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ABSTRACT
. SRR 149
We have measured the recoil-range distributions of 4.l1-hr Tb
produced in a variety of complex huoleaf reactions. The targets were

Prlhl, Celuo, La139, and Ba138;_pfojectiles were 012, Nlu, NlS, 016, 018,

Fl9; and Nego;E In_e#ery.casevtheNmange distributions oould be fitted to
.a Gaussian functionf ‘The average'fange malmes give.evidence'for total
momentum transfer; and the range Stfaggling is,consisﬁent with nuclear

.eﬁaporaﬁionm‘ We conclude that thesé?meaotions are pure“compound-nucleus

reactions. Excitation energies were'apprOXf»va~.g 50 to approx.

1507Mev, corresponding. to incidenﬂ enefgies'of 5 to 10.4 Mev per nucleon.
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I. INTRODUCTION

In 1936 Niels Bohr proposed the concept of the "compound nucleus" --
a relatlvely long llved excited system formed by the unlon of projectile and
target nuclei.l The.decay of the compound nucleus has been described for
.situations in which the statistical model is valid.2 The simplest form of
the statistical model demands the participation of a large nunber of states

3

'vin the decay process and'a randomness of their'phases. Under these COndi-
.tlons a compound nucleus decays by emlttlng partlcles with angular dlstrlbutlons
symmetric dbout 90 deg h ‘The term ' compound-nucleus reaction" has often been
used, and is used in thiskpaper, to denote‘the complete fusion of target and
projectile, followed by'emission of particles with symmetric angular |
'distributions. | |

In many studles, the energy spectra of emitted partlcles and excitation
functlons for final products have been analyzed by assuming simple compound-
bnucleus reactions. However, with the exceptlon of fission studies, measure-
ments'which verifytdﬁs assumption are rare and'usually indicate a very narrow

region of applicability. An angular distribution symmetric about 90 deg in
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tﬁe cénter-offmaés system ié usually’ taken as a sufficient condition (this

is not a necessarj condition fof smell excitation energies3) for thé appli-
cability of the statistical model. Ihe di?ect observation of angular distri-
butions of emitted pérticles wouid~thué,seem téibe thé.obvious appfoagh to

- testing the model. Measurements of this type usually indicate that those
emitted particles of higher energy are predominantly emitted in thé forward
direction.5 It has been'often aséumed without fufthef verificétion-that the
statistical model is valid for particles obserﬁed at backward angles.

The statistical assumption has‘beeﬁ‘clearly verified by observations
of selected reaction products; Bodansky eﬁval. have made observations of the
two protons in coincidence from_Ni58(32-Mév a,2p) reactioﬁs.6 These experi-
ments give strong evidence that_thevcoincidence requirement screens out the
non-compound-nucleus reactioné. Hence the properties of the excited compound
nucleus were ébseryed without iﬁterference from non-commound-nﬁcleus reactions.
Similar studies for higher inéident energies will be very difficult because of
the more»complexvéoincidence rédpirements.

Recoil properties of the final producis of specific nuclear reactions
have providéd another test of thé:statistical assumptipn.7;8 These~studies_
can fufnish a siﬁple, direct fest_Qf the model even for very large excitaﬁion
energies; AThe measureﬁent of thevaveragé range of the products provides a
measure of the average momentum transfér, The average range'provides a test
of (a) momentum transfer in the iniﬁial imbact and/or (b) symmetry of parficle

7

emission. Total momentum transfer is the average result if the ejected
particles are emitted symmetricallyfin the center-of-mass system.

In this Study,vwe report range distributions for the product 4.l-hr

149

Tb We‘stﬁdied a variety of reactions between complex nuclei over a wide

range of incident energies. In every case the range data are consistentAwith
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total momentum transfer, and thus give évidence for the validity of the
compound-nucleus and statistical models. The compound nuclei so formed
" have excitation energies from approx: v . 50 to approx’ .- 150 Mev,

and presumably include angular momentum statés of many tens of # units.

