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ABSTRACT

Range energy curves for 6 to 12 MeV At and Po recoils in Al
leaf and A-lEO5 have been determined using nuclear reactions of O‘l with
Ir to produce the recoils. Al leaf foils of~0.15 mg/cm2 and A1205 foils
of 0.07 mg/cm2 were used. Ranges in mg/cm2 are 7 to 11% larger in
A1205 than in Al. The range energy curves obtained were compared with
theoretical predictions and were used to transform measured ranges for
Po, At, Rn and Fr into recoil energies.

Projected range distributions in stacked AlEO3 foiég9we§2
determined for the (-active products from the reactions Bi (0 ,X)Y
at various bombarding energies from 76 to 163 MeV and Pb208(016,X)Y at

) 2
123 and 163 MeV. The products, Y, identified were Po 06’208’210,

pt209,211 210,211,212 212

The nature of X could be exactly specified only for the Bi

1

and Fr

bombardments near the Coulomb barrier where the results indicate that
210

Po and At211 are formed by p and 2p transfers, with the reéidual
N15 and ClLL being ejected in a preferentially backward direction./»These
processes give the recoils energies and ranges up to about 3 times the
values possible from a compound nucleus reaction. For both Pb and Bi
targets at bombarding energies above about 1.3 times the Coulomb barrier,
the range distributions for the products generally peak at ranges from
one-quarter to one-half the compound nucleus range, but most have a
long-range tail. With the help of angular distribution experiments, it
was possible to clarify in a qualitative way the mechanisms at the higher
energies. No evidence was obtained which indicates that  transfer might

be a preferred mode.



I. INTRODUCTION

Reactions which involve transfer of one or more nucleons be-
tween an incident heavy ion and a target nucleus can be divided into
two groups. In the first group, we can place complete amalgamation of
the two nuclei to form what is usually called the compound nucleus.
This term, "compound nucleus'", has met with some undiscriminating use
in the past. Zucker has discussed the problem and describes a compound
nucleus reaction as one "in which [the projectile and target]...have
merged and small fragments are emitted as a means of de-excitation.”
With the stipulation that fission is also an acceptable means of de-
excitation, this definition 1s the one used for purposes of this paper.
Clearly, compound nucleus formation implies total momentum transfer ~
(TMT); that is, the compound nucleus assumes the total momentum of the
projectile.

The second group consists of partial momentum transfer (PMT) .
reactions. At high impact parameters, single-nucleon transfer, often
preéeded by Coulomb excitation, can occur. These single-nucleon trans-
fer reactions have been widely investigated, and they have been treated
with reasonable success by the tunneling theory of Breit and Ebel, at
least for incident energies which do not gfeatly exceed the Coulomb
’_barrier.l—LL At lower impact parameters, presumably, multi-nucleon
transfers occurj the grazing model was proposed by Kaufman and Wolfgang
to help describe these results. 2 Single- and multi-nucleon transfers
have been observed in both directions—projectile- to target and target-
to—progectlle. Some PMT reactions, for example Mg (NllL 15)M 27
studied by Halbert et al., result in coherent products. In others,
breakup into showers of smaller particles apparently occurs.

Studies of PMT reactions can be made in two general ways. Con-
sider the case of transfer from incident particle to target nucleus.
One can examine the residue(s) of the projectile not abosrbed into the

target, or one can examine the product(s) resulting from the de-excitation
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of the conglomerate (target + transferred matter). These examinations
can also take two forms. The products can be counted directly with
so0lid state déetectors or oan be identified, if radiocactive, by their
"decay modes. These four techniques_should not‘be compered with the
idea of finding a "best" method. Each can provide specific infermation
about some phase of the nuclear reaction. Indeed, the foor methods are
hlghly complementary.

