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Abstracf
Our preSént methodv0f>produéing very—neutrOn—defiqient nuclei——gvapérafion
of neutrons félioWing compound nucleus formation--is limited by the eventual pre-
dominance of pfdtons oVef neutrons in the-evaporatiOn spectfum. ‘We have made
measurementé to determiﬁe thé effective Coulomb'barrier for prétbns in the evapora-
tion process, and have then explored mathematically the'nature and loéation:of |

this 1limit. .

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

- Heavy-ion reaétions have been used‘for-a numbér:of.years,as a means of
produéihg'and'étud&ing néutron—deficient nuclei. The fusipﬁ of a'farget and
préjeqtile ﬁuéieus inévitﬁbly tendé to prodﬁce a neutrbnfdeficient compound‘syé—
.tem due to thé.iﬁcreasing neﬁtrqﬁ excess of heavier nuciei‘aloné-fhe vaileybbf
beté sfability.rerr this reason, very heavy préjectile nuélei will generally'
producé the most—heutron—defiéient products. Also, these_éompound.systems ére
prodUced ﬁith conéiderable excitation enérgy; which usuaiiy‘results in.the
eVaporatiQn pf.avfew particies. For.heavier nuclei, the_Cou;omb bafrier.inhi-’
bits the evabdrafion of ch&rged pafficles resulting_(normélly) in'a strong pre-
ference for eV#porating:neutrons. Thisvtends to‘produée $tili‘mofe—néutron—
deficient prodﬁcts. As the compound system becomes very néutroﬁ—deficient,
howévér, profon.emission increasingly competes with, and‘eventually dominates
bver, neutroh emission, resulting in less neutron-defigiént préductsl); .This
competition constituteé a limit on our ability to prodgce.very peutroﬁ-déficient
products using this method, and our aim here is to fiﬁd.the.nature and location
of this iimit’in the region of the periodic table befweén tin and lead. Above
Pb, fission begihs to compete with partiéle evaporation frombthe compound sys-
fem, and this changes thé ;ituation raﬁher éompletely. Itbshould also‘be noted
that we aré‘énly‘consideringvcompound nuclear réactibns; suffa¢e reacfions are

being neglected in the calculations.
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2. General Metheod

In order -to find the'limit in producing neutron;deficient product nuclei,

ve must evaluate two'things; These are (1) which compound system can be pro-

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

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

" Jectile-target comblnat;on. Since accelerators that can accelerate any nucleus

WillVSOOn become available, we have chosen,vas a reasonable condition, only that.
both target and progectlle must exist in nature This is not an ultimate limit)_
by any means, but seems likely to be the best achievable in the near future. One
can then ea31ly determine the llghtest compound nucleus (LCN) than can be pro-

~

duced for each element In fig. ll, which will be discussed later, 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 effectlvely differ for the odd-Z nuclei.

The questlon of which partlclee are evaporated.from a coﬁpound nucleus
clearly depeuds on the relative effective binding eneréies. For neutrous, these
s : ‘ , ,
effective binding energiee do not differvfrom the usuel binding energy, but for:
protons they must include an effective\Coulomb barrier; Ve believe this effec—
tive barrier can be best determined empirically froﬁ the relative proton—neutron

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

simple relationshipg)
B B
: -('—T—E') R o 1)
= ”. . . . l N
Pn/Pp e. _ » » v v .

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

respectively;‘Bﬁ is the neutron binding energy; B; is the effectivevproton
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binding energy;;andvT is the nuclear femperature. One can see that B: can be-
determined from Pn/Pp since Bn is available from mass tables3) and T is not
‘very impoftant.if Pn/Pp ~1l, We theﬁ obtain the effective Coulomb barrier,‘

* .
Ec' from
#* B. * o '
= .3 .
BP P Fe o . S o (2)
where Bp is the‘proton binding energy from the mass tables.  With the aSsumption
that

B . K2
c +,A1/3

MeV . | | ' ' - (3)

where k 'is a number (presumably near one) that is evaluated from the measured
. . v

Ec’ we can scale ﬁ: to.othér elements. This method has the enormous advantage
thaf errofs in Bn’ Bp,‘dr eq. (3) are normalized out at the point where‘Pn/Pp
is measured, and only relative errors from this point are importént; For the
region_?e areiinterested in, around Pn/Pp ~ l} the yaiue chosen for T is not
~very impqrtdnt,-but:it is critical for calculating Pn/Pp far from this region.
We have used-T = 1.5 MeV. |

