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In-beam spectroscopy, though sometimes involving technical problems not 

~raced by more conventional nuclear spectroscopy, allows the study of a wide 

range of nuclei, including, in principle, all the f3-stable ahd (bound) neutron-

deficient species. A special advantage of this wide range is that a series of 

related nuclei. can be populated in a uniform way, enabling one to study the 

systematics of the level(s) of interest. For such in-beam studies (and for 

some out-of-beam purposes, also) the use of heavy ions as bombarding projec-

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

1) high nuclear charge; 2) large linear momentum transfer; 3) high nuclear 

product specificity; 4) large angular momentum transfer. 
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I. HIGH NUCLEAR CHARGE. 

Heavy-ion 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 excitation has the advantage over 

other nuclear reactions that the process is understood and the theory is well 

developed. 1 ' 2 Thus in particular, the reduced transition probabilities between 

the ground state and excited states which are important in evaluating nuclear 

models, are readily and reliably determined in this manner. With protons as 

projectiles, essentially only the first excited state can be reached in even

even nuclei and only the first two·br few states in odd-mass ones. ·This is 

because the probability of exciting a state falls off with increasing level 

energy, and because multipole excitations 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 excitation. 

For the strong collective E2 transitions these probabilities became appreciable, 

so that multiple Coulomb excitatio~ becomes increasingly important. Figure l 

shows the increased number of transitions found with multiple Coulomb excitation 

of 232Th on going from 70 MeV 16o to 190 MeV 40Ar; Figures 2 and 3 give the 

energy· levels found by multiple Coulomb excitation of 238u, including the 

ground-state rotational band through the I=l4 member. Values of the excitation 

B( EA.)' s to the vibrational bands and of branching ratios of the gamma transi

tions to the ground-state band are also obtained.3 

Double E2 Coulomb excitation was first observed in tungs.ten with 16o ions 

only eight years ago, 4 but by now multiple excitation with heavy ions has been 

used in too many studies to be catalogued here. 5 However, measurement of 

certa:i.n r-;pectal h:Lgher order effects now come within the realm of possibility. 

~I 

, 

, 
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6 An example is the reorientation effect where one of the steps in the excitation 

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

through the interaction of the projectile with the quadrupole moment of the 

excited state, and depends linearly on the moment, yielding not only its magni-

tude but also its sign. The first such determination of an excited state quad

rupole moment was obtained by deBoer, Stokstad, Symons, and Winther7 by finding 

a 10% difference in the ratio of the experimental yield of the first excited 

2+ state in J J J 4 16 __ +Cdtothat calculated by first order theory when using He and 0 ions 

as projectiles. The large value of Q2+ necessary to account for this difference, 

. ( ) -24 2 Q2 = -0.70+0.21 x 10 em, shows that this nucleus, considered spherical in 
+ -

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. 

II. LARGE LINEAR MOMENTUM TRANSFER. 

Conservation of linear momentum permits, if thin targets are used, a rather 

narrow angular cone of recoiling nuclei of relatively large and uniform velocity 

( v/ c ~ l-10%) to be obtained in heavy-ion reactions. This may be desirable for 

a number of uses. One is simply as a means of quickly separating 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 the 

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

in the production of 
248

Fm and of 254102 by 60-100 Mev 
12c irradiation of 240Pu 

~ 244 . 
and of Cm. The recoiling, positively-charged nuclei were slowed in the gas 

-, and. then attracted to a moving negatively-

\';,J 
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charged metallic belt :placed beneath the target. This belt carried them 

under a foil, charged still more negatively, which captured about 1/2 of the 

daughter nuclei recoiling away from the belt after a-decay of the parent 

atoms. In this way the daughter nuclei could .be studied quite free of the 

target activity, and the half.-life of the parent could be determined by· 

varying the :position of the foil and the s:peed of the belt. 

