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SOME LIMITATIONS ON THE PRODUCTION OF VERY NEUTRON-DEFICIENT NUCLEit 

F. S. Stephens, J. R. Leigh, and R. M. Diamond 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

December 1970 

Abstract 

Our present method of producing very-neutron-deficient nuclei--evaporation 

of neutrons following compound nucleus formation--is limited by the eventual pre-

dominance of protons over neutrons in the evaporation spectrum. We have made 

measurements to determine the effective Coulomb barrier for protons in the evapora-

tion process, and have then explored mathematically the nature and location of 

this limit. 

t Work performed under the auspices of the U. S. Atomic Energy Commission. 
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1. Introduction 

Heavy-ion reaction~ have been u~ed for a. numb~ of years as a means of 

producing and ~tudying neutron-deficient nuclei. The fusion of a target and 

projectile nucleus inevitably tends to produce a neutron-deficient compound sys

tem due to the increasing neutron excess of heavier nuclei along·the valley of 

beta stability. For this reason, very heavy projectile nuclei will generally. 

produce the most-neutron-deficient products. Also, these compound systems are 

produced with considerable excitation energy, which usually results in the 

evaporation of a few particle$. For heavier nuclei, the Coulomb barrier inhi

bits the evaporation of c.ha.:rged particles resulting (normally) in· a· strong pre.,.. 

ference for evaporating neutrons. This tends to produce still more-neutron

deficient products. As the compound system becomes very neutron-deficient, 

however, proton emission increasingly competes with, and eventually dominates 

over, neutron emission, resulting in less neutron-deficient products1 ). This 

competition constitutes a limit on our ability to produce very neutron-deficient 

products using this method, and our aim here is to find the nature and location 

of this limit in the region of the periodic table between tin and lead. Above 

Pb, fission begins to compete with particle evaporation from the compound sys.,.. 

tem, and this changes the situation rather completely. It should also be noted 

that we are only considering compound nuclear reactions; surface reactions are 

being neglected in the.calculations. 

.. 
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2. General Method 

In order to find th.e limit in producing neutron-deficient product nuclei, 

we must evaluate two things. These are (l) which compound system can be pro-

duced and (2) what particles will be evaporated from this system. The first 

of these is easy to evaluate under any given conditions for a particular pro-

jectile-target combination. Since accelerators that can accelerate any nucleus 

will soon become available, we have chosen, as a reasonable condition, only that 

both target and projectile must exist in nature. This is not an ultimate limit, 

by any means, but seems l~~ely to be the best achievable in the near future. One 

can then easil;y determine the lightest compound nucleus (LCN} than can be pro-

duced for each element. In fig. 11, which will be discussed la.ter, this limit 

is shown as the heavy dashed line. We have actually constructed this line from 

only even-Z nuclei, but, since protons are readily evaporated in this region, 

it does not effectively differ for the odd-Z nuclei. 

The question of which particles are evaporated from a compound nucleus 

clearly depends on the relative effective binding energies. For neutrons, these 
·t_;. 

effective binding energies do not differ from the usual binding energy, but for 

protons they must include an effective Coulomb barrier. We believe this effec-

tive barrier can be best determined empirically from the relative proton-neutron 

evaporation rates near the point where they are equal. We have used a very 

simple relationship
2) 

p /P 
n p = e 

B -B* 
-( n P) 

T (1) 
·. 

where: Pn and Pp are the probabilities of evaporating a neutron and proton, 

respectively; Bn is the neutron binding energy; B; is the effective proton 
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binding energy;.· and T ia the nuclear temperature. One can see that B* can be 
p 

determined from P /P · since Bn i.s available from mass tables3 ) and T is not 
. n p 

very important if P /P - 1. We then obtain the effective Coulomb barrier, 
n p 

E* from 
c' 

* B = B p p 
* + E ·c 

(2) 

where B is the proton binding energy from the mass tables. With the assumption 
p 

that 

* E -c 
kZ MeV 

1 + Al/3 
( 3) 

where k ·i-s a number (presumably near one) that is evaluated from the measured 

* * E , we can scale E to other elements. This method has the enormous advantage c c 

that errors in B , B , or eq. (3) are normalized out at the point where P /P 
· n p n p 

is measured, and only relative errors from this point are important. For the 

region we are _interested in, around Pn/Pp - 1, the value chosen for T is not 

very important, but it is critical for calculating P /P far from this region. 
n p 

We have used T = 1.5 MeV. 

