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HEAVY-ION IN-BEAM SPECTROSCOPY 	 .•. 

R. M. Diamond 

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 94720: . 

1. INTRODUCTION 

In-beam gamma-ray and conversion-electron spectroscopy has certainly. 

come of age in the four years since the Lysekil Conference on "Nuclides far 

off the Stability Line." Not only have techniques become more refined, 

involving pulsed beams and multi-dimensional coincidence studies, but many 

laboratories are now actively engaged in this type of work or are about to 

plunge in The use of heavy-ion beams offers several features that can be 

exploited to advantage, namely, i) high projectile nuclear charge, indis-

pensible for multiple Coulomb excitation work, 2) large linear momentum 

transfer, helpful in Doppler-shift, IMPACT, and other recoil studies; 3) 

large angular momentum transfer, useful in the production of high-spin 

states and isomers and of highly aligned product nuclei, 1)  good product 

specificity while still permitting a wide range of neutron-deficient nuclei 

to be studied. '  

I shall illustrate these features with examples of heavy-ion in-beam 

studies, mostly taken from work at the Berkeley HILAC These will be grouped 

into three categories dealing with :1) Nuclear moments, II) Energy level 

systematics, and III) How neutron deficient can we get? 

2 • NUCLEAR .MONTS 

2.1. Electric moments 

The principal electric transition moment studied to-date has been 

the reduced quadrupble moment or B(E2). It canbe determined by direct 

half-life measurement or by Coulomb excitation. The 'advent of high- 
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resolution Ge(Li) detectors has had an impact 012 all types of measurements, 

but in particular has made the recoil-distance Doppler-shift method1_5) a 

most useful one for the important half-life region between 10 20  and 10 2  

II 

seconds. The power of this method has been demonstrated by Alexander and 

6,7) 	 8-il) Allen 	and others 	. In addition, the use of heavy-ion projectiles 

to (Coulomb) excite the levels to be measured results in a larger recoil 

velocity, thus permitting a thicker target (higher yield) and a more 

accurate measurement1213). The principle of the latter scheme is shown 

in Fig. 1. The nucleus recoiling from the back-scattered projectile may 

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

(unshifted peak).: The fraction of gamma-ray intensity (in coincidence with 

back-scattered °Ar ions) that is unshifted in energy, F,  is approximately 

e VT , where d is the target-plunger distance, v is the velocity of the 

recoiling nucleus, and T is the mean-life of the excited state being 

measured. The velocity, v $c,, is determined from the Doppler-shift 

itself using 

	

2 1/2 	 (+1)(1-cosO0 ) 

	

in 
0-= 	1_cose) 	cosO-coO0  .[(cosO0_BcosO0)2+(l_2)sin260]1I2 -1 

Thus a xiumber• of measurements of F at various distances, d, (Fig. 2) yield 

a plot (Fig. 3) from which T is obtained by a computer best-fit. A num-

ber of small corrections have to be made, as well as allowance for feeding 

from higher-lying states, andfor the gamma-ray angular distribution and 

its attenuation 10,12)  

152 
The results of such a study for the ground-state band in 	Sm are 

shown in Table 1 (Ret. 13). The experimental B(E2) values are somewhat 
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Table I. B(E2) ä1ues for 152Sm 

B(E2; I- I-2) 

Trans- Energy l/2 a T. exp. rotor 	•. D-0 
tion (keV) (ps) 

2 - 	0 121 78 1447 1 179  0 670 ± 	
015a) 

(0 6io) (0 670) 

4 + 2 244.6 58.9 0.109 0.989 ± 0.035 0.958 1.012 

6 -'- 4 340.2 '9.98 0.038 1.20 ± 0.06 1.056 1.193 

8 ± 6 418.7 3.10 0.021 1.39 ± 0.14 1.106 1.373 

a)Aae value from references 14 and 15 

These values have been taken from A S. Davydov and V. I. Ovcharenko, 

Yadern. Fiz. 3, 1011 (1966) [translation: Soviet J. Nuci. Phys. 3 5  740 

(1966)] for ,.t = 0 3, y = 100 
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larger..than the rigid rotor values base.d on the independently determined 