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

an envj_ronment sui table :for various measurements. One exam:ple might be as a 

means of introducing the reaction :products directly and rapidly into an on-

line mass separator; this will :possibly become an important technique in the 

future. Another exam:ple is the recoil implantation of Coulomb excited nuclei 

into ferromagnetic backing so as to measure, by the method of :perturbed angular 

correlation, the magnetic moments of excited states or the internal fields at 

the impurity nucleus in the host material. As done by the Copenhagen grou:ps9,lO,ll 

Coulomb excited nuclei recoil out of a thin ("'100 ug/cm
2

) target into 

an iron-foil backing which is magnetized by a small external field. A ring 

counter acce:pts the heavy ions scattered at some back angle, and is in coin-

cidence with movable Nai counters which measure the angular distribution of 

the de-exciting gamma rays with res:pect to the beam direction. Since the 

recoiling nuclei are sto:p:ped in the iron in "'lo-13 sec, their alignment will 

not he significantly disturbed by the sto:p:ping :process. By analyzing the 

shift of the correlation caused by the internal field in the iron- foil, one 

can obtain the :product of the Larmor velocity and the mean life of the level, 

and knowing ~ this yields ro = -g~ jh. 
n 

If the effective field at the 

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

or conversely, knowing or estimating g, the internal magnetic field at the 

;.; 

, 

, 
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impurity nuclei can be determined. 

The large recoil velocities obtained with heavy ions are useful in the 

measurement of very short lifetimes of excited states produced in the reac

tion. Reviews on the subject should be consulted for details12 ; we shall 

only mention briefly three recent applications. 

In the direct-distance-measurement method, the number of gamma rays or 

conversion electrons observed at right angles to the beam axis per fixed 

number of reactions is determined as a function of distance from the target 

to the detector defining slits, that ~s, as,a function of the distance the 

recoils travel before decay. If all recoiling nuclei have the same velocity 

and direction, the product v'T: is readily determined. Since distances down 

to l0-3 em can be measured, v'T: 2: 10-3 em, and for recoil velocities of 

8 . -ll 10 em/sec, 'T: :::10 sec. But with the order-of-magnitude larger velocities 

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

modification using Doppler-shifted gamma rays has been performed by Wright, 13 

and improved still 
. 14 

further by Alexander and Allen with the use of a lithium-

drifted Ge counter. In the latter group's experiment, the Doppler-shifted 

gamma-ray peak, E = E0(l -+ ~ cos e), from nuclei recoiling in vacuo from the 

target can be separated by.the Ge counter from the unshifted gamma rays, of 

energy E0 , 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, v·r is obtained. And 

the value of the average recoil velocity, v, is given by the direct observa-

tion of the Doppler shift at the fixed angle of the Ge counter. By this means 

they were able to determine mean lifetimes of (2.33+0.2'7) x 10 .. 10 and 
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(2.5±0.2) x 10~11 sec for the 0.871 and 6.13 MeV states in 17o and 16o, 

respectively. 

For still. shorter lifetimes, from 10-ll to lo-14 sec, the Doppler-

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

into a backing with a known "slowing down time", e.g., 9 x l0-13 sec for 

. 13 
Mg and_3·5 x 10- · sec for Cu. If part of the nuclei emit their gamma rays 

before stopping, the half~life is comparable to the slowing down time; if 

only Doppler-shifted gamma rays are observed, it is shorter; and if only 

unshifted gamma rays are seen! it is larger. Actual measurement of the 

fraction of the total Doppler shift observed with different backings yields 

a quantitative measure of the nuclear lifetime if the rate of energy loss 

of the nuclei in the stopping material is known or can be estimated. 

Litherland, Yates, Hinds, and Eccleshall give a good example of this method 

. 160 . t•l 15 uslng as proJec l es. 

We would also like to mention a recoil-distance measuring technique we 
' 

have usen. 16 It is a modification of a method devised by Novakov, Hollander, 

and Graham, 17 using the recoil from a-decay of .a heavy element and a high 

resolution iron-free electron spectrometer. With the larger recoil veloci-

ties obtained in heavy-ion reactions, we were able to get by with a small 

wedge-gap spectrometer. Figure 4 shows the scheme of the target arrangement. 

Conversion electrons from the recoiling nuclei are given off before the nuclei 

re!lch the negative high voltage grid (placed at a distance depending on the 

lifetime of the level). The electrons are then slowed down by ~he negative

voltage gradient an 8Jllount depending on the1.r distance of emission from the 

grid. After passing the grid, the electrons are accelerated through the full 

voltage gradient. In this manner an ele.ctron is given an additional amount of 

I~ 

, 
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·.._, energy, the magnitude of which depends on the recoil distance before electron 

.F emission, and therefore on the lifetime of the nuclear state involved. By 

,.i 

applying the high voltage only during every other Hilac beam pulse, a per-

turbed and an unperturbed conversion electron peak could be recorded during 

the same spectrometer magnet sweep. Knowing the applied voltage, the dis-

tahce from target to first grid, and the recoil velocity, the lifetime can 

be determined from the exponential slope on the high energy side of the 

electron peek, or from the shift in the peak position with voltage on and 

of:f:'. An example of the spectrum obtained for the ftrst-excited 2+ state in 

126 . 14 115 Ba made by 52 MeV N an In is shown in Fig. 5; the mean lifetime deter-

mined is 2.7±0.5 x 10-lO sec. 