In principle, alpha emission relative to neutron or proton emission 

should be treated in just the way described above. However, we have found (1) 

that alpha evaporation is considerably smaller than proton evaporation over the 

region of nuclei we are interested in and (2) that around the region where 

P /P -1 the ratio P /P does not change very much. For the region of nuclei 
n p p (l 

around Ce, we have th_erefore simply used an empirical value of 3 for P/P <l' 

and in the Os region we have used 2 for this ratio. If one were mainly interested 

• 
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in the products from a.lpha eva.pora.tion, this would not be a very good procedure, 

bU:t we are more concerned wi.th the main products whi.ch come from proton and 

neutron evaporation. 

Using the above-outlined procedure we can, in a given case, find the 

lightest compound nucleus that can be produced, and calculate the probabilities 

for the emission.of protons, neutrons and alpha particles. Each of the pro-

duct nuclei can again emit particles with calculable probabilities, and so on, 
! 

. until the excitation energy remaining becomes too srila.ll to permit the evapora-

tion of further particles. If this is done for a number of cases, using dif-

ferent excitation energies, w:e can find the maximum probability with which a 

given product can be made. We need now to discuss the relationship between exci-

tation energy of the compound system and the number of particles evaporated. We 

have adopted the point of view that one can use an a~propriate bombarding energy 

so that any preselected number of particles will be evaporated. This means that 

we consider, for example, the evaporationof four particles from a compound sys-

tern, and leave it as a separate problem to determine at what bombarding energy 

this occurs for a given target-projectile pair. Alpha evaporation requires 

about twice the energy needed for proton or neutron evaporation, so that we just 

consider an alpha particle to replace two nucleons. This is not very important 

as we are not primarily interested in the products of the alpha evaporations, but 

only in deciding for which steps alpha evaporation can compete with nucleon 

evapora~ion. 

It is, of course, true that even at the optimum bombarding energy for 

evaporating, say, four nucleons, three or five particles may be evaporated. For 

light projectiles the latter cross sections are relatively small (""' 10%), but 



-6- UCRL-20422 

. 4 
they can be around a factor of two larger for preaently~vailable heavy ones ) 

(due to angular momentum effects). They also become larger the greater the 

number of nucleons evaporated. Thia correction has not been included in our 

calculations, nor do we allow for the fraction of the total reaction cross sec-

tion going into surface reactions (20-40%). Thus an absolute accuracy of a 

factor of two is the best we can expect, although relative cross sections from 

a given compound nucleus might be somewhat better. 

One-further point concerning excitation energies needs to be mentioned. 

This is the minimum number of nucleons. that can be eva.porated in a given case. 

Since, as di.scussed below, th.e ma.xi,mum yield of a given product usually results 

from evaporation of the fewest possible nurilber of nucleons (from the appropriate 

compound nucleus) it is important to know what this number is. It depends on 

the excitation energy of the compound nucleus, which is determined by the Q 
. . 

value for the reaction and the bombarding energy. The minimum bombarding energy 

possible is just the Coulomb barrier energy for the projectile-target system, 
- * .· .. 

so that the minimum excitation energy, ECN(min), can be estimated as: 

(4) 

* The quantity ECN(min) has been plotted in fig. 1 for several target projectile 

systems that produce light Ce compound nuclei. The usefulness of this can be 

seen if one uses the rough estimate that evaporation ofa nucleon requires about 

. 128 16 1128 t 15 MeV. Thus product~on of Ce, for example, by the 0 + n reaction a 

the minimum bombarding energy should result in good yields for the evaporation 

of only two nucleons; whereas production by 20Ne + 108cd or by 32s + 9~o should 

• 
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* result mainly in three or more evaporated nucleons. Th.e lower ECN(min) for the 

lighter Ce nuclei, using B. gi.ven target-projectile pair, results from the greater 

• instability· of these Ce nuclei and hence a lower Q value. This is a very for-

tunate circumstance, as i.t means that evaporating only two nucleons may often 

• be possible for the very lightest systems, where evaporation of a third particle 

might cost a factor of 5 or 10 in yield . 

• 
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3 • Experimental 

The experimental problem i,s, then, to measure th.e relative yields of 

two or more reaction products in a case where protons a.nd neutrons are both 

strongly evaporated, and from these ratios obtain values for k using eqs. 

