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ABSTRACT

4 Several features of fission and spallation reactions proceeding
through astatine éompound nuclei formed by carbbn-iOnvand nitrogén?ion
bombardment have been investigateé. The kinetic-energy spectra of the
fission fragments were observed at various angles to the beam over a range - '
of bombarding ehergies by use of two types of defectors, gas scintillation
chambers and diffused p-n jungtibné. Cross sections for néﬁtron—evaporatipgg
Areactions were determined by radiochemical méasurement bf the production
of astatine isotopes. A |

Analysis of the fission—fragmenf angular distributions according to
the models by Halpern and Strutihski and by Griffin, together With the
dependence of the fission .and spallation cross sections on bombarding
energy, suggestsithat fission is frequently preceded by evaporatiog,of
neutrons and charged particles. This result is explained on the basis of

increasing probability for charged-particle .emission with excitation

energy and hindrance of neutron evaporation at iow.energies due to angularAa

momentum and level-density effects. The latter argumeht is also used to
explaih discrepancies between experimental and theoretical shapes of the
excitation functions for neutron-evaporation reactions. Evidence has |
also been foﬁnd that, in the astatine region, a larger total kinetic

energy release is associated with symmetric fission than with the asymmes

tric modes. This is a reversal of the trend .found in heavier elements.

In order to obtain the data presented in the main body of the

thesis, several supplementary investigations were necessary. These are

discussed in the appendices.
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 I. INTRODUCTION .

The work-presented here is a study of fission and spallation reactions -

induced by heavy-lon bombardments in which the compound nuclei formed are

in the astatine region. A number of quantities pertaining to fission hawve

been measured, as well as some excitation functions for 'spallation

reactions.

Nuclear fission was discovered by Hahn,and.Strassman in 1938.l Since
then, many attempts have been made to interpret-the fission process
theoretioallyt Most of the treatments have been performed in the frame-
work of the liquid-drop model, originally proposed by Bohr and Wheeler2 %

and Frenkel.3 According to this theory, the nucleus is pictured as a

uniformly charged liquid drop. Fission occurs if'thé'liqnid drop is dis-

torted beyond the point where further distortion decreases the Coulomb
energy faster than it increases the surface energy of"the drop.. A
fundamental quantity that evolves from this model is Z /A Altholigh some
correlatlons of relatlve flss1onab111t1esh’5 and spontaneous flss1on half
llves6f7 with Z /A have been moderately successful it is not clear that
all the propertles of the flSSlOﬂ process can be explalned by the llquld-
drop model. S _

Probably tnat property of the fisSionrprocess most difficnlt'to

explain is the distribution of massés of the fission fragments. At low

excitation energies, in the actinide elements, asymmetric¢ fission events

are much more probable than symmetrlc events 8,9,10 As the energy>is

ralsed, symmetrlc division becomes morenpnbbabbe Various explanations for

the large probablllty for asymmetrlc lelSlOn at low énergies have been
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11-15 . Some .of these theoretical treatments have yielded good

advanced.
agreement with the low-energyvexperimentel results, but it would appear

difficult for them to explain the change.an mass-yield distributione with -
incfeasing energy. The situationbis further complicated by the results of '
Fairhall et al., who find that at the lowest energies at which fission is -
experimentally cbservable in elements below actinium, the mass-yield

curves consist of single, narrow peaks centered at approximately half the

mass of the fissioning nucleus, indicating that symmetric fission is

highly favored.’ 16 A very strlklng result is obtained when Ra 26

bombarded with lL—MeV protons. In that case, the mass-yield curve exhibits
three peaks, indicating roughly equal probabllltles for symmetrlc and
asymmetric . lelSlon : ' '

Much of the 1nformatlon on relative flSSlonabllltles 1n the heavy
element region has been obtained by measurements of spallatlon ylelds in
reactions induced by charged particles. This method, orlglnally devised
by Glass and co—workers17 and refined by Vandenbosch et al. 18 1nvolves
determination of the cross sectiomns for neutron evaporatlon reactlons and
comparlson of these experimental results with cross—sectlons calculated
according to the Jackson model.19 Since the Jackson calculatioﬁs have been
successfully fitted to the experimental cfoss—sectiens in regions where
fission is not a competing reaction, differences betWeen,célculated'and
experimental neutron-evaporation cross sections in the heavy—element_region
- have been attributed to fissioﬁ competition. | i

The results of many of these studies in the heavy-element region are
consistent with the assumption that Ff/Fn (the ratio of level width for
fission to level width for neutron emission) for a given nucleus is in-

4,17,18,20

dependent of energy. However, in elements with Z < 90, there is

considerable evidence that Pf/Fn.is a strongly increasing function of
excitation energy.8’l6‘f21 Fairhall, Jensen, and Neuzil suggest that these &
results, and the mass-yield data discussed above, can be explained by the

assumptions that (a) symmetric and asymmetric fission are two distinct

(&

processes;v(b) the probability for symmetric fission has a strong dependence

on Z, but little A dependence; (c) the probability for symmetric fission



'correlated the average total fragment kinetic energy release w1th Z /A
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(relatlve to neutron emlss1on) 1ncreases up to some llmltlng value with
1ncrea31ng bombardlng energy, and (d) at energles above the neutron bind-
1ng energy plus the flsS1on barrler the probablllty for acymmetrlc
fission is a decreas1ng functlon of exc1tat10n energy .

In addltlon to the probablllty of f1ss1on, several other quantltles

f related to f1551on have been of 1nterest Terrell has successfully

1/3

of the flSSlOnlng nucleus.22 This result 1mplles that fragment klnetlc o

energies arlse from mutual Coulomblc repuls1on of the two fragments.

Quantltatlvely, the klnetlc energles are about 25% lower than expected on
the basis of such a model. This 1is presumably due to dlstortlon of the
fragments from sphericity at the time of sc1551on Thls model however

has not successfully explained the varlatlon of total kinetic energy

release w1th the ratlo of fragment masses for a glven flss1on1ng nucleus -

(see Section IV).
In l955, Bohr proposed a model which explalned the then ex1st1ng
data on fragment angular dlstrlbutlons resultlng from photon- and neutron-

a 2 2
induced fission. 3 .Sinée then, Halpern and Strutinski k and, independently,

Griffin?5 have extended this model quantltatlvely to explain more recent

‘angular-dlstrlbutlon data from neutron- and charged partlcle induced

fission These theorles are discussed in detail in Section IV.

Heavy- 1on 1nduced f1s31on and spallatlon reactions.should be par-
tlcularly 1nterest1ng for a number of reasons. For one thing, the
partlcle energles obtalnable from the Berkeley heavy-ion llnear accelerator‘

(herelnafter referred to as the "Hllac") make possible the study of com-

vpound nucle1 at very high exc1tat10n energles (for example, approx

100 Mev for full -energy Cl bombardments) The calculatlons of Erlcson26
1nd1cate that the compound nucleus model orlglnally proposed by Bohr, &1
should retain much of its valldlty at these hlgh energles when formed by
heavy-ion bombardment This is in contrast to reactlons 1nduced by
smaller partlcles say protons, 1n whlch 1nterpretatlon of the results is
made more dlfflcult by dlrect partlcle—partlcle 1nteract10ns that may take

287

place durlng the 1n1t1al phases of a nuclear reactlon
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Probably the most interesting feature of heavy-ion reactions is the
large amount of angular momentum that may be imparted to the compound

29

nucleus by the incoming beam particle. Pik-Pichak's'calculations pre-

dict.that,the‘effective_barrier heights forvfission are reduced as a result

30

of large angular momenta. Such an effect would increase Pf/Fn'relativel

to its‘yalue at low angular momenta, fhere_is another,effect,wh;ch also e
~ tends to produce the same trend. The calculations of Ericson indicate

that hlgh-spln states are rather 1mprobable in nuclel excited only to
‘.energles of the order ofthe neutron binding energy or lower.3l Thus the
probablllty for neutron emission from high spln levels to res1dual nuclei

at low excitation energies is decreased relative to its value when the .
evaporation‘proceeds from a low-spin state. As 4 result of high angular
momentum, one therefore expects (a) fission to compete more successfully

with evaporatlon of small particles, such as neutrOns, protons, etc. ,and

(p) neutron evaporatlon to compete less successfully w1th f15$1on and -
charged—partlcle emission than at low angular momenta Hulzenga ‘has dis-

cussed some results which are in agreemenﬂ with those predlctlons

In this work, several of the guantltles relatived to heavy ion-

Ainduced fission have been studled In order to do thls, fission fragments

were observed with two types of detectors, gas- sc1ntlllat10n and solid-

state detectors - By observ1ng the spectra of fragment klnetlc energles at
various angles to the beam it was possible to obtain information about

fragment angular distributions, total kinetic energy release, fission

cross sections, and momentum transfer by the bombarding particle to the
‘compound system Also, some cross sections for neutron evaporatlon result-

ing from the bombardment of platlnum with N 1h ions have been determined.

There were a number of reasons for concentratlng these studies on com-

pound nuclei in the astatine reglon The astatine isotopes which result
~ from neutron- evaporatlon reactions decay by alpha-particle em1ss1on
>w1th half lives which are convenient for observat10n.32_ - However, ot
this advantage is somewhat negated by uncertainties in the alpha/EC
branching ratios and the possible existence of unobserved isomers,
particularly for the odd-odd isotopes. The compound nuclei that

are formed are near the region in which Fairhall
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et al. have observed the drastic changes in mass-yield distributions.
Also, it was expected that fission would not predomlnate over other:
reactions as much as it does in the heavy- element region. There are many
data available for possible correlations in thiSAreglon Besides the
fission results already mentioned above, Pollkanov and Druin have measured

33

many heavy-ion-induced flss1on cross sections in this reglon

~ Baraboshkin,. Karamyan, and Flerov have determined several. (N u,xn)_reaction

cross sectlons on go_:l_d,3)1L and, concurrent with this research, Latimer and

lz,xn) reactions on.gold.35 In addltlon, considerable

209 N 5,36

+ He are available.

Thomas studied the (C
data on the spallation excitation. functions of Bi
Tarantin et al. have investigated the fragment mass-yield distribution

37

from f15$1on of gold with 115- Mev 1\111‘L particles. Preliminary work on the

spallation cross sections in the Pt + N Ly system has been reported by
Burcham and Haywood.38 ‘

The experimental procedures and results are dlscussed in Sectlon 1T
and III, and the analysis of the results is discussed in Seetlon IV,

Some supplementary investigations are described in the appendices.
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II. FISSION COUNTING EXPERIMENTS -

A. Experimentél Procedures

1. Gas Scintillation Method

a. Introduction

’ A fairly complete survey of the field of gas scintillation counting
‘has been'given by Sayres and Wu.39 This technique has been used by Nobles
‘and Leachman fbr observation Of-the.kinetic energy spectra of fragments
from the fission of Ra226 by neutrons.uo' s
' The gas scintillation method has two important advantages over -

: “techniques previously used for counting and analyzing the energy:of
fragments from beam—iﬁduced fissions. First,-the pulses obtained have

41

~ fast rise times (approx 10-8 sec). This was quite important in the
fragment-counting experiments because, at angles near the beam direction
or at low bombarding energies, the ratio of scattered beam particles and
-light'reaétion products to fission fragments was quite large. In these
cases it was necesséry-to.withstand large counting rates of low-energy
pulses in order to obtain good statistics on the number of fission-
fragment counts in a reasonable length of time. Under these conditions,
a slower counter would have made the "pile-up" of small pulses more
serious. Unfortunately, no fast electronic system for ampiification and
discrimination of the pulses was available during the work, so that much
of this advantage was lost. _ '

The other chief advantage of this technique is that the scintillat-
ing material is of low density, and therefore, rather inseﬁsitive‘to the
beta and gamma rays and neutrons associated with the heavy-ion beam. It
was possible to make the counter just:long enough to stop the densely
ionizing fission fragments while absorbing only a small fraction of the
energy of the scattered beam particles.

b. Construction and Characteristics of the Counter

A schematic diagram of the gas scintillation chamber is shown in
Fig. 1. The fragments entered the chamber through a 0.03-mil Ni foil
window, l/h in. in diameter, supported against the vacuum by a 49%-

transmission "lectromesh" grid.uz The photomultiplier tube (DuMont 6292)

{a
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Fig. 1.  Schematic diagram of the gas scintillation counter.
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was seated on a flat rubber gasket on,ene end of the cylindrical gas
chamber. The scintillating gas was argon, whieh_wesvflushed through the
chamber at atmospheric pressure. At the sta£t~of each series of experi-
ments, gas was flushed through the chamber for at least 30 min. in order
for the impurity concentration to decrease to an equilibrium value It
was ‘possible to determlneSthat stability had been atta ined when the pulse
252

heights of successive Cf spontaneous-fission calibrations were the
same., ,

The .chamber walls. were.coated with Tygon (TlO) paint which served as
the reflector.( Its performance was equal tofthat of the more commonly
used Mg0O, and it was mechanically more stable. The "wave-length shifter,"
diphenyl stilbene, was sublimed onto the chamber walls and the face of
the photomultiplier tube. |

A block diégram of the electronic system is shown in Fig. 2. High
voltége on the photomultiplief tube was normally maintained at 1000L&0
1100 volts. After amplification by the linear amplifier, pulses from the
phdtomultiplier were sorted and stored in the Penco (Pacific Electfo-
Nuclear Co. lOO channel analyzer, Model PA b). - - |

The pulse generator was included 1n the system in order to determine
coincidence losses and to detect changes in gain and resolution due to
low-energy pulses and noise in the electronic system. The pulse was
trlggered by a pulse from the Hllac electronlc system which preceded the
start of the beam burst by 2.5 msec.. A varlable delay in the pulse yn.c.
generator made it possible to produce the pulse either during the 2-msec
bursts or in the interval between them. By compafingnthe known number of
pulses sent into the system with the number that appeared under the pulse-
generator peak in the spectrum. from. the Penco, the correctlon factor for
coincidence loss could be determined. This factor seldom exceeded 1l.2.
Corrections for gain and resolution changes were determined by comparing
the position and half-width of the pulse generator peak on beam-induced
'spectra to those of the spontaneous-fission ealibration,spectra.

As an example of the type of epeetra obtainable with this system, the

upper curve of ‘Fig. 3 shows a fregment kinetic energy spectrum obtained
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Fig. 2. Electronic system used with the gasiscintillation
counter.
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spectra. Upper curve: This work, using gas scintilla~
tion counter with the sample in the window position.
Lower durve: TFraser and Milton, by time-of-flight method.
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with a Cf252 spontaneous-fission sample in the window position .of the
chamber. For comparison, the lower curve of Fig. 3 shows the Cf252
spectrum determined by Fraser and Milton, who used a time-of-flight
method.ustBecause of the nature of the fission-fragment kinetic energy
distribution, it is diffieult‘to“éssign.a value for ‘theresolution of the
counter, but a reasonable estimate is 15%. This was rather high, but quite
adequate for these;experiments. It should.be noted that if a:curve for
energy vs.vpulse height is constructed by using .the two peak positions
as calibration points, the curves obtained with the sample in the window
position do not extrapolate to the origin; rather, ZEero pulse height

corresponds to approx 8 to 10 Mev This is- apparently due to loss of

light in the depress1on around the window, for when the sample is inside

‘the chamber, then within the limits.of experlmental error one obtains a

linear dependence of pulse height on energy; with zero intercept.

‘ Examples of beam-induced fission—fragment spectra are shown in Figs.
4 and 5. At high bombarding energies, the large number of counts in the
low-energy reglon resulted from ' plle up" (c01nc1dence of two or more
pulses in the electronlc system) of low-energy pulses. This was deter-
mined by reducing the beam level Wthh resulted in a decrease in the
ratio of low~energy pulses to fragment counts. Since the number of plle—
up pulses decreases exponentially with increasing energy, it was possible
to subtract them from the spectra by plotting the curves on semilogarithmic
paper and extrapolating into the fragment-pulse region. Occasionally, at
low bombarding energies, where the beam particles lose more energy per
unit path length, the elastic-scattering peak appeared in the low-energy
tail of the fragment spectra. '
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2. Solid-State Conduction Counters.

a. Background

In recent years several attempts have been made to use non- or .
semiconducting crystals as‘radiation_detectors. When a charged particle
passes through such a crystal it loses energy by raising electrons to the
conduction band of the cfystal, leaving a positive "hole" in the spot
vacated by the electron. By suitable application of voltage across the
crystal, the electrons and holes may be collected and the resulting
pulse electronically counted or pulse-height analyzed. 1In theory, it
should be'pdssible to obtain much better energy resolution from a solid-
state detector than from a gas-filled ionization chamber. This is because
much less energy is expended to form an electron;hole pair in a crystal
than to form an'ion pair in a gas counter. For example, it‘reqpires about
30 ev for ion-pair formation in most gases used in ion chambers, whereas,
in a silicon crystal, it takes only approx. 3 ev for each electron-hole
pair formed. Thus, for the same amount of energy deposited in each type
of- detector, a silicon érystal yields about ten timésvas much charge.
Therefore, on the basis of statistics alone, the resolution of the éolid—
state counter should be Jio,'or rbughly 3 times as good as that bbtaiﬁed
with an ionization chamber. _ '

Much of the early work in the field of solid-state. detectors is

45 and Chynoweth.)1L6

described in review articles by Champion,lm Hofstadter,
The counting properties of crystals such as diamond, AgCi, AgBr, CdS, and
NaCl were studied. In these experiments, elecﬁric fields of the order of
5000 v/cm.were generally used to collect the charges. - None of the
substances proved very satisfactory, as several difficulties were
encountered. For one thing, the holes are often not very mobile, and
thus are collected slowly if at all. Also, there are many imperfectiomns
in the crystals which may trép the electrons or holes or both before they o
reach the edge of the crystal. The trapped eiectrons and holes eventually
polarize the crystal so that subseqﬁent pulses are sﬁaller. .Various
methods have been used for dépolafization,of the crystals, but these are

Y7-49

rather inconvenient.
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The studies in which semiconductor crystals containing internal
‘potential barriers were used have been much more successful. - The first
reported work is that of McKay, who used:germaniumrcontaiﬁiﬁgtan n-p
barrier to detect alpha partieles.so - Several authors have reported ‘the
study of gold doped germanium crystal detectors and germanium p-n-
Junctions. 2L 56-/In general, it has been found ‘that the signal- -to-noise
ratio is a sensitive function of the>témperature Thus, while the
detéctors yleld very good energy resolutlon at low temperatures, noise
“becomes a problem.at room temperature. Larger signal-<to-noise ratios and
Ebetter resolﬁtiOﬁ.at‘room teniperature have been ebtained by use of gold-
doped silicon crystals. This is to be expected on the‘basis of the
larger energy gap in the electron energy levels in silicon (approx 1.1
ev, compared with 0.72 ev for germanium). 21 '
Several authors have measured the amount of energy lost by Jdonizing

50,53,54,58-61

‘particles per electronehole'pair formed. For silicon and
germanium these reported values range from 2.5 to 6 ev, with the lower
nunbers seeming more accurate. S

b. P-n Junctions

In order to discuss p-n junction detectors, it is first necessary to
‘describe some of the properties of p-n junctions more generally. It is
" not possible to 4o this in great detail, so the reader is referred tov
other works on this‘subject.51’62’63 The basic material of p-n junction
‘detéctors is normally & Group IV element, and in particilar, silicon ‘or
germanium. Whenea small concentration_df‘a Group III element, such as
vbbron;'is added”to‘a éiliconvcrﬁstél, there is an electron missing on.
each of the trivalent boron atoms. That is, the silicon atoms are
surrounded by eight (shared) valence electrons, whereas the boron atoms
have only seven. ' o o ' ‘

- In pure silicon 1t requlres 1.1 ev to raise an electron from the
" valence band to the_conductlon band of the crystal. Both the electron
‘and the positive hole left by it in the lattice may act as current
carriers. If boron is presént, only about 0.05 ev is required to raise’

6k

" an electron from the silieen valence band and place it on thé boron atom.
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‘The positive hole left behind is a current carrier, but the electron on

- the boron.is stationary. Beoause of their ability to accept electrons,

Group. III impurities are called "acceptors."i”A silicon crystal contain-

ing acceptor impurities is desighated,as'"pftype;" because the. conduction

is by positive holes. | ' ‘
Slmllarly, Group V elements, such as phosphorus, have one extra

valence electron per atom. Only about 0.0k ev 1s_needed to raise the

65

electron into the conduction band. This type of impurity is known as

" and a silicon crystal doped with such impurity is called

a,"donor,
"n-type,’ because the conduction is by electrons. ,

In order to describe the effects that arise when p- and n-type
'cryStals.are Jjoined, it is hecessary to refer to the energy-level
diagrams that represent them. These are shown ih Fig. 6a..

