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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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HEAVY-ION PROJECTILES AND IN-BEAM SPECTROSCOPY
R.M. Diamond and F.S. Stephens
Lawfénce Radiation Laboratory

University of California

Berkeley, California

September 21, 1966

In-beam spectroscopy, though sometimes involving technical problems not

ﬂfaced by more cohventional nuclear spectroscopy, allows the study of -a wide

range of nuclei, including, in principle, all the B-stable and (bound) neutron-
defiﬁient species. A special ad&antage of this wide range is that a serieé of
related nuclei;can be populatéd ihva uniform way, enabling one to study the
systematics of the levei(s) of interest. For such-in-bgém studies (and for
some out—of;beam.purpoges, also) the use of heavy ions as bombardiﬁg projec-

tiles offers certain advantages. We would like to mention and illustrate four:

1) high nuclear charge; 2) lerge linear momentum trensfer; 3) high nuclear

product specificity; 4) lerge angular momentum transfer.
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I. HIGH NUCLEAR CHARCE.

Heavyfion projectiles play a very important, almost dominant, role in
present-day Coulomb excitation studies, and since the reason is well-known,
" only brief mention is given here. Coulomb exéitatioh has the advéntage over
other nucleaf reactions that the process is understood and‘the ﬁheory is weii
developed.l’z. Thus in particﬁlar, the reduced transition‘probabilities between
the ground state and excited stateé which are importanf in evaluating nuélear
models, are feadily and reliably deterﬁined in.this manne?. With protons as
'projectilés, essentially only the first excited étate can be reached in.even-
even nuclei and only the first two or féW'stafes in odd-mess onés. 'This‘is
beéause the probability of exciting a state fails off with ihcreésipg‘level
energy,.and because muitipolé'excitationé other than E2 are, for various reasons,

usually difficult to observe. But with heavy-ion projectiles the electric field

exerted at the target nucleus goes up, and so does the probability of éxcitation._‘

For the stfong collective EZ2 trensitions these probébilities became‘appreciablé,
.so that multiple Coulomb ekgitatioq becomes increasingly impbrtant.  Figuré 1
shows the increased ﬁumber of transitions found'ﬁith multipie Coulomb excitaﬁion-
of 232Th on going from 70 MeV l60-to 190 MEV'AOAr; Figureé 2 and Slgive the
energy levels found by muifiple Couiomb excitétion of 238-U, including the
ground—sfate'rotational.bahd_throughAthe I=1k member. Values of the excitation
B(EX)}S to the vibrational bands and of branching ratios of the gamma transi-
tions to the ground-state baﬁd are also obtained.3 |

. Double EZ Coulomb excitation was first observed in>tungs£eh with 16O ions
éhly eight years ago,LL but byvnow multiple excitétioﬁ with héavy ions.has been

.

used in too many studies to be catelogued here.’ However, measurement of

certain special higher order effects now come within the realm of possibility.
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An example is the reorientation effect6 where one of the steps in ﬁhe‘éxcitaﬁion

is from one magnetic substate to énother in the same level. This process occurs

through the interaction of the projectile witﬁ the quadrupole momént‘of,the

excited state, and depends lineérly on the moment, yielding not oniy,its magni~

tude but also its sign. The fifst such determination of an éxcited staﬁe quad-
. : . .

rupole moment was obtained by deBoer, Stdkstad, Symons, and Winther' by finding

a lO%»difference in the ratio of the experimental yield of the firsﬁ excited

2+ state in Cdtothat calculated by first order theory when using 4He and 16O ions

as projectiles. The large value of Q2 ‘necessary to account for thls dlfference,

Q, = (-0.7040.21) x 10 -2h cmz, shows that this nucleus, con51dered spherical in
2+ v - _ _

its ground state, is deformed in the 557.8 keV 2+ level, and is another indica-

tion that the harmonic oscillator is an unsatisfactory model for such nuclei.

TI. LARGE LINEAR MDMENTUM TRANSTER.