14 
B(E2; 2 - 0),15). If this increase is ascribed to an increase in defor- 

ination, the order of the deviations is about 1/2 - 1/3 that required to 

explain the deviations in the ground-band energy-level spacings. They lead, 

however, to values of(-)2+  comparable to those obtained from M3ssbauer16h17) 

and ji-mesic X-ray studies, 8  and from mixing of the s-band into the ground 

band, as determined by s-band branching ratios and the values of the ground-

band and inter-band B(E2)s19). On the other hand, a similar study of the 

+ 	+ 	+ 	+ 	+ 	 .. 	 . 15 4 
3 - 6. + 	~ 2 - 0 transitions in 	Sm yields good agreement with the 

rigid rotor model2CJ),  even though•the energy-level spacings show some devi-

ations. 

The more usual determination of B(E2) and B(E3) values makes use of 

Coulomb excitation of the desired levels, and then comparison of the meas- 

21) 
ured yields with those calculated by the deBoer-Winther program 	using 

(estimated) values of all the pertinent matrix elements. The experimental 

yields may be obtained either from the intensity of scattered particles of 

the appropriate, energy or from the intensity of the de-excitation garmna-rays, 

either in singles or in càincidence with back-scattered particles. The 

first method is simpler, in that one observes the direct population of the 

desired states without having to correct for feeding from other levels. 

But for heavy-ion beams the use of gamma-ray detection has the advantage of 

better resolution and of permitting thicker targets, and hence higher yields. 

I shall only discuss the latter, method. 

Although in some cases comparison of the experimental yields with 

those calculated from the computer program is a straight-forward process, 

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

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

higher moments may also have to be considered. 

For example, a, recent determination of the B(E2; 4 - 2) in 152Sm 
' 	 . by means of.  

4 
He,  16 0, and 40 Ar Coulomb excitation yielded discordant 

resuits19). A partial answer to this problem appears to be inclusion of 

direct E4 excitation.of the 4+ state. 'For with 4He excitation this first-

order process may make a significant contribution relative to the weak 

double E2 excitation, as may also the interference between them. Figure 4 

shows the pathways considered in exciting the 4+ state, and Fig. 5 indi-

cates th.eeffect on the yield of that state of an E4matrix element. To 

determine the size of the E4 matrix element in 152Sm, the 4+ + 2+ gamma-ray 

yield was measured with respect to those of the 2+ + 0+ transition in 

152Sm and '50Sm by means of Coulomb excitation'with 4He ions of 11.1, 10.4, 

152 and 10.0 MeV. Targets of both natural and enriched 	Sm were used, and 

both singles.and back-scatter coincidence measurements were made 22) . These 

two types of measurements 'areabout equally sensitive to'the E. moment, but 

differ in their,  sensitivity to the feeding from other states. The results 

of the two sets of measurements agree,,yielding an E4 moment of 

. 

( +0.35 ± 	
2 	15 0.11)eb for 	Sm. (Quantal corrections will increase this 

slightl.) Assuming the nucleus to be rigid, axially symmetric, and uni-

formly charged with a sharp surface given by R = Rb (1 + 2 Y20  + B 4Y 40 .), 

and taking the charge radius to be l.2A 13 ' 'F, the values 2 = 0.259 and 

13 4  = +0.058 can be obtained.from the measured E2 and E4 moments. These 

compare quite well with the values 2 = 0.246 and 	0.048 found by 

Hendrie et al. 23)  for the shape of the nuclear field (with the same value 

ofR0 ). 	 . 	. 	. 

I, 
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• 	 Relative to the double E2 excitation, the E4 contribution to the 4-i- 

• 	cross section is smaller with.10 excitation, and including the effect of' 

El excitation, the experimental results with 4Ee and 160 excitation on 
4. 	 40 are in agreement. But it should be noted the Ar results are still in dis- 

agreement; apparently some further effect must still be found and taken 

• 	into account. 