(1-3) above. We chose first the Ba-Ce region for this measurement, as we were 

interested in studying the energy levels of very light even-even isotopes of 

these elements. We made a second determination in Os in order to check the 

validity of the extrapolation according to eq. (3). The primary data obtained 

were Ge(Li) gamma-ray spectra taken both during and between the 5 msec Hilac 

beam bursts. From theS~e two spectra a net i.n-beam spectrum could be obtained 

by subtracting the appropriate fraction of the out-of-beam spectrum, and the 

out-of-beam spectrum could also be corrected for the portion of the time it was 

not gated on. The yield of an in-beam (prompt) transition could thus be directly 

compared with an out-of-beam (after one or more 13-decay) transition. The spectra 

were sometimes rather complex, and to aid in identifying the various products 

coincidence measurements were made between a particle detector, sensitive to 

the evaporated protons and alpha particles, and the gamma-ray detector. 

In fig. 2 are shown the net in-beam spectrum and the out-of-beam spectrum 

(not normalized) following bombardment of 112sn with 88 MeV 16o ions. A number 

of lines have been identified, but there are also many.others which have not been. 

We are mainly interested here in a set of lines5) belonging to the ground-state 

rotational band of 124Ba. These occur in both the net in-beam and out-of-beam 

spectra and are indicated near the center of fig. 2. In the in-beam spectrum 

these must result from the prompt de-excitation of 124Ba formed in the 

112
sn(

16
0,2p2n.)124Ba react.;-on (an • alpha particle rather than two protons and 

• 

• 

• 
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two neutrons is excluded, aee below). In the out-of'-beani spectrum these lines 

124 
result from the {3-decay of La which i.s . produced either by the 

112 16 124 . . . 124 112 16 124 
Sn( O,p3n) · La react~on or from the {3-decay of Ce, the . Sn( o,4n) Ce 

product. To use the 
124

Ba lines in the out-of-beam spectrum as a measure of 

the total yields of the p3n and 4ri reactions, we must be sure that: (l) the 
. . 124 

{3-decay lifetimes of Ce d 
124L h. t . d 'th an a are s or compare w~ the bombardment 

time; and (2) that all the 124 
{3-decay of La goes through the transition used. 

In this case, the bombardment time was "' 1 hour and, although the lifetimes of 

124 . 124 . 
Ce and La are not known, they are very likely to be short compared to 

this, as estimated f'rom the known {3-decay lifetimes in this region. Thus (1) 

above is likely to be fulfilled. Regarding (2), si.nce the decay of 124La leads 

to population of the 6+ and 8+ states in 124Ba, it seems. quite likely that 

. 1 . + 0+ t •t• essent~ally a 1 the decays go through the 2 -+ · ransJ. J.on. Thus comparison 

of the yields of this transition in-beam to out-of-beam should give directly 

the relative yields of the 2p2n to p3n+4n reactions, respectively. This ratio 

is about 1.2 and determines rather sensitively the quantity k in eq. (3). 

Using the 4+-+ 2+ transition rather than the 2+-+ 0+ one ~kes essentially no 

difference in the result. The 
124

xe line6 ) in the out-of-beam spectrum results 

from any of the 4n, p3n, 2p2n, or 3pn reaction products. We have abbreviated 

this by 3xn where 3x can be three protons or three neutrons or a mixture of 

these. In this case, however, neither of the above two conditions is likely to 

be fulfilled, so that the yield is not useful. It does mark the exact location 

'r~ of the 124xe line in the i.n-beam spectrum, however,. which enables an upper limit 

to be set on the 4p reaction, and this limit is consis.tent with the calculated 

yield, based on the same value of k. 
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In order to be aure that our a.asignments are correct, and that the 

outgoing particles are 2p and 2n rather than an a particle, we have made 

coincidence meaaurements with a thin particle detector in the ba.ckward direc-

tion. AnAl foil, 0.025 mm thick, covered the detector and prevented any pro-

jectiles from reaching it. The proton and alpha particle spectrum resulting 

is shown in fig• 3. The proton spectrUm is cut off at- 8 MeV, since the counter 

was thick enough for the deposition of only this much energy from protons. This 
I 

helps considerably in separating the protons and alpha particles, and, as fig. 