| . The approach of the work reported here was to measure rec01l
ranges and straggling, cross sections and angular distributions of
certain radioactive products from the conglomerate heavy nucleus formed
after transfer. The projectile was O16 B1209 and Pb208 were selected.
.as targets for a number of reasons. First, in the mass region where
-one would erpect to find the products of PMT reactions, there are sev-

9

erai @zactive nuclides with convenient half lives. Alpha—partiole
counting has advantages not common to measurements ofIOther types of
radiation. Since counter baokgrounds can be reduced to very low-levels,
the method is sensitive to products of low yield. Furthermore, if thin
enough catcher foils are used the & particles emitted from the stopped
produets are not substantially.degraded; detection and pulse-height
analysis then can yield measurements of s number of different nuclides
without the necessity of chemlcal separatlons or resolution of decay
curves. In this work, P0206 208, 210 At 209,211, 210,211, 212, and
Fr212 were readily identified when present; upper limits could be set

for the yields of rn208,209 g 2207

2
measurements of Po207 and At 10 and a very long half life made. Po

; low Q-branching ratios precluded

209

undetectable.
Another motivation for the choice of Bi and Pb as targets came

from various heavy element fission results. Viola and Sikkeland found

16 258

that the total fission cross sections for 166 MeV O agreed

well both with the total reaction cross section calculated by Thomas
and w1th extrapolatlon of the experimentally measured total reaction

cross sections of Wilkins and. Igo. 10-12 Momentum transfer measurements

<«
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by Viola and Sikkeland showed that while most of the fission events came

from TMT reactions, up to 30% resulted from PMT reactions correspond-

13,14

ing to transfer of an O particle or, at least,"four nucleons".

For the 166 MeV O16 + B1209 reaction, on the other hand, the same workers

15

found no evidence for PMT reactions leading to fission. Moreover,

the total fission cross section for Ol + Bi was measured- by Britt and

15
238

Quinton to be only about 72% of the total reaction cross section.
This suggests that PMT reactions on Bi do occur but, unlike the U
case, do not lead to fission. Thus, they might be expected to con-
tribute to the -active products described above.

Alexander and Winsberg, using a stacked foil technique, indeed
found that most of the -active products from high energy O16 + Bi
bombardments had recoill ranges substantially less than that‘expected
for the TMT compound nucleus products.l6 They also suggested O transfer
to account for these results. They measured only gross activity, how-
ever, and were able to identify only one product——At211 produced at
low projectile energies.

For the present work, stacked foil techniques were used, sup-
plemented with the CG-energy analysis mentioned earlier so that the
production of individual nuclides was studied. These range studies,
along wiﬁh angular distribution measurements, yield useful information
about the momentum transferred in a reaction, and thence help elucidate
the mechanism. Al leaf catcher foils, uéed successfully by many. work-

17-21
2

ers were found to be too thick to allow adequate resolution of

the many @ groups present. Thinner foils made of AlEO were then

substituted.22 Range-energy curves for At, Po recoils5in Al and AlEO3
were determined experimentally; the recoils were produced by bombarding
Ir targets with O16 ions. A variety of considerations lead one to
expect that the At and Po from such a reaction result from TMT.compdund

nucleus formatien; thus the’energy of the recoils is known. The first

6
Ol + Bi experiments performed verified that very few CG-active products

had ranges as long as the TMT range. This implies that the compound
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nucleus, as expected, is not cohtributing to the -active products but
is largely decaying by some other process—namely fission. Alpha-par-
ticle transfer was suggested by the fact that many of the observed
range distributions peaked at about one-guarter the TMT range; however,.
in the Ol6 + Bi experiments the presence of Rn isotopes (three protons Q
above the target) immediately indicated that o transfer, if present,
was not unique. In fact, the presence of multiplé peaking in some
range distributions suggested that some of the observed nuclides were
beiﬂg produced by more than one mechanism. Moreover, the most probable
range for some products changéd.with'energy in such a way as to indicate
that different mechanisms were operative at different energies. In
order to get a survey of the apparently complex PMT reactions; range
distributions for as many products as possible were obtained for the
reactions of O16 with Bi209 at a number of bombarding energies Between
76 and 163 MeV. Similar distributions were obtained for the reactions
of O16 with Pb208 at 123 and 163 MeV. In addition, rough angular dis-
tribution measurements were made for both Bi and Pb targets at both
12% and 163 MeV.