In intrinsic silicon, the Fermi energy, EF, is one-haif the energy
gap, E o above the top of the valence band. At room temperature, the
acceptors in p-type silicon are nearly filled and a few electrons are
present in the conduction band. As a result, the Fermi level is

generally slightly above E the height of the acceptor levels above the

)
top of the[valence band. éhe.concentratlon,of electrons in various
levels and the position of the Fermi level depend upon the concentration
of the impurities. Similarly, at room temperature, most of the electrons
from the donor atoms in n-type silicon are exoitedvto the conduction
band, and a few have been raised from the,valence band. Thus, the Ferml

level is generally slightly below E the height of the donor levels

s
above the top of the valence band. >
If p- and n-type silicon crystals are brought together to form a
p-n junction, the electrons from the conduction band of the n-type
material flow into the p-type material and fill up any empty aoéeptor
levels and most of the positive holes in the valence band in the region
near the junction. This causes p-type material to.become negatiyely
chargéd and.the nftype positively‘charged. Thus, the electron energy
levels arexraised on the p side of the Jjunction and lowered'on the n
side. When equilibrium is reached, the Fermi level is at the same

height on both sides of the junction. This is shown in Fig. 6b.
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The potential difference between the two sides of the junction, Vo’

is given by

v, = ;_E_E___E , : o (II-1)
where-EFn = Fermi energy in n-type materlal before formlng the
‘ Junction, _ v : ,
EF = Fermi energy in p-type materlal before formlng the
P Junctlon, :
and e = charge of the electron.

Although the potential.differehce is quite small (approx 0.7 v in
3111con), the change takes place over a very small distance so that the
resulting electric fields may be as high as lO3 to th v/cm

' The use of p-n Jjunctions as radiation detectors depends on the fact
that there are very few current carriers in the region of the Junction.
This region of high resistiviﬁy is called the "depletion layer" because
of its lack of mobile charges. '

If the junction is reverse-biased, that is, if positive potential
is applied to the n-type material and vice versa, the electron energy
levels on the p-type side are raised relative to those of the - n-type
side. This is shown in Fig. 6c. This poténtial causes the current
carriers to be removed at greaﬁer distancés.on_each side of the junction,
thus increasing the width of the depletion layer, or barrier; The width
of the barrier, W, is given by |

nell

e(Vo+Va)] 1/z

W= 1.05 x 107 [ cm, (11-2)

where € = dielectric constant of the semiconductor,

VO = the contact potential barrier in the absence of applied
voltage,
Va = applied reverse-bdias,
and N = concentration of impurities in the silicon.

This equation is based on the assumptions that (a) theré is no n-type

impurity in the p-type material, and vice versa; (b) the change from
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p-type to n-type material occurs in a distance short compared with the
barrier width‘ and {c) the Junction is symmetrical, that is, there are
equal concentrations of impurities on the two 51des

In practice, however, p-n Junctions are not normally not constructed
-in accord with the three assumptlons llsted in the precedlng paragraph
Assumption (a) is never.absolutely obeyed, as 1t_is not possible to com-
pletely remove all the p- or n-type impurities. However, the'concentra-
tion of the major impurity is generally so large compared with that of
the other type that one can ignore the minor- impurity concentration.
Assumption (b) is Bften invalld because of the method by which the
Junctlon 1s constructed. It is not possible to take two semiconductors
of opposite type and physically 301n them to form a p-n junction that.
has a continuous lattice structure. The junctions are often constructed
by starting with a semiconductor of one type and introducing a high
concentration of the opposite type of impurity into the lattice on one

-side of the crystal ‘The resulting Jjunction is thus "smeared out' over

_some- flnite distance. For such Junctions the barrier width, at low
voltages,'may be proportional to (V ll )1/3, becoming proportional to
(V +V )1/2, in agreement with Eq. (II 2), at higher voltages.

In many instances, it is neither possible nor de31rable to have the
JUnction obey the third assumption. The junctions are often produced by
diffusion of,one'type of impurity into a'crystal containing a uniform -
concentration of the opposite type of impurity. In such crystals, the
concentration of the diffused impurity, C,, as a function of distance x

from the face of the crystal is'given by

%/ 2Dt |
cC =20 " f exp(-xz/unt) ax|, (11-3)

X ° . J%Dt;
: o
where CO = concentration at’ the surface,
t = time of diffu31on process,
and = diffusion constant of the 1mpur1ty
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When the applied reverse bias on an unsymmetricai juﬁction ié'ine;c_
creased, the depletion layer is extended into the two sides by magnitudes
inversely proportional to the impurity concentration in each_giVen |
material.  For junctions in which the ratio of the impurity concentrations
is quite large, the incredase in ﬁepletion-layer>width is mainly ih‘the
direction of the.material having a low concentration'of impuritiesl For
these Junctions, the barrier width is ‘given by '

, —6[ e(VO+Va) ]1/2
W=1.05x10

T .cm, ' (II-4)
where N = impurity concentration (atpms/cm3) on the low-impurity

side.
This equation may be expressed in more operational terms as

1/2

W= 1.hhx 10’6 (bu) (VO+Va)l/? cm, : : (11-5)

where p = resistivity of the,low-impurity—concéntration material
in £ cm, , -
u = the sum of the mobilities of the charge carfiers_in'thé

lattice.

The depletion layer, being'devoid’of mobile current carriers, .acts
as a dielectric medium between‘the plétes of a capacitor. Because of the
dependence of the depletion layer upon voltage, the capacitance C of a
p-n junction is dependent upon the applied reverse bias, and is.given by

C= ifw ;o | a | - (11-6)

_where A = cross-sectional area of the junction.

c. P-n Junctions as Radiation Detectors

Because of the absence of mobile current carriers in the depletion
layer, a reverse—biased'p-n'junction{offers very high resistance to the
flow of current. However, when ionizing radiation passes through this
layer, it may lose energy by raising electrons from the valence band to
the conduction band of the crystal; this process is similar to the pro=
duction of ion pairs in a gés. Under the influence of the Jjunction and

applied potentials (as shown in Fig. 6c), the resulting electrons and
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positive holes travel in opposite directions through the crystal, giving
a voltage pulse which may be used to trigger a cdunter or may be recorded
in a pulse=~height analyzer. ‘ v

P-n junctions have been used much more succéssfully than other types
of solid-state counters for a number of reasons. For one thing, it is
possible to maintain a very high electric field in the depletion layer
with very low current flow. The positive holes in silicon semiconductors
are quite mobile, their mobility beiég;from a quarter to one-half that of
the electrons. This féct, coupled with the presence of more perfect
lattice structures, has eliminated the problem of polarization, encountered
in previous investigations with éther types of solid~state counters. Also,
P-n junctiohs have an advantage over all other types of detectors in that
their pulse rise times are quite short. The rise time, governed by the
time required by the current carriers tbﬁcross the depletién layer, is..
dependent upon the applied voltage and the-temperature, and may be as low
as lO"-_--ll sec. This is a calculated valué, as it is not possible to
measure it experimentally with present-day techniques. Potentially,
semiconductors 5ffer better energy resolution of pulses than gaé-filled
ionization chambers because of tﬁe lower energy required to produce a pair
of charges in' the semiconductor.

d.’ Coﬁétruction and Characteristics of the Solid-State Detectors

Three silicon p-n junctions were studied. Their properties are
listed in Table I. The first two were produced by William Hansen
(Lawrence Radiation Laboratory) and the third was obtained from Hughes
Aircraft Coi-;. In each case the p-n junction was formed by diffusion of
a high concentration of one type of impurity into one face of a crystal
containing a low concentration of the opposite type of impuriﬁy. The
electronic system used with these detectdrs'is.shown.inuFig._7. '

Examples of the spectra obtained with these detectors are shown in
.Figs. 8, 9, and 10. The spectra of Fig. 8 were obtained by using a
sample of‘szsz,as a source of 6.11-Mev alpha particles. Figure 9 shaoivs
the spectra obtained at varipus applied voltages when 121.3-Mev:012 ions
were elastically scattered from a thin gold target and observed at 30 deg

to the beam. The energy of the carbon particles was varied by placing.

K
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aluminum absorber foils in the beam path. The,resulting curves are

shown in Fig. 10.

«

Table I.b p-n Junction properties

Est. depth

Base material : : of junction

Crystal Resistivity Diffusant Areg below surface
number Type . (9 cm) type - (cm?) ()
HA-1 n 100 op ~0.12 3.1
HA-2 . n 100 P ~0.22 1.9

Hu-18 P 1000 . n ~0002 1.k

Admlttedly the resolution of the peaks of the wvarious spectra is
not as'good as that obtained in other work with semlconductor

23,59

detectors. This is mainly because the electronic system was
designed to handle the large pulses from the photomultiplier tube of the
gas sc1ntlllatlon counter. In order to obtain better resolution it would
have been necessary to lower the noise level in the electronlc system and
to ampllfy the pulses from the detector at an earlier p01nt, preferably
w1th a preampllfler inside the vacuum tank.

‘The spectra of Fig. 9 are interesting in that.there appear to be
two main groups of pulses. As the applied voltage is,decreased, the
number of counts in the higher-energy group increases relative to that
of the lower-energy group. This was the only case in which such a phe-
nomenon was observed with any of the detectors. It was known from
experiments with another detector on this particular occasim that the
C12 beam contained only one energy group. This is also shown by the_
“spectra of Fig. 10 obtained with degraded,carboﬁ»beams. Other experi-
menters have found such effects when_using:a crystal which was scratched
on the front surface during the polishing process. 6 Apparently itlis
due to some physical discontinuity in the crystal.

The variations of pulse height due to the varlous radiations are

plotted as functions of reverse bias in Figs. 11 and 12.
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For a particle of giveﬁ energy, whose range in the semiconductor
material is less than the thickness of the depletion layer, the height
of the pulse produced, VPH’ is given by | .

Vo = /G, o o (T
where C is the capacity and Q is the total charge collected. The
caﬁacity is the _sp‘m of the capac‘;iﬁy of the detevctotlj,‘ cd-; PluS_the
capgcity of the external circuit, Cexf As indicated ;n‘ng (1176)? Cd
is “inversely proportional to the depletion-layer width. The width of
.the depletion layér is'givén by Eq. (II-h)‘or (IIQS):‘ Collecting these
’ terms,}one expects the vériétion of pulse~height with applied potential
to be

Q
V= - : . o (I1-8)
PH C + const;,.

a o
As noted above, the barrier width may be proportional to (Vo+va)l/3 at
- low voltages. -
As the applied voltage is increased, Cd becomes small_compared with.
- the external capacity, and the pulse height for a given number of
.electron-hole pairs created approaches a maximum value of Q/Cex" This
is clearly shown by the pulse heights.produced by 6.11-Mev crése alpha
particles when observed with the Hu-18 detector (Fig,-lz). The
capacities of Ha-l and Ha-2 are larger relative to.CeX'thanvthat of Hu-lB,
thus the alpha-particle pulse-height curves for those detectors have not
reached their maximum values at the highest voltages studied (Fig. 11).
If the range of the particle being observed is longer than the
-thicknéss of the sensitive .counting region, Wé) the pulse-height-vs—
voltage curve rises faster than predicted by Eq. (II-8). This is because
-the pulse-height increase is due to an increase in Wc,.thus_an_increase
in the amount of energy deposited in,WC; in,addition.to,thizcapacitance
effect.  This ,is apparently the reason why the 121.3-Mev C pulse-~height
. curve continues~to rise after the alpha-particle curve has leveled off in

‘Fig. 12. - This is discussed below 'in more detail.
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In order to obtain ‘a pulse-height-vs-energy relationship for 0;2
particles observed in the Hu-18 detector, the pulse heights of the peaks
of the various curves of Fig. 10 were plotted as a function of the energy
of the carbon particles. The resulting curve is shown in Fig. 13. It
was necessary to add 19 channels to the channel number of each peak to
correct the pulse heights for the threshold setting of the analyzer.

This figure was deﬁermined byAa pulse-generatdr calibration of the

oz ahd for the

anélyzer. Points_for 6.11-Mev alpha particles from_sz
' 252

light- and heavy-mass groups of fission fragmenfs from Cf have also
been plotted on the‘cufve.' The alpha-particle point was obtained from _
the 90-volt point of Fig. 12; plué a pulse-generatbr determination of the
» rafio of amplifier gaihé at the two settings used. It appears in Fig.
13 that
(a) pulse height is proportional to the energy deposited by the
particle in the senéitive counting region, ‘
(v) alpha-particle and fission-fragment pulses fall on the same
curve .gs carbon particles. _ '
The first result is in agreement with previous studies‘of pulse heights
vs enérgy,52’53’59’67 but this is the first demonstration that the relation
is valid over such a wide range of particle energies. The alpha-particle
result is also in agreement with previous work in which the pulsevheights

3

‘of protons, He particles, and alpha particles of various energies were

d.53’6

studie [ Treatment of the fission-fragment data is discussed belowi
If one assumes that the rise of pulse height with volpage for the
‘alpha-particle curve of Fig. 12 is due entirely to the capacity effect,
it is possible to correct the carbon points for the decrease in capacity.
From the pulse heights thus obtained one can, from the‘pulse—height-vs—
energy curve of Fig. 13, determine the energy deposited by the carbon
particles -in the sensitive counting region. By the use of range-energy
curves for carbon particles in the detector material, it is possible to
infer the thickness Wc of the sensitive counting region. from the.amounf
of energy deposited. Since range-energy data for carbon partiétes in
silicon were not available, the curves for the neighboring element, aluminum,

were used.68 This is -not expected to introduce any appreciable error.
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The results of this analy%is for the pulse heights produced by
121.3-Mev C12 particles, shown in Fig. 12, are shown in Fig. 14, where
the apparent thickness of the sensitive region is plotted versus .
| (Va+VO);/ 2 |

the silicon p-n junction. ‘The lower curve is the depletion-layer thick-

, where V_ (= 0.7 volt) is the internal potential barrier of

ness calculated according to Eq. (II-5). The results indicate that W, is i
larger than the depletion layer thickness by a roughly constant amount.
This effect arises -because electrons produced in‘the p-type material
“beyond the depletion layer slowly diffuse into the barrier region and

are accelerated across it.  This causes a voltage pulse whose rise time

is much longer than that from the charges formed in fhe depletion layer.
However, if the pulses from the detector are not clipped with a very short
time constant (RC) in the external circuit, a contribution:from the
electrons in the region beyond the depletion layer is inclﬁded in the
pulse. It is thus expected that the apparent thickness of the counting
region would be décreased by use of a shorter time constant in the external
circuit. This effect does not occur with ﬁhe‘holes formed in the n-type
material on the face of the detector because of rapid recombination of
charges in the region of high impurity concentration.c

e. Use of the Solid-State Detectors as Fission-Fragment Counters

The spectra shown in Figs. 15 and 16 represent the kinetic energy

252

distributions of fragments from spontaneous fissionvof Ct observed in
Hu-18 and Ha-2. From Fraser and Milton's time-of-flight data it is known
that the energies corresponding to the two peaks of the kinetic energy

spectrum are 104.7 and 79.8 Mév.18

groups is thus 1.31. From all the fission-fragment‘spectfa obtained

The fatio of energies of the two

with the solid-state detectors in this study, the ratios of pulse heights
are greater tham 1.31. If pulse height is proportional to the amount of
energy deposited by the fragments, independent of mass and atomic number,‘
this result indicates that both fragment groups have lost energy in pass—
ing through the frént surfacesc8f the detectors. Thé ratio of pulse
heights of the two groups observed with Ha-1 and Ha-2 are plotted versus
the applied voltage in Fig. 17. It is seen that the ratio is approxi-

mately independent of reverse bias. Thus the depletion layer increases
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only slightly, if at all in the direction of the front surface . This
is in agreement with’ the ideas presented above in the’ dlscu551on of p-n
junction theory. - ‘ " N L
In order to detérmine the klnetlc energy of fragments from heavy-
ion-induced’ f1ss1on, it is mecessary to ‘make" correctlons for energy loss
"in the front_surface of the detector. = Two,dlfferent approaches have been
made to solve this problem. o e
On ‘one hand ‘one may assume that ‘the pulse-helght -vs- energy relation-
Shlp is the same for flSSlOn fragments as for carbon. partlcles. ‘Thus the
pos1tlons of the peaks of Fig. 15 correspond to energles of 9l.h'and
65.6 Mev on. the pulse-height-vs-energy curve of Fig. 13. The thickness -
of the w1ndow is then determined from the energy loss of the light-
fragment group (104.7 - 91.4 = 13.3 Mev) and the fission- fragment
range-energy data of Schmitt and Leachman.69 ‘The check on the self-
' ‘consistency of thls approach 1s to use the window thickness obtained for
the light-fragment group to correct the energy of the heavy;group. This
' procedure yields an energy of 80.4 Mev for'the‘heavy'grOup,afterf‘
correction. This is in good agreement with the expected value of 79.8
Mev. , ' ‘

The second method is to assume that the pulse-height-vs-deposited-
energy,curve for fission fragments is linear and passes through tne A
origin. Various window thicknesses are assumed and energy corrections
are made until the ratio of corrected energies is 1.31. The results of
this analysis applied to the data of Fig. 15 are identical with those
obtained using the first procedure. In each case the window thickness
is found to be approx 350 ng/cmz. The produders of the crystal estimated
the window thickness to be about 170 ng/cmz. In view of the method of
obtaining that estimate (from surface impurit& concentration, diffusion
time, etc.) the discrepancy is-not alarming; Another possiblevcause for
the discrepancy would be the presence of a coating of a light element,
such as Oxygen, on the front surface. The estimated window thicknesses
listed in Table I were cbtained by this procedure. |

The fission-fragment deposition energies obtained by the second

method are plotted in Fig. 13. From the good agreement obtained, it
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appears that energy. dep051ted per electron-hole pair formed is the same
for fission fragments as for carbon partlcles ’ If there 1s any 1onlza-
tion defect" for fission fragments in the 5111con detector 1t is “to0
small to be ebsérved by these technlques It is expected to be small
because of the small amount of energy required for electronlhole palr
. formation in the semiconductor materlal.7o L k

The Ha-2 detector was used for most of the”heavy-ion-induced fission
experiments. Of all-the deteotors, this one most nearly met the require-
ments of'thosewexperiments — physical size,.resolutioh, low hoiseflevel,v
~and small pulses from scattered particles. Unfortunately, all measure-
ments with this detector‘were confinedd to voltages below 22 volts; as
the noise level.became severe at higher voltages.‘ Howe&er,lwifh §.Volts
» reverse bias, the‘fission-fragment1pulses were adequafeiy separeted from
scattered-particle pulses. This is shown in Fig 18. As with the gas
vsc1ntlllatlon counter, pile-up of scattered-partlcle pulses in the slow

electronic system was a. serlous problem at extreme forward angles, as

~shown in Fig. 19.
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3. Bombardment Techniques

The heavy-ion beams used in these experiments were obtained from the
Hilac (héavy-ion linear accelerator). This is a resonant-cavity machine
which accelerates various heavy ions up to a constant velocity, regardless
of mass and charge state. The emerging,beam particles have energies of
10.4 Mev/nucleon, for example, 124.8-Mev cte. Thevbeam_nofmallybwas bent
through 15 deg by é magnetic field before being allowed to enter the
target chamber.. This.was done in order to remove any othef ehérgy groups
-that might have beenlaccglerated along with the principal energy group.