Static quadrupole moments of excited states can also be measured in 

favorable cases by a particular type of multiple Coulomb excitation, the 

so-called'."reorientatjon effect2.  The yield of the excited state is 

influenced by an interference between the direct E2 amplitude connecting 

the states and a double E2 amplitude involving the static moment of the 

• excited state. The magnitude of the reorientation effect is given approxi- 

25) mately by the ratio of the interference term to the first order term ; for 

the 2+ state of an even-even target, t, 

A 	• 	 • 
r.=Z 	 Ti— 

+ At /A  -) (2 + IIt(E2)112+ 	K(O,) 	, 	 (2) 
t 	p t• 

where A • and Z are the charge and mass numbers, AE is the energy of the 

excited state, and the suffixes p and t correspond to projectile and 

target, respectively. The termIC(e,) is a positive function which is 

• 	sensitive to the particle scattering angle, 0, but not very dependent on 

• the beam energy. The sign andmagnitude of theeffect depend upon the 
p 

static moment; the way the experiment is usually done, namely by comparing 

the yields with 4He and 16o  beams, the effect is a 5-10% change in yield 

of the 2+ state. The use of 32s or 40Ar  beams doubles the effect, making 

a less difficult experiment, but stifl not an easy one. Starting with the 

first reorientation studies on a number of doubly-even nuclei only a half-dozen 
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years ago26_31),  a number of moments have been, and are being, measured 

Some recent results summarized by,D. Cline et ai.32)  are shown in Fig. 6. 

Interestingly enough, almost all nuclei measured have turned out to be 

28118 	19,196,198 	 i 
prolate with the exception of Si, 	Sn, and 	 Pt. 

A somewhat easier reorientation experiment is looking at the exci-

tation in theprojectile. In this case, 

r 	(1 + A/At) <2 + IIn(E2)II 2+ ) K( 0, ) 	, 	 (3) 

and the effect is larger than in target reorientation by Z/Z. The results 

of some recent doubly-even projectile reorientation nieasurements 6° 'in 

the s-d shell nuclei are shown in Fig. T, along with a number of older odd-

mass moment determinations. It is of interest to note the oscillations in 

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

2.2. Magnetic moments 

I shall only be concerned with the measurement of p, or of 

g = 	 =,eh/2xnc) for excited stat.es,..andshallconide.r briefly a 

number of variations on the pertubed angular correlatioxi technique 

that have been applied to reactions, particularly heavy-ion ones. The 

essence of the method is that the nuclear reaction or Coulomb excitation 

provides well-aligned (m = 0) excited 	nuclei, and then due to their 

magnetic moment •these will precess under the influence of a magnetic field, 

causing a rotation of the gamma-ray angular distribution. Clearly, to be 

observed the rotation must be of the order of a few degrees, and since 

W1 T = gHTm, the shorter the mean life of the state, T, the larger must 

be the field, H. For lifetimes in the range of many excited' states of 

interest, io - 10 12  sec, fields of 10 - 10 8  g, respectively, are needed. 
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• 	This is beyond the capabilities of present-day magnets, but two develop- 

ments of the last few years using. heavy-ion beams have brought this time 

region under attack. One, providing fields up to 50 Mg, makes use of the 

hyperfine field caused by the uzipáired electrons of an excited ion recoil-

ing into vacuum or gas 6 ' 1 	Integral attenuation coefficients, 

GK = (l.+PK wTT) 1  (where PKiS a numerical constant and I is the "atomic 

correlation time"), can be determined for the attenuation of the gamma-ray 

angular distribution with respect to unperturbed distributions measured in 

lead- or other-backed targets. Then if the hy-perfine field (e.g., by com-

parison with nuclei of known g-factors) and T (from recoil into gas 

measurements) are known, the g-fctorsfor states as short-lived as a few 

• . picoseconds can be determined. In such an experiment, the heavy-ion reac-

tion produces the states to be studied, aligns them, recoils them into the 

vacuum or gas, and causesl the electronic excitation (during passage through 

the target) hich'.provides the hyperfine field which attenuates the distri-

bution.. 

