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ABSTRACT

Anguler distributions and ranges of recoils from the reactions Bi“o9
211 2hl 26
“ (@, -

(ct,2n)at and Cm Zn)Cf have been measured. At helium ion energies
higher than sbout 10 Mev aBOVE”the Q~values of these reactions, the results
are consistent with a reaction mechanism involving the emission of ohe or

both ncutrons in the forward hemisphere,
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INTRODUCTION

'During the course of investigations of the type reported in the
preceding paper (Paper I), several reactions were found which gave recoil

angular distridbutions markedly different from those predicted by fhe'iso-

tropic'evapération model, Two of these reactions, the reactions 31209(a,zh)_

211 end szua( o,

5 . : :
At 2n)Cf2 "- have been studied in scme detail in an effort to

. define the reaction mechanlsms.

Recoil angular distribuxions alone were not sufflcient to determine

unambiguously the me chanisms The Bizog(a 2n) reaction gave angular distri-

butions of the Atzll product which, at the higher bombarding energies were
much narrower than those given by Monte Carlo calculations based on & simple_

evaporation model, . (See Papﬂr I for discussion of the Monte Carlo calcu~

2 ”‘(a 2n )szl‘é angular distributiona-
s g

were substanulally broader than those‘of the Atzll. In order to gain further

lations ,); on the other hand, the i

in51gat into the dynamics of these reactions, ranges of the recoiling product
nuclel were measured.  These ranges, when interpreted by means of range-cnergy
relations, define the momentum of the recoiling nucleus along the Béam axis;
and hence, since the incident particle energy is known, thg'tétal moméntum

of the outgoing neutrons along the béam}axis. This additional information

allows one to investigate possibie mechanisms in more detail.
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- EXPERIMENTAL

, The techniques used in makiug:the recoll engula; distribution measure-
ments were similer to those deecrited‘in'Paper I.“chiium targets were.prepared
by vaporization; The targets were alphe couuted.and the target.thicknesses
- were calculated from the counting rates. Target thicknesses of sbout one micro-
gram per square centimeter were found to be satisfactory from a scattering
standpoint, however, because of the high temperatures required for curium vapori-
zation, there was a tendency for films of foreign material to deposit on the |
target during the vaporization process, Such films often caused tarfcts to have
effective thicknesses several timcs greeter than those indicatcd by the alpha.
’councing method, In order to aﬂoid being misled by engular distributions from
such targets, the curium was vaoorized on to thin bismuth tar"ets These targets
were then bombarded and only those glving angular distributions for the bismuth
reaction producte in agreement with daua previously obtaincd from thin biemuth
targete were used This procedure made it p0531ble to re~use curium targets
‘until the blgmuth product angular distributions indlcaued that ecattering was
taking plaee

Recoil:ieege measurements were made'inhtwo.ways'v (1) differentiel d
renge curvee were obtained by stopping the recoils in 8 stack of thin plaotlc
films, and (2) average rangcs were determined by measuring the number of recoils
escaplng from very thlck targets._»

n bor the thin film absorptlonhmeasurcments, ‘targets were prepared in the
manney de jer bod in Paper I for ‘the anﬂular distrlbution studics Targets of
about one microcram of targct materlal pcr square centimeter were used. The

absorber films were made of VYVS plastlc, prepared by stretching on a water
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surface in the manner deécribed by Pate and'Yaffe.l The films; which_were 1
inch in diameter, were mounted’on aluminum fremes which were spaced in slots
O .030 inch apart, " The film thckncsses were usually in the rqngb from 5 to
lS micrograms pér square centimeter., Depending on the film thlcknesses, a
stack of 15 to 20 films was used to stop the recoils. Film thicknesses vere

measured by the optiéal absorption:method»deécribed by Pate and Yaffe;l,by

the Lranamlsqlon-thickness calibraoion curve given by Pate and Yafle Results

of successive muasurcments m“de on thc same fllm were quite reproauc;ble, and

'measurements‘made at-d;fferent areas of the same film were usually in r-fooét

‘agreement, Several films were weighed‘on a microbalance, The WCl“hLS given

by this method were in good agre»mcnt with those calculated from the tran~m1551on

measurements. The f11m~thicknesses-as measured before the bombardment were

probably accurate to within sbout one microgram per square centimeter.