Conservation of linear'momentum permits, if thin targets are used, a rather
nérrow angular cone of recoiling nuclei of relatively large and uniform Velocity
(v/e = lelO%) to be obtained in hedvy-ion reactions.. This may be désifable for
a ﬁumber of uses. Oné is‘simply és a ﬁeans of quickly separéting the product

nuclei from the target. This is important if one desires to examine the radia-

- tion from short-lived nuclei and the target material is radioactive, as is thé

case in the study of the ftranscurium isotopes. One of the first such uses8 was

" in the production of 248Fm and Of'254102 by 60-100 Mev 12C irradiation of 2LLOPu
and of Buqu.- The recoiling, positively-charged nuclei were slowed in. the gas

and then attracted to a moving negatively-



ko UCRL-17143

" charged metallic be1£ placed beneath the target. This belt carried then
under a foil, charged still more negatively, which captured about 1/2 of the
daughter nuclei recoiling away‘from4the belt after a-decay. of the parént

afoms. In this way the daughter nuclei could be stuaiea quite free-of the
target act1v1ty, and the half-life of the parent could be determined by
varying the position of the f01l and the speed of the belt.

Or, the recoil can be used to transfer the product nuclei quickly into

an environment suitable for various measurements. One example might be as.a
~meens of introducing the reaction products directly and repidly into‘an on-
line mass separafor; this will possibly become an>important technique in thé
future. Another example.is the recoil implantatibn of.Coﬁlomb excitgd‘nuclei
into ferromagnetic backing so as to measure, by the ﬁethod of peftufbed'angular
correlation, the magnetic moments of excited states or the internal fields at
thé impurity nucleus in the hosp material. As done by the Copenhagen groups
Coulo. mb excited nuclei recoil out of a thin (~100 ug/cmz-) target into
aﬁ iron-foil backing which is magnetized by a small external field. A ring
couﬁter.accepts the heévy ions scattered at some back angle, and is in coin-
cidence with movable.Nalbcounters which messure the angular distribution of
the de-exciting gamma rays'with respect to the beam direction. Since the

-13 sec, their alignment will

recoiling nﬁclei are stopped in the iron in ~10
not be significantly disturbed by the stopping process. By analyzing the
'shlft of the correlation caused by the internal fleld in the iron. f01l, one.
can obtain the product of the Larmor velocity and the mean life of the level,
wT, and knowing T this yields w = -ngn/h. It the'effective‘field at the

nucleus, H, is known,. the value of g for the excited state is determined,

~or éonversely, knowing or estimating g, the internal magnetic field at the

i

9,10,11
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impurity nuclei can be determined.

The large recoil vélocities obtained with heavy ions are useful in the
measurement of very short lifetimes of excited states produced in the reac-
tion. Reyiews.on ﬁhe subject shouid be consulted for detailslz; we ‘shall
only meﬁtion briefly three recent applications.

In the direct-distance-measurement method, the number of gamma rays or
conversion electrons observed at rightvanglés to the‘beam axis per fixed -
number of reactions is determined as a function qfvdistancé from the target
to the detectqrvdefining‘slits, thét is, as.a funétioh of the distancé.the‘
recoils‘travel before decay.. If all recoiling nuclei have_the same Qelbcity
ahd direction, the product vT is readily detefmined.l Since diétanpeé down
3

to 107" cm can be measured, vT > lO"3 cm, and for recoil velocities of

11

108vcm/Sec, T 2:10' sec. But with the order-of—magnitudevlarger velocities

imparted by heavy ions, a 10 times shorter half-life may be measured. A

modification using Dbppler-shifted gamma rays has been'performed by Wright,l3

and improved still further by Alexander and Allen14 with thé.use of a lithium.
drifted Ge counter. In the latter group's experiment, the Doppler-shifted
gamma-ray peak, § = Eo(l *'% cos 6), from nuclei recoiling in vacuo from the
target can be separated by.the Ge counter from thé unshifted gamma rays, of

energy EO’ from nuclei stopped in a metal plunger near the target. By

determining the ratio of the intensity of the unshifted gamma-ray peak to the.

total number of decays (recorded with a NaI monitor counter,. for example) as

a function of distance of the plunger from the target, vt is obtained. And
the value of the average'recoil velocity, v, is given by the direct observa-
tion of the depler shift at the fixed angle of the Gevcounter..'By this means

they were gble to determine mean lifetimes of (2.33+0.27) x 1070 ang
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(2.540.2) x 107 sec for the 0.871 and 6.13 MeV states in 170 and 16o,

respectively.