III. HIGH NUCLEAR PRODUCT SPECIFICITY 

There are a variety of ways of producing a particular neutron-deficient 

nucleus. One way is to irradiate a stable isotope one (two) lower in atomic 

number than the desired nucleus with protons (alphas) of sufficient energy 

to boil off enough neutrons to reach the intended product. This has a draw-

back in that all the heavier isotopes that can be. made will be made at the 

same time, due to the long, high-energy tails on the excitation functions for 

these xn reactions. The resulting mixture of activities must be used as is, 

being sorted out by the different half-lives, or it must be mass-separated. 

However, by proper choice of the target nucleus arid projectile, the number 

of activities 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 signifi-

cant yield above the Coulomb barrier for that particular projectile-target 

pair. Consider, for example, the production of l93Tl: It can be made by 

19 7Au(
4
Be,8n)l93Tl or by 181Ta( 16o,4n)193Tl; the latter reaction occurs 

just above the barrier. Germanium counter gamma-ray spectra taken 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 compound nucleus reaction of 80-90 MeV 1~ ions on a target 

of mass 150-200, from a few u:p to 50 or more units of angular momentum may 

be transferred, according to a simple classical calculation. For heavier or 

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

max:Lmwn ·Ic not :~o M.gh r~.D c:a1cuh~tec1 c1e.r:;:5ically beea:uee moct oi' the c:ollisions 

at the surface of the nucleus, which would give the largest values, do not 

:produce compound nuclei but go into direct reactions, nuclear transfer, :pic~-

u:p and stripping. But still, the mean value of the momentum transferred can 

be large. Subseq_uent emission of a few neutrons does not change the :picture 

appreciably, as they carry off lHtle momentum, l/2n-21i apiece. Typically 

the neutron emission lowers the excitation energy to a few MeV, and a gamma-

ray cascade com:pletes,the deexcitation. Because of the large amount of an-

gular momentum to be removed, and the relatively low excitation energy, a 

:predominantly stretched cascade of gamma radiation may occur, and q_uadru:pole 

transitions might be favored. Such a gamma-ray cascade may even start above 

the last neutron binding energy; neutron emission, although energetically 

:possible, may not readily occur because there is no suitable high-s:pin state 

in the residual nucleus some 8-10 MeV lower in excitation energy, and the 

centrifugal barrier hinders the emission of :particles with large orbitai 

momentum. GroverlB,l9 h~s shown that such gamma-ray competition with neutron 

emission does occur, :particularly in reactions involving 4He or heavier 

:projectiles, and that it helps explain the inconsistency in determinations 

of t.he level density parameter) a 1 by excitation function measurements and 
. ,. 
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by particle spectra, and the apparently too copious gamma-ray production in 

heavy-ion reactions. A fundamental rule of compound nucleus formation, that 

the modes of formation and decay are independent, is violated by the con-. 

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

formed through its angular momentum distribution. 

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

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

ground-state rotational band, .to high spin values and perhaps the rotational 

bands built on the first r3·- and X- vibrational states. And in spheric~ nuclei 

one might expect to see the high-spin members of the vibrational multiplets. 

Such de-excitation cascades have .been studied by Morinaga and Gugelot 

in (a,4n) reactions20 and by Hansen, Elbek, Hagemann, and Hornyak in (p,2n) 

reactions. 21 We have used (HI,xn) reactions where HI ranged from 4He to l9F, 

and have observed the conversion electrons and/ or ga.rilma rays in the final 

cascade for some 25 reactions. 16, 22 ' 23 Figure 6 shows two typical conversion 

electron spectra for even-even deformed nuclei. .We have studied about a dozen 

such cases, and observe the ground-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: 1) only ground-state band 

transitions are observed in significant intensity (no vibrational band 

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

., those of the rigid rotor 

a~; I :IJJ.('J'<:~a.ucs; 3) the tren::lition energit~n for the different 'nuclei become 
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increasingly similar at large r. These last two points are more graphically 