In summary then, this work represents an exploratory study
using recoil range techniques, of those reactions of Ol with If, Bi,
and Pb2 which produce ¢ emitters of half lives between 5 min and
5 yrs. Beéause of the complexity of competing and interfering reactions,
in only a few cases was it possible to positively assign the production
of a given nuclide to a specific reaction. However, the results do
shed some light on the general features of reactions of heavy ions

with heavy elements, and can be used to guide further investigations.
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IT. FEXPERIMENTAL PROCEDURES, ANALYSES AND RESULTS

The experiments can be classified into four general types, all:
with O16 as projectile: (a)vIr targets with stacked Al catcher foils;
(b) Ir targets with stacked Algo5 catcher foils; (c) Bi and pp208 tar-
gets with stacked AlQOBESStche? foils; (d) angular distribution meas-
urements with Bi and Pb - targets. Certain features of the four types
of experimeht were similar or identical; these will be described first.
The differentiating characteristics are discussed in subsequent sections.

The errors associated with the various quantities measured are
given along with the quantiﬁy only when convenient or necessary to the
immediate discussion. Error estimates are collected and discussed in
Appendix C.

Bombarding Particle Source. The oxygen beams used were pro=

vided by the Berkeley Heavy Ion Linear Accelerator (Hilac) which pro-
duces heavy ion beams of lQ;u 0.2 MeV/amu.25 Aluminum degraders were
introduced before the target when beams of lower energy were desired..
The range-energy curves of Northcliffe were used to determine the energy
of the degraded beam.gu Bending magnets were used to extract the beam
from the main axis of the machine and these also defined the charge
state of the beam particles. The beam was collimated through two 5/16 in.
diameter holes placed ten inches apart, the second being just before

the target. Beam monitoring was achieved with a Faraday cup and
electrometer. When higher accuracy was required, a cylindrical magnet
was placed around the cup to minimize interference from scattered
eleétrons.

Targets. Targets were prepared by vacuum evaporation of the
desired metai through a collimating hole onto 0.00025 in. aluminum foil.
Target thicknesses were about 40 to 140 ug/cm2 and were obtained from
area and weight determinations. Most of the targets were made by

Daniel J. O'Connell of this Laboratory.



Catcher Foils. Two materials were used for catcher foils.

The aluminum foils were punched from aluminum leaf with a circular
punch of accurately known area (5. 075 cm ) and weighed. Thicknesses
were about 120 to 160 ug/cm . This method of measurement of the thick-
ness assumes that the foils were uniform over the entire area. The
thicknesses obtained indicated an avefage gradient of less than 9
ug/cm2 per cm; this result agrees well with that of Alexander and
Winsberg for similar aluminum leaf.17 Each foil was examined before
Ha bright light so that tnose with an inordinately large number ef pin;
holes could be rejected. o

'~ The aluminum oxide catchers were'made by the method of I-larris.2
Strips abOut 1 in. by 2 in. of ordinary household aluminum foil were
anodlzed on both sides to the required thickness of Al2 3 in an agueous
ammonium citrate solution. After washing and drying stages, the foils
;Were sandwiched between thin stainless steel rings (l 125 in. ou da.
0.875 in i.d. Early in the work, the rings were 0.018 in. thlckgrlater
0.010 in. rings were used). The three pieces were firmly spotwelded
togethef and the excess foil trimmed away (see Fig. 1). A circle of
lO.g NaOH approximately 5/4 in. in diameter was painfed on one of the
anodized surfaces. This removes the oxide'layer from that side and
begins‘to etch the Al layer beneath. After a few minutes excess NaOH
was washed off and the'sandwich was dipped in 8 N HC1 until the exposed
Al was dissolved. The resulting package required rather careful handling
until thorough washing (HéO; HQO and alcohol; acetone) and drying steps
were completed. Subsequently, normally careful treatment allowed sur-
vival of almost all foils.

