer to:this problem appears to be inclusion of
direct Eb excitation of the b+ sfate. For.with hHe excitation this first-
. order process may make a signifiéant contribution reiative to the weak
double E2 excitation, és may also thebinterferencé between them. Figufe L
shows the paﬁhways considered in exciting the L+ state, and Fig. 5 indi-
cates théfé%fect on the yield of that state of an El matrix element. To

152

deteimine the size of the E4 matrix element in Sm, the'h+ + 2+ gamma-ray

yield was measured with respect to those of the 2+ * O+ transition in

152Sm and lsQSm by means of Coulomb .excitation with hHe idns of 11.1, 10.%4,
and 10.0 MeV., Targets of both natural and enriched 1528m were used, and
both singles. and baék-scatter coincidence measurements were madeze).‘ These

two types of measurements are about equally sensitive to-the EbL moment, but

‘differ in their sensitivity to the feeding from ather states. The results
of the_two‘éets of measurements agree, yilelding an Eb moment of

152Sm."(Qua.ntal corrections will increase this

(+0.35 + 0.11)eb® for
slightly.) Assuming the nucleﬁs to be rigid, axially symmetric, and uni-
formly charged with a sharp §urfacé given by R = R, (1 + 62Y2O + BthO)’
and taking'the charge r;dius to be 1.2A1/3*F, the values 82 = 0.259 and
By = +0.058 can 5e dbtainedvfrom the measured E2 and Elt moments. These
compare quite well with the %élues Sé = 0.246 and BL.= 0.0L48 found by

3)

Hendrie et al.>>’ for the shape of the nuclear field (with the same value

of Ro).
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4 Relative to the double E2 ex01tat10n, the Eb contrlbutlon to the U+
icross sectlon is smaller wnth l50 exc1tat10n, and including the effect of -

152 Sm

AEh exc1tat10n, the experlmental results wzth hHe and l60 excitation on
are in aéreement. But it‘shoﬁldAbe noted the hOAr results are stlll in dis-
.agreement apparently some further effect must still be found and taken

into accoéunt.

Static quadrupole moments of excited states can also be measured in
favorable cases by a pertieular type of mulfiple Coulomb excitation, the
eo—called-"reerientation efféct"zu). The yield ef the excited state is
influenced by an interference.bet#een'the direct E2 amplitude connecting
the stetes and a double E2 amplitude involving the stetic mement of the
excifed'state. The magnitude of the reorientation effect is given approxi- -

' metely by the ratio‘ef the interference term to the first order termzs); for
the 2+ state .of an even—even_terget, t,

A 5 ('2-"+II‘H;(E2)HZ+) K(6,E) (2)

Z, T+ A /A g KO

where A and _Z are the charge'and mass numbers, AE is the energy of the
excited state, and the suffixes p and t .correspond to projectile and
target, respectively. The term K(8,£) is a positive function which is
' sensitive to the particle scattering angle, 6, but not very dependent on
" the beaﬁ energy. The sign and magnitude of the effect depend upon the |
static moment; the wey the experiment is usually done, namely by comparing

-the yields with hHe and 60 beams, the effect is a 5-10% change in yield

of the 2+ state. The use of 32S or uOAr beams doubles the effect, making

a less difficult experihent, but still not an easy one. Starting with the

first reoriehfation studies on a number of doubly-even nuclei only a half-dozen

3
>
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Years ago T, a number of moments have been, and-are belng, measured.

Some recent results summari%éﬂ?bth.YCllne“et al. 3;) are shown :;\Fl ?\6

Interestingly enough, almost all nuclei measured have turned out to be
prolate with the exception of 28Si,_‘llasn,,and lgh’196’198Pt

A soméwhat easier reorientation experiment is looking at the exci-
tation in thgyﬁrojectile. In this case,

B
Lot

=

AE

'rp = 21;. mﬁ@ (2 + llm(E2)ll 2+ Y, K8.8) (3) .

énd the'effect is larger than'in target reorientatioﬁ by Z /Zp. The results
of some recent doubly-even proJectlle reorlentatlon measurements36 ho)
the s-d shell nuclei are shown in.Fig. 7, along with a number of older odd-
mass moment determinations.. It is of interest to note the oscillations in

the sign of the moments in the latter half of the s-d shell.

