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SPECTROSCOPIC: INFORMATION FROM HEAVY-ION REACTIONS
F. S. Stephens
Lawrence Radiation Laboratbry
University of California

Berkeley, California 9L720

August 1969

Abstract

The general.subject‘of spectroscdpic studiés followiné heavy-ion
reactions is briefly outlined,_fdllowed.by a ﬁore detailed evalﬁation of the .
(HI,xn) reactions fbr such Studies. Thisnt&pe of reaction provides.a unique
oppéftunityvfor the syétema£ic study of high angular momentu@vstates.
Exémples of thé types of spectroscopic information thained using.(Hi;xh)_

reactions are presented.

- Work performed under the auspices of the U. 8. Atomic Energy Commission.
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SPECTROSCOPIC.INFORMATiON FROM HEAVY—ION REACfIONS*V
v F. 5. Stephens |
Léwrence Radiation Laboratory
University of California
Berkeley, California 94720
- Augu%t 1969
vl. Intfodﬁction
The generaivéubject of spectroscopi¢ﬂinformation from heavy-ion reaéQ
tioné is a considérably larger one than can be cﬁVéred here}. Thefefore,.alﬁhough
the present discussion will.be started from a reasonably general point'of Qiéw,
it will-rather quickly be‘confiﬂed to a particuiar_type of heavy-ion feactionf—

the (HI,xn) reaction. Furthermore, no real attempt will be nade to cover sys-

 tematically all the activity going on even in this limited area. The'intent is

_ rather to givé.an overall view first of the (HI,xn) reactions, and then of the

types of spectroscopic sﬁudies‘being made using them.

-2,, Héavy'Ion Reactions
The term‘"heavy ion", ﬁill generally'be ﬁaken to mean prbjebtiles
heavier than élpha parfiéles, although in the maﬁy inétances where alpha»parf.
ticles, or even profons, behave similarly to_fhe‘heavier projeCfiles, théy‘aré

included in the discussion. When avtarget nucleus is struck by a heavy-ion,

‘ four:types of'reaction"éan occur. Examples of these types for the system . .

AOAr + 12§Sn are:

Work performed under the auspices of the . U. 5. Atomic Energy Commission.
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1) hoAr N 12h5n o hoAr, N 12k an
' T I %
2) YO 4 12h$n > 9%+ 1257y
3) hoAr + lehSn > 16k Er

by H0p 4 12hg

> fragmentation ..
These reactions are listed generally in order of increasing bombarding energy.
The first includes both Coulomb excitation and nuclear inelastic scattering
Iand results in excitation of the target (and/or projeﬁtile) nucleus. fhe_
second involvesithe trénsfer of one or several nucleons between target and
projectile and generally fesults in excitation of both product nuclei. The
third involvesvéompound nucleus formatiop, and typically lea&es the compound
nucleus in a Qéry highly.excited sfate. The many more—complex possibilities
occurring at higher bombarding energy are lumped together in the fourth cate-.
gory. For the present purposes these are simply characterized by fhe break-up
of the system into several product fragments. | |
There.are fairly.obviously two types of spectroscopy that can be'apﬁlied
to thése'ﬁeavy—ion reactions. Tﬁevfirst is chargedéﬁarticle spectroscopy‘which
invoives anélysis of the energy of the outgoing (usually light)‘particle(s). |
‘The power of this method lies in the fact that the discrete lines in the'enefgy
spectrum give directly information on particular. energy levelé in (generally)
the target ﬁucleus. Thié method is applicable to reaction types 1) and. 2) 
above, where g singlé‘light charged particle emerges, but is obviously:hot
. applicable to types 3) and L4). Enormous quantities of information have been
obtained with light projectiles (prétons to alpha particles) using this meth;d.
Howeﬁer,vfor'heavy ioﬁs, this form of spectroscopy becomes much more difficuit;
Althbugh‘charged—particle spectroscopy with heavy ions seems iikely to become

increasingly important, it will not be discussed here. A TR
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The second type of speétroscopy is concerned with the gamma rays and.

