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ABSTRACT

Techniqnes have been developed which permit the accurate measure~
" ment of.éngqlarvdistnibﬁtiohs.of recoil nuclel formed in nuclear reactibns.
The anguiar distributions of recoils from the reactions'Bizo9(a,3n).
AfZIO,_Biaog(a;hn)Atzogj and‘Bizog(d,3n)P0208_ar¢ consistent &ith_a reaction
ﬁechanism,involving £he'forma$10n of a compound nucleus and subsequent
1sqtropic:evépo:ation of the neutrons,‘as shown by compariéoﬁ'with Monte

Carlo calculations based on an isotropic evaporation model,
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INTRODUCTION

This'work wes undertaken in order to gein a wore complete understanding
of nuclear reection mechanisms in the heavy element. region than may be acquired
. from cross section measurements. Several authors have studied nuclear reacticnsr~
'by means of various recoil techniquee, 1-8 ‘but it seemed plausible that further
| informaticn on reaction mechanisms could be gained“by accurate'meaSurements‘of
enguler distributions or'heavy recoils.’
| There are several advantages of studying heavy recoils frem nuclear
' reactions rather than observino the light particles. Detecticn of the recoiling>
product nucleil by observation of their radioactive decay 1s often extremely
sennitive and very specific. Therefore, one may investigate the mechanlsm by
which a given product is fermed even though the yield is very low, and even
though other reactions are taking place simultaneously with cross sections that
may be several orders of mesgnitude larger. For exanple, 1t would be difficult to
learn anything sbout an (a,2n) reaction by cbservation of the neutrons in & helium
lon énergy renge where almost all the total cross section belonged to the (a,3n)
and (a,4n) reactions.

In this paper, zngular distfibu%ion-mea surements of heavy recoils coming
from the (4,3n), (@,3n), and (o,kn) reactions of 31209 are preSented. Results of
Monte Carlo calculations based on an iseﬁropic evaporation model &are csed to

interpret the experimental angular distributions.
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EXPERIMENTAL»PROCEDURES
Bismuth tafgets-were prepared by vecuuw veporization of bismuth netel
- on to.0.00l inch thick alurinum foils from hot tantalum or tungsten filamentis.

The thickness of the deposited biémuth vas determined by measuring
_spectrophctometridallyithe emount of the yellow bismuth-thiocuree complex9
produced by the-addition of thicurea-.to & solution contaiﬁing bismuth dissolved
from a section of the aluminum foil.

All boﬁbardments were cerried out at the Crocker Laboratory 60-inch
cyclotron. The tergets were mouﬁted in the asseubly shown in Figure 1. ’The
target chambér was evacuated to'50 to 100 microns pressure during the bombara—
ment, and the uncoated side of the target foll, which faced the inconming beam,

'vao cooled by helium gas circulating between the target and the aluminum
degrading foils that were used to very -the energy of the incident‘particle beam.,
A cétCher foil, consisting of e eirculsar piece of 0.001 iﬁch thick aluminum foil
4,6 em in dismeter, was positioned behind the target at a distence determinéd by
- the angle it was'desired to intercept. The position of the beam as 1£.pésséd
through the target Was fixed by placinb a graphite collimator with a 1/8 inch
‘circular hole in front of the target assembly. After passing through the aluminum
caxcher'foil,fthe beam was stopped in an electriéally insulsated waier—cooled
Faradéy dup.atvthé'back 6f the terget chamber. The beam current at the Farsday
cup was measured by en electrometer. In these studies, béam currents of about
0.25 ﬁicroampere vere usually used. With mﬁch larger beam currents, there was &
tendeﬁéy for a £film of foreign materisl to deposi@yoﬁ the target, which caused
scattering of the recoils. Also, with high beem currenﬁ there was a possibility
of vaporiZingAt&rget material from the aluminuhAfoil, or of causing diffusién of
the taiget material into the aluminum backing: l

After bpmbardment, the aluminum catcﬁér fbil was removed from the.térget
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chamber &and cut into 11 concentrip_ringsrby pressing it against a:steel_éutter
_ in &n hydraulic press at 5000 psi. ‘The~rangé_of angles that each riﬁg subtended
“with respect to the @érget vas calculatedvfrem the dimensiéns of the:éatcher foll,
the weight of the ring, end the distence of the cstcher foil from the target. In
most expériments, the catcher was 3.0 to 6;0 cn from the terget.