2.2, Magnetic moments

_ i shall only be concérped with the measurement‘ofj H, or of

z = u/ﬁNI, (pN s,ch/ampp) for: cxcited stateé,”and-shailﬂooncidor bricfly a
number of variations on the perturbed angular correlation techniqughl_hs
that have been applied to reactions, particularly heavy-ion ones. The
essence of the.method'is that the nuclear reaction or Coulomb excitation
provides wel;-aiigned (m = O):éxcited_ nuclei, and then due to their
magnetic moment these will precess under the influence of a magnetic field,
causing a rotation of the gamma-ray angular distribution; Clearly, to be
observed the rotation must be of the order of a few deérees,’and since

wT = gﬁNHT/h, the shorter the mean life of the state, T, the larger must
be the field, H. For iifetimes in the range of many excited states of

9 -12 . : 5

interest, 107 - 10 sec, fields of 107 - 108 g, respectively, are needed.
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This is beyond the capabilities of present-day magnets, but two develop-
ments of the laSt‘few.years-using heavy-ion beams have brought this time
;égion:under attack.,  One, proviéing fields up to 50 Mg, makes use of the
hyperf}ng field caused by the”unpéired électrons of an excited ion recoil-
. ing into vacuum or gash6fh7).' Iﬁﬁééral attenuation coefficients,
Gy = (1 + Py wirTc)—%.(yhere Py is a numerical §onstant and T is the "atomic
correlation time"), can be determined for the attenuation of the gamma-ray
angular distribution with reépectlto‘unperturbed‘distributions measuréd in
lead- or other-backed targets. ‘Then if the hyperfine field (e.g., by com-
_parison with nuclei of known g-factors) and T, (from recoil into gas
measurements) are known, the gfféctors for states as short-lived as a few
picosecpnds(cén be detefmined. In such an experiment, the heavy-ion reac-
tion pfoducésfthe states to be studied, aligns them, recoilé them into the
vacuum or ggé, and causes the electronic excitation (during passage through
the férget) which provides the hyperfine field which attenuates the distri-
bution. |

The other method, '‘called IMPACT, is also a time-integral PAC

48-49)

method . . It involves Coulomb exciting the desired state and recoiling

the nucleﬁs out of the target into a ferromagnetic féil. Requiring the
_de-exciting gamma-ray to be ih coincidence with the back-scattered pro-
jectilé that caused the expitation insures maximum linear momentum transfer
" and production of‘highlyAaligned (m = 0) nuclei, so that usually a strongly
anisotropié gama-ray distribution results. Internal fields of 106 g are
obtainable’ in this.fashion,“so that many states with T v 0.1 nsec (par-
ticularly the_first excited 2+ in vibrational nuclei) have been studied

this way..'Bﬁt,a discrépéncy has always been found between the precession

angle (or internal field) with IMPACT measurements and that with time-
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integrafﬁgAC using radioac?ivc sOurces melted or implanted into the fer-
romagneuic materialso). 'This,iS'nou kuown to arise from a short-lived (psec)
fieid acting on the recoiling nucleus in the former caseso’sl). However,
this process does not disturd the determination of g-factors if the effec-
tlve reduction in the internal fleld is taken into account This method

can be used for nuclei w1th T<10 =9 sec. A somewhat similar techniéue,

but allowing the excited nucleus to recoil into a suitable environment

(which does ‘not perturb the allgnment) placed in an external magnetic

52 5h) -9

field permlts measurements from 10 sec on down to 10 =6 sec.

3

. But an exc1t1ng stepuln magnetlc mcment studies has been the develop-

. ment of tlme-dlfferentlal PAD methcds involv1ng nuclear reactlons with
pulsed beams, that is, the study of isomers in the range 10 -8 - 10"3 55_59)
Again the. reaction itself produces?the nuclear alignment and the linear
.momentum to recoil the product iutc a suitable environment (cubic crystal,
liquid or molten target) where oﬁhér perturbations are a minimum. By Cchoos-
ing the taréet—projcctile system pfoperly, a'vsriety.of isomers can be made
and studiede' Thelfact that this‘is a singles measurement permits'reasonable
statistics 'in a tlme-dlfferentlal method And since only the isomeric {(out-
f—beam) tran51tlons ‘are of 1nterest, a very clean spectrum usually results.