The bombardments were made in the vacuum tenk shown schematically in
Fig. 20. Before entering the tank, the beam passed through two 1/8-in.
diameter collimators, 3 in. apart. A third collimator, 3/8 in. in
diameter, inside the tank, prevented particies<scattered by the second
collimator from énteriﬁgvthe counter when at forward angles.

The targets were suspended from the iid of the assembly and could be
rotated from outside the tank. Targets generally consisted of 100 to 200
pg,/cm‘2 of fissionable material (vaporized whenvpbssible) on 0.1-mil Al
foil. When fragments were counted at forward angles, the target was
placed at 45 deg to the beam, with the target material facing away from
:the_beam, and when counted at backward angles, the target faced the beam
at 45 deg. | | |

The counter was attached to a table pivofed directly under the
target, which could be rotated from outside the tank without destfoying
the vacuum. Gas lines for the scintillation_couﬁter entered the tank
through the pivot. The range of angles obtainable was mechanically
limited to 23 to 156 deg for the scintillation cdunter, and 8 to 174 deg
for the physically smaller solid-state counter. The angle subtended by
the counters (A8) could be varied between approx 2 and 4 deg by changing
the ragius. In normal use this angle was about 3 'deg. 1In order to _
observe fragments at extreme forward or backward angles, the counters
- were backed away froﬁ the target as far as possible, thus reducing the

subtended angle to approx 2 deg.
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After passing through the target, the beam Was‘collectedlin_a copper:
Faraday cup.. Whéhfabsblﬁté beam currents wéfeﬂaésiféd, a magnetically
shielded cup in the port at the rear of the tank was used. i__A discussion -
of the galibratipn.and properties of Faraday_épﬁs'is gi&en‘iﬁ Appéndix A,

For bombardments below the full energy of the Hilac beams, weighed
" aluminum foils were placed in the beam path éhead_qf‘the’yacupm tank.

The resulting energies wére déterminedvfrom the range-energy cufves of
dJ. R.-Walton.68 ' 2 | . | ‘. .

The vacuum in the tank was normally connectedrto,that:of the'Hilac
‘poststripper cavity and pressures were of. the order .of 5 x lQ—é.mm.Hg.

The "T" assémbly,‘shoﬁn in'Fig. 43 of Appendix A, was used for some
of the‘experiments in which it,was-nécessary to observe the fragments

only at 90 deg to -the beam.
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'B. Experimental Results and Treatment of Data

N

1. Types of Experiments
' ‘Two types of experlments ‘were used to obtain the fission- fragment
,déta. Angular distributions and kinetic energyvspectra at various angles
to the beam were obtained from bombardments performed in the vacuum tank.
Both the gas scintillation and solid-state detectors were used in these
experiments. It was feasible to obtain the complete anguiar distfibutions
only at a few widely épaced bombarding1energies. In order to obtain
cross sections and fragment kinetic energies'at intervening bombarding
energies, fragments were observed only at 90 deg to the beam at many
clbsely spaced bombérdiﬁg'energies. These experiments were performed in
the "T" assembly, in which a gas scintillation counter was fixed at 90 ©
deg to the beam.

2. Kinetic Energy Data

All the beam-induced fission-fragment kinetic energy spectra observed
in this work were approximately symmetric in distribution. This is
apparently the result of mass-yield distributions corresponding to
symmetric fission in all the systems investigated. ‘In interpréting the
kinetic energy data it has been assumed that the most‘probable kinetic
energy corresponds to the average kinetic energy per fragment for
symmetric division 6f the fissioning nucleus. The calculations diséuésed
in Appendix B indicate that this assumptlon is justified.

Both types of fission-fragment detectors were callbrabedsperlodlcally

2

during a series of experiments by taking spectra from the,Cf spontaneous-

fission source. A curve of pulse height vs fragment energy deposited in -

252

the gas scintillation chamber was obtained by obéerving the Cf spectrum
with the sample in the window position. A spectrum was then obtained with
the sample outside the window. The effective window thickness was deter-
mined from the energy lost by the two fragment groups in passing thréugh
the window, and from range-energy data of Fulmer for fission fragments in

71

nickel. The effective window thickness determined in this manner was
about lO% greater than the weighed thickness, apparently owing to buckling

of the nickel foil under the l-atmosphere pressure difference.
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In this‘mork antattempt was made O determine fragment range—energy
curves in nickel by observing the. positions of‘the peaks corresponding to
the two Qf252 fragment groups as a function of the thickness of nickel
placed‘between the sonrce and the scintillation detector. nThe results
of these experiments indicated that dE/dx of the fragments remains nearly

constant, decrea51ng only slightly between lOO and 30 Mev. This is in

very poor ‘agreement w1th Fulmer' s data; which 1ndlcate a general decrease

of dE/dx with fragment energy._,The,reason for this discrepancy is not
understood., In principle, Fuimer“s results should be more accurate
because he used a narrow spread of fragment masses, whereas in these
experlments a. w1de dlstrlbutlon of masses was always represented in the
spectra. For this reason . the data of Fulmer have been used in maklng

corrections for energy lOSS'ln the window. .The determlnatlon of the p-n-

“Junction "window" thickness with the aid of the 'Schmitt and Leachman .data

on fragment range energy in ‘aluminum has been described in the discussion
of solid-state counters._

Before correctlon of the beam- 1nduced fragment kinetic energies for

‘passage through the wlndow correctlons for any gain shifts in the

electronlc system were made by notlng the position of the pulse—generator
peak. Correctlons for energy loss. in the target materlal were made with
the aid of the emplrlcal curves dlseussed in Appendix A.

After thesé!corrections were made, the most probable kinetic energy
was plotted as a function of laboratory-system angle. The results of
this analysis for Au + C12 at three bombarding energies, and for Au +
164, 5-M€V’O;6) are shown in Figs. 21 and 22. The limits of errorvshown
on the graphs represent uncertainty in. determlnatlon of the channel number
of the peaks of.the kinetic energy spectra.

For a.giVen'energy in the center-of-mass system and value of n, the
energy in the laboratory system as a function of angle is given by (cf.

Appendix B)

. RS , .
= ] - ). IT-
L Ecm(l +1° + 27 cochm) (‘ 9)
The quantity 7 is defined by the equation
com ‘
nE —%, , (11-10)

cm
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where v. = velocity of the compound nucleus in the direction
: comp s
of the beam,
and Vom = velocity of the fragment in the center-of-mass
system.

The center-of-mass and laboratory angles are related by the
expression | .
sichm :
800 ) = T cose ) (11-11)
~cm

Various values of“ECm and f were used in Eq. (II-9) to find the
values that give best agreement with the experimental points of Figs. 21
and 22. The resulting calculated curves are shown in the figures.

Several observations may be made concerning these results. In
general,~the'kinetic energies obtained with the solid-state detector. are
higher than those obtained from the gas- scintillation data. This is
probably due to the Window corrections applied to the solid-state-
detector data. The window thickness for that counter was estimated on
the basis of assumptions ‘which cannot be fully justified until detectors
are available in which the sensitive counting region7extendé to the front
surface of the crystal. For this reason,vthe energyvdata,from the gas
scintillation chamber.: are considered more reliéble,valthough, as noted
above, the_rénge-energy data for nickel are subject to some question.

There is reasonable agreement between the calculated curves and the
experimentally determined kinetic energies, although at the forward angles
of the curves for lz23-Mev C _ and 164, 5-Mev Ol6vbombardments, the experi-
mental points appear to be too high. This error could arise from
inaccuracy of the window corrections, as the range-energy curves rise
steeply in this energy region and Fulmer's data must be extrapolated for
energies above 100 Mev. The discrepancy could also resault from increased
gain of the photomultiplier tube due to the high counting rate of scattered
particles at sméll angles- Diamond has observed such a phenomenon with
this type of photomultiplier tube. 72

If there is 'a complete transfer of momentum by ‘the bombarding

particle to the compound nuoleus}.n is given by the equation

-
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E A o
2 Ab b . frag o L
cm -
comp

where Ab and Eb are the mass and energy of the bombarding particle, Acomp
is the mass of thg.compound nucleus, and Affag and Ecm are the mass and
center-of-mass kinetic energy of the fragment. Within the limits of
experimental error, the n values used to fit the Eléb_vs_glab data agree
with the values calculated for full momentum transfer. In calculation
of the values for full momentum transfér, Ecm.has been,obtéined_from'the
" gas-scintillation -data, and most probable fragment masses of 100 and 102
have been assumed for Clz- andv016-induced fission of gold; respectively.
These values have been estimated from the mass-yield data of Tarantin

et al. for 115-Mev Nlu-induced fission of gold.37 A summary of the n

values obtained by the various methods is given in Tahle II.

Table II. Values obtained for the quantity 7

From E From angular Full molmentum
System E Vs Gla%ab distribution transfer
Au + 16L4.5-Mev 0167 0.288 + 0.01 : 0,288 - 0.284
Au + 123.3-Mev €Y% 0.22h # 0.01 0.223 . 0.218
Au + 93.3-Mev ct? 0.295 + 0.01 ~0.188 0.192
Au + 72, L4-Mev cl? 0.164 = 0.005 0.164 ' 0.170

In order to more carefully determine the variation of kinetic-energy
release as a function of bombarding-particle energy, fragments were
observed at 90 deg to the beam in the "T" assembly for the systems Au +

1 ‘ .
C g and Pt + l\F-I'LL at various bombarding-particle energies. In the platinum

experiments, a target enriched in Pﬁl98 was used. Its composition is
given in Section III. » v

At 90 deg to the beam, the relation between ECm and Elab is given by

2 B
E; 1,(90 deg) = E_ (1-n7), (I1-13)
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thus, the center-of-mass energy obtained from the laboratory energy is
not very sensitive to the. n value used. From the results of the data

on kinetic energy vs laboratory angle, the y values correspnnding to full
momentum transfer have been used in this equation. The results of these
experiments are shown in Fig. 23. ' ' -

3. Angular Distributions

o In order to obtain,angular distributions of the fissibn fragments,

' the number of counts occurring in the fragment peaks of the kinstic--
eenergy spectra were summed for‘each.angleg At forward angles'it was

often necessary to perform‘a logarithmic subtraction of the background
due to "pile-up" pulses'in7order to determine the shape of the low-energy
tail of the fragment spectra The total number Of fragments'was corrected
for coincidence loss, and data at various angles were normalized to the
'_same amount of beam. During each series of angular distribution experiments,
measurements were frequently taken at 90 deg to detect any changes in tar-
get thickness, absorber thickness, etc. The number of counts observed at
: each"angle per unit beam was divided by the average'number observed at
~90 deg in order to normalize the angular distributions to’ unity at 90

deg° The resulting angular distributions 'in the laboratory system are
shown in_Figs. 24 and 25. The limits of error shown in these figures
‘-repreSent standard deviations in the number of counts plus estimated un-
certainty in extrapolation of the low- energy tails of the fragment
kinetic energy spectra. The limits of error on the points of the Au +
-72,h—Mev‘Clz distribution are rather large because the'fission cross
‘section is small at this energy; consequently, the number of fragments
tobserved in a reasonable time of bombardment was much smeller than for
the other systems.

_ ‘As 8 first approximation, values of n from the kinetic energy data
were used- to transform the laboratory system angular distributions into
the center-of-mass system, (A summary of the n values used in the final
transformations is given in Table II. The transformed angular distribu-
tions are shown in Figs. 32-36 below.) - '
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L. Total Fission Cross Sections

" The total fission cross section is given by the expression
o = an]p(dc/dw)cmsmngcm d@cm N (II—l%)

This expression is equally valid if all quantities on the right refer to
the laboratory system; however, because of the rapidlincrease of the
angular distributions at the forward.angles‘in the laboratory system, it
was considered more accurate to perform the integration in the center-

of-mass system. Equation (II-14) may be rearranged to yield the

| ) | |
=‘2n(dd/do)9oo \/p(ggigi). _ siB a6, (II-15)
80"

where all angles refer to the center-of -mass system. .

expression .

In operational terms, Eq. (II-15) may be expressed as

ex(aN,._ Jaw) : ‘
0= e R x, (11-16)
tgt “bp ' '
where tht = number of target atoms per cmg,
‘Nbp = number of'bombarding particles,
(derag/ ‘éo==:number of fragments per unit solid angle emitted at

90 deg in the center-of-mass system,
and X represents the 1ntegral of Eq. (II—lS) The factor of 2 must be
included 1n the denomlnator because two fragments are emitted per
fission event

Values for (derag/dw)lab,9O

energy were obtained from experiments in the "T" assembly. In deter-

as a function .of bombarding-particle

mining these values, it was‘neeeaary to callbrate the geometry of the
gas 501ntlllat10n_chamber attached to the assembly. This was done by

zszzsample’of known activity placed

counting fission fragments from a Cf
in the,térget position. A small correction was also necessary for the

nunber of beam particles determined from the Faraday-cup readings. This



+

-58-

correction is discussed in Appendix- A. Values for (derag/dw)cm,9O
were obtained from those for (derag/dw)lab,9O by use of the angular
distributions and the transformations.

For Au + Cl ‘fission, the integral X was evaluated at the three
bombarding energies far which the angular distributions Were.obtéined.

A smooth curve was drawn through the points of the center-of-mass angular
distributions. AtbeachQS—deg interval the value of this curve was
multiplied by sin Qcm.and the resulting curve was graphigally integrated.
The three values of X thus obtained are plotted as a function of carbon
particle.energy in Fig. 26. A smooth variation of X between the measured
points is assumed. It should be noted that the value of X is rather
insensitive to small errors in the angular distributions,‘as it varies «:.
only between a value of 2 for isotropic fission aml a value of m for a
1/sin © angular distribution. | ‘

No angular distributions were obtained in the Pt + Nl system. It
was felt that the added compllcatlon of the many isotopes of platinum
would make the interpretation of such angular distributions less clear-
cut. The values of X for this system.héve been estimated by assuming
that they are equal to the values obtained‘in the Au + C12 system when
the compound nuclei in the two systems have the same average angular
momenta. | »

The fission excitation functions resultlng from this analysis of
the data are shown in Fig. 27. For the Au + C ,cross sections it should
be noted that although Faraday-cup,. geometry, and target-thickness
measurements were made, any errors in these determinations cancel out
because all these data are related to the elastic-scattering cross sections
of Au + 72.4-Mev Cl which were used for callbratlon of the Faraday cup
(cf. Appendix A). Thus the magnitudes of the Au + %% fission cross
sections are based on the assumption that at small angles the elastic-
scattering cross sections of Au + T2. L-Mev C 12 are equal to the values
calculated from the Rutherford equatlon. The limits of error on these
points thus represent standafd deviations of the number of fragments

observed at 90 deg, and the number of elastically scattered particles
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observed at small angles plus estimated uncertainty in the value of X.
For Pt + Nlu; it was not possible to relate the fission cross sections
to elasticfscattering cross sections because all counting was done at

90 deg. Thus it is necessary to include uncértaihty in the target thiek-
ness. This may be rather large, as an electroplated targetfwasvused in

these experiments.
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III.. ' SPALLATION EXPERIMENTS

A. Introductim

In this section, experiments are described in which the cross
sections forAvariOUS'Pt(NlA,xn)At reactions have been determined. Natural
platinum consists of 7.2% Ptl98, 25:4% Ptl96, 33.7% Ptl95,.32.8%.Ptl9u,
0.78% Ptl92, agd O.OlZ%ZPtl9o. In order to obtain individual cross i :

" sections for the reactions involving the various platinum isotopes, two
types of-experiméntSrhave been performed.

In one series of experiments,.a thin,_naturél-platinum target on
0.25-mil Al backing foil was bombarded with Nlh at various energies. The
-target was mounted with the platinum oh the backside of the aluminum
foil. By means of the recoil technique previously described by several
ax.zthors;;rB-75 the astatine prodﬁct nuclei‘were'caught in another 0.25-mil
Al foil behind the target. .Owing to conéervation,of the linear momentum
-of the incoming beam particles, the recoiliﬁg nuclei have rather large
energies (=l to 9 Mev) and ranges ‘in plat1num.76’77 In preliminéry
experiments it was found that with targets up to about 100 ug/cm “thick,
approx 99% of the alpha activity produced was caught in the recoil
catcher. By means of the tracér method described below, the amount of
one or two of the predominant activities produced was determined as a
functicn of bombarding energy.