II. EXPERTMENTAL PROCEDURES

49

We.have made differential‘rangé measurements for L4.l-hr Tbl using

thin Al catcher foils. The techniques Wefe essentially the same as previously

T

.described; ‘however, several'improvemenﬁs have‘beeh made. Catcher foils were
punched from the central areas of commeréially available sheets of Al leaf
(approx:...~.. 150 I‘Lg.;/cme). The foils were visﬁally inspected by loocking
through them into a lamp. Only thevbettéf foils were accebted.” All targets
were prepared by evaporation of thin layeré onto O.OOOESQiﬁ; Al backing foils.
Rare earth métals and BaClé were evaporétea. Rare éarth oxides were evaporated
for earlier Work.7' The rare earth metals were Qoiatilized much mbre readily,
and signifibantly lowervamounts_of heavy-element impurities'werekobserved

with these targets.9

140 138

. We used'separated isotopes of Ce” ~ and Ba from the Isotbpes
Division of the Osk Ridge National Laboratory. The isotopic purities were
99.7% and 98.0% respectivély;

The radioactivity from h.l-hr Tblu9

in the various foils was
measured with 10 to 14 2x ionization chambers gated by a single switch. The
counters were set to eqpivaient sensitivity by intercalibration with thick

uranium standards. Backgrounds of all counters were between 0.2 and 0.5

counts/min.
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III. RESULTS AND DISCUSSION

" The experimental data were fitted to a Gaussian function by ﬁrobability

7

plots as deséribed previously. In é&éry case a very good fit was obtained

9

for about 95% of the rangé distribution.” - Therefore we canldescribe_ﬁpg-
range.distributidn by two parameters, the average fange Rb and the straggling
'parameter p . The étandard deviation of the range distribution is given by
the‘product 0 Ro; In Table I we show-thé results of this stgdy. Columns 1
td 3.give the reactiohvstudied, the beam energy, and target thickness.
‘Columns U4 énd 5 givelthe measﬁrea values of RO and p . The last column .
gives the nucleér reaction straggling paramefer, which is discﬁésed;later.
Beam energiés are bééed on initial energieévof 10.38 Mev per amu for the

Berkeley Hilac and the range-energy curves of Northcliffe.lo

The Average Range
The average range values can be used as a measure of the aVerage»
‘recoil energy or momentum if a‘rangé-energy curve is- known independentiy.

149

However, no indepéndent rdnge-energy data for Tb are available now. Thus
wé'tﬁrn to an internal-conéistency érgument to test for the possibility of
.fullvmomentﬁm transfer; As stated in ﬁhe introdﬁction, if the final product
recoils with the moﬁentum of‘the incident projectile‘(aecreased, of course,
by the mass factor AR/(AT'ﬁ'Ab); see Eq.ll below)‘then the particle emission
imust Be symﬁetric about 90 deg in the centerjofjmass system. The emission of
particles with:angulér distribution symmetric about 90 deg cpntributes directly
to the range straggling,vbut affedts thevaverage range véry slightly. (This |
statement is not general, but applies to the_reactions of interest in this
study. This is because the projectile momentum is so much greater than that
of the evaporated particles — even for e&apbratéd protons and He nﬁclei. See

reference 7.) If a reaction proceeds by full momentum transfer followéd>by

emission of particles with symmetric angular distributions, then the average

recoil energy ER is given by
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g - 2R

X (1)

5 . =
(&, + &) .
Kinetic energy and mass are denoted by E and A with subscripts R for the
recoil, b for the projectile, and T for the target.

In Eig. 1 we plot the measured average range values:versus calculated

valnes of E It is clear that the data éan be very well described (standard

R
deyiation' QIH%) by onelsmooth curve. This figure shows allbmeasurements,
including those from previous wofk_.7 From Table I we see that compolnd
systems of étomic numberv65 to 69 were possible, and that each reaction was
studied_aﬁ several widely spaced energies; The single-valued relatiqnship
of "all the measurements‘of RO-With ER demands that the frnctional momentnm

transfer be the same for all these reactions at all energies (or that the

true value of ERlbe related tn Eq. (1) by a constant factor). If is difficult
to propnsevmechanisms involving partial momentum transfér that predict this
_result._ Therefore we conclude that the momentum transfer is completé_and»

' tnat particles aré emitted symmetrically. This conclusion implies, in turn,
that ﬁheée reactions involve the formation anq'decay nf a comnound'nucleus.

It is essential to inquire how sensiﬁive the measurement of,RO is to
deviations from symmetrical.particle,emission. This question can be answered
only byvreferring to specificvexamples. Suppose, for instance, that,one |
nucleon is emitted glong the incident beam direction with the incident
velocity_énd tnét all other particles are émitted symmetrically. .Such a
process would lead to a fractional momentum transfef'of (Ab - l)/Ab' Since
these ranges aré proportional to momentum to the power approx: =« .. l.3 to »
approx't\hr.,'l.9, the resulting range would be depressed by
[ (a,-1)/a, )13 %019

equal probability for all reactions at all energies, it would not be evident

, or about 17-18%.' If such a process occurred with
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: from7thesevresu1ts. ’HoWever, if spch»a“process occurred_with increasing
i_probabilityifOr higher'incident.energies, then deviations from the single-
yalped‘Ro-vs-ER'cdrye-wodld be‘veryllikelr.