_ Invpfihciéle, alpha emission relative to neutron or proton emission
should be treétea in just_the way described above. However, we have found (1) _
 that alpha evaporation is considerably smaller than proton evaporation over the
region of nucléi we are interested in and (2) that around the region whefe
.Pn/Pp ~1 thé.ratio.Pp/Pa does not change very much. For the region of_nuclei

around Ce, we have therefore simply used an empirical value of 3 for Pp/Pa’

and in the Os region we have used 2 for this ratio. If one were mainly interested
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in the produéts'ffom alpha, evdpof&tion; this would not ﬁé‘a verj'good proéedure,
but we are more concerned With;the main products whichﬁcdme frémzprotOn and
neutron evapopation.  |
Usiﬁg:the.above—outlined-proqedure we can, in.a’given case, find the.
lightest cOmpéund nucieus that can be produced, aﬁd célculaté the prpbabilities
fof'the emissioh;of'protoné, neutrons and alpha parfiéles; Each of.the pro-

duct nuclei can again emit particles with calculabie prbbébilities,'and so on,

‘until the excitation energyvremaining Becomesbtoo small to permit the evapora-

' tion of further particles. If this_is done for a number‘of~cases, using dif-

férént eicitation ehergies,'&e can find the maximum probaﬁility,with vhich a
giVén_product can bé made . .We need now to discuss the-relatibnship betwegn exci-~
tafion energy of:fhg cbmpoﬁnd system‘and the number ofbpéfticles evépdrated; We
have adopted fhe‘point of viéw that one can use an apprbpfiate bombarding enefgy

so that'any‘preselected number of particles will be eVaporatéd. This means that -

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

tem, and ie&#e it as a sepafafe problem‘to determine at. what bombarding ehergy
this occurs for‘a given'target-projectile pair; Aiph;'évépdration requireé
about twice the energy needed for proton or neutron évaporation; so that we just
considér an alpha particle to replace two'nuclegns. vThis is not vefy important
as we are not primarily interested in the products of the alpha evaporations, bﬁt'
only in deciding for which:stePS'alpha evaporation can compete with nucleon
evaporation. |

It is, of course, true that even atxthevoptimum bombarding energy for
evaporating, séy, four nucleons, three or five particles may be evaporated. For

light projectiles the latter cross sections are relatively small (~ 10%), but
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~ they can he around a factor'of two lerger for presentlyéavaileblepheavyvonesh)

(due to anguler'momentum»effects). They also‘hecome'larger the greater the

number of nucleons evaporated. This correction has not heen included inour = .
calculations, nor do we allow.for the fraction of the totel reaction cross sec-~
tion going into:surface reactions (20—&0%). Thus an ebsolute.accuracy‘of a
factorbof‘twocis_the best we can expect,»although rel&tiveecross sections from
e given compound nucleus might be somewhat better.-"

| One'further point concerning excitation energles needs tovbe.mentioned,'
- This 1s the minimum number of nucleons that can he evaporated 1n a glven case.
'Slnce, ag dlscussed below, the maximum yleld of a glven product usually results
from evaporatlon af the fewest poss1ble number of nucleons (from the appropriate
compound nucleus) it is 1mportant to know what this number is. It‘depends on

- the excitation energy of the compound'nucleus, whlch.ls:determlned by the Q
value for the'reaction and the bombardingvenergy;v The minimum bombardinglenergy
possible is just_the Coulomb barrier«energ& for . the projectile-targetfsystem,

so that the ninimum excitation energy, E;N(min), can bedestinated as: | |

. 2125 ‘ o
ECN(min‘) Q + mé MeV. . | | ' : : ' ()4)

The quantlty E (mln) has been plotted in fig. l for several target progectlle
systems that produce light Ce compound nuclei. The usefulness of thls_can be

seen if one uses the rough estimate that evaporation of a nucleon requires about
o o 16 12,
15 MeV, Thus production of 128Ce, for example, by the _60 + L. Sn.reaction at

the minimum bombard1ng energy should result in good ylelds for the evaporatlon 12

- of only two nucleons, whereas productlon by 2ONe 108Cd or by Sl* 96Mo should



- | UCRL-20422

¢

%

result mainly in three or more evaporated nucleons. The lower ECN(min) for the

lighter Ce nuclei,.using a given target-projectile pair, re$ults from the greater

instability‘ofvthese'Ce nuclei and.hence a lower Q value. _This'is a very for-

" tunate circumstance; as 1t 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. Experimentél