In the other type of experimehts, ratibs of various activities pro-
duced were determlned as functions of bombarding energy for the natural
isotopic mixture and platinum enriched in Pt 198 (60.95% Ptl98, 26.47%

pt90 , 8.97% Ptl95, 3.57% Ptl9”, 0.0k2% Ptl92, and 0.012% Pt 190). Com-
bining.these bieces of infofmation With the isotopic compositions of the
targets, it was possible to determine some‘of the Pt(Nlu,xn)At cross

'~ sections.
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B.. Experimental Procedures

1. Target Preparation and ASsemblies

/

. The target used.in the qpantitativevexperimentsfwas prepared by
vaporizing natural platinum from a hot tungsten filament. During the
' vaporization, the .0.25-mil Al backing foil was masked .so that the coated
area was well defined. The thickness of the deposit (60 pg/cmz) was
determined by weighing the backing foil before and after_vaporization.
The target was mounted on a probe and placed in.a "T" assenbly. similar
to that shown in Fig. 43 of Abpendix,A. The recoil catchérs were also
mounted on probes and'positioned:behind the target. . The energy-ofvthe
bombarding pérticle wés varied by placing aluminum -degrading foils in
‘the beam path ahead of the "T" assembly. Energies were determined from
“the range-energy data of Sikkeland78 and Roll and Steigert.79 |
Thicker targets (about 200 to 300 pg/cm‘?) were used for the ratio
experiments in order to produce more activity. The targets wére made by
the standard,electroplating procedure for platinum.BO Metallic
platinum was dissolved in aqua regia and evaporated nearly to dryness
several times in the presence of excess HCl. This destroyed most of the
nitrate and yielded HZPtCl6. Thé chloroplatinic acid was added to an
aqueous. solution of diammonium and disodium phosphates. The resulting
plating solution was boiled for several hours befofe being added to the
electroplating cell. Metallicvplatinum,was plated onto a O.l-mil Ag
foil which formed the base of the plating cell. During the plating,
which nofmally lasted about 20 min, the voltage was kept at aﬁprox 2 v,
"with the current at approx 0.001 amp/cmz. The plating solution was
stirred by bubbling air, and kept near the boiling point by a heating
coil,around'the cell. Thicknesses were determined by weighing the foil
before and after plating. The sample of metallic platinum enriched in
Pt198 was obtained from Oak Ridge National Laboratory. _ '
The targets were attached to stainiess.steel holders which could
be mounted in the target portion of fhe TAG assembly (Tafget assembly,
general) shown in Fig. 28. In order to preserve the targets, the recoil

method was also used in these experiments. The 0.25-mil Al catcher foils
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Fig. 28. Hilac TAG (Target assembly, general) target holder.
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were mounted on holders and placed between the targets. Spacers were
placed between all the foils to allow helium gas to circulate between
‘them and minimize hedting. The entire target assembly, including the
absorbers, served as the Faraday cup. No absolute cross sections were
obtained with this arrangement, as the absolute beam-current measurements
were not considered reliable. |

2. Chemical PSeparations

Preliminary experiments showed that no Atle was produced in the Pt
1
+ N k bombardments, thus making it pos51ble to use At a1l as a tracer when
quantitative ylelds were desired. The At } was produced free of other

vydetectable alpha activity by bombarding Bi:o'9 with 28—Mev HeLL ions at the

36

'Crocker 60 inch cyclotron. In order to have the astatine tracer in the
'eame chemlcal environment as the Hilac- produced act1v1ty, the At2l atoms
were also: caught in an alumlnum recoil- catchlng foil. Prlor to the heavy-
1on bombardments, the recoil catcher was cut up and the alpha partlcles
belng emitted from each sample counted to obtain the de51red amounts of
vtracer activity. Following the heavy~ 1on,bombardment, the re001l catcher
'-‘contalnlng the Pt + N 1k products and a piete containing a:-known amount of
tracer activity were simultaneously dissolved in 8 M HCl.')The astatine
was separeted from other activities by extraction into DIPE (di-isopropyl
ether).' The DIPE fraction was transferred to a platinum,counting disk
and evaporated to dryness under a heat lamp. .The resulting sample was
placed in an alpha grid chamber and pulse analyzed to determine the
amounts of principal alpha activities relative to that of the Atle
tracer.

It is felt that the above procedure is a reliable method for deter-
mining the chemical yield of the astatine. As nearly as possible, the
tracer and heavy-ion-produced activities have received the same treatment
throughout the experiments. The only obvious difference in the environ-
>ments of the two astafine.fractiOnsvis the depth of the deposits in the
aluminum foils. The recoils produced by 28-Mev Heu bombardment receive -

less momentum, and thus are deposited closer to the surface than the

recoils from Pt + (3 60-Mev) Nlu reactions.
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In experlments in whlch only the ratios of act1v1t1es were deter-
mined, the astatine fractlon was separated by a doud_e volatlllzatlon

method. 81 The aluminum recoil oatcher was cut from its holder, crumpled

up, ‘and dropped into a quartz cup 51mllar t0 that described by Hollander.82
N The cup was heated with a methane oxygen blowtorch meltlng the alumlnum
and volat111z1ng ‘the astatine. ~The astatlne was condensed on an

alumlnum dlsk attached to & water-cooled 'cold'finger " The aluminum

dlSk was then detached from the cold finger, placed in another quartz

cup, and gently warmed with a mlcroburner In this step, the astatine

was condensed on a platlnum_COuntlng‘plate.attached to the cold finger.
This double volatiliaatid1 yielded astatine free of other alpha-emitiing
products. The most serlous contamlnatlon could come from the large

amounts of polonlum present However, tracer experiments showed that
about 50% of the’ polonium comes over in the first step, but less than
0.0Z% in the second. The yleld of astatlne from the two steps was about
’50 to 75%. There was no evidence for loss of astatine from the platinum
plate during counting, but the longest-lived isotope studied, aside from
the tracer, was At207, which has a 1.8-hr half life. Samples produced
.byAthis'method were essentially mass-free and quite good for alpha pulse
analysis. '7 o ' ' '

Since the samples produced by ‘the use Of the DIPE were rather thick

and gave poorly resolved peaks upon alpha pulse analysis, an attempt was -
made to adapt the double volatlllzatlon method for quantltatlve yleld
.determlnatlons. The astatine from the recoil catcher and plate contaln-
ing the tracer was vaporlzed s1multaneously and the results were compared
with those obtalned from the DIPE chemistry. The results of the two
methods generally agreed wlthln_lS%, but the ratio of tracer'activity to
activity in the recoil catcher was uniformly higher-vhenfthe vaporization
: method was used This may have been due to the greater depth of deposi-

thon of the heavy 1on—produced rec01ls In any case, the' chemical -

method was considered more rell_able°
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3. Counting Procedures

The only absolute countlng was that of the plates contalnlng At211
tracer. This was done in an 1onlzat10n chamber of SO% geometry.

For determlnlng the ratlo of various activities to Atzll tracer the
samples produced by the DIPE chemlstry method were pulse analyzed in’

an alpha grid chamber. An example of the results of pulse analys1s is

shown in Fig. 29. Note that the 5. 89 Mev alpha group of Atzll is

' ‘ 20 20 ‘
.5 and_At ”% alpha partlcles. For thls

reason, the number of 7 3-Mev alpha particles from Po211 (the electron-

obscured by pulses from At

capture “daughter of At l) was used for determination of the tracer

activity. The 1ntens1ty of the At 205 and AtBOM alpha groups was.deter-
mlned by subtracting the number of alpha partlcles due to At211 from the
2ll

peak at approx 5.9 Mev by use of the Q/EC branchlng ratio of At
In the ratio experlments pulse analysis was used to determlne the
relative amounts of wvarious act1v1t1es produced Examplesof such pulse
analys Qg af’éd shown in Figs. 30 and 31. Note that the resolutlon of the
various peaks 1is considerably better w1th the thin samples produced by
means of the double vaporization method.than with those:resultlng from
the extraction chemistry. ¢ o ' o
By pulse analysis alone, it was not poss1ble to separate the 5 69-

Mev alpha particles of At 206 from the 5.75-Mev group=pf.At 07; nor those

of 5. 95-Mev energy due to At 204 from 5.89-Mev partlcleS(of At 05
Fortunately the half lives are sufflclently different that those )
'activities could be separated by follow1ng the peaks as a function of
time and resolv1ng the decay curves. The starting tlmes of the counts
were accurately determlned from a stopwatch started at the end of bom-
,bardment In most cases, the initial count was started at 6 to 7 m1n
after the end of bombardment.

ke Treatment of the Data

The amounts of each activity observed were plotted as a function of

time and extrapolated back to the end of bombardment. The half lives
observed were, within experimental error, usually those obtained in

previous work or those determined in this study.
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Correctlons for decay during bombardment and counting were made by
using the equations for growth and decay of actlvlty.83 A chart of beam
current as a function 6f time was used for making the decay-during-
bombardment corrections. A constant was generally sought, but offen not
obtained owing to difficulties with the accelerator. In such cases, the
beam charts were divided into portions, in which the beam was relatively
constant, for making the corrections. Corrections were also applied for
the electron-capture decay of the astatiné isotopes. Half lives and'Q/EC

branching ratios used in the calculations are discussed in Appendix C.

C. Experimental Results

203
J

The absolute yields:of one or two of the principal activities (At
At205, or At207) produced by nitrogen bombardments of the vaporized,
natural platinum target were obtained at various energies by means of the
tracer experiments. These data, combined with the ratios of various
activities produced by bombardments of the enriched-Pt198 and natural-
platinum targets, were used to obtain cross sections of the various '
reactions. In several cases, where the same product resulted from’
reactions involving more than one platinum isotope, it was necessary to
use a set of linear equations to obtain the individual cross sections.

. One important assumption should be noted. Since targets<of.only two
different isotopic compositions were used, it was necessary to have at
each energy one product that is produced by only one reaction, in order
to obtain the individual cross sections. At the lower energies, it has
been assumed that Atzo7 is produced only bycthe (Nlh,Sn) reaction on

198. This implies that the Ptl96(N ,3n)At207
is negligible. It was not possible to test this assumption directly.

reaction cross section

However, very careful obsérvations of the alpha-particle spectra from
samples produced in low-energy bombardments gave no evidence for proe
duction of At 09, the product of the Ptl98 Nlu
plus the observation of very small (Nl ,4n) reaction cross sections, is

taken as evidence for valldlty of the assumption. At the highest energies

(about 100 Mev), it was gssumed that most of the At 205 resulted from the

,3n reaction. This result,
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Ptl98(Nlh,7n) reaction. A small correctlon was made for the amount from
the Ptl96(1\]l ,Sn) reaction by extrapolatlng the hlgh energy tail of the
excltatlon functlon.

The exc1tat10n functlons obtalned by these procedures are shown in
;Flgs. 38 and 39 of Section IV. Slnce the data from the three types of
experlments were not usually obtained at exactly the same bombardlng
energles, smooth curves were drawn through the experlmental p01nts
.correspondlng to the absolute ylelds and ratios of 1sotopes produced as
functions of energy. Thus, for reactions whose cross sections are given
at regularly spaced energy intervals, this is not meant to 1mply that
cross sections were determined at exactly those energies, but that’ the
simultaneous equatlons were solved there. Also, in these cases, scatter
‘1n the . experlmental p01nts was necessarily removed by the smoothlng
process. .The limits of error given for these cross sections represent
estimated uncertainties in the poSitions,of the,smoothed curves. These
.estimates, as well as the limits of error given for the other cross-
section p01nts, 1nclude uncertalntles in the counting rates of the
radlatlons from the product nuclel, target thickness, and decay during
bombardment correctlons. Uncertainty in the values used for the a/EC
branchlng ratios have not been included.

In addition to the experimental results glven, data were also

203 and Atzoz.’>However, these products

obtained on the productlon of At
~result from so many dlfferent reactlons that occur with large probablllty
that it was not pos51ble to determine the individual cross sections.

‘The data for the Ptl98(1\] )Atzol+ ‘

to this effect and pos51bly the limits of error should be greater than

reaction are also somewhat poor owing

indicated.
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IV. INTERPRETATION OF RESULTS

A. Angular Distributions

v

The general approach to the 1nterpretat10n of angular dlstrlbutlons

23

of flss1on fragments was flrst propo sed by Bohr Accordlng to his
"model for ex01tatlon energles only ollghtly above the fission barrler,
the nucleus goes over the saddle-pass "cold"; that 1s, ‘most of the
eXC1tatlon energy is expended in potential energy of deformation towards
flss;on, Thus, the spectrum of energy levels of the highly ‘deformed
nuelei.at the saddle pass should be similar to those of stably deformed
nuclei at energies near thelr ground states., Bohr further assumes that
the nuclei retain axial symmetry throughout the deformation, and that

' the_fragmenﬁs are emitted in the direction or tne symmetry axis. The
fragmentvangular distributions are therefore given by the distributions
of the orienﬁations of the symmetry axes with respect to the beam.’

‘ Angularﬂdistributions based on the Bohr'theory havevbeen worKEd out
quantltatlvely and extended to higher energies by a number of @ R

2k, 25,8L4-86 25

2
guthors. and Halpern and Strutinski

The treatments by Griffin
‘_are most applicable to the cases studied in this work. Since these treat-
ments are 51m11ar in most details, the Halpern and Strutinski method will
be descrlbed in detail, w1th the dlfferences 1ntroduced by Grlffln S
calculations pointed out below. ’ '

According to the Halpern ‘and Strutinski treatment, the fissioning
nucleus is character1zed by three quantum numbers: I, the total angular
momentum; K, the prOJectlon of I on the nuclear symmetry ax1s, and M,
the,component,of I in the beam direction. For fission induced by high-
energy heauy ions,/I is approximately_equal to the'brbital angular
momentum of the bombarding particle, £, which is perpendicular to the
beam direction. Since any target and bonbarding-particle spins are small
compared with £, it is quite reasonable to assume M = O3 1i.e., f = ?, I
is perpendicular to the beam dlrectlon With these assumptlons, the
angular distribution for a given I and K is '

2l

W =

( 2 2y 1/2
I,K l+1t2

I%sin% - K (Iv-1)
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where 6 is. the center-of-mass angle between the fragment direction and
the beam. . , , 4 o ‘ .
Based on ‘statistical arguments, the probability distribntion of K

is assumed to be
. 2,2 . C. o
F(X) o exp(;K /2K6) . _ _(IV-2)

where K is the mean value of K2 The' angular distribution of Eq._(IVfl) v
is then multiplied by the weighting function (Eq. (IV-2) ) and integrated

over K to .obtain the angular distribution for given values of K and I:

| FESI09 g exp(-K /2K )(I%sinZe-K")" -1/
2X Jo
Wik =T 2 I , (Iv-3)
7o b Jg dK exp(-K /ZKO :
2%y 1 —I%ﬁxﬁe. iIzsinZQ ' '
=t E || o [ ] Y
' "o : EKO - hKo

where‘JO is the zeroth-order Bessel function,band:N is a normalizing
. factor. .This distribution is then integrated over I from zero up to
the maximum_valhezlm, assuming the probability of I2 is constant. The
resulting angular distributions, characterized by the parameter p
(=.IE/MK§) behave as 1/sin® in the region near 90 deg, falling below it

as 0 and 180 deg are approached. The higher the value of p is, the
longer the angular distribution follows 1/51n9 | |

Probably the- least certain part of the treatment 1nvolves the choice

of Ko‘as a function of .excitation energy, Eex’ and the helght of the

fission barrier, E At,highvexcitation_energles,ln excess of the

o
fission barrier, statistical theory predicts .
2

Kosf,(Eex - E )

1/2 (W-5)

The rel ationship at low energies has not beenrcleariy'established.

Halpern and Strutinski Have obtained the function empirically from the

2 .
experimental anisotropies of neutron fission of Th 3 - various

energ1es'.87 "In this way they £ind KO to be approximately proportional
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to'(EeX - Ef)'at low energies. At . high excitation energies, the propor-
tionakity:y constant of Eq. (IV-5) was determined from the angular
distribution of ‘fragments from fission of Np23?¥with,u3—Mev alpha
particles. S '

Griffin's treatment of angular distributions is very similar to
that by Halpern.and-Strutinski.' However, he assumes

F(K) « K__ - K | | (IVFS)

The angular distributions, characterized by r(=I/K) approximately follow
1/sin6 near 90 deg, but approach O and 180 deg linearly (illustrated
below). At low energies,_Griffiﬁ obtained X as a function of (EeX - Ef),

239

from the experimental anisotropy of neutron_fissibnzof Pu at wvarious
.8 = '
energies. 9 This results in K approximately proportional to (Eex - Ef)

rather than to (E' - E _)l/2
I ex f

as noted above. At higher energies he also
predicts the 1/L-power dqpendénce, but. does not indicate the energy at
which the change in;functibns should occur. | |

The laboratory-system angular distributions obtained in this work
were transformed to £he_center-of—maSS'system ésvdiSCussed above, and
are shown in Figs. 32-36. The most sensitive check on the ability 6f
the theoretical-angular distributions to fit the experimental points is
pfovidéd,by the data from 93-Mev Clz.fission of gold. Figureé 32 and 33
show the experimental angular distributions along with curves predicted
by Halpérn and Strutinski-anddby Griffin, respbctively, using the
indicated parameters. Although, in agreement with Halpern and Strutinski,
‘the experimental points indicate some curvature near O and 180 deg,.the
statistics'in none of the angular distributions are good enough to rule
out the linear shape predicted by Griffin.- Also, in every case, there
are indications that the experimental points lie above the 1/sin® curve
in the regions approx 20 to 80 deg and approx 100 to 160 deg. This is in
agreement with Griffin's prédicted_curves, which rise above the i]sin@
fﬁnctionvin these regicmms, for high values of r. _Experimeﬁtaliy, thié
result is in very good.agfeement with the data of Viola,90 who has deter-

mined angular distributions by a gross'beta-counting_method similar to
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that used byvCoffin and Halpern.88 It was first suspected that such an
effect might arise in transformation of the laborat ory-system angular
distributions into the .center-of-mass system by using a single value of
n, whereas there is actually a distribution.offﬁ:vélues. However, the |
calculations in Appendlx B would indicate that such a tranmsformation,
using the average value of n ,'reproduces the assumed center-of-mass
angular distribution quite well. ‘ .

It is not expected that scattering of the fragments could have
produced such an effect. At the laboratory-system angles in fhe_back-
ward direction, corresponding to fhe center-of -mass-system angles at
which the effect is observed, the cross section varies slowly with angle.
The targets in all experiments were quite thin (g 200 ug/cm2 Au). Thus,
small-angle scattering is not expected to be serious;‘ If the large-angle
scattering mentioned-by Coffin and Halpern occurred, the,scattered frag-
ments would have had low energies and would either have been .stopped in
the .detector w1ndow or registered in the low—energy part of the klnetlc-
energy spectra, ‘and would not have been 1ncluded in the f15$1on-fragment
peak. It is thus assumed that the effect is real.