~ The recoil targét assembly used for the angular distribuﬁion‘measﬁre* '

~ments'was also‘uSGd for the recoil range studies. The carrier holdxnw the

: plastlc absorbor films was placed close to thp uarget, the flrst plastic fllm '

wag about 0.5 em from the tarﬂet surface, The beam was collimaied to l/h inch

,diameter by means of a graphite collimator The target chamber was evacuated

to 50 to 100 mlcrons pressure during the bomoardment

Beam intensities of 0.2 to 0,5 microampere were usually uscd, the '
duration of thgrbombardments was severel hours. The passage of the beam through
the plastie films<caused»them'tc become extremely fragile.near.the centef;»and

there were very possibly dimensional and chemical chanaes in the plaSuic, so

that the por tion of the films +that the bean passei throubh may have had a
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thicknese appreciably different from thatﬂofnthe_rest Ofvtne‘film. ‘In general,
the'oounting proeednree were much_the sane as those previously described for
the angular distrlbuuion SuudiCo. The’yields of astatine or californium isotopes
- stopped in each 111m were measured by direct gross a-countlng or @-pulse andlyels
.of the films; no chemical separations were made.
| The measurement of recoil ranges In thin plastic films is a difflcult
0peration. In splte of all the precautions taken, the absolute values of the .
recoil ranges measured by this method were not consistently reproducxble The
reason for thls is not understeod waever, useful informaxlon can . still be
derived from these recoll range measurements because the ratio of the recoil
ranges for the various reaction products 1n any one bombar&ment was quite
reproducible Consequently, the conclusions concerning reaction mechanismS»
that are. inferred from the thin fihm recoil ranbe data are based only on the
relauive recoil ranges for the various ‘reaction ‘products studied 1n a. particular
bombardment, rather than on ‘the absolute recoil ranges uhemselves

. Targete for thick target range determinations were prepared by vaporiz-
ing bismuth on ﬁo 0 OOl-inch-thick aluminum foil in vacuwm, The thickness of
the depos;ted bismuth was measured by weighin pleces of the_aluminum:foil before

and after the vaporization. The targets contained 2, 5-miliigrems per sguare

',centimeter of bismuth Varlations in varorlvation geometry gave rise to

fluctuations in taroet thlckness of about 3% The targets, wnich were about

2] cm2 in area; were cux from e large foil coated in a single vaporization.
Eleven- targets were arranged 1n & stack with a O OOl-inch aluminum catcher foil
behind each target The stach vas. exposed in’ vacuum to the full energy helium’
ion beam of the cyclotron, w1th the. blsmuth sides of the targets facing downbesm,

The aluninum fplls had a thickness of 7,3 milligrams per square centimeter, Xach

<~
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bismuth layer degraded the beam sbout O.ZJEEV,_'Rgnge meaauremenﬁs uére;thué_
.'obtained from a single bombardment at 11 energies'rang;ng.f:ogAhé.GZMev @o;

| 22,2 Mev; At energieé where the éxcitaxion'funqtion of the reaction under
investigationAwas'very steep, 1t waé necessary to apply é small qopréqtion
to the measured recoil range, arising from'the-variation in cross~-section
through the thickness of the target.

' Al the astatine recoil products in the catcher foils were measured
by gross alpha counting and alpha pulée height analysis, Thé,recoil producté
in the thick targets were‘méasu:ed by gross alpha counting. The gstatiﬁe was
then vqlatilized'from the targets and condensed on cold platinum discs, which
were then pulsevénalyzéd to provide abundance ratioé of the varidus astatine

isotoﬁés. The,awerage range of any given recoil species 1s given by the ex-

pression

" N,T |
Raverage = N+, (1)