'cbnveréioq electrons eﬁitted in the deexcitation process following reactions
induced by heavy ions. In order that the spectré obtained in this case be

reasbnably simple to interpret, they must result from conditions where there

is a single dominant reaction product. There are two ways to achieve this.

The first is to combine the two types of spectroscopy by ldoking at the gamma

rays or conversion electrons in coincidence with emitted charged-particle

groups, and the second is to choose bombarding conditions where the cross

section leading to a particular product nucleus is a large fraction of the

total cross section. The coincidence technique is powerful because one can °

observe separately the radiations coming from each level of a given product
nucleus; however, little work of this type has been done so far with heavy ions.
On the other hand many electron and gemma-ray spectroscopic studies have been

made under bombarding conditions where a-Single_product‘dominates. The two  -'

such conditions heavily exploited are Coulomb excitatioh, which is the only -

reéction_bccurring below the Coulomb barrief,.and the cbmpoﬁnd nucleus reac-’
tions,.which dominate the'tbtal réactibn cross-sectibn at energies ﬁoderately
above the béuldmb barrier. 'Tﬁe.fest of the present discussioﬁ‘will.be con-
cerned primarily with the cdmpouﬁd nucleus reacfions. |

124

In fig. 1 a schematic view of a Sn nucleus is shown as seen by an’

incoming 160 MeV hOAr projectile. The figure illustratés the prominént.reacﬁions

“that can occur together with their relative cross sections and (idealized)

impact parameters. Only Coulomb‘excitation-cah occur if;the target and‘prb;f

" . jectile do not come into contact with each other; surface reactions, consisting

largely of nuclear inelastic scatfering and transfer reactions, happen at
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grazing distanées; and compound nucleus formation doﬁinates within a certain
impact distance. Furthermore, the compound nucleus decays in several Ways
depending on the impact parémeter; or angularvmomentum of the system. For

lafge angular momenfa (250 h in this case) alpha particles are emitted ﬁogether
.withbneutrons, as the heavier alphas are better able to carry off angular |
momentum. Below ¢50 h mainly neutfons are emitted, the.number of which again

-depends én angular momentum, as will be discussed later. These are called the

(HI,xn) reactions. As shown in fig. 1 (and experimentally measuredl) for this
pafticular case) abouf one third of thé.total_reaction cross section is going

into the (hOAr,hn).reaction, which is sufficient to make gamma;ray-and elec-
tronvspectroscépic sfudies possible.. If a lightér projectile such aS'hHe is -

used, then the angular momentﬁm effects aré much smaller and essenﬁially the'
 éntire compound nucleﬁs Cross section can go into a particular reactioh——e.g.,
the”(hHe,2n)‘reactibn én héaﬂy target nuélei at'25 MeV——producing cleaner

spectra. | |

| Two additional’points should-be‘emphasized about fig; 1. The first is

that_increaSing the bombarding'energy cauSesvmore neutrons (or charged parti-

cles) to be emitted andvalso‘decreases the specificity of the reaction. Thus 

the (HI,kn) reactions are.rarely uséful for this type of spectroséoﬁic study-

at energies whére“moré than.%6.néutrons‘are emitted. The picture (fig. 1) also
changes as the neutron number of the target-éhangés; due to differenées'in the
v 1neutron aﬁd alpha-parﬁicle (or prétdn).binding energies; As the_targef ge£s more neu- *
tron déficient the neutrén binding energy goes up Wheréas the alpha-particle.
(and proton) binding energies go aéwn, resulting in moré charéed—péftiélévemis—.
sioh. Mventuully.a point comés where the in:reactioné né’longer dominate, aﬁd