The‘experimgﬁtal problem is, then, to‘méaéure tﬁe'relative yiélds_of_
two or'ﬁore_réaétioﬁ pfoducfs.in a cgsé‘where protons and heutrons-aré both
strongly evaporated, and from these ratios 6btain‘va1ue$ for k using egs.-
(1-3) above. We chose firstvﬁhe Ba-Ce region fof.thié méasufemehf, as we were
interesfed in studying the énergy levels of-ver& iight,eveh-evén isdtopes of
these eleﬁentsf  Wé madé a éecond deterﬁinatibn in'Os iﬁ §rder:to’chéck fhe
validity of the.éxfrapoiation accdrding t6 eq. (3). The primary défa_obtained.
were Ge(Li) gémma—ray spectra taken both during ana 5étw§en thé's’msec Hilac
beam bursﬁé. .FrOm.these two épectra a net in—ﬁegm sbéctrum could be obtained
by_subtfacting the appropriate fraction of thévout-of;beém spectrum, and thev
out-of—béamvSPectrum coﬁld also be correctéd.for the.ﬁbrtion'of the #ime it ﬁas
not gated on. The yield of an in-beam (prompt) transition cduld thus.be‘directly
compared with.an'éut-of-beéﬁ (after one Qf more‘B;decéy) £ransi£ioﬁ. The épéctrg
were sometimés.rathér complex, and to aidvin identifyinguthe &arioﬁsfproducts..
éqincidence measurements were made betweén a partiélé'defectér, sénsitiﬁé_to
the evaﬁorated,protons and alphe particles, and the gamma;ray deteétor.

In fig,-é arehshown the net in—beém sPectrumjandvthé §ut;of-béam épectrum
(not normalized) folloWihg bombardment of LToSn with 88 MeV 16O_ions. A number
of lines have been identified, but there are aléo:manylbfhers'Which have not been.
We are mainlyiinterested here iﬁ a set36f liness) 5eiongihg to the grdund-state

124

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

spectra and are indicated near the center of fig. 2. 1In the in-beam spectrum

12k

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

112, .16 12k ‘ ' o
Sn(*70,2p2n)"“"Ba reaction (an alpha particle rather than two protons and



‘o

-9- IR T UCRL-20422

two neutrons is excluded, see below). Iﬁ the out-of-beam specﬁrum these lines

result from the B-decay of 2l‘lLa. Whlch is produced elther by the

112, ,1 . PR
Sn( 60,p3n)-l'2hLa reaction or from the B-decay of 2l‘Ce the 11%g (160 bn )l2h

product. To use the l2hBa llnes 1n the out-of~beam spectrum as a measure of

‘the total yields of the p3n and hn reactlons, we must be sure that: (l) the
e 12k Aok PRI i
B—decay lifetimes of Ce and La are short compared with the bombardment

time; and (2) that all the B4decay_of l2hLa goes through the transition used.

In this case, the bombardment time was ~ 1 hour and, although the lifetimes of
12k O =L e 14 ' ' '

Ce and La are not known, they are very likely to be short compared to
this, as estimated from the known B-decay lifetimes in this region. Thus (1)

above is likely to be fulfilled. Regarding (2), since the decay of ;ghLa leads

. o + + —_
to population of the 6 and 8 states in.lehBa, it seems quite likely that

essentially all the decays go through the 2+ =+ 0 “transition. Thus comparison

of ﬁhe yieids of'this'trdnéition in-beam to oﬁt—of—béam should give directly
the relatlve ylelds of the 2pen to p3n+hn reactlons réspectively. This ratid
is about 1.2 and determlnes rather sens1t1vely the quantlty k in eq. (3).
Using the h + 2 transition rather than the'2 g 0 one makes essentially no
difference in the result. The lthe iine6) in the out—of—beém spectrum resuits
from any of tﬁé_hﬁ, p3n, 2p2n, éf 3pn reaction products;vvwé have‘abbreviated
this by 3in where‘3x can be three protons or three neutrohé or a mixture_of
these. In this éase, however, neither of.the above twé conditions ié likély<to
be fuifilied, so that the yield is hdt useful. It does mérk ﬁhe exact location
of the l2hXelline in the in-beam spectrum,.héwever, whi§h enables,aﬁ upper limit
to.be set on the'hp réactioﬁ, aﬁd this limit is consistent with the caléulated