60)

Flgure 8 shows the out-of-beam spectrum we have observpd from the

204 )206P

123 psec T~ state in 206Pb made by the reaction Hg(hHe, 2n b with

a pulsed beam from the HILAC.- Thé'liquiq mercury target itself provides
the stopping\environment, and is placed between the poles of an electro-
magnet. . As the gammé-ray angular:distribution from the aligned isomers
rotates in the field,-fhe intensity recorded by one, or more, gamma detec-

tors oscillates with {tiice) the Larmor frequency and decays with the mean

life ofzthe state. By taking the appropriate ratio of gaﬁma—ray yields,
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involviﬁg field up and fieid dowﬁ-for one detector, or invbiving two detec-~
tors at appropriate angles to‘thé beam direction, the decay factor cancels
out leaving a‘simple‘oscillation. Thié is shown in Fig. é for the 516 keV
transition‘f;om the 206Pb isomer for the case of two detectors, one at 20°
and the other at -70° to the beari. |
An iﬁgenious variatiop of‘this technique for isomers with T > T, the

bean repetiﬁion time, has ﬁeen developed bj Christiansen g}_g;.6l), the
"stroboscopié method." In ‘this, the Larmor frequency is brought into reso-
nance w1th the_beam repetltlon rate or 1ts harmonic T = nﬂ/w with
n=1,2 3..., by carefully varélng the external magnetic fleld Thus thé
-tran51t19ns from the 1somer1c's§ates formed in different beam pulses add
coherently.‘ We have also applied.thié technique to the g-factorvmeasure—
ment of the T- state in3206P5 (Ref. 60). Two Ge(Li) detectors are placed
at * L45° to the beam airection aﬁd each provides two out-of—beam spectra;
one taken during a time intervaiwcéntered at 1/4 the beam repetition inter-
val ang.the other at 3T/L. lfigure loeshows the double ratio for the 516 kev
tranoitiﬁﬁi" o | | o |

Y (T/h, 45°) ) 'Y(T/h; - 45°)

oY (3174, L5°) Y(3T/L, - 45°)

vs .the field, H. This and the pfevious method agree on a value of the g-

factor‘for'the T- state in ‘06Pb of -0.0217 * O. oooh

. T L . . e
—-= TSRS TR e e e e

These technlques, as well as the use of NMR with the longer-llved

62-63)

isomers’ AN w1ll surely be more commonly employed in the future and will

contribute greatly'to our knowledge of hyperfine interactions and nuclear

magnetic maments.

—
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3. ENERGY LEVELS SYSTEMATICS

One of the first princiéal uses of in-beam spectroscopy was to make
a systematicAstudy of the energy levels of a wide range of neutron-deficient

6h-67). By using the lowest

nuclei; particularly of the even-even species
(H.I., xn) reaction ofireasonable yield above the Coulamb barrier, one
obtains rather clean sbectra.v Aed because large amounts of angular momentum’
are brought into thelproduct.nucleﬁs, the qecay is from high-spin states

11)

down to the ground state; firet'e rapid passage (< 10 pieeseconds) through

the yrast.'bands68-69>; anA'éhenrwhefe theylcross the ground-state band
(just above the‘pairingxgap)-e transfer into the latter. Thus, with even-
even nuclei the ground—state:rotetional band; or the highesffspin member
of eacﬁ multiplet in a vibration&l baﬁa,’is usually seen with most of the
intensity of the cress section for that nucleus. An enormous amount of
data on such quasi-rotational ground bands has come out from a number of
iaboratories, so that there is not spece here to summarize it &8ll. I shall
oply toﬁch ‘briefly on a feW'topics.

| An 1llustrat1ve and. 1nterest1ng sequence of such- qua51-rotat10nal
bands is shown in F1g ll'for the doubly-even cerium nuc1e1 extending from

- 16

mass . 126 to’ 150/” The neutron-def1c1ent ceriums were made by Sn(

70)

0, xn)Ce

/and the data on the neutron-excess ones were obtained by -

Wilhelmy et’ al & ) by 1n—beam stud;es on the spontaneous fission of 2520f.
_'* /’ v .

At each end of the mass scale a region of deformed nuclei appears to be

reactlons

entered, and in the center there is a change in the energy level scheme for

the singly-magic ll‘OCe.