11

For still. shorter lifetimes, from 10~ to lO'lu sec;-the Doppler- -

shift attenuation method is epplicable. In this technique the nuclei recoil

13 -
sec for

into a backing with a known "slowing down time", e.g., 9 x 10~
Mg and_3;5 X lO'13 sec for Cu. If part of the nuclei emit their gamma rays
before stopping, the half-life is comparable to the slowing down timé; if
only Doppler-shifted gamma réys.are obsérved, it is ;norter;:and if only
unshifted gamma rays are seen, it is larger. Actual meésnrement of the
fraction of»the total Doppler shiff observed ﬁith different backings yields
a quantitative measure of the nuclear 1ifétime if the rate.of energy ioss'
of the'nnclei in the stopping material is known or can be.estimated.
Litnerland, Yates?‘Hinds, ano Eccleshall give a good exampierf this method
uéing 16O as projeotiles.l5

We would also like to nention a recoil-distance:measuring technique we
hax}e'used.16 It is a modification of a method devised by_Novékov,,Hollander,
and Graham,l7 using the fécoil from ¢-decay of .a heavy element and a high i
résolution_iron-free electron spectrometer. With the larger recoil veloci-
tios obtained in heavy-ion reactions, we-wefe able to get by with a smail
wedgé-gap spéctromoﬁer. Figure 4 shows the scheme’of the target arrangement.
Conversion electrons from the recoiling nuclei are given off before the nuclei
reach the negative high ﬁoltage giid (placed at a distence depending on the
lifetimo of the level)ﬂ The electrons are then slowed down by nhe negatiVe;
Voltége gradient an_amount depending on thelr distence of emission from the -
:grid. After pasoing the grio, the electrons are accelerated through the full

voltage'gradient. In this manner an electron is given an additional amount of
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energy, the magnitude of which depends on the recoil distance before electrbn
emigsion, and therefore on the lifetime of the nuclear state involfed. By
applying the high voltage only during every other Hilac béam pulse, a per-
turbed and an unpéfturbed conversion electron peak cbuld be recorded during
the same spectrometér magnet sweep. Knowing the applied voltage,'the dis-
tance from farget to first grid, and the recoil velocity, the lifetime cag
be determined ffbm the expéneﬁtial slope on the high energy side 6f.thé
eiectron peek, or from the shift in the peek positioh with volﬁage bnuandA'
off'. An ekxample éf the spectrum obtained for the first-excited 2+fstate in

l26Ba made by 52 MeV'lAN allls

In is shown in Fig. 5; the mean lifetime deter_:'
mined is 2.7+0.5 x'lO—lO sec.
| | III. HI@H NUCLEAR PRODUCT SPECIFICITY

Thefe'are a vafiety of ways of producing a 'pérticular neﬁtron-déficient
nucleus. One way is to irradiate a stable isbtope one (two) lower in atomic
number thaen the desired nucleus with proﬁons (elphas) of sufficient energy
to boil off enough neutrons to-reaéh the intended proauct. This has a draw-
back in that all the heavier isotopes that cén be made will be made at thé
same time, due to the long, high;energy tqils'bh the eXCitationlfunctions for
thése Xn reactidns. The resulting mixture of activities must be used as is,
5eing sorted out by the different‘half;lives, or it must be mass-separated.
However, by proper choice of the target nucleus and projectile, the number

of sctivities in the mixture can be minimized. A reaction is chosen to make:

the product such that it is the first (HI,xn) reaction to occur with éignifi-

cant yield above the Coulomb barrier for that particular projectile—target'

paif. Consider, for example,. the production of l93Tl; ~ It can be made by

97Au( He,ESn)l93Tl or by l81Ta(l60,lyn)l93Tl; the latter reaction occurs

Just above the barrier. Germanium counter gamma-ray spectra teken in-beam
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show transitions in heavier thallium nuclei in the first case, but not in the

second.
IV. LARGE ANGULAR MOMENTUM TRANSFER
In a typical cdmpound nucleus reaction of 80-90 MeV:l;Bions on a target
of maSS'lBO_ZOO,.from é few up to 50 or more ﬁnits Of'angular mémentum.may
be transferred, according to a simple classical'dalCﬁlgtioh. For heavier or