Although the: Al 203

than foils of Al leaf, they were found to be generally more satisfactory

foils were slightly more difficult to produce

for this work. There were two main advantages: (i) The A1205 foils v
could be made thinner than those of aluminum. Thus, substantially better
resolution of the alpha spectra could be obtained. (ii) Once the long- v

lived activity (if any) in an Al,0, catcher was determined, the foill

23



could be re-used. The handling and mounting procedures required for
counting the Al foils tended to destroy them.

Previous workers have shown that the thickness.of the oxide layer
depends almost entirely on the anodizing voltage and not on the exposure
times to acid or base or on other variables. The foils used in this
work were made at 148 % 1 volts. An attempt was made to keep all other
variables approximately constant so that any small effects would be
reduced even further in importance. The relation between voltage_and
film thickness appears well established. For example, Harris giwves 0.48
ug/cm2 per volt or 71.0 ug/cm2 for 148 volts.-”

both Walkenhorst and Young give a thickness of about 69.7 ug/cm? at 148
26,27

The graphs given by
volts. Davies et al. quote 0.475 ug/cm? per volt which yields

70.3% pg/cm2 for 148 volts.28 (It should be mentioned that Davies et al.
specify that their formula applies only to 'preanodized” foils. However,
it seems likely that this distinction is necessary only at the low
volfages ( < 30V) they used and may be neglected here). A simple average
of the above thickness values yields 70.2 ug/cm2 for the foils used in
this work. ‘

Counters and Counting Techniques. The gross alpha radiation of

the target and catcher folls was measured using some or all of a series
of fourteen 2m ionizatioh chambers designed in this laboratory for
detecting fission, alpha and beta activity. Background counting rates
were 0.1 to 0.5 cpm. The counting efficiencies of the ionization
éhémbers were approximately equalized by adjusting the amplifier gains
so that a thick uranium standard counted nearly equally on all -counters.
To average out any small efficiency differences, the radiation from the
_foils was measured by several counters. It was clear from the character
of the decay curves that counter differences never exceeded l%. From
counting known standards, counter efficiency was found to be 51 % 1%
Energy spectra of the alpha radiation. from the foils were meas-
ured in two Frisch grid ionization chambers. Signals from these were

led through separate preamplifier-amplifier systems and thence via a
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routing box into separate quadrants of a 400 channel pulse-height ana--
1yzér. 'The detection efficiencies of the two chambers were identical to
within 0.5% and, by comparison with the gross counters, were found to
be 46.8 * 1%. Background, due to electronic noise and chamber con-
taminétion:, was about the same for the two chambers ana was less than ¥
0.001 cpm per channel. . Thus background had_to be taken into account
. only for the very lowest counting rates and éven then the correction
was small. The system was calibrated for energy using a standard éon-
sisting of a small amount of Pugjg. and»AmQA%ielectrOPIated on a plat-
inum disk. Thé alpha energies were taken as 5.15 MeV and 5.48 MeV
respectively.29 Verification that the amplification of the system was
linear came from the fact that the well-defined 7.44 MeV peak of the
decay product Pozll fell on the extrapolation of the line previously
determined from the standard peaks.

The same standard sample was used to provide a measure of the
resolution of the system. (For purposes of this work "system resolution”
will be defined as the width in energy units at half maximum of the
5.15 MeV Pu259 peak.) This resolution varied slightly from experiment
to experiment, the variations being due chieéfly to quality differences
in the argon-methane gas mixture used. IFor a short cbunt, sgy 10 min-
utes, the value was usually around 56 keV although runs at 34 keV and
42 keV are also included in the data. For longer counts, say 24-hours.,
slight electronic drifting produced values of up to 45 keV. These
values of the resolution were never.realized during foil éounting'due
to the dégradation in the alpha energies during escape from the catcher
foil; however, quite good separation of most of the alpha peaks in the

region of interest was possible.. (See Appendix.A.)