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

1 8_ 1 9)  method . . . It involves Coulomb exciting the desired state and recoiling 

the nucleus out of the target into a ferromagnetic foil. Requiring the 

de-exciting gamma-ray to be in coincidence with the back-scattered pro-

jectile that caused the excitation insures maximum linear momentum transfer 

and production of highly aligned (m = 0) nuclei, so that usually a strongly 

anisotropic gamma-ray distribution results.: Internal fields of 106  g are 

obtainablen this fashion,so that many stateswithT"u O.lnsec (par-

ticularly the first excited 2+ in vibrational nuclei) have been studied 

this way. But a. discrepancy has always been found between the precession 

angle (or internal field) . with IMPACT measurements and that with time- 
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integral PAC. using radioactive sources melted or implanted into the fer-

romagnetic.rnateriai ° . This.is now known to arise from a short-lived (sec) 

) field acting on the recoilingnucleus in the former case 50,51 . however, 

this process does not disturb the detei'mination of g-factors if the effec-

tive reduction in the internal field is taken into account. This method 

can be used for nuclei with t < 10 sec. A somewhat similar technique, 

but allowing the excited nucleus to recoil into a suitable environment 

(which does not perturb the alignment) place.d in an external magnetic 

f1eld52_5, permits measurements from lO sec on down to io_6 sec 

But an exciting step in magnetic ment studies has been the develop-

ment Of time-differential PAD methods involving nuclear reactions with 

pulsed beams, that is, the study of isomers in the range 10_8  io sec 

Again the reaction itself producesthe nuclear alignment and the linear 

moxnenttmi to recoil the product int6 a suitable environment (cubic crystal, 

liquid or molten target) where other perturbations are a minimum. By choos-

ing the target-projectile system properly, a variety of isomers can be made 

and studied.. The fact that this is a singles measurement permits reasonable 

statistics in a time-diffeThntial method.. And since only the isomeric (out-

of-beam) transitions are of interest, a very .clean spectrum usually results. 

Figure 8 shows the out-of--beam spectrum we have observed6  from the 

123 Llsec 7- state in 206pb  made by the reaction 2O4Hg ( 4He  2n)206Pb with 

a pulsed beam from the HILAC. The liquid mercury target itself provides 

the stopping environment, and is placed between the poles of an electro-

magnet. As the gamma-ray angular distribution from the aligned isomers 

rotates in the field, the intensity recorde4 by one, or more, gamma detec-

tors oscillates with (twice) the Larmor frequency and decays with the mean 

life of the state. By takir,g the appropriate ratio of gamma-ray yields, 
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tors at appropriate angles to the bea direction, the decay factor cancels 

out leaving a simpleoscillatlon. This is shown in Fig. 9 for.the 516 keV 

206  
transition from the 	Pb isomer for the case of two detectors, one at 20 

and the other at _100  to the beam. 

An ingenious variation of, this technique for isomers with T > T, the 

beam repetition time, has been developed by Christiansen et al. 
61), the 

"stroboscopic method " In this, the Larmor frequency is brought into reso-

nance with the beam repetition rate or its harmonic T = fllt/WL with 

n = 1,2,3..., by carefully varying the external magnetic field. Thus the 

transitions from the i.someric states, formed in different beam pulses add 

coherently. We have alsoapplied this technique to the g-faetor measure-

ment of the 'i'-. state in 	 Plb (Ref. 60). Two Ge(Li) detectors are placed 

at ± 150 to the beam direction and each provides two out-of-beam spectra, 

one taken during a time interva1 centered at 1/4 the beam repetition inter- 

val and the other at 3T/4 Figure 10 shows the double ratio for the 516 keV 

transition 

y (T/'5°) 	y('r/I, - 145°) 
Y (3T/L 145 ° ) 	 7(3T/14, - 45°) 

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

factor for the 7— state in 206Pb  of -0.0217 ± 0.00014. 