Such an effect could possibly arise if fission follows.emission‘of
heavy pérticles, say alpha particles, at about 90 deg to the beam. This
would change the direction of the motion of the compound nucleus and
yield angular distributions (€or these cases) that would be peaked at
angies away from O and,lSO,deg. Howéyer, it is not expected that heavy,
high-energy particles are emitted frequently enough to explain the effect.
| Although thie angular distributions are shown as fitted by the '
Halpern and Strutinski theore£ical curves, they have also been fitted to
the distributions given by Griffin;9l The parameters that yielded the
best agreement with the experimental data are listed in Table III.
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fﬁTable Iii. Parameters and other values used in flttlng angular :

distributions .-
, _ B z-P 2y - S 2 Pex :‘Ef(M?V)
System _ (Im/hKo) (I/K) (%) I~ Hend S Griffin
Au + 123.3-Mev C-°. 10 5 45.2  L600  13.5 12
Au + 93f3—Mev‘,C12 7.2 k.25 33.5 . 2530 | 12 | 10_
Au+ 72.k-Mev cl?‘_ 6 L 22.3 1118 9 T
Au+ 16k.5-Mev 00 11 .52 610 8380 36 15.5

In pr1nc1ple, one should determine the amount of flss10n that takes
place at each stage in the chaln of excited nuclei resultlng from the
evaporation of neutrons, protons, etc., and calculate the angular distrib-

ution for each stage. The over-all angular distribution WOuld be obtalned

) by welghtlng each dlstrlbutlon by its probablllty of occurrence and

summing over all the fissioning species. However,: the flss10n ‘
probabllltles are not well known for the various. nuclel 1nvolved here
Therefore the angular dlstrlbutlons are used to estlmate the average

excitation .energy at which fission takes place, and from this result it

1s possible to determlne some average f1s51on1ng spe01es.

Because of barrier-penetration phenomena in compound nucleus for-

matlon, Halpern and Strutlnskl note that the term Im is not clearly

. defined; but may be approximated by 2 I s where 1° ", 1s the average value

of the square of the spin of the compound nucleus. In keeplng-wlth that

assumption,

212 -

[\
o
[\

(TV¥6a)

2

and . . S 212 = 2(H)% . ‘. . (IV-6b)

=NOo

are assumed here. These approximations are quite good for the high

fangular momenta invOlved in the reactions studied. ‘The_values’of Y]

listed in Table IIT were obtained from tre compound-nucleus-formation

. . _ o S o : . 2 .
data calculated by Thomas, using a square-well potential. 9 The £ values
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)
obtained by use of his parabollc-barrler model would be somewhat lower
than the values used, but would not grossly change the conclu51ons drawn
“from the results. Thelassumptlon is a;so made that the spin of the com-
pound nucleus is not changed by particle evaporatioh. This approximation
has been Justified by Halpern and Strutinski. : . .

The values of (E - E ) obtained by analys1s of the data are listed
in Table Iv. The Values obtalned via the Halpern and-Strutinski method
were taken from their empirical curve of Kg as a function of (Eéx - Ef).
Those following from the Griffin treatment were read from the linear
curve of K vs (E - E ). The values obtained by the two methods agree
rather well except for the case of Au + 16L4.5-Mev Ol6 In that case |
there is some questlon on which curve of Griffin's should be used

In order to determine the average ex01tat10n_energy'at which fission
oceurs, one‘muet'estimate the fission barrier for the,fissioning species.
This is a difficult problem in thatlbne does not know a priori which
nucleus is fissioning. As noted below, there is considerable evidence
for emission of charéed particles as well as neutrons prior to fission.
For nuclei in the At-Po region, Fairhall and Neuzil's results indicate
.f1551on barriers of the order of 18 M.ev.92 W. J. Swiatecki has estimated

'a value of about 13.5-Mev for At206.93 This figure is based on the
dependence of-Ef on ZZ/A in the heavy element region, and the deviation
of actual ground-state masses from the smooth mass surface calculated
acoording to Green's eqpation.9lL Thisvcalculatéd value is probably more
.meaningful than the value obtained from‘analysis of-fhe B1209 +-HeLL fission
data cited above, because the fissioning nuclei ‘studied in this work are
very neutron-deficient compared with those investigated by Fairhall and
Neuzil (Mostly At213). For example, note that the value of Z /A for
At206 (35.07) is approximately the same as that .for Th (35 2).

There is arother effect which complicates the choice of Ef. Pik-
Pichak has shown_that, owing to high angular momenta of theroompound
vnuclei,_there is a distortion fromlsphericity which increases the nuclear
moment of inertia, thereby decreasing the rotational and Coulomb energles
and increasing the surface energy.3o_ The net effect is to lower the

fission barrier relative to its helght at low angular momenta. Estimates
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of the magnitudes of this effect are listed in Table IV__95

-:8ince
accurate mass dataji.necessary in the Swiateckl method of fissionrbarrier
celculation, were not-available for most of the nuclei in question, the
Pik-Pichak calculations have also been used in_calculating the fission
‘ barrlers at. zero angular momentum ' ' : o
The rotatlonal ~energy effect also may reqplre some correctlon to the

expressions for angular distributions. This has been-noted in a later
paper by Pik—Pichak.96 In all the angular-distribution,calculations men-
tioned above, it has been assumed that the probabilitjiof fission is
independenttofsl and K. ,Homever,‘becaUSe of the rotational—eﬁergyveffect,
Ff/rn.is expected to be aﬁ>increasing function of I (forvconstant Eex)'
Thus, in the angular-distribution expreéssions, the probability of a given
vI should be multlplled by a welghtlng function Whlch describes thls
effect. Pik-Pichsk has glven the proper form for the corrected
expreSs1on,96 but there are not sufficient flSSloﬂ probablllty data
available to make this correctlon. The.effect-would,cause the ‘average 1
of the fissioning nuclei to be higher than the average I of the compound
nuclei. This would mean that the E C - E gquantities 1nferred .from the
angular distributions are too low. Note that errors 1ntroduced by this
effect would tend to cancel any errors in the assumptlon that no angular
momentum is carried off by evaporation of particles priorrto fission.

It is to be observed that the excitation energy at which fission
takes place is nearly constant with bombardlng energy, for Au + C12 The
excitation energies are, rather low, 1ndlcat1ng that flss1on-takes place
near the end of the chain of de-exciting nuclei, at.least.forgthe Au +
.Cl2 cases. It is possible to estimate the number s ofjvariops.types of
particles that could bei%mitted prior to fission' These’estimates, listed
in Table II, were obtained from the initial excitation energies and

97)
s

partlcle—blndlng energies (from Cameron's masses with estimates of

nuclear temperatures from_the,spallatlon,data, and charged-particle energy

: : 8
spectra based on the equations of Dostrovsky, Fraenkel, and Friedlander.9
In making the calculatlon, account has been taken of the lowered Coulomb

99

‘barriers againgt charged-partlcleAevaporat;on as found by Knox, et al.
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More will be said concerning the implications of these:.results:in.the

discussion of cross sections.

B. Momentum Transfer. . . R :

The values obtained for nz (see Table II, Section-II) from the
various measured quantities indicates that within the limits of error,
fission of gold results from nuclear reactions in which the entlre
 momentum of the bombarding partlcles is dep031ted in the flSSlOnlng

system. This result has also been found by Alexander from fragment-
' ' ' 101
recoil-range measurements.loo This implies that "breakup" reactions,

in which the bombarding particle breaks up, with only part of it
penetrating the target nucleus (for example Cl'2 —->Be8 + He , Heu +

1
Au ot —>TlZOl),

Cogﬁersely, for the case of U 38 vombarded with 120-Mev C12 ions, both

Alexanderloo and- Larsh et al;,loz find considerably less than full:

do not result\ln many fission events in this system.

momentum transfer.
These results may be interpreted in the following menner: The fission
barrier of plutonium isotopes is small enough that the fission probability

is quite large for the compound nucleus resulting from the reaction

238 12

U™~ + C —9(Pu2u2)* 8

+ Be ,
or the corresponding reaction in which the Be8 is absorbed by the target
nucleus. - Note that in the example, ‘one may consider the reaction as a

two-gtage process:

120-Mev ct? — hO-Mev Hehb+ 80-Mev Bes,

L4Oo-Mev Heh + U238 _9(Pu242)*.

For the second reaction, Vandenbosch et al. reporf’that the fission
cross section is approx1mately equal to the cross section for formation
of the compound nucleus = However, for the correspondlng reactlon in
the bombardment of gold, .

4O-Mev HeLL + Aulg7 —a(TlZOl)*

P/
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Fairhall and Neuzil have found ¢ /0 ompfto be ~10 Since the Au +

12
120-Mev C fission cross section is large, one might expect fission from

reactions of the type

197

12 '
120-Mev C- —>8O-MEV’BG8 + L40-Mev He4, 80-Mev Be8 + Au — fission

160-Mev 016"—9120—Mev ¢? 4 Lo-Mev Heu, 120-Mev ¢t 4 Il

— fission.
The absence of evidence for such reactions is in agreement with the
‘results of Ghiorso and Sikkeland, who find the probability for this
type of breakup reaction to be smaller than for those in which only

the alpha partlcle enters the nucleus. 101

C. Kinetic Energy Release

. It is apparent from the data shown in Fig. 23 of Section IT that
there is very little; if any, dependence of the most'probable,fragmenf
kinetic energy upon energy-of thevbombarding_particle. This result is
in agreement with previous investigations on the effect of bombarding

;03_105 If fragment kinetic

energy upon fragment kinetic energies.
energies arise from Coulomb_repulsiqn of the fragments -after scissiqn,
(see Appendix B) these results indicate that the shapes of the fragments
and the distance between their charge cénters do not change_with increas-
ing excitation energy of the fissioning nucleus. The added energy
presumably goes into evaporation of more prompt neutrons from the
fragments;9 In the cases studied in this work, the results may be
explained as 5eing due to two effects. First, the Au,+_Clz angular
distribution experiments show that the excitation energy at which fission
occurs increases only slightly (approx 2 Mev) when the bombarding energy
is increased from 72.4 to 123.3 Meﬁ. The slight increaéevin fragment
kinetic energy indicated for the Au + C12 case at higher bOmbarding>
energies results from em1551on of a larger average number of neutrons
prlor to flSSlon than in the case of the lower energy bombardments.
According to the Coulomb repulsion model mentioned above, the kinetic

1/3

energy release should be proportional to ZZ/A of thevfissioning
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" nucleus. Thus the lower value of'Al/3‘in the'denominatorxonld'lead to
a slightly higher kinetic—energy release for the higher bombarding energy.
Terrell has rather successfully correlated average total klnetlc
energy release with Z /A 1/3 for a series of heavy-element nuclides,
(thorium and above), corroborating the Coulomb- repu151on model ez However,
if this model is strictly true, the total kinetic- energy release as a
function of mass ratio — (mass of the heavy‘fragment)/(mass of the light
_fragment) — for a given fissioning nucleus should be a maximum for a mass
ratio of unlty, or symmetrlc fission. In all the time- of fllght-measure—
ments of kinetic energies of fragnents from spontaneous and thermal-
neutron fission in the heavy elements, there are indications for a dip in
the total kinetic energy release at a mass ratlo of 1,111:Lt.;y.)+3 106 107 It
was of interest to'find out how the kinetic energies from the heavy-ion-
1nduced fission would fit in with the data obtalned at low energies.
"The.data have been treated in a~manner-sllghtly different from
:Terrell's‘method in order to show up any possible connection between
.energy'release'and-type of fission, symmetric or asymmetric. For the
tlme of-flight data listed in Table V, values for the total kinetic
energy release for symmetrlc and most probable (asymmetrlc) modes have
been‘taken from the graphs shownyby the authorsp Unfortunately, in all
cases,vthe data do not extend into a mass ratio of unity (because of the
small freqpency of observation of those events), making it necessary to

extrapolate the data.' The values for neutron_flss1on_:of,Ra226 have been

taken from the authors' kinetic energy spectra., %0 The point»forlU238 +
l .

123-Mev C™“ was obtained from the experlments done with UFlL targets (see

Appendlx A). The otheér heavy= ion 1nduced flSSlon klnetlc energles have

been dlscussed above.
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Table V. Total kinetic energy release in fission

Assumed

- Average total K.E. - fission- .
~ release (Mev) ing ~ Counting .
Ref. System Symmetric  Asymmetric  nucleus method
43~ cf°?? spont.fission 161 188 - et {OTF .
106 cf%°% spont.fission ~ 187 187 Cee?Pt T
* 238103 Mev 1P 17246 — e s
107 Pu’3”4Thermal n " 170.5 176.5 P20 w
107 u%dy ow n 156 167 y236 TF
107 ue3k4 v "o 162 163 - ye3h TF
40 ~ Ra220iil.7-Mev n 1345  -—= RaZ2T as
40 :Ra226+4—Mbv n _— © 128.5 Ra 22T Gs
. Aul97+l6u.5-Mev o16 151t6 — Fr206 1 GS
At Ti123-Mev ¢t 147.5%) — at203 -GS
Aul97+72.h—Mev C12 143tk — ' At206 -GS
*-This work. TF- Time-of-flight. GS- Gas Scintillation.

__The.fragmént kinetic énergies from the counting,expefiments’have
been corrected for emission of prompt neutrons. The avéfage_number of
Vprompt neutrons, ;; that‘would be emifted in spontaneous fission.of the
}nuclel in gquestion were estimated from the curves shown in Flg 8 .of a
paper by Bondarenko et al. 108 The increase in v w1th ex01tatlon_energy
was also obtained from data contalned in their paper. Excitation
.energies at the time of f1s510n and the f15$1on1ng nuclei in the gold
experiments were determlned from the results of the angular dlstrlbutlon

238 250

experiments. .For U the fissionability of Cf is so large

2
that it has been assumed that fission takes place in the first stage of
the chain of de-exciting nuclei. 1In accord with Terrell's results, '
0.8 Mev has been added to the total kinétic energy release for each
prompt neutron. The resulting kinetic energies are listed in Table V
and are plotted as a function_of-Zz/Al/3 (of the assumed fissioning

nucleus) in Fig. 37.
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The most dbvious conclusion to be drawn from the results presented
in Fig. 37 is that the data, especially for symmetrlc fission, are in
‘poor shape. There is very poor agreement between the two symmetric-

252

fission points obtained for Cf by the two groups of experimenters.

However, those points do bracket the Cf 250 point obtained in this work.

238 |

One could argue that, in U flsslon,_the_average fissioning
nucleus is somewhat lower in Z than californium, due to direct-
interaction reactions ("breakup," see above), induced fission, or
evaporatidn of'charged particles prior to fission. However, it seems
quite unlikely fhat such processes occur frequenfly enough to represent

the most probable fragment kinetic energy. It might aiso be argued that
the average fissioning nuclei in the gold experiments,are.lowe: in Z

than has been assumed. This point is not unreasonable on the basis of
the other results of this study, but it would not change the main features

227

of the results. The points plotted for fission of Ra’- do not agree at

all with the other results. On the assumption that this is due to an
experimental error, rather than an anomaly, the two Ra227 points have
been raised by an amount that places the symmetric-fission point on the
line determined by the other symmetric-fission points.

In view of the crossover of the two curves in the vicinity of
actinium, it is tempting to correlate kinetic energy release with
relative probability for’symmetric and asymmetric fission events, which
also has a crossover in this region for low-energy fission.16 If such a
,correlation,does exist, it is not.in,agreement with the statistical

15

“theory of Fong,lu which was latér extended by Camerbn, According to
that model, the probability of a given mode of fission is proportional to
the density of final states to which that type of division leads. This
contains a term proporticmal to fhevkinetic—energy release and two ex-
ponential termsiforvthe level densities of the fragments as functions of
their excitation energies. Although a larger kinetic energy felease
would increase:the first term mentioned, it would decrease thé.amount of
exﬁ%tation-energy available to the fragments, thﬁs_decreasing the two

exPonential factors. One would expect the decrease in the values of the
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exponentiél terms to override the increase in the term that is
proportional to energy release.

Swiatecki and Alexander have found rather éonvincingfevidenCé,that,

ror crio? spontaneous fission, the dip in kinetic ‘energy reléase at a

mass ratio of unity may be due to a high probability for emission ' of
' : o , . 1 : e s
long-range alpha particles in symmetric-fission events. 09 If this is

true, one could interpret the results presented in Fig. 37 as’indicating

that the probability for emission of long-range alpha paffiples,aSSociated

with symmetric-fission events is an increasing function of Z, oOr ZZ/A1/3.

One result that is difficult to reconcile with the ideés presented
is the observation by Douthett and Templeton that the dip in kinetic-
energy release in symmetric fission seen &t low excitation energies in
the uranium region is not present inthe fissi,on:_of‘U238 with 18-Mev

104

deuterons. ‘This result,'baséd on the recoil range of one-fission

_product, should probebly be investigated in more detail.

It is obvious that before one can draw many conclusions concerning

the ideas advanced here, many more and more accurate results must be

obtained on dependence of total kinetic energy release on mass ratio,

excitation energy, and Z and A of ‘the fissioning nucleus. Data are

Aparticularly’neéded for symmetric fission in_theiactinide%elements. It

would be useful.also to have information from fission at excitation

energies intermediate between thermal-neutron- and heavy-ion-induced

fission.

The results obtained on kinetic energy release may be summarized:
(a) The kinetic energy release resultdng from heavy-ion-induced

fission appears to be approximately the same as for éymmétric fission in

'neighboring nuclei at lower excitation energies.. There is no apparent

effect on this quantity due to the higher excitation energies and
angular momenta involved in heavy-ion reaétionsT _

(b) There is evidence that the total kineticyenergy release 1is
greater for asymmetric fission than for symmefric fission of elements

above the radium-actinium region. The conﬁerse is apparently true

‘below this region.
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D. Cross Sections

Spallatlon Reactlons

Previously, ‘excitation functions for neutron evaporatlon reactions »
in the heavy—element region have been 1nterpreted on the basis of a model
proposed‘by Jackson19 and modified to inélude the effécts of fission by
Vandenbosch et al.;8 Although, as noted,below; the assumptipns'inherent
in the model are undoubtedly poor when applied to heévy-ion—induced
nuclear reactions, it is the only model available by which éross sections
may be predicted by simple, analytical methods. This is the Jjustification
for its use. _ o

The following assumptions were made in the original derivation of
the expression for neutron- evaporatlon cross sections: 19 | )

(a) The energy spectrum of neutrons emitted by a compound nucleus
of excitation energy E, and nuclear temperature T (of the res;dual
nucleus), is of the form € exp(-¢/T), where € is the kinetic enéfgy of
the neutron. v , |

(b) Neutron emission occurs Whenever it 1is energetipaliy pqssible.

(c) Proton evaporation is neglected. ' v‘b |

(d) The nuclear temperature is.constant-withlincreasing,excitation
energy. | - '

As a result of these assumptions, the probablllty P(x E) for emission
of exactly x neutrons from a compound nucleus originally at an excitation
energy E is given by |

P(x,E) = s ,2x - 3) - (s

X+1:2X -1), o (IV_T)

where I(xm), is Pearson's incomplete gamma function, S
z ‘ . U :
1Y) - - |
I(z,n) = (ET>,JF' e ax R . -~ (1v-8)
R N : | . o

and o, o1 7 . C(W-9)
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. and Bi is the binding energy of the ith neutron. It should.be noted that
I(A 2x - 3) represents the. probability foy emi§s;Qn,Qf‘atileast X

neutrons and I(A —»l)4represepts,phat for:xflenegtrgps,:thegh

’
difference betweez%the,two terms being equal to the probability. for
emission of exactly x neutrons. _ ' .