higher-energy projectiles; the maximum will be still'higher.- Actually, the

meximum is nol so high es caleulsted clesslcally becsuse most of the collisions

at the surface of the nucleus, which would give the largest valﬁés, do not
produce coﬁpouﬁd nucléi buflgo‘intordirect reactions, nuclear ﬁfansfer, pick-
up and stripping.v But still; the mean value of the momentum transférréd can
be large. Subséquent emission of a few neutronsvdoes not'change the»picturé
appreciably, as they carry off little momentumn, l/Zh_Zﬁ aplece. Typically
the neutron émission lowers fhe excitation energy to a few MeV, and a gaﬁma-
ray caséade completes;the'deexcitation5 Because of the large amount of an-
gular momenﬁUm to be‘removéd, and the relatively low excitation energy, a
predominantly stretched caScadé bf gamma radiation may occur, and quadrupole
tranSitions'might be faﬁoréd. Such a gamma-ray cascade may even start above
the last neuﬁron bindiné energy; neutron emission, althoﬁgh energetically
possible, may'nét readily occur because there is no suitable high-spin state
in the residual ﬁucleus some 8-10 MeV lower in excitation energy, gnd the
centrifugal barfier hinders the emission of ﬁarticles with lérge orbital

momentum. Grover18’19'

has shown that such gamma-ray competition with neutron
emission does occur, particularly in reactions involving lLH_e or heavier
projectiles, and that it helps explain the inconsistency in determinations

of' the level density paremeter, a, by excitation function measurements and

~
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by particle spectra, and the épparently too copious gamma—ray production in

heavy-ion reactions. A fundamental rule of compound nucleus.formation, that
the modes of formation and décay are independent, is violated by the con-.

servation of angular momentum; the excited nucleus has & link to how it was

formed through its angular momentum distribution.

In any case, we are interested in observing the de-excitation gemma.-

ray cascade; with a deformed even-even nucleus one might expect to see the

_ground-state rotational baﬁd,lto high épin values and perhaps the rotational

bands built on the first f- and y- vibrational states. And in spherica; nuclei
one might expect to see the high-spin menbers of the vibrational muitiplets.
Such de-excitation cascades have been studied by Morinaga énd Gugelot

in (o, bn) reactionszo and by Hensen, Elbek, Hagemann, and Hornysk in (p,2n)

19F,

and have observed the conversion electrons and/or gamme rays in the final
16,22,23

cascade for some 25 reactions. Figure 6 shows two typical conversion -

‘electron SPectra for even-even deformed nuclei. We héve_stﬁdied about a dozen

such cases, and observe the groﬁnd—state rotational band up to spin 14, some-
times 16, and in two or three cases to 18. The results‘of these studies can

be summarized in the following observations: 'l) .ohiy gréund-state(band

‘transitions are observed in significantbintensity (no vibrational band

transitions); 2) the rotational transition energies fall increasingly below

those of the rigid rotor

2
E -EL o =1 (41-2)/23

as 1 dncereases; 3) the transition energicoe for the different nuclei become

N
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increasingly similar at large I. These last two points are more graphically
 1llustrated in Fig. 7 where AI = ﬁz/Z%js plotted vs I. Under rotation these

" different nuclel appear to achieve a more common set of properties. We think
they may all stretch out under the centrifugal force against a restoring poten-
tial which becomes more similar at larger deformation as the shell effects aré

washed out, and liguid drop characteristics are more nearly'approached.2
As One'goes up in atomic numbér from the rare earth region of deformed

nuclei to the.spherical nuclei below lead, the final gamma-ray cascade changes
in nature, as shown in Figs. 8, 9, and 10. The rotational sequencé observed
changes to a quési-fotational cascade and then to the.highest.spin memﬁer of
the vibrational multiplets;23 The spectra appear to.become more complex at
first, with extraneous transitions other than the stretched quasi-rdtational
cascade appearing, sometimes of multipolarity different from E2, e.g., £he

178

623 xeV E2 in Os, and the 412 keV ML, 417 keV E2, 582 keV E1l, 892 keV E1

in 188Pt. And with the spherical nuclei, the cascade is seen only up to spins:
6 or 8, much lower values than with the deformedvnuclei.b We do not know the
reasons for this, as approximately the same (large) amount of engular momentum
has beeﬁ brought into the'éompound hucleus, but we offef the‘fgllowing specula-
tion. With the spherical nucléi, the level spacing is large, NHOO.KeV, and soO
the level of spin 6 is already at ~1.5 MéV, near the pairing gap.. Wé know that
two—quasi—particle'states can exist above the gap with spins as high as 8 or 10
(we h ave observed Iﬂ‘= 8-, K=8,isomers in 182Os and'lSuPt). Thus, aﬁove the
gap théré are prqbably many paths down from the initial spin distribution of -
up to 30 oriso; the intenéitj is distributed among these paths so that they :
cannot bé distingﬁished individually but contribute to a continuum of.gémma rays

going up to several MeV in energy. Only below the gap is there a unique path

down 1In spin Lo the ground state, and so enough intensity in the individusl
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transitions for them to be seen.