These techniques, as wellas the use of NMR with the longer-lived 

isomers6263), will surely be more commonly employed in the future and will 

contribute g'eat1y to our knowledge of hyperfine interactions and nuclear 

magnetic moments. 
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IV 

1 

3. ENERGY LEVELS SYSTEMATICS 

One of the first principal uses of in-beam spectroscopy was to make 

a systematic study of the energy levels of a wide range of neutron-deficient 

nuclei, particularly of the even-even species66 . By using the lowest 

(H.I., xii) reaction of:reasonable yield above the Coulomb barrier, one 

obtains rather clean spectra. And because large amounts of angular momentum 

are brought into the product nucleus, the decay is from high-spin states 

down to the ground state, first a rapid passage (<10 picoseconds)1 through 

68-69) 
the yrast bands 	, and then where, they cross the ground-state band 

(just above the pairing gap) a transfer into the latter. Thus, with even-

evennuclei the ground-state', rotational band, or the highest-spin member 

of.each mult.ipletin a vibratio4al band, is usually seen with most of the 

intensity of the cress section for that nucleus. An enormous, amount of 

data on such quasi-rotational ground bands has come out from a number of 

laboratories, •so that there is not space here to summarize it all. I shall 

only touch briefly on a few topics 

An illustrative and interesting sequence of such quasi-rotational 

bands is shown in Fig 11 for the doubly-even cerium nuclei extending from 

16 
mass 126 to'150. The .neutron-dficient ceriums were made by Sn( 0, xn)Ce 

reactions °  and the data on the neutron-excess ones were obtained, by. 

Wilhelmy et ai.'T by "in-beain"studies on the spontaneous fission of 252Cf. 

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

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

the sungly-Llagic l l OCe. 	, . • ' 	. 	. 	. 

One ipportant characteristic to note from the energy-level syste-

matics that has appeared from mass 80 on up, is that, with few exceptions, 

the levels,of a given spin, or the ratio of the level energies, change quite 
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smoothly as neutrons or protona are added. There are two types of exceptions. 

One occurs at magic-number nuclei where the dominance of the short-range 

component in the residual interaction between pairs of nucleons 

depress the 0+  ground state greatly, and only slightly spread the 

2, i, ... states of the (j) 2  broken-pair configuration. This 

was already shown in Fig 11 for 140Ce  and also occurs for the other 

92 02-neutron nuclei, 	Nd. 	144 
and 	Sm, and for the 50-neutron nuclei Mo and 

94 
Fig. 12 (Ref. 72). The other type of exception may occur when one 

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

other type increases from or decreases to 6 or 8 particles from a closed 

shell. This is shown in Fig. 13 where the ratio of the energies of the 11* 

to 2+ states are shown vs proton number for various curves representing 

neutron number; the well known discontinuity between 88 and 90 neutrons 

shows up13),.  but only when. Z is midway between 50 and 82 protons. As 

the proton magic number is approached the nuclei become too stiff to deform 

suddenly and the ratios shotild turn down towards two. This is perhaps 

better shown in Fig. i4 which illustrates the complementary situation where 

the nuclei are approaching the proton shell closure at 82 rather than leav-

ing the neutron shell at 82.. There is no break as neutrons are added to 

osmium for example, but there is a jump in the +/2+ ratio between 16 and 

78 protons when the neutron number is midway between 82 and 126. For nuclei 

nearthese (magic) nunibers.of neutrons, the ratios decre.ase toward two 

leaving little gap between 76 and 78 protons 

A second characteristic feature that should be mentioned is that, 

with the exception of magic-number nuclei, transition energies in the quasi-

rotational bands of the doubly-even nuclei appear to become more similar as 

the angular momentum increases This benavior is probably related to the 
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deviations from rigid-rotor behavior in the deformed nuclei, and is not 

well understood, as yet. That js, the  nuclei may stretch under rotation 

(mixing with the •-band and y-band), lose their pairing (mixing with the 

• pairing vibrational band), and, in fact, the high-spin members, may mix 

with a great number of higher-ljing states This mixing with a large num-

ber of states may provide the statistical smoothing of transition energies 

which seem to be observed for many (but not all) even-even nuclei studied. 

With odd-mass nuclei, the ground-state band is not uniquely depressed 

by the pairing energy, and so a number of bands may co-exist at low energies 

Because of the large amount of angular momentum brought in by heavy-ion 

projectiles, the reaction will usualJ.y pick out the bands of highest intrin-

sic. spin, .andnot necessari3ytheground band 7'. The most important type 

of mixing in odd-mass deformed nuclei is caused by Coriolis coupling between 

bands differing in K by ± 1; it is, most pronounced for those bands that have 

come down from the oscillator shell above, the unique parity bands in a 

shell, as these are derivedlfrom high j states and can mix readily only 

with theirown members. The first-order effect of this mixing is to 

increase the effective momerit of inertia in the expression for the energy 7'' 7'6  

E1  = B0  + AI(I+l) + I2 (I+1) 2 	K 	1/2 	, 	 () 

where •A = h2/2 	Stronger coupling causes the usually negative B-term 

IV 	
to go positive, and introduces an oscillation in the energy level spacings 

by a higher-order Coriolis coupling to the K = 1/2membér of the system. 