illustrated in Fig. 7 where A
1 

= 1:1
2 /ZJ is plotted vs I. Under rotation these 

different nuclei appear to achieve a more common set of properties. We think 

they may all stretch out under the centrifugal force against a re'storing paten-

tial which becomes more similar at larger deformation as the shell effects are 

washed out, and liquj_d drop characteristics are more nearly approached. 24 

As one goes up in atomic numbe:r from the rare earth region of deformed 

nuclei to the spherical nuclei below lead, the final gamma-ray cascade changes 

in nature, as Bhown in Figs. 8, 9, and 10. 'rhe rotational sequence observed 

changes to a quasi.-rotational cascade and then to the highest spin member of 

the vibrational multiplets. 23 The spectra appear to become more complex at 

first, with extraneous transitions other than the stretched quasi-rotational 

cascade appearing, sometimes of multipolarity different from E2, e.g., the 

623 keV E2 in 178os, and the 412 keV Ml, 417 keV E2, 582 keV El, 892 keV El 

in 188Ft. And with the spherical nuclei, the cascade is seen only up to spins 

6 or 8, much lower values than with the deformed nuclei. We do not know the 

reasons for this, as approximately the same (large) amount of angular momentum 

has been brought into the compound nucleus, but we offer the following specula

tion. With the spherical nuclei, the level spacing is large, ~4oo KeV, and so 

the leve'l of spin 6 is already at ~1.5 MeV, near the pairing gap. We know that 

two-quasi-particle states can exist above the gap with spins as high as 8 or 10 

(we h ave observed Ire = 8-, K=8, isomers in 
182

os and 
184

Ft). Thus, above the 

gap there are probably many paths down from the initial spin distribution of 

up to 30 or so; the intensity is distributed among these paths so that they 

cannot be distinguished individually but contribute to a continuum of gamma rays 

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

down :ln u_pin to the ground state, and so enough :LntenBi ty in the individual 

• 
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transitions for them to be seen. 

We may add these more spherical 1nuclei to the plot o:f Fig. 7 o:f AI vs I. 

This is done in Fig. 11 where the three small circles at I=~ 12 and 16 in-

dicate the common curve reached by the deformed nuclei. Some points have been 

. 200 19 6 190 190 186 . lncluded for Hg, '· Pt, and ' Os :from data ln the literature. It 

can be seen that six of the new group of nuclei approach the previous conunon 

curve at high spin, even though their initial 2 ~ 0 transition energies are 

higher than for the better deformed nuclei. We believe this means that even 

though they may be little deformed initially, they are very soft towards de-

formation along the symmetry axis, _and so, under rotation, they stretch rapidly 

out 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 nuclei. 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 frorn above l MeV to become the second 

excited state in l92os at 489 keV, and we believe these two features are re-

lated. Nuclei with low-lying gamma-vibrational bands, have a more shallow 

potential-energy surface as a function of y than do prolate deformed nuclei 

which have a distinct minimum along the ~-axis, i.e., y = 0. As a result they 

are soft towards non-axial, as well as axial, stretching, and the effects of 

non-axial deformation under rotation might be expected to yield a different 

behavior than deformation along the axis only. From Fig. 11 it can be seen 

that a similar change in the AI vs I curve takes place more sharply between 

186
pt 'l 

188Pt · t t · h i h b b 1 < • . ; anc ·, and we cnta 1vely sugge::;t t at ; e Y-. and eeomes ower :1nu .t.·u: 

ground-state interaction becomes more important at this point. We might add 

that the addition of nucle~ as different as 126Ba, 122 , 120xe,. 232Th, and 238u 

·-.,~=·ro-;"· 
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to the plot of Fig. 11, after an empirical mass normalization of A5/3 to 

A= 170 gives a continued grouping of the curves at high spin. The deformed 

232 2~8 . Th and ~ U nuclei behave very m11ch'like the deformed rare earths, and the 

barium and xenon isotopes behave like 184Ft, little deformed initially but 

apparently stretching out rapidly to the same prolate shape as .the others. 