A. Bombardments of Natural Iridium; Aluminum Catcher Foils

Stacked foils were arranged as in Fig. 2. ©Such a package, con-
taining two targets in all, was clamped to a water-cooled copper holder
and irradiated for about two hours with a beam current of 0.1 to 0.2
HA. An electrometer connected to the copper holder was used to menitor
the beam. After Bombardment, the foils in the fféfk were carefully
_peeled apart and their alpha activities determined on the gross alpha
counters. The first counts could generally be made within 30 minutes
of the end of the bombardment. The separation of the foils was rela-
tively simple as long as the beam current did not exceed about 0.3 .pA.
At higher intensities, small areas of fusion often rendered separation
difficult or, in some cases, impossible.

The purpose of these experiments was to provide a measurement
of the recoil ranges of products derived from compound nucleus reactions.
Natural iridium consists of 37.3%;Ir191.and 62,7% Irl95 sO0 that bom-

*
At207’209] . Subsequent

bardment with O16 yields the compound nuclei |
decay can lead to the neutron deficient Po and At & emitters. Transfer
reactions would of necessity lead to products of lower mass and, partic-
ularly, proton number and would produce no nuclides with appreciable
-Q-branching ratios. Tﬁus, measurement of the alpha activity indicates

- the position of the compound nucleus products in the foil stack. The
experimental observati&ns yield the component R of the recoil range

along the beam direction. The distribution of these range values, P(R),

may be represented by a Gaussian function

2
1 R - Rm (1)
P(R)dR = exp - dR
- 1/2
Rmp (om) - 2 Rmp

where Rm is the average range, O 1s the measured straggling parameter,

and -Rmp is the range straggling.
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The experimental results were fitted to Eq. (1) as shown in

Fig. 3, where F the fraction.of the total activity passing through

.t)
thickness t, 1is plotted against t on probability paper. The targets

2
were taken as equivalent to 0.27 W pg/cm Al where W is the thickness
17

of the 1ridium in ug/émg. For the target thicknesses used, this was v
always a very small correction. If the Gaussian function is indeed a
good approximation of‘the activity distribution, the probability plot
will be a straight line. This was the case for all the 016 irradiations
of iridium.
The median range, Rm’ is taken simply as the t value for

CF, = 0.5. The t value for which F, =-0.0787 gives R (1 +V2p)
whence p may be obtained. The results of these experiments, along
with the results of Ref. 17 for O18 on iridium, are presented in Table I.
The probable mass of the recqiling species, AR’ is recorded in column 7.

AR was estimated by comparing the half lives of the foil activity with
the half lives of known alpha emitters in this region of the periodic .
table.9f29 For example, for Eb = 152.3 MeV the alpha activity had
tl/2 = 12 min; this was attributed to Pol99 and the probable AR set

at 199. For Eb = 102.9 the activity had tl/2 ~ 8 min initially, but

this faded to a 50 min tail. The recoils were assumed to be POEOO a
. i

Poeo2 and the probable AR was set at 201. As might be expected, the

AR's from this work WereAusually two units less than those derived from

the 018 bombardments at similar E

nd

1
ts.
b
If the assumption is made that the recoil velocity is not altered
by the decay of the compound nucleus, the recoil energy o6f thel final
is given by

product, ETMT’

"E_. =EAA/(A + A_)2 (2)

:where -A  denotes mass number, b the bombarding particle, R the

recoil atom and =t the target. Values of ETMTlcalculated in this way

are listed in column 8, Table I. In Fig. 4 are plotted some of the data
from Ref. 17 along with some values from this work. It is seen that

agreement 1s excellent.
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B. Bombardments of Natural Iridium; Aluminum Oxide Catcher Foils