yield, basedlén‘the same value of k.
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In order_' to be gure that our asvsig‘_mlnents are correct,v and 'that the
outgoingvparticles are 2p and én rather than an a' particle; we,have:made'
coincidence measurements with a thin particle detector'in the hackWard'direc—
tion. An Al f011 '0.025 mm thick, covered the detector and prevented any pro-
jectlles from reaching 1t The proton and - alpha partlcle-spectrum resultlng
is shown in flg; 3. The proton spectrum is cut off at.5'8;MeV, since the counter_
was thick enough for the depos1t10n of only thls much energy from protons. This -
' helps considerably in separatlng the protons and alpha partlcles, and as fig.

3 shows, this separation is quite adequate. Flgure h contalns the gamma-ray
spectra in c01n01dence with the protons and alpha particles. The proton—c01nci—
dent spectrum is rather clean and shows that the ltha 1s, 1ndeed essentially .
completely produced‘by the 2p2n reaction. Thevspectrun‘in 001n01dence with alpha-
particles is more'conplex, and weAhaye identified only the lines'from 122Ba,"
which have been'characterized in other experiments7),v Inrboth of these‘spectra
the results fron several bombarding energies have been added together in order

to 1mprove the statlstlcs, as is 1nd10ated 1n fig. h

In the.Ba—Ce region ‘we have ten reasonably good ratlos of the type
described above,,all of which arevconslstent 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‘tﬁo conditions outlined above, we
can, for orientation; ascribe it all to:variations inﬁ k,vandbfind then that

= 0.85 # OrOS.. We have measured one ratio in'ds asoahfurther check on eq. B s
(3). FigureJsthows the net in-beam and out-of—heam:spectra.from‘lss.MeV Si |

14k 168

ions on Sm. Here the rotational<lines7) of W are very analogous to those

of 12%Ba; 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_calcﬁlaté with reasonable confidéncéfthe‘pfdﬁbnfneutron:réiative ‘

evaporation rates over a hroad‘regiOn of huclei.
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’ﬁ.v Results
In this_sectionlwe wili try to indicate whattthe ebove cohsideretions’

vimply about producing'very.neutrch-deficient(nuclei vith_heavy ions., In fig. 6 .
the effective.binding energies for~protons_and neutrons‘sre blotted against the .
mass numberlfer'bs and Ce huclei. These curves are based‘on the eveh—A nuclei
only, so that- the changes in pairing energy should be.s1hilar for removal of
e1ther a proton;or & neutron. For the odd—A nuclel, we have 1nterpolated from .
these curves rather than using the'mass tables, 51ncehwe feel-that pairing

effects w111 be essentially abgent for very highly-ex01ted nuclel. It is

apparent that the neutron blnding energles are much. lower for the heav1er nuclei,
resultlng predaﬁinantly in neutron evaporation (eqt (l))f H0wever, as the neutron
number decreases this 51tuat10n changes, so that proton evaporatlon dominates

for the lighter nuclei shown. Also indicated in fig. 6 is an effective sipha-
particle.binding.eneréy, where the effective Coulomb'barrierkwas taken te be

the same fractien of'the.full Coulomb barrier as wasﬁfbghd for protohs.
(Actuaily;ipsiring.or ether effects»might'shift this_iihe sbmevhat reiativ¢ to
the proton and neutron lines.) Ohe cehvsee frombthis why::‘(l) aipha évapera;
tion relative torjroton evaporation does.not chahge very rapidly with A foria<
. given Z, and (2) the proton to alpha-particle evaporation ratio changes only

slightly between Ce and Os. _ .
Using eq. (1) and the fixed ratio for Pp/Pa,‘the effective binding ener-
gies of fig;;6 can be converted into relative probabilities for the_emission of :m

neutrons, protons, and alpha particles. _For Ce these are shown‘inffig.'7.