One important characteristiceto note from the energy;level syste-

matics that has:appeared'fromemess 80 on up is that, with few exceptions,

the levels. of a given spin, or the ratio of the level energies, change quite
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smoothly as -neutrons or prptons'are gdded. There are two types of exceptions.
One occurs at magic-number nuclei where the dominance of the short-range
component 1n uhe residual 1nteractlon between pairs. of nucleons

depress the 0t ground state greatly, and only slightly sPread the

g

2%, 4, ... states of the (,j)2 broken-pair' configuration. This

‘was alréadylshown.in Fig. 11 for lhoCe, and also occurs for'the other
82-neutron nuclei, . 2Nd and lh'hSm, and for the 50-neutron nuclei 92Mo and
9k

Ru, Fig. 12 (Ref. T2). The other type of exception may occur when one

type of nucleon has approximately half-filled a shell and the number of the

other type increases from og‘decreases to 6 or 8 particles from a closed
sheil;f This is shown in Fig.'l3 where the ratio of the enefgies of the L+
to 2+ states are shown vs proton number for various curves representingl
neutron number; the weli known disconfinuity between 88 and 90 neutrons
shows up73),;but oﬁly when' Z is midway.between 50 and 82 protons. As
the proton magic nu@ber is:apprdached7the nuclel become too stiff to deform
suddenly anﬁ the ratios shoﬁ}d turn down fdwards_two. This ié perhaps
better shown in Fig. 14 which illustrates the complementary situation where
the nuclei are approaching the proton shell closure at 82 rather than leav-
ing the neutron shell at 82. There is no break as neutrons are added to
osmium for éxample,‘but there is a jump in the L+/2+ ratio between 76 and
78 protons when the neutron number is midway between 82 and 126. For nuclei
near -these (magic) numbérs of neutrons, tﬁe ratios decrease toward two
leaving little gap between-76 and 78 protons.

AAAéecond chafacteristic feature that should be ﬁéntioned is that,

with the ekcéption of‘magic-number nuclei, transition energies in the gquasi-

!rotatlonal bands ‘of the doubly-even nuclei sppear to become more 31mllar as’

the angular momentum 1ncreases.‘ Thls behavior is probably related to the
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deviatiénsffrom rigid-rotofiﬁehavior in the deformed nuélei, and is not
well undgr;tood, as &et. . That is, the nuclei may stretch under rota£io$.
‘(mixing‘with.the~8-band and y-bénd), lose their pairing (mixing with the
lpairing vibrational band), and, in fact, the high-spin members, may mix
with aygreat pumber of higher-lyiné‘states.n This mixing with a large num-
ﬁer of_sta@es may prévide;fhe sfaﬁiéticai émoothing of transition energies
which seem to be observed fp: many (but not all) even-even nuclei studied.
With‘ddd-maés~huciéi, the»grbund-state band-is not uniquely depressed
..by'fhewpairing'energy,1aﬁdﬁéo’a:numbgr of'iands may‘co-e#ist ét low energies.
Because of tﬁe large amount&of angular mom;ntum'brought in by heavy-ion
projectiles, tﬁe reaction will usually pick 6ut the bands ofAhighest intrin—'
sic.spin,.and'not necessarily the‘ground band7h). The most important type
of mixiné in odd-mass deforﬁéd nuclei is caused by Coriolis coupling between
baﬁds differiné in K by = 1; it is most pronounced'for.those bands that have
come down from the oscillatér shell above, the uniqué parity bands in a
shell, as_thése are derived from high j states and can.mix readily only
with theirjowh members. The firSt—Qrder effect of this mixing is to

75,76)

increase the effectife moment of inertia in the expression for the energy

+ AI(I41)_+'.BI2(I+1)2 SEUTI #1/2 (L)

I

“E_ = EO

w%ere A= ﬁ2/22§. Stronger coupling causes the ﬁsually’negative B-term
to go éositive, aﬁd introduces an oscillation in the energy level spacings
by a higher-order Coriolis coupling to the K = 1/2 member of the system.
This sequence of behavior is well shown by the odd-mass Ho nuclei whose

ground-band energy level schemes are shown in Fig. 15 (Ref. T7). The ground

band is based on the T/2" [523]) Nilsson level derived from tpg;ﬁzz/o shell-model

orbit,. and so is an example of the unique parity bands in a shell. The
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2

.levels-in'l65Ho follow Eq. (L) rather weil, with A = 10.65 ana B=-3.2%x10 ~.
The values of A and B arg.slightly smaller than for the neighboring even-even
nuclei, as_expected. 'fér these latter nuclei, the spacings go up as neu-
trons are remqvgd and the deforméd region is left. But as can be seen in