As a last topic, we would like to mention a new development that results 

from the large amount of angular momentum brought into compound nucleus forma-

tion by heavy-ion irradiation. It is well-known that this momentum contributes 

only to the m==O substate, taking the beam direction as the axis. The resulting 

compound nuclei are highly aligned; the only deviation from a pure m=O dis-

tribution comes from the initial spins of the target and projectile. The 

subsequent evaporation of 4-5 neutrons does not change this much, as the low-

energy neutrons cannot carry off much angular momentum nor broaden the magnetic 

substate distribution much. 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 

ground state rotational band produces a stretched cascade of E2 transitions in 

going from the high spin states to the spin 0 ground state, the correlations 

will tend to be the same .for all these gamma rays. 

It has been shown by Ejiri., Ishihari, Sakai, Katori, and Inamura25 that 

the conversion electrons emitted in the cascade following proton- and alpha

induced reactions are indeed anisotropic, and Williamson and Shepherd26 have 

shown the same for the rotational gamma transitions following (a.,3n) reactions 

in three rare earth. nuclei. We have studied, using lithium-drifted Ge counters .• 

the angular distributions of the gamma-ray cascades following 12-15 reactions 

induced by heavy ions ( 4He to 19F) and leading to deformed and spherical 

.... ~ ,., •• ""';"1 
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27 28 even-even nuclei in the mass range l6o-200. ' Very marked angular distri-

butions were observed. Figure 12 shows the 0° and 90° (reduced by 10) spectra 

The spectraare similar, but the transition intensities at 0° are 

about l-l/2 times larger than those at 90°. This is better seen in Fig. 13 

where the angular distribution of the 6 ~ 4 transition is given along with 

the values of A2 and A4 in the distribution expression 

The distributions for the other transitions are very similar, as are those for 

the other dozen even-evennuclei studied. The results are summarized in Fig. 14, 

where -A4 is plotted against A
2 

for all transitions other than the 2 =t 0. The 

latter have been excluded since their dist:dbutions are partially attenuated 

by extranuclear effects. 

Two conclusions can be reached. First, the experimental points are 

bunched; all fall within A2 = 0.30±0.09 and A4 = -0.09±0.05 (Fig. 14 shows 

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

near the limiting value for complete m=O alignment of the initial states, when 

they have I~ 20; the latter limit is A2 = 0.38, and A4 = -0.13· The line in the 

figure gives the relationship between A2 and A4 expected for a Gaussian Distri

bution of magnetic substates centered around m = 0. For a not-too-broad dis-

tribution, this is a reasonably good representation of the distribution 

calculated to be obtained from an j_nitially pure m=O system after the emission 

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

if there are unstretched transitions in the cascade, and if there is feeding 

from lower spin states with the same initial spread of magnetic substates. 
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Obviously the nuclei produced in these heavy-ion induced compound nucleus 

reactions are highly aligned and the gamma-ray cascade is predominantly a 

stretched cascade having a 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 m.ome nts and hyperfine 

interactions of excited states. We would like to illustrate the first case 

wHh an example taken from an in-beam study of the levels of the neutron

def':Lc:ient odd-mal:;s thallium nuclei. 29 In the reaction l9'7Au( 4Be,2n)l99,rl 

vie have found, among others, three gamma-ray transitions of 331, 370 and 701 

l<eV vrhich lie above the 749 keV, 9/2- isomeric state. From their energies and 

intensities, we believe they connect two higher levels vrith the isomeric state, 

as shown in the insert in Fig. 15. The three transitions have large angular 

distributions, as shown in the figure. With the reasonable assumption that 

·they are dipole or quadrupole or mixed transitions, there are 19 possible spin 

sequences leading to the 9/2~level. From the s~gns and magnitudes of the 

experimental values of A
2

, the number of spin sequences is unambiguously 

reduced to 5. Consideration of the expected aligriment of the thallium nuclei 

by comparison with the even-even cases shown in Fig. 14 reduced this 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 (vrrong sign for A2), leaving only the sequence 13/2 ~ ll/2 ~9/2-, 

a stretched cascade from higher to lower spin. 