3 shows, this separation is quite adequate. Figure 4 contains the ga.znma .... ray 

spectra in coincidence wi.th the protons and alpha particles. Th.e proton-coinci-

d t t . t 1 d h . t th 124B . . • d d t. 11 en spec rum 1s ra her c ean an s ows tha . e a ~s, ~nee., essen ~a .Y 

completely produced by the 2p2n reaction. The spectrum in coincidence with alpha 

. . 122 . 
particles is more complex, and we have identified only the lines from Ba, 

which have been characterized in other experiments7 ). In both of these spectra 

the results from several bombarding energies have been added together in order 

to improve the statistics, as is indicated in fig. 4. 

In the Ba-Ce region we have ten reasonably good ratios of the type 

described above, all of which are consistent with a value for k {eq. (3)) of 

about 0.85. Although the variation in the ratios is no doubt due to experimental 

error and failure of the cases to meet the two conditions outlined above, we 

can, for orientation, ascribe it all to variations in k, and find then that 

k = 0.85 ± 0.05. We have measured one ratio in Os as a. further check on eq. 

( 3). Figure 5 shows the net in-beam and out-of-beam spectra from 155 MeV Si 
I 

144 . 7 168 
ions on Sm. Here the rotational lines ) of . W are very analogous to those 

of 124Ba, described above, and their ratio in- and out-of-beam is in excellent 

• 
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agreement with the calcUlation based on the above value for k. We thus feel· 

.. that one can calculate with reasonable confidence th.e proton-neutron relative 

evaporation rates over a broad region of nuclei. 
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· 4. Results 

In this section we will try to indicate what the above consi.derations 

imply about producing very neutron-deficient nuclei with heavy ions. In fig. 6 • 

the effective.binding energies for protons and neutrons are plotted against-th~ 

mass number fo.r Os and Ce nuclei. These curves are based on the even-A nuclei 

only, so that the changes in pairing energy should be similar for removal of 

either a proton or a neutron. For the odd-A nuclei, we have interpolated from 

thes.e curves rather than using the mass tables, since we feel that pairing 

effects will be essenti.ally absent for very highly-excited nuclei. It is 

apparent that the. neutron binding energies are much_ lower for the heavier nuclei, 

resulting predominantly in neutron evaporation (eq. {1)). However, as the neutron 

number decreases this situation changes, so that proton evaporation dominates 

for the lighter nuclei shown. Also indicated in fig. 6is an effective alpha-

particle binding energy, where the effective Coulomb barrier was taken to be 

the same fraction of the full Coulomb barrier as was found for protons. 

(Actually, pairing or other effects might shift this line somewhat relative to 

the proton and neutron lines.) Orie can see from this why: (1) alpha evapora-

tion relative to proton evaporation does not change very rapidly with A, for a 

given Z,. and (2) the proton to a.lpha.;_particle evaporation ratio changes only· 

slightly between Ce and Os. 

Using eq. (1) and the fixed ratio for P /P , the effective binding·ener-p a . .. 

gies of fig. 6 can be converted into relative probabilities for the emission of 

neutrons, protons, and alpha particles. ·ForCe these are shown in fig. 1. 

Although these proba.bil:i.tie~ do not seem to change so rapidly, the cumulative 

changes after emitting several particles can be very large. 

• 
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When plots like fig. 7 have been constructed for a11 the elements in a 

given region, one can follow the evaporation of particles· from a particular com.,.. 

pound nucleus. Choosing 
128

Nd, for example~ at an excitation energy such that 

four nucleons (or an alpha. particle and two nucleons) .are emitted we can calcu.,... 

late the yields Ba, La, Ce, Pr, and Nd nuclei with mass 124 (or Ba, La, Ce with 

mass 122). These yields, and all those discussed below, are per compound nucleus 

formed, and involve the approximations discussed in sec. 2. The curve for these 

yields as a function of Z is shown in fig. 8 as the one laheled 124 for A. 1 . 
-~lna 

The largest yield (around 25%) is for 124La and th.e yields fall off rather 

. 124 124 rapldly away from this value for Z (- 6% for Ba and less than 0.01% for Nd). 

For this case the probability of emitting an alpha particle is about 15%, but 

since alphas can compete at each of three steps, almost half of the total yield 

involves evaporation of an alpha particle. Thus the a2x yields are rather large, 

as one can see qualitatively from the data in figs. 2; 4, and 5. Figure 8 also 

shows how the above pattern changes, with increasing mass number, into the more 

familiar situation where the HI,4n product dominates. Since alpha emission 

behaves like proton emission, it also becomes small at large mass numbers. 