This sequence of behavior is well shown by the odd-mass Ho nuclei whose 

ground-band energy level schemes are shown in Fig. 15 (Ref. 77). The ground 

band is based on the 7/2 [523] NiJ.sson level derived from the h 1112  shell-model 

orbit, and so is an example of the unique parity bands in a shell. The 
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levels in 165Ho  follow Eq. () rather well, with A = 10.65 and 3 = -3.2 X 10 -  

The values of A and B are slightly smaller than for the neighboring even-even 

nuclei; as expected. For these latter nuclei, the spacings go up as neu- 

ii 
trons are removed and the deformed region is left. But as can be seen in 

161 	159 	157 i Fig. 15, the average sp.cing n. 	Ho, 	Ho, and 	Ho stays about the 

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

of inertia mentioned. above. As.thenuclej move towards lower deformation, 

the h 11/2-derived bands come closer together, the Coriolis coupling becomes 

stronger, andàne can also see the oscillation in the energy level spacings 

developFigure 16 shows this in a plot of (E11  - E1 ) /2 (I+i) vs .4(I+1) 2  

f or 165110 and 151Ho; the slope of such a plot gives B/2 in Eq. () and the 

intercept yields A. The values for 165110  are as already mentioned, but for 

157110 it.is hard to saymore than that B is.positive, the effective momnt 

of.inertia is about the rigid value, and that the oscillations are very 

large. A perturbation expression such as Eq. (l)  is inadequate, and a 

complete Coriolis coupling calculation involving, all the other bands from 

the h 11/2 orbits is required.. Such a calculation does yield a reasonable 

value of the moment of inertia for all the bands involved 

78)  Hjorth et al. 	have discussed a similar situation for the odd-mass 

161,163,165 
Er where the Coriolis coupling is between members of the i 13/2 

neutron orbits, and in particular the 1/2+[660] to 7/2+[633] bands. The 

resulting mixed band is not the ground band, but because of its large moment 

of inertia, its levels are among the lowest-lying of a given (high) spin, 

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

We have also observed 159 ' 157Er (Ref. 79), and it can be seen that these 

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

have become large enough by 161Er  to invert the spin order of each pair of 
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levels.. Again a,complete ca1cu.ation incluing the mixingof all the i 13/2 

bands gives agreem'ent with expel-iment. 

Both of the series of odd-mass nuclei mentioned above show large 

Coriolis couplings If the Er odd-neutron and Ho odd-proton are corn- 

i6o,i6a oined, as in the odd-odd 	i-jo, we might expect still smaller energy 

level spacings for this band. These bands are shown in Fig. 18, and, 

indeed, do have very iargeomentsof:inertia 8 . In beta-decay from the 

ground (not isomeric) state Of a doubly-even nuclei, usually,no, or few, 

gamma-ray transitions are observed in the odd-odd daughter nucleus But 

with the proper choice of target-projectile system, cascade decay from high-

spin states in a number of Odd-odd nucleii can and will be studied in- and 

out-of-beam in the future. 

. HOW NEUTRON DEFICIENT CAN WE GET? 

The limitation on how neutron deficient we can get in (H.I. ,xn) reac-

tions comes from the onset of charged-particle evaporation, and for the 

heavier nuclei, from fission. We shall consider explicitly only proton 

and alpha emission, and so will limit ourselves to the region below Pb in 

the Periodic Table. After production of the compound nucleus, each step 

in the evaporation cascade is a competition between neutron emission and 

the'loss of a proton or alpha (the latter events prevent formation of a 

more neutron-deficient product).. This can be represented by 

r. 
a(xn) = c 1T ni 	

(5) 
i=l i 

where r = 	and 	can.be  n, p, or c. Also, we take 
i 

* 
1' 

4 = Nexp [- -.J (6) 
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where T is the nuclear temperature in MeV. N is a normalization constant 

• so, that 	r = F, and B is an effective binding enerr for the particle. 