The E2/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 amplitude of the 331 keV transition can be obtained, as 

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

:< 
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the angular distribution of the 701 keV transition (assumed pure E2). The 

ratio A
2
(13/2 ~ll/2)/A2(13/2 ~9/2) for the two transitions is thus equal to 

the ratio F)l 1 ll/2 13/2) + 26F2(l 2 ll/2 13/2) + 6
2

F
2
(2 2 11/2 13/2) / 

F
2
(2 2 9/2 1:::;/2) of known 1~'-coeff'icients. A plot of A,)( 13f2 ~ 11/2) vs 6 (or 

. (_, 

%E2 or %Ml ). using the experimental value of A
2

( 13/2 ~ 9/2) yields an elliptical 

band which is cut in twc:i regions by the experimental value of A,.,( 13/2 ~ 11/2), 
'" . 

ing of the theoretical line for A
4
(13/2 -=? 11/2) by the experimental one. In 

a similar way an estimate of 6 for the 370. keV transition can be obtained by 

·taking the alignment of its initial state as comparable to that of the corres-

ponding level in the even-even examples given in Fig. 14. Clearly a large 

amount of useful information can be obtained in this case from the simple 

measurement of the angular distributions of these three transitions. 

The high degree of nuclear alignment obtained in heavy-ion reacU.ons should 

also be po:::>:::Jble to uE:e :Ln the:! mr::asurernent of elect:rorne.grtel.ic moments and 

hyperfine interactions of excited nuclear levels bythe methods of perturbed 

angular correlations. The lower limit to the usable lifetimes is set by the 

minimum time to get appreciable preces9ion of the nucleus in the effective field, 

and the upper limit by the relaxation time of the nucleus in the environment. 

In such studies, the large recoil velocity imparted the nucleus by heavy-ion 

irradiation is .an aid in getting the nucleus into a suitable environment. For 

short-lived levels in the l0-11-lo-9 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 Coulonib- excitation experiments described earlier. For half-lives in 

tht:; l0-9 -10-] sec range, the same ferromagnetic environment ean be used for 

Tl'c>onan(~e def>truction of the angular distribution. jO For conventional r;pin-

.: -~ ·: t-'··~ 
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rotation measurements in an external magnetic field, the recoiling nuclei should 

go 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 rembved from 
I . 

tstabili ty on the neutron-deficient side. 
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FIGURE CAPI'IONS 

Comparison of the Coulomb excitation spectra of 232Th made with 70 MeV 

16 4o 
0 and 190 MeV Ar .. These are singles spectra taken with a lithium-

drifted Ge counter. 

2. 238 Even-parity energy levels in u. Transitions as observed in Coulomb 

excitation. 

j. Odd-parity levels in 238u. Transitions as observed in Coulomb excitation. 

J.J.. Schematj.c of 11.fet:i.me measuring apparatus. 'rhe distance C could be 

varied between certain limits. 

5. 126 The K-electron line of the 256 keV 2 ~ 0 transition in: Ba from 

ll5In( 14N,3n) 126Ba, showing the effect of applying high voltage in the 

lifetime apparatus. 

6. Conversion electron spectra in 166, 164Yb taken in-beam. The reactions 

7· 

8. 

are indicated. 

172 1 7 4 176 Transition rotational constants for: ' 1 
' W, closed symbols; 

166,168,170,172Hf 166 , open symbols; Yb, half-closed symbols. 

Conversion electron and gamma-ray (Ge counter) spectra in lJ8os from 

169Tm(l4N, 5n)l780s. 

9· Conversion electron and gamma-ray (Ge counter) spectra in 188
Ft from 

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

190H f 181T (14N 5 )190H g rom a , n g. 

11. Transition rotational constants for indicated nuclei vs r. Three small 

circles indicate average curve from Fig. 7. 

12. 172 Gamma-ray spectra, taken at 0° and 90° to the beam axis, in Hf from 

16
5Ho( 11B,4n)172Hf. Annihilation radiation peak (511 keV) comes 
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between the 10 --)> 8 and 12 ~ 10 transitions. 

13. Angular distribution of the 319 KeV 6 -7 4 transition in 172Hf. 

14. Plot of (the angular distribution coefficients) -A4 vs A2 for a number of 

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

duced by heavy-ion ( 4He-19F) reactions. The line represents the relation-

ship between -A4 and A2 expected for a Gaussian population of magnetic 

substates centered around m=O. 

15. The observed angular distributions with respect to the beam direction 

of three gamma-rays in l99Tl from l97Au( 4He,2n)l99Tl. The placement of 

these transitions above the 749 keV, 9/2- isomeric level in l99Tl is shown 

in the insert along with the probable spins based on the angular distri-

butions. 

16. Plot of distribution coefficients, ~' vs %Ml in the 331 keV, mixed Ml-E2 

transition in l99Tl. The width of the theoretical bands comes from the 

experimental errors in the determinations of ~(13/2 ~9/2) used in the 

calculation. 
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