The target-catcher stack was suspended in the Hilac beam with
the device shown in Fig. 5. The same targets used for the Al leaf
experiments were used here; they were mounted on stainless steel rings
in sandwiches similar to those used for the catcher foils. After in-
sertion of the target foil followed by sufficient catchers te collect
the & aétiyity, the trough was filied with.empty rings so that the foils
were packed as closely together as possible. This placed them about
0.022 in. apart when 0.010 in. rings were used and about 0.038 in.
apart for 0.018 in. rings. The surfaces of the rings were scored to
ensure that the spaced betweén the foils could be evacuated easily
without rupturing the foils.

| A schematic diagram of the bombardment arrangement is shown in
Fig. 6. The foil holder was secured to the second collimator in such
a way that a quarter turn released the entire holder. This fact; along
with the ease of separation of the foil packages, allowed counting to
begin 15 to 20 min'after the end of the bombardment. The AlEO5 foils
mounted in this manner could withstand a beam flux of over 10'6 A, but
since sufficientvactivity could be obtained from less than‘half this
value, beams of 0.3 to 0.4 pA were generally uéed.

The purpose of these experiments was to provide an empirical
. relation between the relative stopping powers of Al and A1205 for recoils
of At and Po. Therefore, the data processing for the AlEO5 runs was
. very similar to that from the Al leaf runs described in Section A above..
Two minor differences occurred. Because the A1205 foils were thinner,

a few pulse height analyses of the O activity were possible. These
provided confirmation of the AR values. Also, the probability piots
generally showed somewhat less scatter for_A12Q5 foils than for Al leafi
This suggests that the difference in thickness among the A1205 foils
used was less than the error in measurement of the Al leaf and might

also reflect an improvement in foil homogeniety with A1205.
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The results are collected in Table I, and a range vs ETMT rlot
for AlEO.5 has been included in gig. L.. It is seen that at a given re-
coll energy, the range in mg/cm of AlQOB'is about 7 to 11% greater than RS
that in Al. 'The values of the straggling parameter, p, show no
particular trend with energy; this is not unlike the behavior in Al. ¥

The p values for A1205 do seem to be consistently 20% lower than those
for Al. '

The significance of these differences is discussed in Section IIT.

209 208

C. Bombardments of Bi and Pb 7; Aluminum Oxide Catcher Foils

8

Separated Pb20 was obtained from the Isotopes Division, Oak

Ridge National Labeoratories. The composition in atomic percent was

Pb208-—97.98; Pb206——l.15; Pb207-—0.82; PbQOu-O.O7. Suf-

ficient Poglo was present to have produced about 2.2 cpm of O activity
210 »

given as:

from 138 day Po

' The arrangement of target and catcher foils for these experiments
was similar to that for the oxygen on iridium bombardments’described in
Section B, above. Irradiations lasted tﬁree to nine hours and beam
currents were 0.1 to 0.3 pA After bombardment, the radiation from the
-foils was measured once on the gross alpha counters to locate the ac-
tivity.. The pertinent foils were then cycled continually through the
two grid Chambers for energy analysis. Counting times were increased
gradually from 4 min in the early'stages to 3 hrs three to four days
after bombardment. The long-lived activities were détermined by thou-
sand minute (or more) counts taken at approximately monthly intervals.
The decay of all samples was followed for at least four months; in some
cases, determinations extended to.eighteen months.

The pulse-height spectra from these runs consisted of 3 to 9

peaks, most ‘of which were well separated. The peaks were assigned to
specific nuclides by comparing the O energies and half lives with known

a emitters. Table II lists these assignments along with energies and
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half lives as determined here and in other work. Details concerning the
general analysis and also the peculiarities of each product are described
in Appendix-A. Suffice it here to say that the activities at the end of
bombardment for each product in each catcher foil were obtained in the
usual way by extrapolating the decay curves back to the appropriate time.
Since the catcher foils were all of the same thickness, these initial
activities may be used to represent the projected range distributions.