We may add these more spherical huclei to the plot of Fig. 7 of AI vs L.
This is done in Fig. 11 Wheré the three small circles at I:EQ 12 and 16 in-
~dicate the common’ curve reached by the deformed nuclei. Some points have been

included for “°CHg, l96’;90Pt,'and 199’186

Os from data in the literature. It
can be seen that six of the neﬁ grouﬁ of nuclei approach the previous common
~curve at high spin, even though tﬁeir iniﬁial 2 - O transition energiles are
higher than for -the better deformed nﬁclei. We believe this means that even
- though they may be little deformed'initially, they are very soft towards de-
formation along fhe.symmetry axis, and so, under rotation, they stretch rapidly
léut to the shape of the originally more highly deformed, but more rigid, nuclei.
But clearly there is a gradual change in behavior in going to the heavy :
osmium nucléi. The latter do not come down to the common curve, at least by
the spins observed. It is known that in just these nuclei the gamma.vibrational
band drops with increasing mass number from above 1 MeV to become the second

Y205 at 489 kev, and we believe these two features are re-

excited state in
lated. Nucleil with low-lying gamma-vibrational bands, have a8 more shallow
potential -energy surface as a funqtidnvof Y fhan do prolate deformed nuélei
which havé a distinct minimum along the B-axis, i.e., 1 = 0. As s result they
are soft towards non-axial, as well as axial, stretching,:and the>effects Qf
non-axial deformation'under fotation mighﬁ be'expected to yield a different
behavior than deformation along the éxis on;y.' From Fig. 11 it can be seen
that a similar change in the_Ai vs I curve takes piace more sharply'betweenv
186, . 188 . , _ ' -
Pt oand. Pt, and we tentatively suggest thel the y-band becomes lower and its
groﬁnd~state interaction becomes more importent at this point. We might add

126 122,120, 232 238

" that the addition of nuclei as:different as Ba, Xe, Th, and U
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to the plot of Fig. 11, after an empirical mass normelization of AS/3 to
A = 170 gives a continued grouping of the curves at high spin. The deformed

320y ang 238U nuclei behave very much' like the deformed rare earths, and the o

barium and xenon isotopes behave like l8APt,_litt1e deformed initially but
apparently stretching out rapidly to the same prolate shape aé.the others.

As a last topic, we ﬁould_like to mention a new development that results
from the large amount of‘angular momentum.brought into cémpound nucleus forma-
tion by heavy-ion irradiation. It is well-kndwn that thié momentum contfibuﬁes
only to th¢ m=0 subsfate, taking'the béam direction-és the axis. The‘resulting
compound nuclei are highly aligned; tﬁe only deviation from a pure m=0 dis-
tribution comes from the initial.spins of the target and projectile. The
subsequent evaporation of 4-5 neutroﬁs does nof'change this mucﬁ, as the low-
energy neuﬁrons cannot carry off much angular momentum nor broaden thevﬁagnéfic
substate distribution muéh. So the nuclei remain in relatively'high spin states
and strongly aligned when starting the-final gamma-ray cascade. Thus the gamma
transitions should show an angular correlation>with the direction; and since'the
groﬁnd:staté rotational band produces'a stretched cascade of E2 ffanéitidns in
. going.ffoﬁ the high spin states to the spiﬁ O ground state; the cofrelations
will iend to be the same for all these gamma rays.

It has been shown by'Ejiri, Ishihari, Sakail, Katori, and InamuraZB that
the conVersion electrons emitted in the cascade following proton- and aipha-
induced reactions are indeed anisotropic, and Willismson and Shepherd26 have
shown the same for the rotational gamma transitions‘following (ar,3n) reactions
in three rare earth nuclei. We have Studied, using lithium-drifted Ge counters,
- the anguiar distributions of the gamma-ray cascades following 12;15 reaétions
19 '

induced by heavy ions (uHe to “’F) and leading to deformed and spherical
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27,28

even-even nuclei in the mass range 160-200. Very marked angulsr distri-

butions were observed. Figure 12 shows the 0° and 90° (reduced by 10) spectra
in 175Hf. The spectraare similar, but the transition intensities at 0° are

e
about 1—1/2 times larger than those at 900- This is better seen in Fig. 13

where the angular distribution of the 6 = L transition is given along with

the values of A, and A) in the distribution expression

W(6) = 1 + AP (cos 6) + AP (cos 6) + ...