The cross’ section for, evaporatlon of x neutrons is obtalned by
~multiplication of B(x,E) by the crOSb,sect;on_for‘compound -nucleus .
formetipn, Oc"p' If other processes_compete with neutren eVaporation
it is necessary to multiply the calculated cross seetions by.the product
Qf~the-values_of_Fn/FT (ratio of.level width for neutron emission to
total level.width) for each of the x compound nuclei precedinglthe final
‘product. When this modification is made, the expression for neutron-
emission cross sections becomes

§

Fn- EE

QXn _ Gcom_p f; \T

|

(s ,2x-3) - T(a - ,2x-3)]. (IV-10)
T - FT xS CX+L
1 a ‘ X
. An attempt has been made to fit the experimental cr0557section data
from the_Pt(Nlh,xn)At.reactions with,cross sections calculated accefding
to Eq. (IVflO). There are several factors that make the calculations
somewhat uneertain;. One of these involves the selection of the proper
values,fST'oéO.p.~_Espeeially”et bombarding energies in the regiontof
the Coulomb barrier height, Gcomp depends quite sensitively upon the
model chosen. The values used here are based on the calculations by
Thomas for the square-well nuclear potential.29_ It must be observed
that the sharp rise in the cross sections at low energies causes small
errors in the energy of the bombarding particle to yield large errors in-
the magnitude of the measured cross eeqtions. Also, there is considerable
uncertainty in the energeticeqof'the reactions. Where possible, the
- excellent mass and neutron-binding-energy data of Foreman and Seaborg e
have been:used.llo ‘These data, however, do not.extend to astatine
isotopes below mass- 209 or to the target nuplel .Thus it has been
" necessary to obtain some of these values from the data of Wapstra
97

and Cameron. By eompar1son_w1th-Foremen anduSeebeg,-;t_appeers_that
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Cameron's calculated neutron bindihg energies are too high. For this
reason, the calculated binding energies have been reduced to bring them
into better égreement'with the data of- Foreman and Seéborg;'-Even_so, the
uncertainties in the individual neutron binding energies may be -as much
as 0.5 Mev. This is especially true for the lighter isotopes.

The ‘comparison between calculated and experimental excitatidn'
functions are shown in Figs. 38 and 39. In fitting the magnitudes of the
excitation functions, the product of level width ratios of Eq. (IV 10)
‘has been glven as the factor F. ' ]

‘The best fit .to the experimental results was obtained with a nuclear
temperature‘of 1.3 Mev. This is to be compared with values of about 1.35
‘Mév,’which have been used in similar treatments of data from helium-ion-
induced reactions in the actinide element.s,S’18 and a value -of 0.96 Mev,
which was obtained by Ghiorso and Sikkeland from a study of heavy-ion-
induced neutron-evaporation reactions in the heavy;element_region.

The meaning bf the value of T used in fitting the éxperimental“cross
sections is not clear. No direct correlation of temperature with target
projectile, or energy is apparent. Perhaps it is best to regard it
simply as a parameter which may be adjusted to fit the positiom and shape
of ‘the excitation functions. 4

Explanations have been given for the apparent constancy of the
nuclear temperature. According to one theory, increased excitation
energy is used .to break up ordered nuclear structure.ll This may be
compared to the melting of ice. This process continues up to an energy
at which most of the ordered structure -("ice") has been broken up
("melted") before further increase in energy raises the nuclear tempera-
ture. _

The agreement between fhe calculatéd shapes and.experimental
excitation functions on the high-energy:side of the peaks is poor. This
ié pfobably‘because.thé Jhckson treatment neglects.the-effectsvof-the
large angular momenta in#blved in heavy-ion-induced reactions. For
example, the average angular momentum of the compound nuclei formed by
’bombardmeﬁt of’Pt198 with 100-Mev Nll‘L ions is about 35 . The emlsslon‘

of the first few neutrons scarcely changes the average spin value, since
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at high excitation energies high- spln levels in the res1dual nucle1 are
plentlful3l ,112,113 (see Appendlx_B) Also the transm1851on coeff1c1ent
for passage of low-energy neutrons through the nuclear surface is a sharply
decreasing function of the orbltal angular momentum carrled off by the
neutron. 11k Thus the main effect of early neutron- evaporatlon ‘events is
t0 broaden the dlstrlbutlon of spln values without appreclably lowerlng
the average value. It is therefore qulte possible for de- ex01tatlon to
take Pplace down to an exc1tat10n energy only sllghtly above the blndlng
energy of the next neutron, whlle the spln value remains qulte high.

Cons1der the fate of a nucleus which has an excitation energy only
sllghtly — say, 2 Mev — above the binding energy of the next neutron, and
‘Wthh possesses a large amount of angular momentum. In order for 1t to
emit another neutron, one or a combination of two thlngs must occur
Either the decay must proceed to a high spln state at a low excitation
energy of the residual nucleus, (< 2 Mev in this example) or the- neutron
. must carry off-a large amount of orbltal angular momentum Slnce .the
probability of occurrence of high spin levels in nuclei at low ex01tat10n
. energles is small, the first alternative is hlndered The second process
is hindered for the reason given above. Owing to these effects, the
probability for neutron emis$ion may be decreased relative to other decay
~ modes — suchbas a cascade of.gamma rays which lowers the excitation
energy below the neutron blndlng energy.

Accordlng to the second assumptlon made in the Jackson treatment
neutron emission occurs whenever energetlcallywpos31ble ThlS is
_probably a very good approximation for. low-angular -momentum reactions.
However, because of the increased relative probablllty for gamma de-

excitation from low-energy, high-spin states, many nuclel which would
‘accordlng to the model emit x neutrons may 1nstead de excite by gamma

, emission followlng evaporatlon of 2 l neutrons. On this basis one can
explain the experlmentally observed hlgh—energy talls of the xn reaction
excitation functions. ,

L If the fission barrler is nearly equal to or dess than the blndlng
energy of the next neutron, 1nstead of de- exc1t1ng by gamma em1351on,

the nuclei in‘high-spin states may undergo fission. Fission is a process
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that can easily take place from high spin levels. Even without using
spin density arguments, Plk Pichak has predlcted 1ncreases in T, /F with

30

increasing angular momentum Thus when flss1on can occur at low
excitation energies it may remove most of the nuclei that have high spins.
In this casge, one would‘expect the high4energy tails of the peaks”in the
neutron-evaporation excitation functions to be in better agreement‘with
the Jackson.calculations. The.feu'cross—section data available for
heavy-ion-induced reactions are in agreement with this picture; Ghiorso
and Sikkeland's experimental_xnereaction cross sections from carbon bom-

238

bardment of U and Puz-le are in rather good agreement with the shapes
of the calculated excitation functions.lol ‘The fission barriers for the
‘californium and fermium compound nuclei are less than the :heutron binding,
energies. On the other hand, the excitation'functions”fcr the'(Clz,xn)
and (Nlu,xn) reactions of V7T

peaks occur at higher energies than for the corresponding reactions

have extensive high-energy tails, and the

:’Lnducedb;y'‘protons.3u"115 Fission is not a competing process in these
reactions. As one would expect, the Pt + Nlu excitation functions are
intermediate between these extreme cases. '

On the basis of these arguments, the behavior of the high-energy talls
’oflheavy-ionrlnduced neutron-evaporatlon reaction excitation functions may
serve as a crude measure of the fission barrier; Detailed calculations |
would be necessary, however, before this concept could become very useful
for estimating fission barrier heights. _

In previous work, Ff/FT has been assumed constant and equal to

5,17,18

Ff/(Ff+Fn) for a given nucleus. Thus analysis of spallation
reaction data has yielded Ff/Fnyvalues for the nuclei involved. Such a
treatment has not been attempted in the present study. As noted below,
there is evidence that I /F is dependent upon energy in the astatine com-
pound nuclei. Also, it appears that one cannot neglect tharged- partlcle
emission from these compound systems, particularly at high excitation
energies. Some considerations on the relative f1ss1onab111t1es of the
nuclei involved are givén below.

' It should be noted that the agreement between calc;é%ted and experl-

mental cross sections for the Un and 8n reactions of Pt + N is poor.



Fairhall and Neuzil's results.
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In the former, the disagreemént likely arises from errors in Ocomp in

that energy region. In the other case, the difficulty is probably experi-

mental. As noted above, Atzoh is produced by several reactions involving

the various platinum isotopes, This makes it difficult to obtain the
198(1\1 811)AtzolL cross sections from the data.

Fission and Spallation Probabilities

The cross-section data of this and other studies are summarized in

Figs. 40 and 41. 1In order to obtain the probabilities for various modes

of disintegration of the compound nuclei, all the cross sections have been

- divided by appropriate cross sectiomsfor compound-nucleus formation. The

xn-reaction cross-section data for Au + C12 were obtained from Latimer
and Thomas.35 It should be noted that at low energies the values shown

for that system are lower limits, as the.(012,3n) reaction has not been
' 209

36

included in the summation. The Bi + HeLL spallation data were taken

and Vandenbosch and Hulzenga.
209

from the reports of Kelly and Segra

Fissioﬁ_cross sections for the Bi + Heu system were obtained from

92

In order to get some idea of the agree-

. ment between the fis&ion cross sections détermined in this study and

- those of other experimenters, a similar curve was constructed from the

33

data of P@likanov_and Druin for fission of gold with nitrogén ions.

The agreement is not as good as one would desire. The latter resilts are

uniformly higher and rise more steeply with energy than for:ifission of
gold with carbon ions. The first discrepancy noted could be explained o

‘gl due to greater fissionability of the compound nuclei studied,

‘because of the higher value of 7. Most of Polikanov and Druin's results

were obtained'by counting the fragments emitted in the forward hemisphere
(Glab's 90 deg) in a double ionization chamber. It is not clear that they
have made corrections for center-of-mass motion. Comparison of all their
results sﬁggests that they have not. Their fission cross sections for
nitrogen bombardment of bismuth appear to be larger than most reasonable
estimates for compound-nucleus formation. Also they are larger than the
corresponding cross sections for uranium. Since, aé has been noted,above,
complete momentum transfer is not obtained in heavy—ioneinduced fission

of uranium, this result would be expected,ifzéorrections-were not applied
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for center-of-mass motion. The“correcﬁion would become more.serious with

increasing bombarding energy. The full-energy C12 + Au fission cross

section obtained in the present work is in reasonable agreement with a

value of 902 mb reported by Blann from radiochemical studies of the fission
11 : ‘ . .

products.

The curves given in Fig. 4l for Zo(charged particles)/oC represent

. omp
those processes in which charged particles were emitted without being -

followed by fission. The curves were obtained by simply subtracting the
fission and neutron-evaporation cross sections from the cross section for
compound-nucleus formation. Admittedly, this analysis is subject to |
large possible uncertainties. Perhaps the part most susceptible to error
is the choice of Gcomp' To be consistent, all the compound-nucleus-
formation cross sections are based on a square-well nuclear potential with

-13 cm.29’llu The reduced spallation cross

a radius parameter of 1.5 x 10
sections at energies near the Coulomb barrier show rapid fluctuations,
suggesting errors in % comp or the experimental data or both. Also, at
the highest energies, it has not been shown that @he calculated compound-
nucleus-formation cross sections afe correct. Owing to rotational-energy
requirements and possible "contact-transfer" processes, the probability
for formation of compound nuclei:withuextfemely high spin values may be

99,117

reduced below the calculated values. Errors in the charged-particle
cross .sections may also result from combinations of errors in the fission

and neutron-evaporation cross sections.

Several observations'may be made from the results shown in Figs. LO
and 41:
_ (a) Fissionability is an increasing function of ZZ/A. The fission
probability for Ptl98

1 20
nucleus, Atle) is less than that for Au o1 + C12 (- At '9). Also the

bombarded with nitrogen ions (initial compound

neutron-evaporation cross sections decrease in proceeding from the initial
compound nucleus AtBL2 o ag2t0 (Pt196 + Nlu) to a5°97. (Note that the
latter results may be partly due to increased probability for charged-.
pafticle emission from the more neutron-deficient isotopes because of their

higher neutron binding energies and lower charged-particle binding
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energies.) That fissionability increases with decreéasing A for a given Z
is in disagreement with the statement made by Fairhall, Jensen, and
Neuzil,16 but in agreement with their later experimental results on figsion
of the various lead isotopes by helium-ion bombardment (with the exception
of Pb206,

(v) Some fission must occur following charged-particle emission from

- : 2
which does not follow the trend of the other isotopes).9

the compound nuclei formed by carbon bombardment of gold. This may also

1 1
98 + N A, especially at the highest energies, but in this

happen with Pt
"case the evidence is not as clear-cut. This result is at least in
qualitative agreement with the mass-yield data of\Blannll6 and the fission
and chargedéparti&le-evaporation data of Knox et al. in the system

Aulg7 + 160-Mev 016;99 Justification for this observation is based on
calculations done according to the model used by Doestrovsky,'Fraenkel,
and Friedlander (hereafter referred to as DFF).98 Results of the calcula-
tions are shown in Fig. 42. The curves shown represent the probability

for de-excitation by the various decay modes as a function of excitation
energy for the Atzogvcompound nucleus formed by Aul97 + Clz. In perform-
ance of these calculations some modifications of the DFF method have been
made. As has been suggested by Ericson and Strutinski, collective
rotational energy has been subtracted from the total excitation energy
before calculation of nuclear temperatures appropriate to the evaporstion
processes.113 Fissien branching ratios were‘calculated by substitution

of fission barrier heights determined from Pik-Pichak's eqpations3o (as
corrected by J. Hiskesgs) into the equation for Ff/Fn-given by Doestrovsky,
Fraenkel, and.Rabinowitz.ll8 In all cases, the calculations refer to
compound nuclei formed with the averége_values of Iiomp; obtained from
Thomas' calculations.29 The resulting curves indicate that the probability
for emission ofVVarious charged particles increases rapidly with ®xcita-
tion energy. The absolute calculated values for charged-particle emission
are probably much too low. Knox et al. find for 160-Mev O16 + Au197 that
the charged-particle evaporation spectra are displaced to considerably
lower energies than predicted by calculations based on the DFF model.99
Such an effect would greatly increase the charged-particle emission

. 12
probabilities. Compare now the curve of Zc(ch.part.)/ccomp for Au + C
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with the curves for F,E 53%% )/F . That the experimental curve for

So(ch.part. )/a comp does not increase rapidly with energy suggests that
many of the charged-partlcle emissiomiaré are followed by fission events.
198 lh

Slmllar arguments suggest that thls effect occurs in thé Pt
system at the hlgher energles, but not with as large a probablllty as in
the case of Aul97 + C12 ' '

(c) As predicted‘by Fairhall et al., Ff/FT-appears to increase with
'increaéing'excitation'energy up to about 50 MEV.l ‘Beyond that energy
region, there is evidence that it decreases.: These observatiens are
based on the variations of o /0 oﬁp with excitation energy of the initial
compound nucleus. Although there is a fairly wide region of energies in

198

which there are no data points, the curve obtained for fission of Pt

209

with hitrogenﬂions appears to be an extension of the results for Bi +

(compound nucleus, At213). As the excitation energy is increased, it
is energétically possible;to evaporate more particles, thus there are
more chances for fisgion to compete with other decay processes. Even if
Ff/FT stayed constant with increasing excitation energy Of/?comp would
continue to rise. The decrease in'Ff/FT at higher excitation energy is
»probably due mainly to increased competition from charged-particle
-evaporation eerly"in the de-excitation proceseQ Also; Halpern has
shown that, on theoretical grounds, one would expect a decrease in Ff/Fn
beyond some high excitation energy. However, in view of' the fairly
large fis&ion barriers in the astatine region compared with the neutron
" binding energies, it is doubtful that the effect which he discussed is
fimportanf in‘this case Level-density and angular-momentum arguments

that suggest an anomalously large value of T /F at very low excitation

energies are discussed below.
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In this section 1t is des1rable +to examine the results of the.
angular-distribution experiments in the light of the 1deas advanced in
the preceding sectlon ~ Recall that the-results indicate that for

12
Au + C ‘fission occurs at an average excitation energy of about 20 to

25 Mev, nearly independent of bombarding energy. I believe that the

following picture explains, at least qualitatively, all the results found

~in this study.

First, charged—particle.emission.is.#ery‘importent. The probability

for emissicp.of charged particles from thevinitial compound nucleus in-

.creases rapidly with excitation energy. This decreases the relative

probability for fission in the initial compound nucleus. Chargedfparticle

_”emission_aecreases.the:value of Z?/A. Following either neutron or

- charged-particle emission from early stages of the de-excitation process,

there are two ‘trends that would predict addltlonal neutron em1551on prior

~to fission. On the one hand, f15$1onablllty appears, from the results

given herein and from those of previous 1nvest1gatlons, to increase with

increasing ZZ/A.18’20992’119 Secondly, there are the angular-momentum

'and.lemﬂrdensity arguments which were described above in the diseussion
~of the shapes of excitation functions for neutron-evaporation_reactions.

. The average angular momentum of the initial compound nuclei increases

with inereasingvbombarding energy. Early evaporation of particles has

*
very little effect on the distribution of spin values. Thus, in many

.cases, de-exc1tatlon proceedsto a nucleus that has an ex01tat10n energy

of the order of 15 Mev and a large spin value. At these low excitatim
energies, charged-particle;emission is very unlikely.. Neutron emission
is greatly hindered because of the low probability.for high-spin states
in the fesidual.nucleus (see Appendix.B). Thus fission, a process in

which large amounts of angular momentum may.be,removed in the form of

* :
Preliminary calculations bX T. D. Thomaslzo-based_on_the equations of
Ericson and Strutinskill2,113 indicate that evaporation of one neutron

from At209 at 95 Mev of excitation energy and spln of 66. 5 i decreases
the spin by approx1mately 1 unit (h)
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fragment spins and mutual’ orbital angular momentum, may become quite pre-

dominant. The unusually large fission probability at low excitation

energies would be expected to increase with increasing bombarding energy.

The ratio o /c comp does not incréase at higher bombarding energies because
fewer nuclei with the Z of the original compound nucleus survive the

early evaporation stages. The increasing'number of lower-Z nuclei have
lower fission brobabilities. At excitation energies oﬁ1the ofder of the
fission barrier and iower, the probability for de-excitation by gamma-ray
cascades may be much higﬁer than expected (again because of hindrance of
neutron em1351on), glVlng rise to large high-energy tails on the excita-
tion functions for neutron-evaporation reactions.

It is unfortunate that a simple quantitative ‘investigation of these
notions is thprSSible.' Probably the most feasible check on the
qpantitaﬁive agreement'between the experimental data and the ideas
advanced would be obtained via a Monte Carlo method. It should be noted
that, although they are not directly applicable to this work, the Monte
Carlo spallatioh-fissionICOmpetition calculations of Doestrovsky, Fraenkel,
and Rabinowitz are in rather good qualitative agreemént with the experi-
mental reSultS‘118 Iﬁ parﬁicular their calculations predict the
occurrenbe of fission follow1ng evaporatlon of small particles.