where Rawerage is the average range in the target mamerial fo? this recoil

speéies, Nc is the number of recoils stopped in the catcher, NT is the number

of recoile remaining in the target, end T is thé target thickness. Thick

2u4h 246

target ranges were not measured for the Cm“" ‘(ct,2n)Cf reaction because of

the lerge ‘emount of curium that would have been required,

RESULTS AND CONCLUSIONS

_A plot of the half-width of the angular distribution versus energy is

21 ora en?(a,2n)ce?*, Botn

shown in Fig. 1 for the reactions 31209(a,2n)At, end Cm
Monte Carlo and experimental results are shovn. The Monte Carlo calculations

show in Fig, 1 were for the Biaog(a,Zn) reaction, At values of E, =+ Q,
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greater then sbout 10 Mev, the experimental ﬁalfswidthé" fof both resctions.
differ considerably from ﬁho;é given by the Monte Carlo calculstions. Since
one would 'ei:i)ecf ‘the conditiong for iéotfopic neutron eVaporation from &

) c‘ompoxina-nmleos to be better metab high excitation energles, these results
~ lead one to suspect thatv a mechanism other tha.n compound.-nucleus formation-
1s starting to contribute to the (a,Zn) reactionsf at this eizergy, which is at
thebjpe’ak of the (a;én) ‘éxcitation functions for both reactions, 243 -

Purther evidence tha‘h a non'compound--nﬁcleue’mechanism begins to
. contribute to the (a,2n) react'ion_-_e.t heliun ion 'eneréies gbove ‘30 Mev is
supplied by the results of the thinfilm r‘eco‘ii”;xfange measurements, Results
of & single experiment in which the ranges of récolls were ‘simultanecusly

ine‘asui'ed for the (o,2n), -~ (o,3n), and (o:','h‘n) reactions of Bi-07

with 43.6
Mev incident helium 1ons axe shown in Fig. 2. There is & striking similarity
between the differen‘ciel range curves of the 131209(04 3n) a.nd }31209 (a,ln)
reections, 'I’he angular distribution studies in Pe.per I indicate that the

203 both proceed by & compound~nucleus

(ct,3n) end (ot,lm) reactions of Bi
: mechanisn;.»: ‘I‘he simila.rity in the differential ra.nge curves :!.’ox' thcse reactiond
18 further evidence that both reactions proceed 'by the same mechanism. ~ The
peak of the range curve for either of these reactions mey then be 1nterpreted
as the most probable range of recoils having the full momehtum of the incident
heliun ion, 'Ehe width of the curve is d.ue to a combination of range straggling

and deviations from the most proba.ble recoil momentum caused by the momenta

. given to the recoils by the outgoing rieutrons. - The average ra.nge»,A which is

what we wish to compare with the. thick. terget range results, is the range -
which half'the-”ife:c‘oils exceed, The .average range in most of the differential
range curves ‘is- somewhat ‘greater.‘than the most probable renge due to & ‘long

range "tail." As may be seen in Fig. 2, the average range for 31209((1, 2n)A’c2]‘l
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recoils produced by 43, 6 Mev helium 1ons is considerably less than that for

the B1209(a,3n)At210 ond B1209(a hn)Atzog recoils. This P can only mean thaﬁ
many of the At21l recoils have failed to absorb the full moﬁehtum of the'in-"
coming helium ion. In opher'ﬁords, a compound-nucleus was not formed.

According to_the'range-energy relation derived by Bohfh and Lindhard
andechaiff,s the ranges in light stopping media of fecoils'of-the,ﬁasojand o
energy studied in this work should be‘proportional to their energies; Thiso
type of range-energy relation 1B'olso supported by oalculations based on
experimentel results of Baﬁlch and Dﬁncao;6 Leachmen end. Atterliog;7 Sikkeiand 

9

and~Ghiorso;8 Harvey, Wade, and Donovan;” and Morton, Valyocsik Donovan, and

Harvey.lo If then, the recoil range is proportional to its energy, it is

possible to. calculate the energy of the 1ower range (a 2n) recoils from the

“ratio of the ranges of the (a,an) recolls to those of the (a,3n) or (o, hn)

recoils since these last two reactions must prOceed by a compound-nucleus

mechanism on the basié of the results discussed above

Range curves for the products of the (a,2n) and (o, hn) reactions of

31209 measured at an incident helium ion encrgy of h6 5 MEV are shown in Fig, 3.
Another measurement at this same energy, this time including, in addition, the