X
The distributioﬁs for the other.transitions are very similaf, as are those for
the other aozen even-even nuclei studied. The resﬁlts are éumﬁarizea in Fig. 14,_
where -A) 1s plotted against A, for all tfansitions.othér than the 2 ;50.7 The
lattef have been excluded since their distributions afe partially attenuated
by extranucléar effects; | |

:TWO conclusions can Be reached. First, the experimental points are

bunched;’all fall within A, = 0.30+0.09 and Ay = -0.09#0.05 (Fig. 1k shows

2

only one of four possible quadrants)l Second, the values of A2 are large, and

near the limiting wvalue for complete m=0 alignment of the initial states, when

they héve I > 20; the latter limit is A, = 0.38, and Au = -0.13. The line in the

2
figure gives the relationshipbetweenbA2 and AM expected for a Gaussian Distri-
bution of magnetic substates centered around m = 0. For a not-too-breoad dis-

tribution, this is a reasoﬁably good representation'of the distribution

calculated to be obtalned from an initially pure m=0 system after thevemiséionv

‘of a few neutrons and/or gemme rays. Deviations from this curve would occur

if there are unstretched trensitions in the cescade, and if there 1s feeding

_from lower spin states with the same initial spread of magnetic substates.
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Obviocusly the nuclei produced in these heavy-ion induced compound nucleus
reactibns are highly aligned and the gamma-ray cascade 1is predominantly a
étretched cascade havingva marked angular distribution. -We feel that this
will be a useful tool’in nuclear spectroscopy studies, particularly of the odd-
mass and odd—odd nuclei,'and in studies of magnetic moments and hyperfine
interactions of excited states. We would like to illustrate the first case
_ wifh an example taken from an in-beam study‘of the levels of the neutron-

29 19 (4]’ 199

defilcient odd-mass thallium»nuclei.z_ In the reaction YAu ZEé,Zﬁ) TL
we'have found, among others, three gemma-ray transitions of 331, 370 and 701
keV which lie above the T4 keV, 9/25 iscmeric state. From their energies and
intensities, we believe they connect £wo higher levels with the isomerié state,
as shown in the -insert in Fig. 15. The three transitions héve large angular
distributions, és shown iIn the figuré; With the reasonable assumption thét
they are dipole or quadrupole or mixed transitions, there»are-19 possible spin
| sequences leading to the 9/2-rlevel._ From the signs and magnitudes of the
exﬁerimentalvvélues of AZ’ the number of spin sequen¢es is_unambiguously
reduced"td 5. Coﬁsidératidn of the expected alignment of the thallium nuclei
by éom@arisonvwith the even-even cases shown in Fig. 1& reducedvthis number to

the three cases shown on the insert in Fig. 15. A measurement of the conversion

coefficient of the 701 keV transition, showing it to be predominantly E2, rules

out two of these (wrong sign for Az), leaving only the sequence 13/2 =11/2 =9/2-,

a stretched cascade from higher to lower spin.

The EZ/Ml mixing‘amplitude and its sign can also be determined for a mixed

transition when the alignment of the initial state can be obtained or estimated.
For example, the mixing amélitude of the 331 keV transition can be obtained, as

it comes from a level (13/2-) whose magnetic substate distribution is given by

5]
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the angular distribution of theVTOl keV transition (assumed pure E2). The
ratio A2(13/2 ~all/2)/A2(l3/2 =9/2) for the two transitions is thus equal to |

“the ratio F,(11 11/2 13/2) + 28F2(l 2 11/2 13/2) + 85T (2 2 11/2 13/2) /

KX
FZ(Z 2 9/2 13/2) of known F-coefficients. A plot of Az(lfyz =11/2) vs & (or
bRz or %Ml)Ausing the experimental value of A2(13/2 = 9/2) yields an elliptical
band which:is cut in two regions by the éxperimental value of A2(13/2 - 11/2),
Mg Lo, A doéision.iu‘pOSsible beltween. the two values by the simdlar cross-

ing of the theoretical limne for Au(l3/2'“’1l/2) by the experimental cne. In

a similar way an estimate of & for the 370 keV transition can be obtained by
.-takiné the alignment of its initiai state as‘éompaféble to that of the corres-
ponding levei in the even~even examples given ih Fig. 14. Clearly ablargé
amount of useful information can bé obtained in this case from the simple
measuremeht_of the angular distributibné of these three transitions.