For a neuron, this is the binding energyas given, for example, inthe 

mass tables of Myers and Swiatecki 8 ; for a proton or alpha this is the 

binding energy plus a constant (" 0.8) times the barrierenergy for the 

• particle and the residual nucleus. The value of the constant was deter-

mined empirically by comparing the intensities calculated with a trial 

value (and assuming T = 1.5) with those measuredfor the ground-band 

transitions in.a doubly-even nucleus in-beam and out-of-beam, as shown in 

128 	16 	112 Fig. 19.  Here.the compound nucleus is 	Ce from 0 + 	Sn, and the gamma- 

rays of l2IBa  seen in-beam come from the 2p2n reaction while their yield, 

out-of-beam is the sum of the' 1 nand p3n reactions70).  The same type of 

evaluation was also performed in the osmium.region, and the same value of 

the constant was obtained. 

* 	* 	: 
With this one can now find where B = B or r ir = 1 throughout n 	p 	pn 

this region of the Periodic Table, and this curve is shown in Fig. 20. The 

black squares indicate the stable nuclei. Obviously one cannot proceed 

very far beyond this curve (with appreciable cross section) by particle 

evaporatiQs mostly protons will be emitted. However, by the proper 

choice 'of heavy-ion projectile and target, the initial compound nuäleus 

formed can be made more neutron deficient. The' dashed curve in the figure 

labeled LCN shows this lightest compound nucleus that can be made by any stable 

target -proj ecti le pair. Here we are up against a real limit, as an attempt 

to make still more neutron-deficient nuclei requires neutron evaporation and 

means going 'against the exponentially decreasing factor represented by 

Eo. (6). Two lines to the left. of the LCN curve indicate yields of 106 

_12  and ( 10 	for neutron emission from the lightest compound nucleus, and it 
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ca'i be seen how rapidly the yield falls off On this wing of the yield 

curve. one fewer neii+..ron corresponds to a drop in crosi s section 

by almost one hundred, and much' more sensftive detection methods will be 

needed. But ever with obserVation of yields of only 10 2 a we would still 

be only halfway to the proton drip line (B = 0). 

It is interesting to note that product nuclei in the region between 

the curves labeled LCN and r/r = 1 can equally well be made by proton 

emission from the LCN or bynettron emission from a compound nucleus of the 

126 proauct proton number. We have, for example, made 	Ce by these two 

70) methocts, as shown in Fig 21 The top spectrum shows l26Ce observed in- 

beam from 112Sfl(l602n)l26Ce and the third spectrum down shows the same 

transitions in-beam from o( Ar,2p) Ce. In the last reaction Nd 

is the compound nucleus, and is the lightest compound nucleus of Nd pos-

sible, we believe, using stable,nuclei. 

Clearly to make a desired neutron-deficient nucleus as cleanly and 

in as high a yield as possible, one should involve as few neutron evapora-

tion steps as possible, as at each one there is an increasingly probable 

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

178pt by (p,xn) on 191 requires 14 neutron evaporation steps, and although 

neutron emission does dominate at first, rir is still less than unity and 

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

. 	 . Hansen et al. 82) , for example, have made 180  Hg by lead spallation with 

600 MeV prot.ns, and after separation of the Hg isotopes observe the first 

excitéd2+ level in 176Ptfromthe  a1ha decay. But the yield of 180Hg 

is < _6 - lO of the reaction cross section. On the other hand, pro-

duction of 17pt  by  17S ( 32S3) or from14Sm(35Clp2n)  should be a sig-

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

176 3 indeed observed the.transitions 	 i Pt from such n-beam Ge(Li) spectra 
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In the case just cited, the enormously greater sensitivity given by 

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

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

• projectile system over proton spallation to form the desired neutron-

deficient product. It would seem that, union of the two techniques could 

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

Fig. 1. Schematic •vew of a recøl-distance Dopp1er-sft method used for 

measuring 1i±etimes. 

152 	 140 rig. 2.. Spectra from 	Sm Coulomb excited with back-scattered Ar pro- 

jectiles... The lead plunger-target distance is indicated on each spec-

trum.. Positions of the unshifted (shifted) lines are given at the top 

(bottom) of the figure.'. 