the gamma~ray and electron spectra are no longer simplé to interpret.
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This raisésfthe question’of what regions of the periodic table are
subject to Suéh épectroscopic studies following (HI,xn) reactions. This is
éhown in’fig._Qg which is é chart éf;the stable nuclides (squares), with the
magic numbérs shown as light solid lineé, ahd the neutron and proton drip lines
éhown as heavy solid lines. The | dashed line enéiéses‘fhé region where .
oné woﬁid expect these sﬁectroscopic stﬁdies_follbwing (HI,xn) reactions to be
relatively eésy. I% is bounded at the'iow mass number énd by fhe developmenf
of_a'Sufficiently large Coulomb,bérrier to prevent'chargéd partiéle emissiOn,g
and at éhe high mass numbér-end by:fiSSion competition. The neu£ron rich sidé
is determined by avéilable target nuclei--using (a,En)‘reacfions; whereas, tﬁe
neutron deficient side is limitea by.the onset éf charged-particle emission,é;
4discussedvabove. Approximétely 1000 nuclei lie in this‘regién, of whiéh pef;
haps 200 haVe currently had some stﬁdy using this method. Also indicated bn
fig. 2 are ihe regions of nuclei that can Bé'made by.(hHe,Qn) fegctions (oraﬁge)
.énd by (hOAr,hnj reactions (green). It is apparent that almost the entiré v 
(Hi,xn) region can be coveredvusiﬁg frojectiles up to hOAr. "Thus the.availQI
abiiity of projegtileé heavier than hOAr wili nét greatly increasé the number

of nuclei subject to (HI,xn) spectroscopic studies of this type, although it

-will aid these studies enormously in other ways. . It should be emphasized,

however, that the régioh between the ~ dashed line and fhe protoh drip;;_

line is potentially available to épectrdscopic studies if a particular prodth

can be singled out. Spectra taken in coincidence with the emittéd alpha pafti—
cles and Qrotops might yield enough additional information to make sbmewhat'more

of‘this.region usable.
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The next few paragraphs will examine the kinds of gamma ray cascades
that follow (HI,xn) feactions. The -ideas presented are extensionsg) of a model
discussed recently by Grover gﬁ_gl.,3) and in some places are not completely
established, though they are consistent with a large body of data. Figure 3
is a plot of excitation energy in an even-even nucleus with mass number around
160 versus angular momentum. The lightvlinévtraceS‘out the quasi-particle
levels of lowest energy with a given angular momentum.  Such levels are called
by Grover the yrast levels. At the lowest angular momenta, the levels of_thg
ground-state collective band are the yrast levels, and the dots and dashes indi-
cate such levels fér a vibrational and rotational nucleus, reépectively. The
two heavy lines indicate the average excitation energies and angular momeﬁtum

~ranges populated in this ﬁuciéus.following neutron evaporation from ( He,hn)r
and (hoAr;Ln) reactions. For the (yHe;hn) feaction, essentially the entire .
gngular momentum range possiblerin compouna‘nucleus formation is représented.
The (hoAr,hn) range, however, is limited on the higﬁ angular momentum side By
failure'to emit the fourth neutron (dﬁe_to lack of enough final states'withv
sufficient aqgularvmomentum), and on the low sidé by the emission of a fifth
neutron. The gamma—ray.deéxcitation following both types of reaction probably

- begins with the emission of a few. high energy transitions'down to the vicinﬂty

of the yrast levels, but then the two types of reaction differ. For the (%He;hn)_

reaction a typical pathway according to Halpgrn énd coéworkersh) might then

involve severai transitions in a cbllective band based on some éuasi—parﬁiglé
or vibratiqnal state befofe'poﬁﬁlgtion of the grbund—stafé céllective.band: 
oécurs. Thereafter deexcitation'to.the ground sfate is via the gréund—state

band; and, since this portion of the deexcitation is common to all pathways,

AY
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‘the transitions in the ground-state band stand out as (often the ohly) strong