Although these.probabilities do not seem to change so rapidiy,_the cumulative

changes after emitting several particles can be very large.
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Wheﬁ plots?like fig. T have been constructed foanll thé elements in a
given region, one éan follow the evapbration of particles:from a particular com-
pound nucleus.-'Chdosing 128Nd, for éxample, at an excitation energy such that
four nugleoﬁs (dr an alpha particle and two nﬁcleons)lafe‘emitted Webpan calcu-
late the yields Ba, La, Ce, Pr, and Nd nucled witﬁvmassli2h (or Ba, la, Ce with
maés 1?2). These yields, and all those discussed beldﬁ, 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 AFihal'

The largest yield (around 25%) is for lehLa and the yields fall off rather
'lghNd)

rapidly away from this value for Z (~ 6% for ltha and less than 0.01% for
Fdr;this case fhe probability of emitting an alpha particle is about lS%,vbut
sincevélbhas can doﬁpete at each of three stepé, almbst.half éf the total.yiéld
iﬁvolves evaporation of an alpha particle. Thué the.d2xvyields are rather large,
as one can see gualitatively from.fhe daté iﬁ figs. 2, h; énd 5. Figﬁre 8 also
showé how the above pattern changes, with increasing mass nuﬁbér,'ihto_the more
familiar situation where the HI,Ln product déminates._'Since alpha emission
behaves like préton emission, if also becomes small atjlarge mess numbersf

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

~give the relative ylelds expected, as a function ofvmaés'number, for producihg

Ce.nuqlei in 2p2n reactions. These peak at 30%‘n¢ar}1280e, and fall off rather
slowly at.higher and lqwer mass numbers...We can pow,try-tq compare these yields '
with thosevoﬁféined by producing these same Ce nuclei using other reéctions. |
Figure 9 shqws the results of sﬁch a éomparison;lwheré_the line labeled 2p2n
ié the onetjust.descrihed above. Since l28Nd is the liéhtesf compound. nucleus

12k

(LCN) of NAd that can be made (see sec. 1), it follows that Ce is the lightest
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'possible 2p2nvCef§roduct, and this ié indicated_ih fig.’9 by_ﬁermination of the
2p2n curve wifﬁ'a short berpendicular line. It:shouidjbevreaiized.that in fig;
‘9 we have netecofrected for possible differences in suffaée—reactionACross.sec-
tion, or for the extent to which the entire compoﬁnd-nuéleﬁs.cross:secfion_goes
‘ into'evaporation of a particular number of nucleons.  Welhave.tried fo emphasize
this by labelihg the ordinate of-fig..9 as the‘maxiﬁum:cfoss sedtion fhat'cduld
be expected (oﬁax) divided by the compound-nueleﬁs erose section (GCN). For—
tunately, ourvcohclusions are not very seﬁsitive'to smell-shifts in‘these curvee.
' Tﬁree Other.féaturés«of‘fig. 9 requife exﬁlanaﬁioﬁ. The first is that
we.ha#e conSidered only‘the'evaporation of an even numiér of nuclebne}' This was
done for the sake of simplicity in the figure; and, in fact the p2n and 2pn
reactions glve yleld curves similar to those of the 2p2n reactlon. Neither of
these reactlons can glve Ce'nuclel llghter than mass th,rhowever. The second
omission fromjfig. 9.is the reactions where alpha particles are'evapbrated. In

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

roughly parallel to the LCN line, and it iseusﬁally better to produce a lower-%7 . -

compound nucleus at a lower excitation energy than to eveporete'en alpha'par-.-

ticle. This is not always possible however, so that-thefe can be céses where

these reactlons should not be omitted. Flnally, the dashed lines in flg. 9 for. -

the 2p and the 2n reactlons are meant to 1nd1cate that they may or may not have
such high yields'depending on whether'the desired exqitation energy is above or
below E (mln)——(see sect. 1). | |

A number of conclusions may be drawn from flg. 9 (or similar flgures
‘for other elements).v The first is that above mass 128 the HI,xn reactlons are

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

| g
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reactions neverﬂhaVe large yielda in this region because sufficiently-neutron—
deficient compouﬁd nuclei éannot be'madé. If one wants_fo'maké é particular

Ce nucleﬁs; 126Ce'for example, then fig. 9 immediatélj'éhows.that the best
reactions to try are 2p; 2n, or 2p2n (pen shoﬁld also be in this.group), In
fact, the 2n reaétion'has recéntly:beeﬁ found to work vefy well in this:caseY).
ngfurther see that 12LLCe can. only be produced in.2 or 3 timeé poorer yield—-
by 2n or 2p2ﬁ (or p2ﬁ) reactions. Such knowledge is extréﬁely useful in trying
to identify these produéts.' Figure 9 also illustrates the important fact that

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

‘sharply below mass ~ 126. Below mass 120, there is no Significantly better way

to produce thg Ce nuclei than by the Un reaction and the highest possible yield
is less”than.0,0i%. VThis is already well below the yield réquired (~ 10%) for
in-beam sbectroscopic studies of the type éurrently being made, so that ;ﬁch
studies can iny bé méde down to about mass 12k, .However, some types of out-of-
beam experiménfs, suéh as those using on—line-isotope_éeparators or the study

of alpha or prdton emitters, can wprk with much lower'yields,'so it seems use-
ful'to extend-£hesé calculations to lower yields.