The recoll products caughtzby the aluminum riﬁgs were measured bf Eross
elpha counting or alpha pulse height analysis, depeﬁding on the species involved.

As the result of a series of experiments whose object was to determine the
éffect of target'thickpess on the recolil ahgular distribution, it was fouhd that
the angulér distribution was essentlally independent of tﬁrgeﬁ thickness if the -
target wéé gbout 1 microgram'perfsquare.centimeter or thinnef.

Siﬁoe the recoll target asseMbl& wes normally‘uséd neer the cyclotron |
at a point ﬁhere the cyclotron magnetic field wes sbout 9000 geuss, it was
necéssary to_show thét the»trajectories of the recoils'were not seriously diéturbed
by"thé field. 1In severai experiments the target assembly was moved outside the
lmagnetic field, the beam being brought into it throuzh an iron'pipe which served
- as magnetic shielding for the beem ions. No chenge in'the'angular'diStribution
vias obserﬁed, | |

On paésage through the aluminum degrading foils, the incident ion beam was
scattered to a cértain extent. Although at most incident energies the effecﬁ of
this scattering on the recoil_angﬁlar distributioﬁ was trivial; at the lowest
energies stﬁdied,it wes somevhat more iuvportant. In such ceses & correction waes

made for this effect.

MONTE CARLO CALCULATIONS
A simple_evapCration model, based on the compound nucleus conéept, was .
taken es the starting point‘fbr'Monte Carlo cslculations of recoil anguler

distributions. In order to facilitate the calculations, several siumpli fying
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assumptionéiand approXimatidns were méde. These sre listéd.aha discdssed,beloﬁ.v

1. Neutrons are the 6nly'particles emitted from theqCOmpound ﬁuéleusg
Competitive de-éxcitation by other modes, such as proton and éamma ray
émission,_is negligible as long as the nucleus is excited sbove the binding
energy of the lzst neutron.

2; The energy spect:um of the neutrons emitted from thewéxcited nucleus,'
unnodified by thermodynamic requirements, 1s given by thé expréssion

- . p(E) ameT,

where'P(E);is the prdbability:of evaporating a neutron of energy E, E 1;
the energy 6f»the evaporated neutron, end T is a parameter; usually referred
to as the ”nﬁclear temperature,” used to adjust the shape ofvthe evaporation
énergy spectrum. The calculations show that ihe-energy spectrum of the
emitted;ﬁeutrons léading to a particuiartreaction_ax the excitation energies
investigated.is so draétically changed from the‘form glven above by the |
impositioh of thermodynamic requirements on the outgoing neutrons, and by
coﬁpetition.from'other neutron emission reactlons, that the model is not very
sensitive td the exéctvform,of the'unmédified energy‘speéﬁrum.

. 3. The angular-distribution»of the outgoing neutrons.is isotropie in
the systémvof the recoiling nuéleus. This provides a simple model with which
experimental engular distributions may be compered. |

4. The perameter T is constent throughout the eVaporation éhaina The
model does not seem:io‘be sensitive to this assumptiona Monte Carlo céicula-
tions have been carried out in which T was varied by several tenths Mev with
only a smell effect on the angu1ar diétributions.

The following appfoximations have been mede in order to simplify the

equation that predicts the angle of the recoil nucleus in the laboratqu system.

5. The distance traveled by the recolling nucleus in the laboratory

system during the evaporation process is negligible compared with the distance
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from the target to the catcher foil. This apprcximation_introduces no
meesurable error in the calculation if the totaivtime for neutron
evaporation 1s less than a.rbc.)ut'loh'9 seconds, |
6. The mass of the nucleus does not change durins the evaporuxiun
" process. For Bi 9, this introduces en error of less then 1% in the angle of .
v the recoll if not more then 4 neutrons are evaporated. |
T. The chonges in momente of the recoiling,nuclei dué to loss of mess
during the eveporation process 1s negligible. This ellows the momentum of
the recbil nucleué ih the’sysiem 6f the étruck nﬁcleus tc’be calculated
wilthout taking 1nto account the alterution of the aystem of the recoiling
nucleus by the loss of neutrons. | The error in the anglc of the recoil nucluua
due to this epproximation is less than 2%~1n the leuat fuvorable case, vhere
the errors edd for the several neutrons. |
Within the limits of the ebove upproximations, the releation giving the
- engle of the recoll nucleus in the laboratory system for the case of - three

enitted neutruns is

_ ~ : : -
N1 ~-cos @
tang = 3 _ (1)
cose3 + ==
where ¢ is the engle of the recoil nucleus in the leberatory system with respect
to the incident particle beam; p, 1s the momentum of the incident particle; and