A(a,Zn)Cf §6 reaction, is shown in Fig, 4, Although the absolute ranges
hove not been reproduced, the relative ranges have, In,ordef %o compare thé
range of californium recoils with,that of astatine recoils, the californium
range should be nultiplied by aboutnl.i to correct for the Z~2/3 depehdénce of
range on nuclear charge b

‘ lefercntial range curves measured at 38 6 Mev and 33 0 Mev are shown in

Figs. 5 and 6 ' The average range for the (a,2n) reactich product gradually ap-

proaches that of a compound-nucleus reaction as the incident particle energy is
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lowered This approach takes place at a hiuher energy for the 31209(a 2n)
reaction than for the szuu(a,Zn) reaction, as might be expected from the'
. an'ular distribution data shown in Fig. 1. The discrepancy between the ex~
perimental (a 2n) angular distribution data and the Monte Carlo results at
the lower energies (, e + Q < 7 Mev) 1s Just about &t the limit of the,
estimated errors in the half—widths (about t l for the Monte Carlo results
and about * 1/2 for the experimental results) A

Results of the thick target range measurements are shOWn in Fig,’ 7,
Included for comparison are the recoil range data from the thin £ilm measure~
'ments for the B1209(a,2n) reaction.' Only the ratios of ranges of (o, 2n)
_product to (a,3n) or (a 4n) product were used, each ratio ves. multiplied by

© the appropriate (a,3n) or (a hn) product thick target range in bismuth to

give the range of (a,Zn) recoils 1n bismuth, The results are in good agree -

-.ment with ‘the thick tarbet range data. The recoil renbes of the products of the

compound-nucleus reactions Bi’ 9(a 3n) end Bi 9(a,hn) plotted as a function of
the 1ncident perticle energy establish-' : the range-energy relation which is

needed in order to calculate the energies of the (a 2n) recoils. The Tange- .

enexyrgy relation is seen from Fig, 7 to be quite linear The errors 1ndicated

in Fig, 7 are due to. the -3 fluctuations in target thickness, which wasg
mainly responsible for the observed scatter of the points
The range measurements for both Cm 2kl and Bi 210 tsrgets show that the

(a,2n) reactions involve preferentlal emission of neutrons in the forward
.direction, but 1t is not possible to decide unambiguously whether only one,

or both, neutrons are involved Comparison of the experlmental and calculated
angular dlstributions of At 211 leads to the same conclu31on. Attempts to
analyze thc results by the use of average values for the recoil angles and

momenta fall, probably because rec01ls having average momentum are not often

emitted at the average angle,

'
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The. surprising result is that the aSSumptidns of the simple compound nucleus.
mbdelvbegin to breek down at'energies'as low as 30 Mev, when the cross sections
Tor the (a,Zn) réactions ére'nearvtheir maximum values. An‘unambiguous,solutiqn
of the kinematic pfoblem>probably reouires the'measﬁrement of the momenta-éf
recoils as a function of their anvle ‘ |
The difference in the angular distributions. of the Bizog(a,an) reaction

and the Cnm mx'(Cx,_flaz;) reaction is probably due to the difference in-the‘amount of"
energy which must}be carried off by the neutrons; The fissioniactivation ehergy

for_Cf2h6 is ebout h.B‘MEV;ll

and after emission of the second neutron, the -
.residuél excitation energy must be less than this emount if the nucleus is to

survive, The binding energy of the last-néutron at AT 18 7.7 M=v, and

' the'Atle nucleus can therefore retain an excitation energy up to this amount
and survive, In addition, the Q values for the two reactions differ by 1 MPV"
as & result of these: two effects, the neutrons. musb carry away a total of h 2 Mev

more energy to produce Cf 2k6 than to,produce'Atz;l.. The szh6xangular,distribptions -

211

are -therefore broader than the At angular distributions, . -
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