| | The high‘degree of nuélear alignment obtained in heavy-ion reactions should
aléo be possible to uge in the measurement of electroﬁagnetic moments and
hyperfine'intéractions of excited nuclear levels by the methbds of perturbed
angular cérrelations. The lower 1limit to the usable lifetimes is Sét by the
miﬁimum time to get a?preciable ﬁrecession'of th¢ nucleus in the effeqtive field,
and the uﬁper limit by the relaxation time of the nucleus in the environment.

In such studies, the large recoil velociﬁy imparted the nuéleué by heavy-ion
ifradiation is an aid in getting the ﬁUCieus into a suitable environment. For

short-lived levels in the lO"ll

21077 sec range, a ferro-magnetic backing would
~ be useful so as to obtain a large effective magnetic field, as has already been
used. in the Coulomb excitation experiments describedxearlier. TFor half-iives in

the ]_0_9-10”3 sec range, the same ferromagnetic environment can be used for

' » . v , . L , 50 . L
resonance destruction of the angular distribution.” For conventional spin-
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rotation measurements in an external magnetic field, the‘recoiling nuclei should
g0 into nonmagnetic cubic crystals to avoid, as far as possible, attenuating
interactions.

Certainly the use of reaction-induced nuclear alignment will be an important

technique in in-beam spectroscopy in the future, and in-beam spectroscopic studies.

appear .a most promising and convenient way to study the nuclei far removed from
%tability on the neutron-defiéiént side.
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FIGURE CAPTIONS

232

Comparison of the Coulomb excitation spectra of Th made with 7O MeV

16O and 190 MeV qur.. These are singles spec¢tra taken with a lithium- .

drifted Ge counter.

Even-parity energy levels in 258U. Transitions as obServédsin COulomb

excitation. _
. .. 238 s ; , N
Odd-parity levels in U. Transitions as observed in Coulomb excitation.
Schematic of lifetime measuring apparatus. The distance ¢ could be
varied between certain limits.

The K-electron line of the 256 keV 2 -0 transition in 126Ba from

115 126B

In(luN,3n) a, showing the effect of applying high VOltage in the

lifetime apparatus.

- 166,164

Conversion electron spectra in Yb taken in-beam. The reactions

are indicated.

172,174,176w’

Transition rotational éonstants for: , closed symbols;

66,168 | e ,
166,1 ’170’172Hf, open symbols; 166Yb, half-closed symbols.

178

Conversion electron and gamme-ray (Ge counter) specira in 0s from -

169Tm(th,5n)l7803.

Conversion electron and gamma-ray (Ge counter) spectra in 188Pt from

lBlTa(llB, Hn)l88Pt.

Conversion electron and gamma-ray (G counter) spectra in

190 181Ta(luN,5n)190Hg

Heg from

- Transition rotaticnal constants for indicated nuclei vs I. Three small

circles indicate average curve from Fig. 7.

Gamma-ray spectra, taken at OO and 900 to the beam axis, in 1(8Hf Trom

l6)Ho(llB-,lm)172Hf. Annihilation radiation pesk (511 keV) comes
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* between the 10 =8 and 12 - 10 transitions.

duced by heavy-ion (uHe-
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172

Angular distribution of the 319 KeV 6 — 4 transition in —'“Hf.

Plot of (the angular distribution coefficients) -AA vs A, for & number of

rotational or vibraticnal gamma-ray transitions in even-even nuclei pro-

19

F) reactions. The line represents the relation-

ship between 'AM and A2 expected for a Gaussian population of magnetic

substates centered around m=0.

The observed angular distributions with respect to the beam direction

of three gamma-rays in 971 from 197Au(uHe,2n)l99Tl.v The placement of
' 199

these transitions above the T49 keV, 9/2f isomeric level in TL ié shown

in the insert along with the probable spins based on the angularAdistri-
butions.
Plot of distribution coefficienté,'AK, vs 9ML -in the 331 KeV, mixed M1-E2

199

transition in T1. The width of the theoreticsl bands comes from the

experimental errors in the determinations of AK(13/2'n99/2) used in the

calculation.
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