Before any complete understandlng ‘of the mechanismscdf heavy-ion-
induced fission can be_approached, there is a need for more experimental
data in se#eral specific areas. In particular, cross sections for .
prodUCtion of nuclei resulting from charged-particle evaporation are
definitely needed. As in most regions, these data would be very
difficult to obtain in the astatine region because of thé short electron-
capture and alpha-decay half lives of the xn-evaporation products. Also,'
it would be desirable t0 have information about total reaction cross

sections in order to obtain a better idea of the dependence of ¢ross

- section for compound-nucleus'fofmétioh upon bombarding energy.
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' APPENDICES
APPENDIX A. Supplementary Fission-Counting Experiments. .. -

l.v_Faraday Cup Experimenté:

Method -
A considerable amount of time was spent investigating the properties
of Féréday”cups.'zln,ordef to obtain accurate abSolute cross sections it
was necessary to determine the validity of the beémfcurrent readings ob%.
tained by usé of the Faraday cup. '

There are three major possible sources Of error;

(a) Pickgp,of‘electrons. Whén'thé;heavﬁ-ionvbeam passes through

absorber or target foils, .many electrons are ejected from the foil. Ir
these electrons are picked up by the cup, their charges cancel some of
the positive charge(of the beam particles. This effect ylelds beam-
current.readings.thét are too low. |

(v) Loss of secondary electrons. When the heavy—ion‘beam strikes

the Faraday cup many electrons may be ionized and released at the surface
of the metal. If these electrons escape from the cup, a higher positive
current is indicated, as loss of negative charges is equivalent to
acceptance of positive charge.

(c) Loss of beam particles. In order to obtain absolute cross

sections, one showld measure the number of particles that strike the
target. The number of particles absorbéd,by nuclear reactions is small |
in the thin targets usedlfor thesevexperimenfs. However, many of the
beam particles are elastically scattered by the target nuclei. The beam-
current readings are too low if the Faraday cup does not subtend a large
enough angle to accept most of these scattered particles. Fortunately,
the differential scattering cross section decreases very sharply with
increasing angle (approximately proportional to l/sinu(G/Z) for pure
Rutherford scatterinngl). -

The first two efifects may be eliminated by placing the Faraday cup
in a magnetic field whose lines of force are perpendicular to the beam

direction. This'curves the paths of electrons attempting to enter or
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leave the cup. Alternatively, these effects'may be removed by applying
a negative potential to a.grid placed near the entrance to the cup. This
repels electrone that would enter or'leave the cup. The third effect
may be minimized by using a cup that subtends a large SOlld angle

The experlmental method of. studylng the propertles of - Faraday cups
was similar to that used by Fulmer.122 The relatlvevamount.of beam that.
passed through a thin gold target (vaporized onto aluminum backing) was
determined by counting the fission fragments emitted at 90 deg to the
beam. Thus all the bombardments could be normalized to thersame number
of beam particles. In this way, it was possible to compare the indicated
amount of charge collected for a given amount of beam with various
p051t10ns and arrangements of the Faraday cup. The absolute oalibration
of the Faraday cup was done by counting elastically scattered beam
particles at small angles to the beam. The measurements Dby Goldberg and
Reynolds123 indicate that.at those angles the cross sections for elastic
scattering are equal to those calculated by use of thegRutherford_scatter-
ing eqﬁation.lal
"T" Assembly

Many of the supplementary investigations were performed by using the

e assembly shown in Fig. 43. At the entrance to the assembly, the beam
was constrained by two 3/16-in-diam. coilimators, 3 in. apart. .The
targets were attached to the center probe of the top plate.. The gas-
scintillation chamber and phot omultiplier tube were attached to the side
port at 90 deg to the beam dlrectlon. The lever shown just above the gas
chamber (¥ig. 43) was attached to a Cf ese sample inside the assembly.
This made it possible to place the sample in front of the chamber window
for energy calibrations, without letting the system up to atmospheric
pressure. This assembly was used for the relative experiments. The
absolute calibrations were done in the large vacuum tank described in
Section II. |
Faraday Cup _

The.Faraday‘cup used in the calibrations is shown schematically in
Fig. 20 of Section II. In Fig. 43, only the electrical connector on a

stationary, unshielded cup is shown (foreground). The copper Faraday
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cup used in the calibration experiments was l—3/h in. long and 9/16 in.
in diameter. A set of bar magnets surroundedvthe cup aﬁd extended

1-1/8 in. in front of it. They maintained a magnetic field of 800 to
1200 gauss (perpendlcular to the beam direction) in the region of the cup.
The entire unit was attached to a probe which could be adJusted to place
the cup at various distances behind the target.

Experimental Results

"The results of the relative experiments are shown in Figs. 44 and k5.
" The upper curve of Fig. Ll gives the,positive,charge_collected on the
Faraday cup, wi£E magnets attached, as a function of distance from the
target. The lower curve shows the charge collecfed on the cup when the
magﬁets have been removed. Figure'AS is a plot of the current ébserved
on the magnets and'shielding for a given positive current in the Faraday
cup; Normally the magnets and shielding are grounded to prevent
accumulation to electrostatic charge. . ‘

With magnets surrounding the cup, the amount of charge collected
appears to decrease slightly as the cup is backed away from the target.
This is apparently dué to loss of particles by elastic scatterlng 1n the
target. The error does not become serious until the cup is beyond about
15 cm behind the target. This scattering effect would, of course, be more
serious for thickef targets. When the Faraday cup is near the target,
the magnets and shielding, which extexd 1-1/8 in. in front of the cup,
receive large amounts of negative current. This is presumably due to
electrons that have-been knocked out of the target and been curved away
from the Faraday cup. When the cup is backed mway, the solid angle
subtended decreases, thus lowering the ﬁumber of electrons picked up for
a given positive current in the cup. At.lh cm the cﬁrrenf on the magnets
and shielding becomes slightly positive, indicating that positive current
due to scattered beam particles more than cencels the electron current.

When the magnets are removed from the cup, it appears that a con-
siderable number of electrons are picked up, partially canceling the
positive beam-particle currents. This effect decreases as the cup is

backed away from the target.
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The absolute calibration of the magnetically shielded Faraday cup
was done by counting elastically scattered Clz.particles resulting from
T2.4-Mev Clz.bombardment of gold. Using the Ha-2 p-u junction, measure-
ments were made at 10-deg intervals from 30 to 140 deg, wheré

drops to approx 0.0l. A plot of © vs center-of-

Gscatt/oRuth scatt/GRutﬁ
mass angle agreed quite well with the results of Goldberg and Reynolds
fdr 73.6-Mev C12 on Au,123 except that between 30 and 50 deg the ratio
found in this experiment was l;O6i0.0h‘ It is assumed that at these
small angles the‘scattering_crbss section is equal to that caiculéted
according to the Rutherford equation, and that the factbr of 1.06 arises
from an error in the Faraday cup reading. This discrepancy is in the
direction indicating'pickup of electronS‘or scattering of beam particles
out of the solid angle subtended by the cup. _Becausé of the small size |
of the cup and its magnetic shielding, the latter explanation is much
more likely. Faraday cuﬁ readings obtained in absolute fission-fragment
,countingAgxperiments have been corrected.for this error. In arriving at
the factor of 1.06, account has been taken of the fact that the average
equilibrium charge of C12 particles offthis'energy is 5.97.12lL Also,
scattering cross sections obtained at forward angles have been corrected

for the finite angular width of thedetector.125

2. Target Thickness Effects

In order to be able to correct for kinetic energy loss and absorption
of fragments in the target material, targets of various thicknesses were
bombarded and the fission-fragment spectra were observed at 90 deg to the
beam in the gas scintillation chamber. These experiments were performed
in the T assembly described in the preceding section of this Appendix.

The results obtained are shown in Figs. 46 and 47. In Fig. 46, the
most probable fragment kinetic enefgy is plotted as a function of effect-
ive thickness of the fissionable material. The term "effective thickness"
means the target thickness with respect to the counter. In this case, ,the
‘effective thickness was Jé times the actual thickness because the targets
were .at 45 deg to the beam and the counter was at 90 deg. The kinetic
energies were determined from the positions of the peaks of the fragment

kinetic energy spectra in the manner described in Section II.
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Fig. 46. Most j;rdbable fragment kinetic energy as a function

«- of effective thickness of fissionable material for gold
(pure) and uranium (as UFh') bombarded with 123-Mev C12
ions. , : .
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For the pure gold_targets,‘the,kinetic-energy:is not greatly

- reduced .over the range of thicknesses studied.. It.appears}‘however,
that the presence of fluOride ione on the uranium_target causes the
kinetic energy loss to be roughly three times as great as for the same
thickness of gold on a target. ThlS is in qualltatlve agreement with
the results of Alexander and Gallagher 126 The curves for kinetic )
energy vs thickness have been used to correct the kineticfenergies
obtained at.various’angleé and'bombarding energies far ‘loss in passing
through the target material. Admittedly, this one set of results should
not be used for all corrections. At forward angles, the flSSlon fragments
have higher energies and would be expected to lose more energy in the

s 127’128 However,'51nce

target than at 90 deg‘or;atrbackward angles.
the corrections were small far all targets used to obtain kinetic
energies, I did not consider it worth while to investigate tnegtarget—
thickness effect at all angles. - ’

Figure 47 shows the number of:fragments observed atv90 deg per unit
effectlve thickness (to the beam) per unit beam as a ‘function -of effective
target thickness (to the counter) Tf there were no stopplng of frag-
ments in the target material or preferentlal scattering in or out of the
solid angle subtended by the counter, this would be a constant. Over the
range of thlcknesses studied, the number of fragments from the gold
targets is constant within experimental error. However, the number of
fragments fromjthe UFu targets drops off seriously with 1ncrea51ng
thickness. This is apparentlyeanother manifestation of the greater
stopping power of the light elements, as shown above in the kinetic energy
experiments. No corrections for number of fragments as a function of
target thicknees have been,applied to the angular distributions obtained
with the gold targets as, in all cases, their effective thicknesses have
been less than 300 ug/cmz. if angular distributions were obtained by
using‘UFh targets, it uould be necessary to use much thinner sargets in

order to minimize these effects.
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APPENDIX B. Fission Model Calculations

1. Transformations

a. Introductlon

In order to theoretically 1nterpret the data from the flss10n

counting experiments it is necessary to transform the angular dlstrlbu-
tions and klnetlc energies from the laboratory system to the center-of-mass
system., Because of the nature of the fission process, with its dlstrlbu-
tions of energies and masses, it 1s not p0531ble to make an exact
,uransformatlon when the data are obtained with a 31ngle counter. It has
thus been necessary to make simplifying assumptions about the Q1stribu-
tion of masses and the variation of total kinetic emergy rélease with
mass ratio. In order to test the validity of the assumptions made in
_Section II, calculations based on a plausible model have been made. The
results of these calculations are discussed in the following paragraphs.

. b. General Transformations

The calculations are based on a general description .of the f1ss1on
,reactlon similar to that previously used by several authors. 28 88,105,129,130
Fission 1s pictured as occurring from a compound system moving with a
velocity Vcomp in the direction of the beam. It is assumed that the
veloc1ty ‘vector of the compound system has no component perpendicular to.

" the beam dlrectlon.v The veloc1ty -vector diagram of the fission process

(shown for one of the fragments only) is given in Fig. h8

-

Ream Direction
~ .

Fig. 48. Velocity-vector diagram of fission process.
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The kinetic energy in the laboratory system, El b’ of a fragment of -
energy E and veloc1ty V in the center-of-mass system, emltted ‘at a
center-of-mass angle ©, is given by o

Elab

E(1+n° + 2n cos8), ‘ _— o (B1)

Where oon = vcomp/v'

The laboratory system and center-of-mass system angles are related

by the expres51on

 £in® _ o | . .
tand, .y, = n + cose ' ' o (32)

In transforming an angular distribution from one system to the

.other, it is necessary not only to change the angles as indicated in

Eq.(Bz), but also to apply akcorrection factor for the change in solid

angle. If we have
(d0/aw) = (do/dw)] o G(n,0; 1) ‘ o (B3)

where (dd/dw)cm and (do/dw) iab represent the differential cross section
per unit solid angle in the_center-of-mass and laboratory systemsjy then
the solid-angle correction factor, G(n,@lab), is given by

2 2. .1/2
[1-1" sin Glab]

G(n’gléb) i [ncos6 +‘(l; Zsin’e )1/2]2' (Bh)
N lab LS “lab

The derivation of this result plus much more useful information about
the transformations . is given in a report by Marion, Arnette, and

131 ' : ‘
Owens.
c. Mass-Yield Distributions

The mass-yield data of Fairhall for 22-Mev deuteron- induced fission

of Bizo9 are very c¢losely approximated by a Gaussian functlon hav1ng a
full-width at half maximum of 16 mass units and centered at mass 103. 132
A similar type of dlstrlbutlon, at least in the mass region of high

yields, has been found for the fission of gold with 115-Mev N:L 37 In
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these .calculations a Gaussian mass-yleld dlstr1but10n of full width at
half max1mum of 16 mass units is assumed for the flSSlOﬂ of Au 197 with
120-Mev C ions. '

d. Total Kinetic Energy Release

The variation of tbtal kinetic energy release with mass ratio of the
fragments is probably the least well known of the functidns needed for
these calculations. One could, as a first epproximation, assume that
over the mmall . reglon of masses produced in hlgh yield the total kinetic
energy release is constant. However, it is probably more nﬁanlngful to
assume that the fragment kinetic energies arise from mutual Coulomb
repulsion of the fragments following scisSdon. According to this model,
the fragments are pictured as cotangential charged spheres and the kinetic
energy release is equal to the eleetrostatic potential enefgy of the
spheres in contact. If one assumes that the,charge-tq-mass ratio is the
" same for each of the fragments, the average total kinetic energy release’
for wvarious fissioning nuclei is proportional to ZZ/Al 3 o Terrell has
rather successfully correlated fission klnetlc energy release with
Z /A /3, however, he notes that the value of ra needed to fit the
-experimental data is at least-ZS%-greeter than the radius parameter
obtained from.other types of experiments.22 Some of this difference is
probably due to distortion of the fragments and a tendency for protons
of the two fragments to be separated more than the neutrons, but he
states that some of the increase is likely due to expansion of the highly-
“excited fragments. ' j ' '

For a given f1ss1on1ng nucleus, the variation of average total
kinetic energy release with mass ratio is in fair agreement with this
model although for. fission in the region of uranium and above there
are definite indications that there is a decrease in klnetlc energy
release.as a mass ratio of unity is approached. 43, 106 »107 No data have
been reported on the variation of kinetic energy release with mass ratio
in the region of astatine compound nuclei. . For this reason, and for
‘simplicity, it is assumed that the Z,Z /(Al/3 + Al/3) energy variation

is obeyed.
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In addltlon to the klnetlc energy varlatlons dlscussed above, it
"~ has been observed that . even for a: given . ratlo of masses there is a dis-
. trlbutlon of klnetlc energles rather than a unlqpe energy release for

- S u3,106 107

each mass ratio. It is assumed in these calculatlons that
this distribution is Guassian, w1th a full-w1dth at half max1mum of
v "~ about 15 Mev. This would seem to be a reasonable assumptlon on the
basis of the experlmental results mentloned above
e. Calculations
. : 197 \ 12
The calculations have been made for the system Au + 120-Mev C
It is assumed that h |

(i) The sum of the mass numbers of the flss10n fragments is 200.

(ii) The most“probable total kinetic energy release for symmetric
division is 140 Mev. | 1
(iii) The momentum vector of the compound nucleus equals that of the
 bombarding particle. '

The equation. for the assumed Gaussian mass-yield>distribution is

: 0 - ' v »
P(A) = C exp [-k (A - A)“°], ‘ (B5)
where P(A) = probability of formation of a fragment of mass number
. | A, - . :
AO = the mass number of the most probable fragment, and
C is a normalizing.constant. The parameter‘kl is given by
k. = )+ 1n2 , (B6)
21 az '

‘where a = .the full width of the mass-yield distribution at ‘half
maximum. '
Invkeeping-with_the assumptions made above, the most probable total
kinetic energy release, E&,_as a function of the fragment masses and

- ‘ charges is given by

. ' _ 1 T2 ‘ . :
R | | By =K /5375 - . | (BT7)
- A +A2 : .
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(Note: The constant K has the units_ofAeZ/r,‘or energy. Its absolute
value could be calculated from first principles if the: modal of '
L+ Coulomb repulsion of charged spheres were strictly invoked. However,
..owing to the deviations from this model that werecdiscussed above, K
‘has been left as a parameter, and adJusted to glve an ET of 140 Mev
. for symmetric fission from the Au + cle system. ) =

If 1t is’ assumed that the charge -to-mass ratio is the same for each

of the fragments of any glven event, E_is given in terms of -the mass

T
number of one of the fragments oy
_ Al(ZA A )
E, = K& (B8)
T l/3+(2A -A, )l/3 |

‘ . In the system of the fissioning nucleus, the magnitudes of the
momenta of the two fragments are equal. Imposing this condition'upon
Eq. (B8), one obtains the following expression for the most probable
kinetic-energy of Fragment 1: ' '
’ 2
_ g Al(ZAO-Al)

E, = (B9)
Tz, Ai/3+(2AO-Al)l73‘_

~ For each fragment mass there is a Gaussian kinetic energy probability
distribution centered aboutﬂﬁi. Thus for a fragment of mass number Al,
" the probability of its having a kinetic energy between E. and E. + dEl is

! 1 1
equal to PAl(EIQg§i,-where

PAl($l) = ¢' exp [‘kz(ﬁi i Ei?z]: - (B10)

Ei‘isvgiﬁen'by Eq.(B9), C' is a normalizing constant, and k, is a
function of the width of the energy distribution. .It is assumed that the
sum ' of the full widths at half maximum of the energy distributions of
complementary fragments A1 and A2 is 20 Mev, and that the width of each
individual distribution is proportional to its most probable energy. From

these assumptions we have

L 1n2

k

»
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The mass-yield and kinetic energy distributions Have been combined
to give a combined probability surface. The probability of occurrence
of a fragment of mass number between A and A +‘dA, and of kinetic energy

between E and E + dE, is proportional to P(E,A)dEdA, where
B(E,A) = CC' Nk, exp [~k (A; - A)°] exp [k (E - E)°]. (B12)

This expression is the result of combining Egs. (BS) and (B10). It is
necessary to include the factor sz in order to make the integrated
probabilities of complementary fragments equal. The constants CC' have
been_adjusﬁéd to yield a probability of unity for symmetrit division

(A = 100) with an energy per fragment of 70 Mev. The probébility surface
is represented by a_contoﬁr diagram in Fig. 49, 1In order to avoid
,cdnfusion, only a few of the calculated contour lines are shown.

, From the assumption of full momentum transfer by the bombarding
‘particle to the compound nucleus, the value of nz is a function only of

the ratio A/E of the fragment, and is given by

Aniz Eqiz - .
n2=—C—2——C—— ‘%) ) (B13)
A
comp

. ‘ :
Lines of constant n° have been included in Fig. 49.

It is easier to obtain the probability distribution of'n if one first
transforms -the probability surface of Fig. 49 to cylindrical cbordinates,

i.e.,
E = rsind; A = rcose; and P(E,A) = z. (B1h)

(Note: The angle © used here is not to be confubed with the 6's that
represent angle with respect to the beam direction.)