discrete lines in the spectra. TFor the (l\LO

Ar ,uin) reaction the subsequent
*deexcitétion differs in that some>20 h of angular momentum_must_bé ldst before_
the grouna_band'éan be éopulated. The evidence suggests that the populationj
' cascades down reasonabiy ¢loéé.ﬁo the yrast.liné, and then feeds rather sharply
into-fhe ground band‘at the point where.it becomes lowest in energy. |
The important féafure of the dee#citation process outiined for the heavy
projectile$; is‘that the lowést—lying high-angular-momentum states are systf
 tematically populaﬁed. Fof spectroscopicvstudies this means two géneral thiﬁéé.
First, for I < lQI'aiscrete high-spin étates in the ground band (or otherblgw—
lying bands in oddfmasé and odd-odd nuclei):will be systematically heavily> f:
popﬁlafed.. These levels-aré.then avallable for a variety of spectréscopic o
measuremenfs; and:most of the work in (HI ,xn) reaCtiéns tq'date has'involved 
study of them. - However, a second bossibilify is to study the deexcitation fé
leafn abou£ thé regions of higher angular momentum. For exémple; in even—évén
nuclei the.point where‘the population converges'frém many Bands'into the
ground band, is likély to be_where the ground band becomes'eﬁergetically'fa?éred
-over the other bands. Thus it may bé indicating the point where the energy‘gap
' develops, and this can perhaps give some information on_thé behavior of the:
 pairing correlations aé a function of angular momentum._'Also,.recent measure-—
mentss) have shdwn thaﬁ,the mean time elapsed befwegn the reaction and popﬁla—
tion of the ground band in three (hOAr,hn) reactions is dnly V10 psec. Thisz
rapid.deexcitation prpbably indicates the presencevof collective bands in fﬂé :
‘yrast region. Thus it-seemé that these (HI,xn) réaétions mayvsérve és:a uniéue

means to study states of very high angular momentum.
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3. Spectroscopic Information from  (HI,xn) Reactions

There are three properties of (HI,xn) reaction products that make them
extrémely useful for spectroscopic studies. These are: |

1) - high angular momentum

2) large, uniform recoil velocity

- 3) alignment of angular momentum .

The:previous discussion has shown why the (HI,xn) réactions systematically
populate states of high angular mémentum. For the spectroscopist this first
property has thus far meant that he.has a method for producing systematiéally
high-spin rotational br vibrational states for sﬁudy. 'The fact that no high-
energy heavy particles are eﬁitted from the compdund nucleus means thaf it has
essentially the full momentum of the incoming projectile. The producté thus
regoil at high velocity along the beam direction——propérfy 2) above. This
-hés been used in a variety of ways, three of which are: 1) as a clock, by con-
vverting the measurement of diétance into time; 2) as a means for getting the
‘product nucleus rapidly iﬁto a desired envirbnﬁéntQ—implahtation; and 3) as.a
means to produce very large magnetic fields. Finally, it is well known that
.the orbital angular momentum.brought'into the nucleus is aligned in the plane
'pérpendicular to the Eeqm‘direction,‘giVing fise’to property 3). -This means’
that‘the emitted radiations éfé anisotropic:and théir'angular distributidns,
rélétive to the beam direction, conﬁain informatién about the multipolaritieé
“of the_trénsitions and thé spins of the levels‘invblVéd. The alignmeht(can
also serve és a fag to measure the_effect of a perturbing magnetic Or.éléctrié
field. These three properties'make the (HI,xn) reactions a very uséfﬁl épec},_’

tros¢opic tool, as the following examples are intended to illustrate.
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3.1. Levels in Even-Even Nuclei

' discrete v _ o
The first experimental studies of/gamma rays following (HI ,xn) were

Imade_in 1963 by Morinaga and Gugelot6) on the collective (rotational or vibra-

'tional) levels of the ground—state bands in even-even nuclei. Most of the:work

since then has centered on levels of this ﬁype. Figure h shows a rather

T) following a (llB,hn) reaction on lgsHb, The domi-

nant lines are the rotational transitions in the ground bandvof 172Hf;” The
aﬁgular distributions of thesé lines relative ﬁé the beam direction are showﬁ_
in fig. 5, and are a1l about 50% lafger ét 0° than at 90°. This is cOnsisteﬁf
with their assiénmenﬁ as ﬁstfetched" (I.+ I—2) E2 transitions. A recent stﬁdy'
of this type submitted to this conference (Céntribution 3.4 by A. Hashizume‘
gi_gl.) is shown in‘fig. 6. Hére the even-even Cd nuclei have syéfematicallj'

been made by (hHe,Xn) and (3He,xn) reactions on the Pd.isotopes. This work -

shows that the method can be applied systematiéally to many isdtopes of a given

_elément, (six in this case without using much variety in projectiles).__HowéVer,

assignments such as these need to be supported by angular distribution and/or

- coincidence measurements, especially in vibrational huclei. Rather than sur-

veying the large quantitie§ of recent data of this type, T have chosen to give .

examples of other types of information coming from (HI,xn) reactions.