As aAsecond example; suppose that~initiaily all the'momentum_is/
transferred. Theﬁ imagimexthat-particles are emitted im'such a way tﬁat the
angular.distribdtiomaof the.final product, in the c.m..system,:is given by
1 %vo}1 cos ©. The resulting average.range would be depressed‘by approxi-
:matelyfl%zbj this'siightly asymmetric angular distribution.

‘It is rnteresting to compare.Fig. 1 with Fdé. 2,lwhichvshows the R.o
measurements for alpha-emitting species prOddced'from.reactrons of complex

. 209

nuclei with Bi -Most data in Fig. 2 were taken from reference 7. The

Ne® measurements were repeated and found to be in error, and have been
corrected.v'In this plot there is no simple'relationship between RO and ER’
amd this fact gives evidence forvnon-compound-nucleus reactions. We conclude
that measurements of'ﬁ do furnish a severe test of compound-nucleus formation,
provided that a sufflclently accurate andvexten51ve study is performed

Ra-ge Straggllng .
The obséerved range straggllng parameter p is the result of a combina~

tion of effects. FOllow1ng a prev1ous dlscasslon,Y we assume that the:yarious
sources of range straggling can be approximated by Gaussian functions.-‘We
denote'the various 1nd1v1dual straggllng parameters as follows: (a)vrange'
straggllng 1nherent in the stopping process, ; (b) veloclty dlstrlbutlon

H of the nuclear reaction products, f;n; (c) catcher foil inhomogeneities; p

and (d) target thickness, p - Then we have

2 2 2 2 2 -
pC=p "+ 0"+ +p . , (2)

‘We would like to unravel the various effects. Bince these Straggling

parameters combine in quadrature it is qﬁite likely that several of the
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effects make only minbrlqdntributibns to the bbserved straggling. Our target
thicknesses were very small qompared with the éverage;range_yalues, .Therefore‘
the effect pf Py is small and can-be éubtracted accurately.jb‘lt has been
found that Monte: Carlo calculations of the nuclear evaporation process give

149

‘very good agreement with measured angular distributions for Tb™ ~ recoils

_formed from Tb compound nuclei.'ll (Suchxagreement was not found for reactions

leading to Dy156

compdund systems.) We can infer that the rangé gtraggling
due to - - nuclear eyaporatiqn can be>adequately calculated for reacfibns
involVing Tb compound nuclei. Sﬁch calculations have been pérformed and are
described elsewheref12 The results shoW'that»a Gaussian function gifeé a
géod feﬁfésentation of the range distribution that results from thg'velocity
distfibgﬁion. Calculated values of>13£ are given in Table I for.tﬁose re-
actions Ieading to Tb compbund nucléi. ‘The calculated values of pi dré all
less'than@ﬂﬂo the measured values of p? and for this reason dornot’constituté
the major source of the obéerved straggiing. We have subtracted these values:
of §n2 from ( p2- pwz)'to obtain the range straggling due fo foil
inhomogeneities and the stopping prbceés.v”The résults are shown ianig} 3

in terms of standard deviations.

'

2 have in turn been subtracted from

Theée values of pée + g

02 - ,pw? to 6btain‘ pﬁg for the reactionsnleading to compoﬁnd systems

of Z = 66 to 69. The résulting p, velues are given in Table I. The error .
" limits for these values of p , are too lérge.to wafrant‘any quantitative
discussion. HoWever; these values are in qpalitative'égreément with the

3

expectations of'nuclear évaporation.theory;l and therefore give additional
v evidence that all the reactions arevcompoﬁnd—nucleus reactions. The bccur—
rence of other mechanisms would presumably give rise to larger range

straggling.
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fThe range'Stragéling»due‘to-thenStop?ing'process'is‘reryrinteresting.
It reflects the relative importance of energy loss to electrons ‘and to
nuclei of the stopping medium Lindhard and Scharff calculate that the’ range
straggling due’to nuclear stopping, ((R—Ro) ') /RO , is giventby
<<R-R¢>2>;-; 2: _ “Rfg |

2

o . (g + 8g)°

w i

R

where A Qenotes mass number with subscripts R for the recoil atoms and S for

the stopping atoms.lu Let us assume <_<'ps.' Then from Fig. 3 we get a

pf
measure of the range straggling due to the stopping process. For h-Mev Tb149
recoils this_straggling is in agreement with Eq. (3). For 15-Mev recoils the
a | | “ | 2 2 1/2

) /7,2 172,

observedvstraggling parameter, p (which equals [ ( (R - R )

is about one-half the value from Eq. (3). We conclude that essentially all
| ' 149

the energy,lossIOf'ﬁ-MeV‘Tb recoils is to Al nuclei, but an appre01able
amount of electronic.st0pping occurs for the lS-Mev,recoils.