-At.lowér-mass numbers the deérease in yield becomes'much‘steeper as is
indicated-in fig; 10. Here we see that the Hi,hn curve terminates at mass 118,
since the ICN in Ce is at mass 122. To get 1ower‘masées,_one must evaporate
a larger number of néutrons. Effectively, tﬁen, the éurve of highest yieldifor
a Ce nucleus is the line Canecting the termination points of the 4n, 5n, 6n, etc.
éurves, and that is just the dashed iine in fig.‘lO; One can see that the yield
is beiow 10—9 at mass 116, and dropping over tﬁb orders of magnitude per mass

number at- that point. Since yields of 10-10_10-12 are required at preéent 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»lOO perlmaéé_number, very'great

imprbvements in sensitivity will be required to go much beyond this point.
122 .

Figure 10 is based on the belief that the LCN of Ce (

point to produce very’neutron—deficient Ce nﬁciei, and calculations:using the
Nd ICN instead,as a starting point do, indeed,vgive conéidérably lower yields
for the appropriate 2pxn, and oxn products. This trehd is in accord with the

proton spallation results, where the compound nucleus ishyéry_far away, and in

that case yields‘(o/OCN) of ‘a"lO"8

here would be 5‘10—1.

occur8) where the highest yields calculated

- The situation we have jJjust described is summarized in fig. 11, Vhich’

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

stable isotopes are shown for reference as the black'sqﬁares, and the:LCN line,

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

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

solid line is‘the>place where Pp/Pn'(Fé/Pn)‘# 1. ‘The dééﬁracy'in'locating.this

line may be estimated from the uncertéinty in k. to be ~ 1 AMU in the Ce region,

and ~ 2 AMU in the Os region. An excited compound nucleus will tend toward thié

Ce) is the best starting

line from either side by preferentially evaporéting the appropriate nucleons; and its

location, together with the ICN line, mainly:determiﬁeé the behavior we Have_
described. That these 1ineé’are so closely parailéi‘is somewhat accidental,
as far as we éanvsee; and it means that the situation presentedvhere f§r Ce is
qualitatively similar throughout this region. The highest yield we can exPect
for producing nuclei along the Pp/Pn =1 line,'using HT reactions, is ~ 30% of

Ouy and the drop-off to 10‘6 and 107%° is roughly.indiééted in fig. 11. The

.56()
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two wideiy 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,

these lifetimes'drop from lO2 sec to 10_12 sec in just twd or three mass numbers

and this change is expected to occur somewhere between the LCN and Y <§lO_12

~lines.

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

that are in good accord with data in the Kr regionlo)..‘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. Bjdrnholm 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.v
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Figure Captions
Fig. 1. Minimum excitation energiesvfbr Ce compound nuclei résulting from
various target-projectile systems.
Fig. 2. Net in—bgam and out-Qf—beaﬁ spectra resulting from the bombardment of

1128n ﬁith 88 MeV 16O jons.

16

12Sn with 76 MeV ~ 0.

Fig. 3. Particié spectrum resulting fromhbombardment éf !

Fig. k. Gamma;réy spectra in coiﬁcidencé with eVaporafed protons (above) and
élpha particles (below).

Fig. 5. Net in—beam and out-of-beam spectra resulting from bombardment of 1hu8n
with 155 MeV 2851 sons, |

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

Fig. T. Relative probabilities for emission of neutrons; protons; and alpha
particleS'frqm Ce nucléi. |

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 resﬁlting_from various reac-

tions. v
Fig. 10. Conﬁinuation of fig. 9 to lower yields. Thé aashed line connects thé
points of highest yields for each mass numbef.
Fig..ll;. Sectibﬁ of the chart of nuclides showing the-location of the wvarious

lines discussed in the text.
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LEGAL NOTICE

Q

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:- . ’
A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
“fringe privately owned rights; or

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

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