3.2 gLifétime'Measurements

In fig. 7 is shown.a method we have'used'af Berkeleys)’to-meésurehlif¢+

times of levels following (HI,xn) reactions. The method is called the recoil—

. distance DQpplér—shift,method,,and has been used previouély in measurements,on

. - : Y % . "
very light nuclei. Following the . Sn( OAr,hn)l6O Er reaction, the 160 Er
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nuclei are moving along the beam direction with v/c ® 2%. A lead plunger stops

160

. *
them a given distance away from the target. If an Er nucleus emits a gamma

ray while it is moving, it gives a Doppler shifted line in a Ge(Li) detector »

plaéed at O°‘relative to the beam direction. If it is stopped in the lead
?lunger, it gives an unshifted line. The lead plunger'is attached to a micrbm-
eter and épectra taken at a number of distances are shown iﬁ fig; 8. At the.
top of fig. 8 the distance between targét and plunger is smali, and the lines
(cbfrespénding to rotational transitions in 16OEr) are mostly unshifted;
whereas at the botfom the distance is larger and the lines are all completely
shifted. A nice feature of this method is that the separation'between tﬁe
shifted and unshifted lines immediaﬁely gives the velocity of the recoiling',
Er nuclei. At each disténce the fraction of each line ﬁhat'is unshifted is

. calculated andvfhis gquantity is‘plotted against plunger disﬁancé in fig. 9.
Here the points for each.transition afe fitted to equations that take acéount'
.of the éequentialvnature of the cascade. The lifetime fér a given levei musf
simultanéduély fit both the chahge in slopé and the displacement ih distancé
from the previous transition. Twé_kinds of information come from thése meas-
ﬁrements. The first is half—lif¢ information for the various rotational leveis.
The‘longeét tfénsition éhown here (4 > 2) has a half;life.of %35bpsec and coﬁid
.be measured to-an acéuracy of V5%. .This varied down to the shortest tfansitioﬁ
(10 + 8) whose half—life of.Nl psec’ was measured to ﬁithin‘mhd%. Sucﬁ-datéyére
~relevant td_éonsiderations of centrifugal_sﬁretchiﬁg,or Coriolis anti—pairihg
that may be bccurring in fhésé'bahdé, but will not be discussed furtherlheféf_ , A
The other kind of information is the mean elapsed fime-bétween the reaétion'

(zero distance) and the top of the ground state band (V10 - 8 transition here).
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As previously indicated, this giVes information aBout the Very high angular :

momentum states in these nuclei.

3.3, Peftﬁrbed Angular Distributions

The subjecf of perturbed angulér'distributibns is a véry large one, and
I have néifhervthe'space nor backgroundd to give a review_éf it.'-HoﬁeVér,'the
(HI,xn) reacﬁions are so admirably suited to these studies that some descrip—v
tién'of'the subject see%s essential. Figure 10 gives an introduétion to thé.
magneticéily perturbed angular aistriﬁutions. The first two.vérfical‘lines_
indicatevthe magnetic fieids necesséry to cause an easily observable perturbaf
tion (wt X Q.l) in states having a g factor of 0.3 and various meanflifetimeé,
It is.seen that for mean'lifetimeé longér-ﬁhan ld nsec, the reQuiredrfields
_are-iess than 10 kG, thch are easy to prdduée.  In fact for such cases fhe';.
proﬁlem'is réfhefvto preyent.some extraneous field from caﬁSing"unwénfed
ﬁerﬁurbations. vFof‘Short lifetiﬁes,’however, l@rge fieldé are reqﬁiréd (aﬁd;
if a gnfactor ié'to_bevmeésuréd? such fields must ﬁé prOduced)——e.g;; afduﬁd'
100 MG for .a 1 pSec'sfate.'-The third group of fouf vertical lines in fig. la
V-indicatés methbds to'prodﬁce magnétic field; fof these sfudies._ Tﬁe rf fields,
:.which make possible very ﬁrecise NMR measurementsg), can be produced up to 
10 ; or so (T w71o'5 sec) wifh a possible extension of ébout’a factor of lOdb
due to the hyperfihe enhancemenﬁ obtained in ferromagnétic_materials.‘.anveﬂ_
tional magnets (second line) can be ﬁsed t§ pérturb states downnto T N 10—9v$ec.
'Fgr‘still higﬁéf,fields two other»teéhﬁiques are'kﬁown, both gf wh;§h’make ﬁsé
of th¢ recoii_velbcity‘bf'tﬁe (HI,xn) reaéti§n produ¢£s;v'The first.of these;