P, is given by the expression
P, = [szl'+ 2nE, + ZuBy + b A mE, uE, cosd;
+ 2 o/ 20E cosQZ(ZmE1 + 2k, ) :
nT I y 1/2 1/2 I )
+ k4 ,\/ o /\/mbz cose, ) / ] (2)

vhere 91 is the‘angle between the momentum vectors of the first and second
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neutrons in the system cf:the‘struck nucleus;‘ez'is the eangle bétwéeﬁ the
resultent of the first two neutrons and the momentum vector of the third
neutron; 93 is.thg angle b;twgen the resultant cof all three néutrdng and the
direction'of.the incident particle beém; El’ E2 and'E3 ere the kiﬁetic energiés
of the‘first, éecbnd, and third neutrons, respectively, in'the system of the
_‘recéiling hucleus; end m is the neutron mass, taeken as 1 amu . Energies #ere
calculéted in Mev,~a£d-masses in amu.

| - Similerly, for the cése of two emitted neutrons, we'have |

teng =¥1 7% % o (3)

P,

é0892 s E— '

n
where p_ 1s glven by - | o o |
| P, = (szi + 2, +,h'.vr;i; N/;;;-:cosel)1/3; ()
A1l quantities gre>as defined ab?ve, exceﬁf that.here Gz is the angle betweén
the résulfant.pf the two neutrons end the direction of thé incidentxpartiqle.';”
‘.beam, | | o
| iﬁiorderfto*pr¢duge an isotropic neutron distribution;,the cosines of
the.abéve‘ang1é$ vére'sélected.randdmly in the range »l:toAi, The ne@iron .(‘
energles were,ﬁelected according to the following schemes: |
Plrst, néutrong were selected in a fahdom fashion to fiﬁfthe aisfribufioh
P(E) = Ee'E/T. o | - fS)
This was done in the case of the first neutron by selecting a neutron‘ehefgy at
random in the.fange‘from zero to Ea + Ql by multiplying Ea + Ql by & random
number in the range zero to one. . (Eé is the enefgy of the incident particle (a);
in the center-of-mass system, and Ql is @he,Qifélue for the (a,n) reasction.) The
waximuz possible value of P(E) &t the particular T selected was then celculated

from
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R =T (e

| | Lex
P(E)maxwasthen multiplieé by e rendom nusber in the renge zero to one. If the
nunber thus cbtained was grester then P(E) for the neutron energy selected, this
neutron #xsrejeéted. The energy spectrun of neutrcns surviving this operaticn

was that of Eq.v(S). The energles of subsequent nautrons were limited in the
_s»lection process to. the energy available ‘&t that stabe of the evaporation.

~ The next operation was the selection of neutrons from the dbove spectrun

'that led to the reaction under investigation. As en exauple, let us congider a

~ reaction in which 3 heutréns ere émittedn A flow disgrem of this éelécfién
procesgs 18 shown in Figure 2. |

‘A1l the above neutron selection operations, as well as the recoil-angle

'1 calculations, were performed on &n IBM type TO1 digital computer. One to ten
thousand cases,of the rgaction under investigation were tebulated at esch incident
particle energy étudied. .The time requi;ed for the celculation varied frob ebqut
2 minutes at the most favorabie energles to seversl hours at energiés where most
of the neutrons ﬁere used up by competing>reactions. |

. The following informetion was recorded for each reaction~'

1. The number of recoil events in l-degree 1ntervals in the laboratory
'system, or the number of events in intervals correspondiné té the angular
inerements of the ceatcher foil rings.