If we are interested, for example, in Ce final nuclei, then fig. 8 will 

give the relative yields expected, as a function of mass number, for producing 

128 
Ce nuclei in 2p2n reactions. These peak at 30% near Ce, and fall off rather 

slowly at higher and lower mass numbers. We can now try to compare these yields 

with those obtained by producing these same Ce nuclei using other reactions . 

Figure 9 shows the results, of such a comparison, .where the line labeled 2p2n 

is the one· just described above. Si.nce 128Nd is th.e lightest compound nucleus 

(LCN) of Nd that can be made (see sec. 1), it follows that 
124

ce is the lightest 
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possible 2p2n Ce product, and thi.s is indicated i.n fig. 9 by termination of the 

2p2n curve wi.th a short perpendicular line. It should be realized that in fig. 

9 we have notcorrected for possible differences in surface-reaction cross sec-

tion, or for the extent to which the entire compound-nucleus cross section goes 

into' evaporation of a particular number of nucleons. We have tried to emphasize 

this by labeling the ordinate of fig. 9 as the maximum cross section that could 

be expected (0' . ) divided by the compound-nucleus cross section (O'CN). Formax 

tunately, our conclusions are not very sensitive to small .shifts in th.ese curves. 

Three other features of fig. 9 require explanation. The first is that 

we have consid-ered only the evaporation of an even number of nucleons. · This was 

done for the sake of simplicity in the figure; and, i.rt fact, the p2n and 2pn 

reactions give yield curves similar to those of the 2p2n.reaction. Neither of 

these reactions can give Ce nuclei lighter than mass 124, however. The second 

omission from fig. 9 is the reactions where alpha particles are eVa!JOrated. In 

general, these are not so important because alpha emission moves along a line 

roughly parallel to the LCN line, and it is usually better to produce a lower-Z 

compound nucleus at a lower excitation energy than to evaporate an alpha par-

ticle. This is not always possible, however, so that there can be cases where 

these reactions should not be omitted. Finally, the dashed lines in fig. 9 for 

the 2p and the 2n reactions are meant to indicate that they may or may not have 

such high yields depending on whether the desired excitation energy is above or 

* below ECN(min)~-(see sect. 1). 

A number of conclusions. may be drawn from fig. 9 (or similar figures 

for other elements.). The first is that above mass 128 the HI,xn reactions are 

the best, and should give yields of 50% or higher. A second is that the HI,xp 

; 
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reactions never have large yields. in this region because sufficiently-neutron-

deficient compound nuclei cannot be made. If one wants. to make a particular 

Ce nucleus, 
126

ce for example, then fig. 9 immediately shows that the best 

reactions to try are 2p, 2n, or 2p2n (p2n should also be in this group)~ In 

fact, the 2n reaction has recently been found to work ve~y well in this .case.7). 

. . 124 
We further see that Ce can only be produced in 2 or 3 times poorer yield--

by 2n or 2p2n (or p2n) reactions. Such knowledge is extremely useful in trying 

to identify these products. Figure 9 also illustrates the important fact that 

the highest possible yields for producing the Ce nuclei begin to drop off rather 

sharply below mass ~ 126. Below ma.ss 120, there is no significantly better way 

to produce the Ce nuclei than by the 4n reaction and the highest possible yield 

is less than 0.01%. This is already well below the yield required (~ 10%) for 

in-beam spectroscopic studies of the type currently being made, so that such 

studies can only be made down to about mass 124. However, some types of out-of-

beam experiments, such as those using on-line isotope separators or the study 

of alpha or proton emitters, can work with much lower yields, so it seems use-

ful to extend these calculations to lower yields . 

. At lower mass numbers the decrease in yield becomes much steeper as is 

indicated in fig. 10. Here we see that the HI,4n curve terminates at mass 118, 

since the LCN in Ce is at mass 122. To get lower masses, one must evaporate 

a larger number of neutrons. Effectively, then; the curve of highest yield for 

a Ce nucleus is the line connecting the termination points of the 4n, 5n, 6n, etc . 

curves, and that is just the. dashed line in fig. 10. One ca.n see that the yield 

is below 10-9 at mas.s 116, a.nd dropping over t~ orders of magnitude per mass 

number at that point. -10 -12 Since yields of 10 -10 are required at present for 
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the most sensitive out-of-beam experiments, it seems these will terminate at 

mass 115 or 116. At a cost of over a factor of lOb per maas number, very great 

improvements in sensitivity will be required to go much beyond this point. 