is implantation in a magnetized .ferromagnetic materialg), where in some casées;
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‘fields of several MG can be obtained; and the second is the hypérfine field
present in a highly-excited recoiling free ion, which can be 50 MG or larger.
The fourth grdup of lines in fig. 10 show something abéut producing the
oriented nuclei essential to such an experiment. This orientation generally
must be preserved for times comparable to the lifetime of the level under
study if an apfreciable perturbation in the angular diétfibution is to be
obsérvea. For lifetimes in the minute ranée or longer, one can use low_temp;
erature techniques (or others) to produce and maintain the orientation. For
the reactions the nuclei are initiaily oriented, and the problem is'simply to
preserve this orientation for a time comparable with the lifetime of the-staﬁe
under study. This is relativeiy eésy to do‘for,times shorter than %lvnsec,
modefately difficult for times up to %l usec,,and geherally quite diffiqult
for longer times. Angular correlations with radioactive sources and Coulomb.
excitaﬁion arelmethods in.principle véry similar.to the reactions for érientihg
nuclei; howeVér, random coincidences and.vanishing.probabilitieé for excitafion_
'limif these methods, in practicé, ta times shorter than about 1 usec énd'lo.nsec,
respectively. |
. The attréctive_region.for_pérturbed angular distribution or correlation
measurements is from abdﬁf'lo pséc to 1 USéc, where preservation of the align—'
‘ment is not too'difficult, and mégnetic fields are'available'eithef from con-
.vehtional“ﬁégnets or by implaﬁtatibn. Many states have beén‘measufed in tﬁié
time‘range mdstly using the.anguiar~correlation or Cdulomb”excitation techniéﬁes.
_In Conﬁributidn 4.9 to this conference Yamazaki et al. have‘ﬁeasufed the g
' ' 208

factor of a 110 nsec state in 21OPo_followinga.(uHe,Qn)reaction.on Pb. One

can see from fig. 10 that the reactions alone offer general access to the region
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from V1 Usec to several seconds for perturbed angular_distribution studies.

Preserving the orientation in this time range is difficult, but NMR studies
have been made in both the minute and the msec regions by Sugimoto gz_gislo)

and very recently in the 10 Usec region by Quitmann ggigl.ll). Another fecent

 measurement in the 10 usec region by Christiansen gE_gl.lz) used a magnet‘tb -

produce the perturbing field and a clever detection technique called "the

 stroboscopic method". At the opposite end of the time range are the experi-

13), who recoiled Coulomb excited nuclei into vacuum

. (and gas)band observed'hyperfine fields of around 25 MG. They measured per-

turbations in states with lifetimes down to 2 psec. At Berkeley (Contribution

k.10, R. qudhagen'gz_glﬁ) wevheve'appiied‘thie teehnique to (hOAr,hn)”products
where the higher recoil Veiocity gives larger fields--up to about 50 MG; Ite
is.amusing to note that in these cases the reaction eseentielly pfoduces'the'
states for-sﬁud&, aligns’fhem; pu£s>them into a suitable environmentv(vacuumj?
and produeesbfhe magﬁetic field to perturb them. (Uﬁfertunately‘it does not:"
write the_paper, hewever.) This seems like a widely applieable teéhnique; |
though it is far from coﬁpletely understood at present.