Fig. 15, tﬁe ayeragé spacing in;l6lHo; 159Hb, and 157Ho stays about the

same; this is fhe compression of the band or increase in effective mément

of inertia menfionédlabov;."Asnthe.nuclei move towards lower deformation,

the h ;l/2—defiv¢d bands come closer together, the quiolis coupling bécomes

_ stronger, ané;éne can'aiso Sée the oscillation in the energy level gpacings

develop. ~Figure 16 shows this in a plot of (E 2

165H6 and 157

I+l = EI) /2 (I+l).vs 4(I+1)

Ho; the slope of such a plot gives B/2 in Eq. (L) and the
165 ' ‘

for

intercept yields A. The values for Ho are as already mentioned, but for

' lSTHo it.is hard to say more than that B is.positive, the effective moment

of,inertia is about the rigid falue, and that the oscillations are very
large. A perturbation expression such as Eq. (1) is inadequate, énd a
complete Coriolis coupling éalculatinﬁ involving all the other bandc from
the h 11/2 orbits is reqnﬁréd= "Such a calculation doco yicld a reasonable
value of thé moment of inertia for'ali the bands involved.

Hjorth et _ai-TB) have discussed a similar sitnation for the odd-mact -

161, lbj J‘bbEr where the Coriolis coupllng is between members of the i 13/2

neutron orblts, and in partlcular the 1/2+[660] to 7/2+[633] bands. The
resulting mixed band is:not the ground hand, it because of its large moment
of inertia, its levels are‘amongfthe';owest—lying of a given (high) spin,

‘and so the sequences shown in Fig 17 get most of the reaction intensity.

159, lSTEr (Ref 79), and it can be seen that these

\

We have also observed

nuclei show the same trend. .The osc1llat10ns in the energy level spacings

161

have become large enough by Er to invert the spin order of each pair of
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;

levels..  Again a,compiete caléulation inclﬁding the mixing’of all the i 13/2
bands gives agreement, with experiment.

' Both_of the'se¥ies of odd-mass nuclei hentioned above show large
Corio;is couplings; .If the Er odd—neutron and Ho odd—protdn are com-
bined, as in thé odé-ddd 160 162Ho, we might expect still smaller energy
level spacings for this band. These bands are shown in Fig. 18, and,
indeed, do havé Qéry large ﬁoﬁenté of:inertiaso).’ In beta-decay from the
ground (not 1somer1c) state of a doubly—even nuclei, usually, K no, or few,
4gamma-ray trgnéitioﬁs are observed in the odd-odd daughter nucleus. But
with ﬁ@éfgggper‘choice of terget-projectile system, cascade decay from high-
spin states in a number of odd-odd nuclei, can and vill be.étudied in- and

out-of-beam in the future.

.h. HOW NEUTRON DEFICIENT CAN WE GET?

'The limitation on how ﬁeﬁtron'deficient we can get in (H.I.,xn) reac-
tions comes from the onset of charged-particle evaporation, and for the
heavier'huciei, from fissioﬁ. 'We shall consider explicitly only proton
and alpha eﬁission, and so will.limit'ourselves tb the region below Pb in
the Periodié Table. After production'of the compound nucleus, each step
in the'evaporation cascade\is a competition between neutron emission and
,‘the“loss of a proton or alpha (the latter events prevent formation of a
nore neutron-deficient proaﬁqt). This can be represented by

' X P 1 o : .
o(xm) = o, [ -Tr- . : (5)

i=1

‘where Fi =.§: FB_'and 8. can be n, p, or ‘a. Also, we take

' *
Ty "B,
Teve il L (®)
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where T 1is the nuclear temperature in MeV, N is a normalization constant
so that %; FB =T, and B is an effective binding energy for the particle.

For a neutron, tﬁis_is the binding'enefg& as given,.for.example, in-the

mass tables of Myers énd SwiateékiBl); for a proton or alpha this is the
binding eﬁergy plus a cbnstant,(% 0.8) times the barrier eneréy for the
particle and the residusl nucleus. The value of the constant was deter-
.miﬁed empirically by comparing the intensities calculated with a trial

vélue (and assuming T = 1.5) with those measured'forvthe ground-band
transitions’ in . a doubly-gven nucleus in-beam and out-of-beam, as shown in
Fig. 19. Here the compound nucleus is 25ce from 120 + 1225n, and the gamma-
rays of'l2hBa seen‘inAbeém’céme from the 2p2h réaction whilé ﬁheir yield

70). The same type of

out—of—beam-is the sun-of the Un and p3n reactions
- evaluation was also performed'ih~thé osmium region, and the same value of
the constant was obtained.