Figure 10 is based on the belief that the LCN of Ce (12~ce) is the best starting 

point to produce very neutron-deficient Ce nuclei, and calculations using the 

Nd LCN instead as a starting point do, indeed, give considerably lower yields 

for the appropriate 2pxn, and axn products. This trend is in accord with the 

proton spallation.resulta, where the compound nucleus is very far away, and in 

that case yields (ajaCN) of <"" 10-
8 

occur
8) wh.ere the highest yields calculated 

. -1 
here would be - 10 • 

The situation we have just described is summarized in fig. 11, which 

is a section of the chart of nuclides for the region under discussion. The 

stable isotopes are shown for reference as the black squares, and the LCN line, 

previously' described, is the dashed line. The black circle on this line cor-

128 responds to Nd, the ~nly LCN we have produced in this region. The heavy 

solid line is the place where P /P (r /f ) = l. The accuracy in locating this 
. p n p n 

line may be estimated from the uncertainty in k to be - l AMU in the Ce region, 

and- 2 AMU in the Os region. An e~cited compound nucleus will tend toward this 

line from either si.de by preferentially evaporating the appropriate nucleons; and its 

location, together with the LCN line, mainly determines the behavior we have 

described. That these lines are so closely parallel is somewhat accidental, 

as far as we can see, and it means that the situation presented here for Ce is 

qualitatively similar throughout this region. The high.est yield we can expect 

for producing nuclei along the Pp/Pn = l line, using HI reactions, is - 30% of 

aCN and the drop-off to lo-6 and l0-12 is roughly indicated in fig. 11. The 

() •• 
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two widely spaced solid lines are the neutron and proton drop lines, where the 

latter assumes the proton to be unbound by the Coulomb-barrier energy. Although 

there are many very-neutron-deficient nuclei which cannot be produced in useful 

amounts by this method, almost all of these will have very short proton-decay 

lifetimes. Using the estimates of Goldanski9), one finds that for a given Z, 

2 -12 these lifetimes drop from 10 sec to 10 sec in just two or three mass numbers 

-- -12 and this change is expected to occur somewhere between the LCN and Y ~ 10 

lines. 

These calculations have been extended to lower Z nuclei and give results 

that are in good accord with data in the Kr region10 ). It appears, therefore, 

that this rather simple approach seems to have validity over a large portion of 

the periodic table. 

We are indebted to Dr. S. Bj¢rnholm for discussions and suggestions, and 

to the Hilac crews for their cooperation in the bombardments. One of us (FSS) 

wishes to acknowledge the hospitality of Prof. J. de Boer and the University 

of Munich, during the preparation of this manuscript. 
I 
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Figure Captions 

Fig. 1. Minimum excitation energies for Ce co:zrwound nuclei resulting from 

various target-projectile systems. 

Fig. 2. Net in~beam and out-of-beam spectra resulting from the bombardment of 

112sn ~ith 88 MeV 16o ions. 

Fig. 3. 
. 112 . 16 

Particle spectrum resulting from bombardment of · Sn w1th 76 MeV 0. 

Fig. 4. Gamma-ray spectra in coincidence with evaporated protons (above) and 

alpha particles (below). 

Fig. 5. Net in-beam and out-of-beam spectra resulting from bombardment of 
144

sn 

with 155 MeV 
28si ions. 

Fig. 6. Effective binding energies (see text) for Ce and Os nuclei. 

Fig. 7. Relative probabilities for emission of neutrons, protons, and alpha 

particles from Ce nuclei. 

Fig. 8. Relative yields (calculated) for different elements (Z values) resulting 

from evaporation of four nucleons from Nd compound nuclei. 

Fig. 9. Expected yields (see text) of Ce nuclei resulting from various reac-

tions. 

Fig. 10. Continuation of fig. 9 to lower yields. The tlashed line connects the 

points of highest yields for each mass number. 

Fig. 11. Section of the chart of nuclides showing the location of the various 

lines discussed in the text. 
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LEGAL NOTICE 

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

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

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

As used in the above, ""person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



-;o.-- -~' 

TECHNICAL INFORMATION DIVISION 
LAWRENCE RADIATION LABORATORY 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94 720 

_o, -- _[:"J 
'~/.~-d~~ - -