2. The sbove nunber wodified by solid-angle corrections. (For comparison
with experiments, “the anmular distributions were always integrated over intervals
.correspogding to the renge of angles_subtended by the rings cut from the catcher
Afoils.) |

3; The energies of the neutiqns us§d in the calculatioh Cf'the.recoil- N
anglgs, tabulated separately for fhe Qafious neutrons in order of emission es-

the number of neutrons per 0.1 Mev intervel. (See Figure 3.)
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i, The nurber and type of other resctions per thousend cases of the
feaction‘under investigaxiun‘ |
‘The relative frequency of occurrence of the various competiné reactions

given by the Monte Carlo calculations was found to be quite sensitive to the
velue of the parameter T. Altbough thenangular distributions were not much
affected by changes in fhis paraxeter, en effort'was made-téluse the valus of
T which gave the best fit to experimental cross seétidn datgf;o For the system
31209 +‘He4):it was found that ekperimental‘yaluesiof the ratic of the (a,én)'
and (a,3n) cross sections ﬁere.métched by the Monte Carlo resulﬁsvusing T = l;h Mev
(Figure 4). 4Forvthe‘system B1209 + H?,vh@W@Ver, ro single value of'T.yiélds.
cross section ratios that are in agreement with thé.experimental data, ds_may be
seen in Figure 54 .By‘cfoss-plotting, values of T thet fit the experimental data
at various energieé are dbtained (Figure 6). For the reection Bl“og(d 3n)P 208
values of T read from this graph were used in the Monte Cerlo calculutions.
Calculations were also done based on the assumption of & constant T of 1. 7) Mev,

end these gave angular distribution° which agreed with these using vaiues of T

from Figure 6 within the stetistics of the thousand cases tabulated.

RESUBTS AND CONCLUSIONS

The fecoil anaulér distributions for the various reactions studled heve,
the general shape shown for the reacticn Bizog(a,3n)AtZlO in Filgure 7. .fhé '
angle Omax is the maximwo angle in the ;gboratory Systgm to which the reéoil can
be deflected by tﬁe emission of neutroms: All-recoils pbaerye& ét angles gfea%cr
. than gﬁax’ therefore, have been séatteréd by'intera;tion with the ﬁarget material
or with ges molecules in the space between the target and the catcher folil. ﬁThe'
deviation of the experimental points 1n Lhe range of G from a smooth curve
dropping to zero at e ox is, then, & measure of the s cattering.' ;t wes found

that for target thicknesses of 1 pg/mm, or less, scattering was negligible.
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For the reaction Bizo9(a,3 )Atzlo, the experimentel angular aistributions
and those resulting from the Monte Carlo calculations were found to be in
excellent agrecment, excent for scatterinv in the region of © %#, over the

entire rsnge of incident paruicle enargies investioated. Experimental end

Monte Carlo results for nearly 1dentical 1ncident perticle energies ere shown

for the (a,3n) resction in Figure 7. The half-width (width of the éngular

- distribution at half makimum, measured.in degrees) was taken as a_neasure of the
shape of the engular distribution for comparison_of the experimentel end Monte

Cerlo resulns'at the narious eﬁergies investigated; Thé nalf widths of‘the

210

angular distributions for the reaction Bizog(a,3n)At_ are plotted as & function

of the energy availeble for neutron eveporation, B+ Q3 {Figure 8).

cem

-The'prdbable error in the half-widths of the angular diétributibns depends
'somewhat on'the incident energy end the particular reaction involved. In genenél,
errors are less then t1/2 degree for the experiments and less than +l degree for
the Monte Carlo calculetions.

The generel features of the curve shown in Figure 8 ere readily explain-
‘A'able on the basis of the model assumed in the Monte Carlo calculations. At the
threshold-of the reaction,'no kinetlc energy is Rvailable for" the outgoing neutrons,
so that the neutrons cean give no momentum to the recoiling nucleus. Therefore,
‘all recoils must be found at zero degrees due to the forward momentum of the
1ncident particle. As the incident pnrtinle energy is inereased, the néutrons
start contributing momentum to the nuclear recoil, and the half-width increases,
rapidly at first, then more slowly, until all the neutrons are laaving the nucleus
_ with sbout the same kinetic energy distributions, as shown in Figuze 3. (The
most probable energy under these conditions is about T Mev.) The half-width then
refnains nearly constant with increasing energy, the extra energy remaining as
exditation energy of the reéidual nucleus _ Whén the exci£a+ion energy ¢f the
‘reoldual nucleus begins to exceed the bindlno energy cf the next neutron, the
(a,4n) reaction begins to compete.- Under these conditions, the (@,3n) reaction

is only obtained from those events in which the neutrons heve
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higher than aversge energies. This causes thevn;lf width to incresse again,
end thisrincrease will continue ed infinitum, or until anether riechanlsm tekes
Sover. _

A plot of helf width versus -energy for the!reection Bizog(a,hn)Atzog
"is shown in Figure 9. Both experimentsl and Monte Carlo points are included.
The experimental data do not cover a very wide renge of incident particle
energies.v This reaction could not be studied at lower energies because the
presence of large amounts of Atle elpha ectivity prodiced by the (a,Zn)
reaction made the Atzog alpha perticles éifficult to detect. The highest energy
'studied was determined by the maximum energy of the cyclotron. ’As nay be seen
from Figure 9, the anguler distributions for this'reaction are consistent with
the isotronic evaporation modelvover the range.of>energies that were studled. .