With‘this one caﬁ now fin&.where’B: = B; or,FP/Tn = i throughout
this region of the Périodic Teble, and this curve is shown in Fig. 20. The
black squares .indicate the stable nuclei. Obviously oné cannot proceed
very far beyond this curve (with appreciable cross section) by particle
evaporatigpyﬁgg mostly protons will be emitted. Howefer, by the proper
choicé b£ heavy-ion projec@ile and target, the'initial compound nucleus
formed can be made more néutron deficient. The dashed curve in the figure
labeled LCN-shéws.this lightést compound nucleus that can be made by any stable
target-projectile pair.' Hefe we are up against a real limit, as an attempt
to make still more neutron-deficient nﬁclei requires neutron'evaporation and
means gping‘against the exponentialiy decreasing factor represented by
Eg. (6). Two lines to the left. of the LCN curve indicate yields of < 10‘6

and <§lO_12 for neutron emission from the lightest compound nucleus, and it
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can beLSEen how rapidly theAyiéld falls off. On this wing of the yield

curve one fewer neutron corresponds to a drop in ¢ross section

by almost one hundred, and much more sensitive detection methods will be
‘ 12

needed. But even with observation of yields of only 10 "¢ we would still -
Sed : c

*
be only halfway to the proton drip line (Bp = 0).
It is interesting to note that product nuclei in the region between
the curves labeled LCN and.Pp/Pn = 1 can equally well be made by protcn

emission from the LCN or by neutron emission from a compound nucleus of the

= 70)

product proton number. WeAhavg, for examplé, made 126Ce by these two \
methods '’ \

» as shown in Fig. 21.. The top spectrum shows 126Ce observed in-
. . , j
: {

Ce and the third spectrum down shows the same

)126Ce. In the last reaction 128y,

beem from l}?Sn(16O,2n)lg6

tfapsitionsiin—beam from 92Mo(36Ar,2p
is the<c6mppﬁnd nucleus, and is £he lightest compound nucleus of Nd pos-
éible, we 5¢iieve, using stéble:nuclei.

| Clearly to make a desired neutron-deficient nucleus as cleanly and
in as high a yield as possible, one should involve as few neutron evapora-
tion steps as possible, as at each one there is an increasingly probablé

chance for proton or. alpha emission. .Thus to make a light platinum, say

178 191

Pt, by (p,xn) on’ Ir requires 1lb neutron evaporation steps, and although

neutron emission does dominate at  first, Pn/T is still less than unity and

becomes very small for the last steps, leading to a very small yield. P. G.

82)

Hansen et al. , for example, have made lSOHg by lead spallation with

600 MeV qutéﬁé; and after separation of the Hg isctopes observe the first

176 180

excited 2+ level in ~ Pt from the alpha decay. But the yield of Hg

6 - T of the reaction cross section. On the other hand, pro-

is < 10~ 1of

duction of 176Pt by lhTSm(328;3n) or from'IQhSm(BSCl,p2n) should be a eig-

nificant part of the total compound nucleus cross section, and we have

176 83)

indeed observed the: transitions in Pt from such in-beam Ge(Li) spectra ~'.
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In the case just cited, the enormously greater sensitivity given by

employment of an isotope sepéfatof‘over the use of a Ge(Li) detector looking

at the target in-beam just about equalizes the advantage of the heavy-ion

'projectile'System over profon spallation to form the desired neutron-

deficien% product. It would seem that union of the two techniques could

be a very powerful tool in nuclear spectroscopic studies.
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FIGURE CAPTIONS

Fig. 1. Schematic Vieonf a recoil-distance Doppler-shift method used for
measuring lifetimes.