These perturbed angular distributionitechniqueebseem very pQwefful‘e

both for measuring nﬁclear g factors and for studying the properties of hyper-

fine fieids. Probably application can alsc be made to nuciear electfic-qﬁadé

rupole moments-and electric field gradients.

©3.h. »Odd—Maes'Nuclei

Although most (HI,Xn)‘Work to date has centered}on'even—eVen nuclei,. -

there is how u rapidly increasing amount of data on odd-mass nuclei. Information
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on some odd-mass Er isotopes, somewhat arbitrarily chosen to illustrate this
work, is shown in fig. 11. On the left is the 1evelischeme of l61Er as given
' o 1 v
by Hagemann, et al. h) (with some of the rotational transitions omitted). This . -

case was chosen because it has two especially interesting features. The first
, | ‘-
is the 8 usec, 11/2 - [505] state which comes up into this region from the

50—82 neutron shell. These levels are useful in relating the two major sheils
energetically, ahd gsing the presently—déscribéd tephniques, Borggreen.and
SlettehlS) have observed this levei in 6 or 8 nuclei in this region. The

Seéond interéstiﬂg feature ié‘the stfong cascade of trahsitions shown on thev7
extreme left. This séquehce of trénsitions resembles an even-even cascade;

boﬁh in eneréy and in that they are the strOngeéﬁ linés in fhe spectrum and-

have angular disﬁriﬁutionS»indicéting a "strétched"»E2 character. The inter-
'prétation'given by the Swéaish.gfoup is that these ére members of the 1/2 fAt66Q]

'band, which has a decoupling_pérameter around 9. At_Berkeleyl6) we have seen

similar sequences of transitions in l59Erahd 157Er in conjunction with our ..

studies of even-even Er nuclei in this region. -These levels_are,shown on the
right of fig. 11, arbitrarily placed in energy since we have not untangled the
bottom of the scheme. The reason for including these cases is that, due to

the heavy projectilé, we have been able to measure the lifetime of ‘the (pre-

' Lt . ' : -
sumed) 17/2 level in 157Er by the recoil-distance method, and find that it

- corresponds to an enhancement of aboutlho for an E2 transition,.in_agreement_

157

with the expected collective character. ByvfeCOiling- Er into vacuum the7j

g factor was.also found to be very small (+0.05%0.05), conéistentbwith the . - v

expectations for the 1/2 + [660] state. I;believé the Swedish groupvélso-has

. 163 : o B . ' e
information on )SEr and l65Er, making a total of at least five Er nuclei in.
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which this band can be studied. It'is:expected to be strongly Coriolis coupled7‘
to other levels from the il3/2_orbital, and should provide an exéellent oppor-

tunity to study such couplings.

The odd-odd nuclei afe alSO'subjectvto studies of this type; and although
their added complexity has made them initially less attractive to study than

the éven—even or odd—massitypes, this situation will surely not persist.

3.5. Out-of-Beam Studies

| There: are realiy three time intervals to considér‘in spectroscopié
studies following (HI,xn) reactions. Figure 12 illustrates this éointi Many
accelerétors are pulsed,'and the beam occurs in bursts.whbse iengtﬁ, in ﬁost 
cases, ranges from V1 nsec‘to 5 mséé. Radiations océurring in this periodbf
are conéidered "prompt", and most of the work discuésed thus far:has been on -
radiations of this typeﬂ However, thére-afe also.intervéis betweén the béamf
bursts (in most cases @lO nsec — V100 msec) where radigtions ﬁith longvenougﬁ"
half-lives can be studied with much less background radiation than during the
~ beam burst Many isomeric éﬁates'with half-lives loﬁger than a feﬁ nsec haVé
been étﬁdiéd in this time region. Thirdly; lifetimes lbnger_than a few‘seéonds
caﬁ be étudied with'ﬁhe accelerator.turned off. As a shért examplg, WelT)
Vwere_interested in thej505called B-bands in,even-even»nuclei'with néutron
nUmber-around'90._ Systemétic coméérisén of.elebtron and gammaﬁray spectra frémv

- very short-lived odd-odd nuclei ( = 1-10 min) showed half a dozen cases of

tl/2
monopoie_transitions:arognd 1l MeV in Dy, Er, and Yb nuclei.in this region.'
. Further gamma-ray studies support these B-band assignments. Both ﬁhe'intervals-

between beam bursts and short beam-off periods were used in these explorations.