Fig 3 Semi-log plot of unshifted fraction of each transition in 152Sm vs 

target-plunger distance Curves are the calculated best fits allowing 

for.one stage of feeding... . 

Fig. 4. Possible pathways ôr exciting the 4+ state. Double arrows indi-

cate Coulomb excitation; s ingle ~ arrows indicate gamma-ray transitions. 

Fig. 5. Relationship between E4moment and a) the back-scatter cross 

sectioi for populating the 14+ state of 152Sm with 10.14 MeV 14He ions 

normalized to the case of zero E14 moment, and b) the deformation para-

meter, 	; isinga.rdius ofR 	:.1.2AV3 Fand a 2 whichyields the 

experimental E2 moment. 	. 

Fg 6 The static quadrupole moments for the first excited 2+ states of 

35) 
the even-even isotopes of b arium31 ) 33) ,  cerium 4 , neodymium, and 

samariuin2). The olid.-dashed.añd dot-dashed lines correspond.to the 

static moments derived from the measured B(E2;0 --  2) assuming a pro-, 

late rigid spheroidal rotor mode1. This figure is froniRef. 32. 

Fig. 7. Intrinsic quadrupole moments, Q 0 1 in s-d shell nuclei: 0 Ref. 39, 

ORef.. 36, ORefs. 37 and 38,0 values calculated from measured 

B(E2; 0+ + 2+) values,G odd-A moments deduced from the spectroscopic 

moment. 	. 	 . 
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rig..8. The spectrum of the 123 iec 7- isomer in 206Pb taken between 

i-lilac beam pulses (20 1sec repetition rate). 

Y(200) -Y(-700) 
' Fig. 9. Plot 	

Y(2o° ) + Y(-To°) vs time for the 516 keV transition from 

• 	the 7- isomer in 206pb. 

Fg 10 Plot of / 	 for the 516 keV transi- 

tion from the 7- isomer in 206pb  from the to counters fixed at ± 45 °  

to the beam direction vs the magnetic field. The to count intervals 

are centered at T/4 and 3T/4 where T is the repetition time for the 

pulsed beam. 

Fig. 11. Energy.leveis In the cerium isotopes. The neuton-deficient nuclei 

are from Ref. 70 and the neutron-excess ones from Ref. 71. 

92 	94 Fig. 12. Enerr levels in the 50-neutron nuclei, Mo and Ru. From 

Ref. 72.  

Fig. 13. Ratios of energies. of 4+ to 2+ states vs proton number for various 

neutron numbers The neutron-excess nuclei are from Ref. 71 

Fig. 14. Ratios of energies of 4+ to 2+ states vs neutron number for various 

proton numbers. 

Fig. 15.  Enerr levels in 
157,159,161,l65Ho  From Ref. 77. 

Fig. 16. Plot of E1+1  - E1 /2(I+1) vs 4(1+1)2  for  165110 and 157Ho; constant 

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

tude of oscillations in enerr levels. 

Fig 17 Partial level scheme in 157 ' 159Er (Ref. 79) and in 161163165Er 

(Ref. 78). 	 , 	.. . 

• Fig. 18.. Paftial level schame in 160162Ho.(Ref. 80). 

Fig. 19. The in-beam (top.) nd out-of-b.eam (bottom) gamma-ray spectra 

i obtained with 	Sri + 1 0 (88 MeV). The transitions n 	Ba seen in- 

beam come from the .2p2n reaction, while the yield out-of-beam is the 

sum. of 1tti and p3n. 	 - , 	. 
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Fig 20 Partic.l region of the Periodic Table, with stable isotopes as 

filled squares and outermost curves of zerO effective binding enerr, 
* 

B 	0. Curve labeled r 
p n 
ir =1 is where neutron and proton emission 

is calculated to be equally likely, and one labeled LCN is the lightest 

compound nucleus that can be made with any stable projectile-target corn-

olnatlon... Lines with Y < 10 and Y < 10-12  give corresponding yie±ds 

foraeutronemision from LCN. 	 . 

Fig. 21.. In order from top to bottom are gamma-ray spectra obtained in- 

and out-of-beam for 112 Sn + 160(62 MeV) and in- and out-of-beam for 

+ 6Ar (137 MeV) 
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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: 

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 
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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