152

Fig. 2.. Spgctra from Sm Coulomb excited with back-scattered hoAr Pro-
. Jectiles. The lead plungef%tafget distance is indicated on each spec~
- ﬁrﬁm."Positions of the unshifted (shifted) lines are given at the top
(bottom) of the figure:;
Fig. 3. :Seﬁi—logAplot of uhshifted'fraction.of each ﬁransition in lSQSm vs
.'target—ﬁlunger dfétance)iicﬁrves-are the‘calculated best fits allowing
for:oﬂé-stage of féeding.' |
Fig.ih. fPossible,patﬁways Tgr‘exciting the A+ state. Doubie arrows indi-
cate'éouldhb exbitation; single arrows indicate gamma-ray transitions.
Fig. 5. Relationship between.Eh-moﬁent and. a) the back-scatter cross .

152

section for populating the L+ state of Sm with 10.4 MeV hHe ions

noiméiized to the' case 'of zero EL moment, 'and b) the deformation para-

neter, BL; uSing'a.radius}df Ro =?;.2Al/3 F-and a Bgfwhich'yields the
‘experimental L2 mement .
Fig, 6..-Thé static quadrupole mements for the first excited 2+ states of

. the even-even isotopes of barium31’33), cerlum3 ), neodymlum35), and

samarium32). The solid-dashed and.dot;daéhed lines correspond to the
static moments derived from the measﬁred B(E2;0T1+ 2+) assuming a pro-
latelrigid spheroidal rotor model. This figure is from Ref, 32.

. Fig. T. Intrinsic quadrupole moments, QO’ in s-d shell nuciei: ®© Ref. 39,
© Ref. 36, ORefs'. .37 and 38, O values calculated from measured .
B(E2;"'o+ +2%) values, @ odd-A moments deduced from the spectroscopic

‘moment.
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.8:t The spectrum of the 123 uysec¢ 7- isomer in 206Pb taken between

Hilac beam pulses (20 usec ‘repetition rate).

'Y(20°) - Y(-70°)
Y(20°) + Y(-70°)

the T~ isomer in 2ost.

5 Y(T/b4; 45°) 7, Y(T/L; - L45°) ' | L
;O.u Plot of Y(3T /0 h5°)'/ Y(31/h7 - y5°)~ for the 516 keV transi-

9. Plot of

vs time for the ‘516 keV transition from

tion from the 7= isomer:in'206Pb"from the two counters fixed at * L5°

to the beam direction vé.the magnetic field. - The two count intervals

are centered at T/L and 37/4 where T is the repetition time for the

Fig.

Fig.

Fig.

Fig.

. 15. Energy levels in

. 16. Flot ol E - E;/2(I+1) vs h(1+1)2 for

pulsed beam.

11. Energy levels in the cerium isotopes. The neutron-deficient nuclei

arelfrom Ref. 70 and the neutron-excess ones from Ref. T1.

ok

12. Energy levels in the 50-neutron nuclei, 92Mo and Ru, From

Ref. T2.

‘13.% ﬁétios of energieSsofﬁh¥ to 2+ states vs proton number for various
neutron;numbers; The neutron-excess qucléi are from Ref. T1.

1L, Rétiés of energiés of L+ fo 2+ étafeé vs neutron number for various

proton numbers. .
157,159,161,165y,  prom Ref. 77.

l65Hc’> and'157ﬂo;’constant
I+1

apparent values of A (intercept.on ordinate), B/2 (slope), and magni-

tude of oscillations in energy levels.

.16 16
17. Partial level scheme in 157, 1595, (Ref. 79) and in 161,163, ?Er

(Ref. 78):

160,162

18.. Partial level scheme in Ho (Ref. -80).

19. The in-beam (top) and out-of-beam (bottom) gamma-ray spectra
: 112, . 16, [ag R V-1 _
obtained with 1128n + 160 (88 MeV). The transitions in Bs seen in-

beam come from the 2p2n reéc#ion;‘while.the yield out-of-beam is the

sum of lUn and p3n.
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" Fig. 20. Partial region of the Periodic Table, with stable isotopes as

filled squares and outermost curves of zero effective binding energy,

* o . :
B = 0. Curve labeled Fp/Fn = 1 is where neutron and proton emission

is calculated to be equally likely, and one labeled LCN is the lightest
compound nucleus that can be made with any stable projectile-target com-
bination,.” Lines with Y <§.'LO-6 and Y < 10712 give corresponding yields

for ‘neutron -emission from LCN.

:

..21; In order from top.tb bottom are gamma-ray spectra obtained in-

and out-of-beam for 112Sn‘+'160 (

62 MeV) and in- and out-of-beam for

920+ 30ar (137 Mev).

\#
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such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
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