From our data it is not possible to determine the reldative magnitudes
of Pe and ps. .Tnerefore the inferences of.the.last.paragraph are open to-
question. Howe#er,vwe did perform one series of.experiments_that strongly
suggests that indeedipf << Pe- In these experiments La.targets were
19

irradiated with F and three catcner foils were used. The first catcher
foil was commerCially available O. 00025 in. Al ( 1.8 mg/cm ) and the last
two foils were from Al leafx( x 0.15 mg/cm ) used for the range measurements.
The'macroscopic inhomogeneities of the thicker'Al are very much less than

149

those of the Al leaf. Yet the measured fraction of the Tb recoils
penetrating the thick Al was equivalent to that obtained from the experiments

using only Al leaf for catcher foils. This agreement demands that either
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(a) the. range straggling is not predominantly.due to'fpil inhomogeneities,
or (b) : microscopic inhomogeneities of both kinds of Al are eqpivalent{

The former alternative seems more likely.

CONCLUSIONS

49

Measurements of the average range and range straggling of 4.l1-hr ‘I‘b:L
. » ) \
give strong evidence for pure compound-nucleus reactions. The reactions

studied include compound nuclei of atomic numbers 65 to 69 and excitation
energies of approximately 50 to 150 Mev. The projectiles emp16yed were

012’ Nlh, N15, 016’ 018) F19

,  and Nego, and the targets were Pr, Ce, La,
and Ba. These reactions furnish a most promising tool for exploring the

properties of nuclei with high excitation energies and angular momenta.
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Tablé I. Summary of the Tblhg Recoil Data ,
‘ Bombarding  Target "Average = Measgured Nuclear reaction
Reactions energy, Ey thlckness range R straggling straggling
(Mev) (Lab) W(ug/cm ) mg/cm ? parameter,p parameter,p
Leading to 65becompound nuclei

PrIH1'+'ClZ : 85.1 124 0.491 0.298 0.17
- .80.3 125 -0.465 0.295 0.16
75.2 123 0.461" 0.255 0.15 .

69.8 124 0.430 0.273 0.1k

64.6 121 0.405 0.270 0.12

- 58.3 123 0.360 - 0.273 0.10

celh0 1k 24-2 3k 0.566 0,240 0.11
T 30 0.482 10.230 0.09

140 1 . : , ' %

cet 4 §t? 108.3 32 0.735 - 0.220 10.12
102.2 38 0.696  «.0.gk2 S 0.11

95.8 33 0.671 0.233 0.11

| 88.5 31 0.654 0,237 0.09

1?32 2 0% 13100 134 0.955 0.208 0.10
I22.4 136 0.932 0.203 - 0.09

113.9 134 0.802 .  0.175 0.08

pa138 , 19 137.6 136 1.059 - 0.177 . 0.10
125.8 127 1.010 .. 0.181 - 0.08

111.9 134 0.90 ©0.19 0.07

Leading to 66Dy compound nuclei
ppltl +,N14 142.8 81 0.833 0.25 0.17 b

137.2 79 0.810 10.233 © 0.1k

132.0 82 0.810 0.222 0.12

126.4 81 0.808 0.197 0.07

, '120.8 80 0.789 0.216 0.12

prtl | 15 153.0 82 0.942 0.190 0.09
147.9 79 0.917 0.193 0.09

142.8 81 0.926 0.199 0.11

137.4 81 10.856 0.205 . 0.10

132.0 - 80 0.856 0.209 0.11

. 113.1 70 0.779 0.207 0.08
e 4 016 163.0 36 1.028 0.213 0.15
: 155.5 34 1.042 0.204 0.13

148.6 30 - 0.992 0.219 0.15

141.3 32 0.964 0.189 0.10

133.6 35 0.889 0.187 0.07

126.2 80 0.863 0.199 0.09

118.4 0.830 -0.177 0.00
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Table I. (cont)
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Reactions b W ' Ro, p P
C1al39 L 9 192.9 139 1.312 - 0.166 o.lib
‘ o 182.4 © 134 1.248 0.174 0.11