In this representation, the lines of constant n2 are simply lines of
constant ©, and the relativeAprobability of occurrence of a value between

nz and n2 + d(nz) is P(nz)d(nz), where

P(n?) « sinZQfP(E,A)rdr, | o (B15)

where © is constant and given by the relation
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Fig. 49. Contour diagram of the probability surface, P(E,A).
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2 Ach Ech

Nt = =5 cote. (B16)
Aeomp | |
The factor sin2@ arises from
o v | e
d(n™) _ -1 A1z Bolz | (B17)
- .2 —3 - ' 7
: sin © A
comp

When suastitutlons are made in Eq. (B15) from the transformations

of (Blk), ‘the expression for P(n ) becomes
> (.,;\/VA2+E2 )max
P(n?) « ZE > f ' P(E,A)VA2+E2 d(VE2+A2),

BE+A .
(B18)

~ vwhere the ratio A/E is given by Eq (B13).

The probability distribution for n was obtalned by graphlcally
performing the integrations of Egq. (B18) for many values .of n . In
practice, the integration was carried. out only 1n the regions in which
P(E,A) > 0.005. The resulting dlstrlbutlon of n is shown in Fig. 50.
The average value <1]4> was obtained graphically according to the

equation

< - L P(n )d(n) - (519)
[ B(rP)d(n®) | | | |

It is to be observed that <:n ;> is slightly greater than the value of

2
n correspondlng to the most probable mode of symmetric fission

(n%) eym’

The distribution of n was then used to investigate the transformation
of angular distributions between the center-of-mass and laboratory systems.
The center-of-mass angular distribution shown in Fig. 51 was aséumed for
all fragments, regardless of 1 valuei -The éssumed angular distribution
is approximately the same as that observed for 123-Mev C 1z fission of

L7 (

see Section IV). This angular distribution was transformed to the
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,F"ig. 51. Assumed center-of-mass angular distribution (for all
1 values). ” '
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laboratory sysﬁem,by using,n2 values of 0.03, 0.03, ..., 0.08. The
resulting angular distributions in the laboratory system for each value

of nz were multiplied by o
n +0.005

f B(n%)a(n?),

nZ—O.OOS

and summed to obtain the total angular distribution shown in Fig. 52.
This angular distribution was then converted back to the center=of-mass
system by using the single value of n2 equal to <n2:>', Comparison of \
the resulting cur&e, shown in Fig. 53, with the input center-of-mass ‘
angular distribution of Fig. 51 indicates that, to a very good approxima-
tion, transformation of the total angular distribution from:ihe
laboratory system to the center-of-mass system by usiné the average
value of n2 faithfully reproduces the center-of-mass distribution for
the wide range of n values. Of course, this will not be true if the
center-of-mass distributions are different for>differenf.values of 7.
However, Knox et al. have analyzed their results in the Aul9T + 160-Mev
O16 system by assuming a constant fragment mass and dividing the energy
spectra into various energy groups, aﬁd obtaining a center-of-mass angular
distribution for each energy group.99 Within the limits of error, all the
~angular distributions are the same, adding support to the assumption of
the same angular distribution in the .center-of-mass System for groups of -
different 7 values. | .

The kinetic energy spectrum of fragmgnts’in the center-of-mass
system is obtained by integrating'P(E,A)dA along lines of constant E.
The résulting spectrum is shown in Fig. 5k. Note that the‘peak of this
distribution corresponds to the most probable kinetic energy per fragment
assumed for symmetric division. It has been assumed in Section II that
in the laboratory system the most probable kinetic energy at a given
angle corresponds to the energy per fragment upon symmetric division;
Because of the great number of graphical integrations necessary, no
attempt has been made to transform the kinetic eﬁergy spectrum to various
angles of the laboratory system. However,.rough calculations indicate

that the assumption remains valid when the transformations are performed.

Kyl
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Fig. 52. Total angular distribﬁtion, laboratory system.
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f. Other Factors

Because of the large number of variables present in beam-induced

fission it has been feasible to treat only those considered most impor-
tant. However, it should be pointed out that there ‘are several others
which would have to be.considefed if a rigorous analysis were attempted.
The effects of neutrons have been neglected except for the
assumption that the sum of the fission-fragment masses is nine units
less than the mass of the compound nucleus. Also, the emission of.heavy
particles from the compound nucleus prior to fission has been ignored.
This process could have the effect of giving the compound nucleus a '
velocity‘cdmponent perpendicular to the beam direction, ﬁhereas it was
assumed that &e have S;omp = SblZ' Evep the assumptionqu formation of
a compound nucleus may not be justified in all cases. For example,
Alexanderlgo has found evidence for fission from non-compound-nucleus

238 + 2, However, as discussed in Section IV,

reactions in the system U OWE
the experiments of this work in the Au197 + C12 system indicate full
momentum‘transfer by the bombarding particle to the fissioning system,
implying formation of a compbund nucleus. ' ‘

No mention has been made of the possibility of ternary fission,
i.e., division of the nucleus into three massive fragments. This is
not expected to be an important process in this region of compound
nuclei. (Note added in preparation: Recent information from H. M.
Blann indicates that'the full width of the'mass-yieid distribution at
half maximum is approx. 27 mass units for fission of gold with 120-Mev
Clz partiCles.ll6 This'is>conéiderably larger than the value assumed
in the calculations in this section, and would broaden the probability
distributions."Howévér, it would not change any of the conclusions

drawn from results of the-calculations{)
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2. lLeVel—Dehéity,Galculations

. 13
Accordlng to. the calculatlons of Erlcson and.Strutinski, ;3 the

‘density of levels of spin j in a  compound nucleus hav1ng exc1tat10n energy‘

E and nuclear temperature T is given by

Py = p, (2541) exp[-1° 3(5+1)/230) | | .V (B20)

, where Py dens1ty of levels of zero spin. The nuclear moment of inertia,

2).

J, is assumed to be equal to the r1g1d-body moment of 1nertla (- %vaR

This eqpatlon may be derived from two different approaches. -On one
hand, the functionalﬂfofm of Eq. (BZO) is‘obtainedxon:very general
grounds if 3 is the sum of a large number of component vectors ofiented
at random in space. This is simply a random-walk problem. The actual
expression for pj given in Eq. (BZO):with_constants was obtained by the
assumption that collective rotational energy df a nucleus is not available
for intrinsic excitations. This assumption gives rise to the Boltzman |
factor involving the rotational energy, exp [—hzj(j+l)/2%T].

In order to obtain a qpantitativé notion of the importance of the

‘effects of level densities upon spallation reactions, calculations were

made according to Eq. (B20). The results of these calculatlons are

given in Table B-I. In making the calculations, it was assumed that
1/2

Table B-I. Densities of levels of various spins

 Most probable

E(Mev) spin, sm.p. Tﬁé/po : 'plo/pov on/po o puo/po
5 -8.3 9.1 “.10.4 2,87 0.0024
10 10 9.6 '12.8 6.2 - 0.051
15 11.1 ' 9.9 14.0° 8.8  0.194
20 1z 10 14.8 10.8 0. 445
0 Sk 103 0 164 16.0 2.02

60 167 - 10k 1T.2 19.2 4. 05
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Note that (1) the most probable spin value is an increasing function
of energy and (2), at the lower ekcltatich,energies, bj/po drops off
‘rapidly with in¢reasing j above J Pb; There is some question as to the
. proper . value to use for I.. The large body of data obtained from the
study of ground-state rotational bands ‘of spher01dally deformed nuclei
indicates that - is much smaller than the rlgld-body value. If the lower
“value of & were used in Eq. (B20) the level-density distributions would
“be shifted to lower values of j and a more drastic difference between
dlstrlbutlons at low exc1tatlon energy and those at hlgh energy would be

obtained.

APPENDIX C. Decay Properties'of the Astatine Isotopes. .

1. Introduction’

In order to accurately detérmine the amounts of the various
‘astatine isotopes produced in the Pt + Nlu nuclear reactions, it was
necessary to know their half lives and alphé/EC branching ratios. In
many cases, the branching ratios had not been determined.  Thus it was
necessary in the course of this work to determine some.of thesecvalues.
The alpha-branching ratios were determined by observation of the number
of alpha particles emitted by the astatine isotopés and by their -polonium
‘daughters. In most cases, these data were obtained.as by-products of the
_cross—section.experiments and not from experiments designed speéifically
for the study of decay properties. During the progress of thislwork,
similar 1nvest1gat10ns were made by Latlmer and Thomas. 35 " The final
values used for the branchlng ratlo were dbtalned by comparlson with
thelr results and by selectlon of elther the average value or the one
determlned with the hlghest accuracy

The values used for the half lives, alpha-particle energies, and
percentage decay by alpha emission are listed in Table C-I. In Table
C-II are listed .the decay properties of the polonium isotopes, upon
which most of the astatine alpha-branching values are based. More
sdetailed accounts of some of the investigations are given in the follow-

ing paragraphs.
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Table C-I. Deééy;properties of the astatine isotopes

At

Isotope - Half-life  Ref. B, (Mev) Ref. Alpha(;généhiﬁ Ref.
A£202 3.0£0.2 min 3z 6.231 (364) 32 12.0£0.k . a
; . 6.133 (64%) L
203 | 7,=)+i0.3 min . 32 6.086 ) 32 13.8%0.3 N 35
at20% 9.3t0.2 min 32 5.950 32 lklso.z  a
_At?QS | 26,2io{5 min . 32 5.899 32 18.4%0.6 " a
4206 29.5%0.6 min  a 5.699 32 0.88£0.08 . a
207 107.8+2.7 min a 5.750 . 32 10 | S 133
a2 1oz mr 134 5.65 1ML 0.55580.055 1kl
atf%?  ssmr 133 5.6k 134 ° ~5 133
AtAH 7.20mr 143 5.89 133 140.9 ke

35

aDetermined in this work with collaboration of Latimer and Thomas.

) Tabie%GéII.” Decay properties of the polonium isotopes

Isotope Half-life Ref.? E (Nhﬁ) Ref.? ‘Alpha(;ganching Ref.
- po?0? 51%3 min 134 5.575 - 2 13k
pot03 “iU5 min 145  5.48 . 145 === :

po 20k 212+2 min b 5.370 | ) }0;63 120

P02 1.8 hr . 5.210.01 0.0780.016 146

P2 8.8 aa 136 5.218 13k 5u 137

po20T 5.7 hr. 5.10£0.02 . po.01k 1h7

po208 2.93%£0.03 yr 5.109 ~ 100

Po?% 103 yr w8 99+

POle 0.52 sec ' 7.442 ‘ 100 °

. . : v S (B-stable)

®Where specific references have not been given, references to the
original literature . may be found in Ref. 1hkL.

35

bDetermined'in-this work“with collaboration of Latimer -and Thomas.
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207

2. At

Astatlne -207 was flrst reported by Barton, Ghlorso, and Perlman, who
found the half 1life to be approx 2 hr. 33vvFrom the counting rate of the
207 .

electron-capture daughter, Po ', and the number of alpha partlcles

emitted by At207, they estimated the alpha branching to be about 10%.

" As the authors p01nt out, theremgy be considerable uncertainty in this

~ value, as the countlng efficiency of the po207

" cisely known . Later reports list the half life of At o7 as lO7+5 min

" and 108%5 min. 135

Asaro, and Perlman to be 5.750 Mev.
The half life:for At 207 determined in thls work is 107%2.7 min. This

value was obtalned by a least-mean-square fit of the decay of the 5.75-

radlatlons was not pre-

13k

The energy of the &lpha partlcles was found by Hoff,
32 _

Mev alpha group of several of the better experlments (note Flg 557.

206

3. At

Barton, Ghlors% and Perlman have reported a 2. 6-hr. half life for
this 1sotope “which decays by electron capture. 133 No dlrect radlatlons
from At206 were oObserved, ‘but the half life was determined by separating
and countlng the alpha-particle radiations of its daughter, P0206,_ This
wor? Xas substantiated by Stoner, who found the half llfe to be 2. 9+O L
nr, 3

no alpha group with that half life has been observed.

The .alpha-decay branching is thought to be extremely small, as

Hoff, Asaro, and Perlman’ recently reported an alpha group of 5.699

2
Mev energy from At 206 which decays with a half life of 21.7%2. 6 mln.3

l97(012,3 )At206. ' They

This isotope was produced by the reaction Au
report no ev1dence for productlon of the 2.6-hr act1v1ty

In this study, the resolutlon of the alpha-particle pulse-height
analyzer was .not .good enough to separate the 5.699-Mev group emitted by
A4200 from the 5.75-Mev particles of At207., Thus the combined activities
were observed as a function of timevand resolved by analysis-of the decay
curve. An example of the decay curves obtained is shown;inuFig. 55. A
least- squares analys1s of several of the curves for which. the statlstlcs

were good yielded a value of 29.5%0.6 min for the At206 half 1life. This



-140-

* Time affer end of bombardrent ‘(min yoooo

. o .. ... oo .. 200 . - 300
- 1000[C ~ T R ' ]
) -
| *s, ‘ _
L N ' UL '
% A28 . A9 | Upper
N -a\‘/mzo7 o time N
N scale C 4

N - 107.8 -min half life

Counts /minute
8
R I
/
/
Ll

- Lower time scale . : . _ : o
29.5-min half scale

10 NENT 1 \1
0 50 00 150
Time after end of bombardment (min’)
MU=20137
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value has been used in calculating the reaction cross sections.

The élpha-branching ratio was determined by counting the .alpha
particles of P0206 several hours after isolation of the astatine. 1In
calculating the At206 branchingiratio, values of 8.8 daysls6 and 5%137
have been uséd for the P0206 half life and percentage. decay by alpha
emission, respectively. The value obtained is 0.88%0.08%.

No evidence for a longer-lived At206 was observeéd. Since the count-
ing rates obtained from_thé alpha particles of P0206 were always quite
ldw, it was not bossible to observe its growth. - Thus an experiment was
designed specifically to look for any long-livéd At206 isomer. A stack
of foils consisting of three elebttroplated platinum targets (enriched in
Ptl98) wasfbombarded with Nll+ ions for approx 3 hr. At the end of bom-
bardment, fecoil catchers containing the astatine products were divided
into two pbrtibns} The astatine fraction from one nalf of each recoil
catcher was isolated approximately 20 min after the end of bombardment,
and decay of the various astatine isotopes was followed in the alpha-
particle pulse—height analyzer. About two hours later, astatine from the
other halves of the catchers was separated and the samples pulse-height
analyzed. ‘Later, the alpha-particle radiations emitted by &Ll the samples
were counted for long periods of time in order to obtain good statistics
on the amount of P0206 on each. The samples from the two halves of each
recoil catcher were normalized to the same chemical yields by use of the
amounts of Atz.o5 activity observed on each in’ the eariy, short counts.
The results of this experiment make it possible to set the following
upper limits on-the,rétios of 2.6-hr At206/29.5-min.At206 at -the
indicated Nlu bombarding energies: 75 Mev, 0.0L; 91.5 Mev, 0.022;

103 Mev, 0.031. '

1, Atzou_Pozou

33

1 :
In 1951, Barton, Ghiorso, and Perlman reported the discovery of
20k ' .

At“"". The half life, about 24 min, was determined by "milking" experi-

ments in which polonium was “6xtracted from the astatine at short intervals.

Each of the polonium samples was allowed to decay for 5 hr before a
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 formed 1n lSO—Mev He + Bi
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' 20k '
Vb7smuth fractlon was removed From the amount of B1 present in the

various samples, it was p0551ble to determine “the half llfe of AtzoLIL No

, alpha decay was observed from this 1sotope, but, unless the alpha/EC

branching is qulte large the alpha group from At 20k would probably have .

been covered by a very 1ntense group from At209. Th At 20k | atoms were

L 209

reactions.

Recently Hoff Asaro, and Perlman have reported a 5. 950-Mev alpha.

'group,32 decaylng with a half life of 9. 3+O 2 mln, which they attribute

to Atzou. This activity was produced by the reactlon Aul97(0:Lz 5n )AtzoLL

They report no ev1dence for productlon of a Zh-mln 1somer by this
reactlon ' '

In the experlments reported herein, 1t was not possible to separate

the 5.95-Mev alpha partlcles of AtZOh from the 1ntense 5. 899-Mev group of

Atzo5 However, semilogarithmic plots of the counting rate of the com-

blned act1v1t1es as a function of time could be resolved into one component

of approx 26-min half life (At205) and another of half life 9*1 min,
presumably the 9 3—m1n Atzoh of Hoff et al. The growth of the 5 37-Mev
alpha partlcles from Po 201 1nd1cated a parent of lO+5 min half llfe.
This flgure could not be determlned with much accuracy because of the
small number of 5. 37-Mev alpha counts observed durlng the short counts

taken immediately after preparatlon of the astatine samples.

From the number of alpha partlcles emitted by thé 9.3-min At 20 and

20
its daughter, Po h, it was possible to calculate.the percentage of alpha
20k _

decay of At . In order to make this calculation, it was necessary to

use the half life and alpha-branching ratio of POZQA. The-half 1life has

~been found to be 212+2 min. This is in good agreement with earlier

138 38

determinations of 3.8 hr and 3.5 hr.
emission has been estimated as about l%,l38 and h.2iO.M%.139' Since both

The percentage decay by alpha

these values have been estimated from the yields of nuclear reactions
and the expectedgcross.sections, neither value is considered to be very
accurate. Instead, a value of 0.63%, determined from the observed total
half life and the partial alpha-decay half life, predicted from alpha-

decay systematics, has been used. 120,140 This -analysis yields a value of
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20
4. 4x0. 2% for the percentage decay by alpha- partlcle emission by At h

This value 1s based on results of thls study 1n addition to those of

35
~ The growth of Po 20k alpha act1v1ty gave no 1nd1catlon of the presence "

of a Bh-mln 1somer of AtZOM; however, as noted above, the statlstlcs were

‘ Latlmer and Thomas.

| quite poor on the early counting rates .of POZOA alpha partlcles. Because
~of this, an experlment was de51gned for more careful observatlon of a
Azh—mln 1somer A 0.00025- in natural platlnum f01l was bombarded with
4'_n1trogen ions of 59 to 77 Mev energy Thls was allowed to stand for
about 45 mln after the .end of the bombardment in order that the 9 3 min
At 20k ould have essentially completely decayed before separation of the
- astatine. The astatine fractlon was then 1solated from the polonlum
'fractlon by means of the double vaporlzatlon procedure dlscussed in
1Sect;on IITI. The alpha partlcles emltted by the sample were observed in
| anualpha-particle pulse-helght analyzer and no growth of PoZOJ+ alpha
'”actiwity was seen. From the amount of At 207 present in the sample and
the ratio of 9.3- min Atzou/At207
under these condltlons, it was possible to set an upper limit of O 07
on the ratlo of the yleld of 2h-min isomer to that of*the 9 3 m1n ‘isomer.

. This walue 1s‘1ndependent of the PqZOh alpha-branchlng ratio.

produced in other bombardments done
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