Yhere is an enormous amount of work of this type that can be done.
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b, COnciusiQn
In summary, an attempt has been made £o demonstratebthat the (HI,xn)
reactioné provide a unique opportunity for the systematic study of high
éngular momentum sfates, and in addition have other characteristics which

- greatly aid such studies.
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. Figure Captions

‘ ' - 2l ' . .
1. Schematic view of a . -Sn target nucleus as seen by an incoming

._160 MeV hOAr projectile.

Fig.

‘Fig.

2. Chart of the nuclides showing the region (enclosed by the dashed

'line) where spectroscopic studies following (HI,xn) reactions should be

relatively easy . Aiso shown are the regions ofvproduct nucleifthat can

be ﬁede by (a,2n) reactions (orange) and~(hOAr,ﬁn) reactions (green)f

‘3.v Schemetic‘figure showing the energy leveis inba nucleqs of‘mass’@léd
versus angular momentom.. Indicated on the figure are ‘1)'the‘lowest ouasi_

particlebenergy levels. of a given spin (yrast levels), '2) the regioh of

' populated states following (He,in) and (Ar,bn) reactions, and 3) the

Fig.

Fig.

Fig.

Fig.

ground-band levels of a typical Vibrator,(dots) and rotor.(dashes).

i Typical Ge(Li) spectra obtained at two angles following a <Hi,xo)‘.
reaction; Tﬁe dominant lines at both angles are the rotational trahsieb
tions of 172Hf, | | | | |
45. Angular distributions of the‘rotational lines observed in Fig. b, -

A1l these distributions show the typical ”stretched" (1 +'I-2) E2 patterﬁ;

6. Level schemes ‘of the even-even Cd isotopes proposed by Hashigzume o

Ei.ii‘f Contribution 3.h to this conference.

1. Schematic view of.the recoil-distance Doppler—shift method for,meésf

- uring the lifetimes of states in 160Er following (hOAr,Mn) reactions on -

| Fig.

leh

Sn.

8. Spectra from the 12hk (h Ar h ) 60Er reactlon taken with - the plungerﬁf

set at the 1ndlcated dlstances from the target The posltlons of,the

unshifted (shlfted) lines are given at the top (bottom) of the figure.
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Fig; 9.- The fraotion of each transition which is unshifted'in energy vs. the
separation distance of the target and plungér; The symbols represent
experiméntal points for the ground-band transitions in 16QEr.' The solid
lines are the calculated curves, and the dashed line for the 8 + 6 transi-
tion shows the effect of allowing two components to feed the gnound—state
band.v | |

Fig. 10. The two vertical lines at the left indicate the méghetic_field, H,
necessary to cause a given pértnrbation (QT = O.l) in a state with a :g
factor of 0.3 and vorious mean lifetimes (Tj. The two groups of lines at
the right_show methods‘to produce magnotic fiel&s and oriented nuoléi
appnoprinte to states‘of varions .Tn

Fig. 11. Le#élvschome of l6'1.Erv(left) showing the 8 usec 11/2 - [505] state

~and the extremely anomalous 1/2 + [660] band, At right are the partial

159 57 ' 161

schemes of Er and 7 Er (whose spins are assigned by analogy with Er),
' showing the measured half-life and g factor of one of the levels.
Fig. 12. Schematic illustration of the three time intervals available for

spectrdscopic studies at a pulsed accelerator.:
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission'’
includes any employee or contractor of the Commission, or employee of
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
with the Commission, or his employment with such contractor.
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