170.8 “136 1.236 - 0.163 0.09

160.7 134 1.169 - 0.161 - 0.08

Bal38, e 202.6 136 - 1.402 0.155 0.10
a 188.8 127 1.381 0.153 0.10
175.6 ‘134 1.199 0.169 0.10

162.0 135 1.251 0.144 0.06

148.0 132, 1.158 0.160 0.07

leading‘ﬁ@ 67Ho compound nuclei

pr*l o1 162.9 81 1.035  0.180  0.09°
et 18 179.8" 12k 1.169 0.202 0.1k
S 172.% 125 1.162 0.181 0.11
1643 123 1.145 0.183 0.12

156.2 124 1.100 0.188 0.12

139.0. 121 0.976 0.205 0.13

el L 9 192.9 36 1.293 0.179 . 0.13
- - 182.6 3k 1.258 0.177 0.12
172,11 30 1.228 0.170 - 0:.10

.160.2 32 - 1.173 0.171 0.10

L 148.% 35 1.106 0.196 -0.13

rat3? 4+ ne2° 202.6 139 :_1;371 0.162 0.11
188.8 134 .1.325 - 0.163 0.11

174.6 136 - 1.222 0.162 0.09

162.0 -~ 13k 1,179 0.164 0.09

leading to 68Er_compound nuclei

pritl L pl9 191.7 150 1.227  0.220 0.17"
‘ ’ 182.0 142 11.152 0.230 0.18
171.8" - 146 1.126 0.240 0.19

161.5 -~ - 1h7 1.094 0.229 0.18

151.2 144 1.096 0.205 0.14

138.9 143 1.033 0.191 0.11

126.7 143 0.975 0.178 0.07

’ Celuo + Ne20 203.2 36 1.308 0.201 1 0.16
- 188.8 3k 1.251 . 0.236 0.20
- 174.0 30 1.209 0.202 0.15

160.0- 32 1.175 0.213 0.16

145.2 . 35 1.148 0.191 0.13

129.6 - 32 1.017 0,188 0.11
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Reéétioﬁs b : W | RO P Py
Jleading'to369Tm compoﬁnd nuclei
pritl L we?0  t202.8 12k 1.295  0.213 0.17°
: 188.6 125 1.270 0.206 0.16
175.6 123 1.200 0.207 0.16
©161.8 124 1.189 0.166 0.09
‘147.2_. . 1.078 0.173 0.09

121

& The values of Py fér the reactions leading to Tb compound nuclei- are calcul-

ated values based on assumption of isotropic neutron emission.

See reference

.11, All .other values of p, were obtained from Eq. (2) as described in the

text,

The estimated standard errors for these #aluesiof Py are approximately

0.0k,



UA%.. o7 UCRL-10098

— - T T lrl Il “””I”,_ '
e | ' b
1.6
14
L2

 ' Tb'“(in AH

bbbt

LN
B
[
N
o
E
-1

o8 1

0.6

=TT T T T ‘1‘1 TITT YT

04

- -verage: :rdngei . ko E

02 - ] 1 : ||‘| LA idi L“,]””I““I I
,4 S -6.° 8 1012 14161820 30 -40
. colculoced recoil energy' ER (Mev) L

w2287 -

Fig ALy Average range as a functlon of calculated rec01l energy for - -
o reactlons leading to L. 1- hr Tblh9 'The symbols are as follows:
coclz, Oy MO NS, Dy o6, Ay 018, Vo F,
St 820 <:> Ne22 C) Four bars are for reactions formlng o
'L”j;compound nucle1 for 7. = 69; -three: bars for 7 = 68 “two bars for._“F”'
"2 = 67; one bar for Z: 66 'no bars for Z - 65 o o

. II‘

Il



4. ~ UCHL-10098

L I e T T

Average range in Al (mg/cm?2)

N N B
3 4. 5 6 7 8 9 |0l|
Calculated recoil energy, ER (Mev) .

- ] ] | |

MU-22783

Fig. 2. Average range versus calculated energy for reactions of :
complex nuclei with Bi209 leading to alpha-emitting nuclides. " '
Symbols denote the various projectiles as in Fig. 1. The
solid line is the range-energy curve from reference 7.
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Fig. 3. Range straggling of o9 que to foil inhomogeneities
" and stopping phenomena as a function of average range.

-Symbols are as in
~nuclei only..

Fig. 1. These data-are from Tb compound
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