Because of the relatively long half life of Po 08, in the study of the

| recoil angular distribution of the reaction Bi 09(d 3n)P 208, it was desiratle
to use somewhet thicker tergets than wvere used in the helium ion bombardments.
For this reason, sna because of the lower momentum of the incident deuterons, 1t
was suspected.that scattering wes uore extensive than in the case of the helium-
.1on~indnced reactions. In Figure 10, the half-width of the recoil angular
distribution of the (d 3n) reaction is shown es a function of target thickness.
All these measurements were nade at an incident deuteron energy of 23. 5 Mev,
At target thicknesses of about 6 ug/cm bismuth or less, the half-width is well
within the 1inits of error (experimental ~tl /2 degree, Monte Carlo ~tl degree)
of thet for an infinitely thin target. Consequently, targets of ebout 6 pg/cm
were used in ‘the anguler distribution studies of the (4, 3n) reaction;

In Figure 11 ere shown experimental and Monte Carlo anguler distributions‘

for the (d,3n) reaction at the same incident particle energies. Figure 12 shows

the veriation of half-width with energy for the experiments snd Monte Carlo
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celculations for this réactionek'The Mente Carlo-calculations ere in égreeméht
with the éxperimental data wiihin the ;imiés offerror._ it may therefore Be'-
concluded that the (d,3n) resction, like the (@,3n) end (a,4n) resctions,
proceeds by a compouna nucleus_iéotropic evaporaﬁibn mechanism. _Apparently
,the féct that the deuteron is a loosely bound perticle of relatively iarge
radius does not prevenﬁ ifs capfure a8 an entity by the nucleus. ‘

It 1s interesting that these'three reactions eppeer to bé explained1by'

an_isbtrdpic evapqration model. As has been pointed out by Thomas,ll :

Wolfenstein,lz end Hauser and Féshbaeh,l3 it ¢an be shown that particle emission
from.g dompound nucieus willybe isétrépic if the level densities for both the
compound and the resi&ual nuéleus ere sufficlently high, and have asz f,l spin
dependence over,the.range of 90531b1e J values. Calculationsvby BlochllL basged
on the 1ndi#iduai perticle model indicate that this dependence is not found at
vexéitétion'enérgieé less then sbout 12 Mev. In the reactions studied in this
work, excitation‘energies much less than this were cbmmon. At bombarding enérgies .
near the Q, the residqal nucleus must be left.in or near the ground state.

However, 1*.15 quite poSsible that the necessary conditions for isotropy are much

less stringent-than‘thé sufficient conditions’described ebove.-
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Fig.- 1. Recoil target assembly.



scheme for an (a, 3n) reaction.

. Eg is the energy of the

incident particle in the center-of-mass system; Q). Qys

Q3’ and Q
E] <E, +

are the Q-values for the (a, xn) reactions;

-16- UCRL-9060
' E,<EgtQ E, +E<E4+Q
start | celect E, lt-a "3 select E, L2 4 select Eq
E,+E,>E +0Q,
E,+E;E[<E,+Q,
CSathors]  [seeiom | (s
r
reocifons | reactions E,+E2+E3>Ea+q
v Y .
A
—< < use E E_&
E, in'" 2
equation @
MU-15702
Fig. 2. Flow diagram of Monte Carlo neutron energy selection
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- Fig.‘ 3. _Energy spectra of neutrons leading to the reaction

Bi209(a, 3n)At210 (T = 1.40 Mev).
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" Fig. 7. Monte Carlo and experimental recoil angular distributions
for the reaction Bi (a, 3n)At21 . Standard deviations are
shown. The solid curve is drawn through the experimental
points (E“c + Q = 9.7 Mev for the experiment and 10.0 Mev
for the Monte Carlo calculations); (0.88 }.Lg/cm2 Bizog).
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Fig. 11. Monte Carlo and experimental angular distributions for
the reaction Bizog(d, 3n)P02,08' (Edcm + Q =11.7 Mev).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
‘report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. - Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access-
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