With Bi targets, exposufes to O16 were made at energies of 163
(two), 152, 123, 110, 85, and 76 MeV. With Pb208 targets, 016 energies
were 163 and 123 MeV. As was implied in the introduction, the range -
distributions obtained were extremely complex; except for a few instances,
all were definitely non-Gaussian. Since the shapes vary so widely it
would be difficult, tedious and probably not highly informative to at-
tempt to describe each résult. Therefore, the actual range distribu--
tions are given in Table III. A few selected examples are shown in
Figs. 7 through 10.

In Table III, the numbers given under the "Activities" heading
correspond approximately (except for Rn°' and Atzll) to the initial
counting rates in cpm. In an attempt to reduce the data to more easily
assimilable form, three projected ranges were determined for each disj
tribution. All are given in units of one AlQO5 foil thickness (70.2
ug/cmg) and include the correction for target thickness used by Alexander
and’Winéberg, i.e., ABT = r% (0.535)W where ART is the correction, and
W is the target in appropriate units. This correction should introduce
only a very small error. (The distributions as given in Table III have
been rounded off somewhat from those used for calculating the average
and median ranges; the persevering reader who attempts to reproduce the
range calculations may thus find small discrepancies.) Rm is the me-
dian range and is defined so that one=half the particles have range
greater than Rm. It was obtained from a probability plot (see Fig. 3).

Ra is the average range given by



~1ha

- -1
Ra_—Zfi(t+ 1)
i

where fi is the fraction of the total activity found in-a given foil,

-

't 1is the total thickness of the stack up to the given foil and ti is
the thickness of the given foil. Rp 1s the peak range. It was obtained
by reading off the range at the peak of the range distribution from
plots such as those in Figs. 7 to 10.

For distributions that are asymmetrical due to a long range
tail, Rp < Rm < Ra. Conversely, a short range tail would make
Ra < Rm_< Rp. A comparison of Rp, Rm and Ra thus gives a crude estimate
of the degree of asymmetry. It should be noted that both Rm and Ra are
somewhat sensitive to the experimental conditions; both increase as the
initial activities increase or as the number of counters available
increase, although Ra is affected more. (The reasbn for this is that
measurements on the long-range side of the peak can be pursued to longer
ranges under these conditions. For example, for Run II (see Table III),
a second grid chamber had been added to the one used in Run I. Also,

a faster analyser print-out system was available. Thus, even though

the bombarding energies and activities were about the same, more foils
could be counted in Run II. Cocrresponding Rm and Ra values are generally
somewhat higher in Run II.)

The ranges expected for an Atgl1 product from a compound . nucleus
reéction (RTMT) are also given in Table III. These were estimated using
Eq. (2), and the range-energy curve for At in AlEO5 determined in the
O16 + Ir experiments. Perhaps'the~most outstanding feature of the range
distributions is that, while at high energies they peak af values rough-
ly l/hRTMT, the peaks tend to increase in range as the:bombérding energy
decreases. This is particularly true in the region from 123 MeV to _—
76 MeV. In fact, for the two Bi runs at 85 and 76 MeV the distributions
peak well beyond that range expected for the total momentum transfer

reaction. Discussion of these interesting phenomena, which were first
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Observed by Alexander and Winsberg, will be left until the angular
distribution data have been introduced in the next section.l To

allay the reader's apprehension that the laws of conservation of energy
and momentum might somehow have been violated, it should be pointed- out
that ranges beyond the compound nucleus range are possible if particles
are emitted preferentially in the backward direction.

Rough estimates for the total cross sections for each product
are also listed in Table ITI. With both the low melting metals Bi and
Pb, some difficulty was experienced with loss of target material due
to overheating in the beam. The ever-present beam-spot discoloration
make 1t difficult to Jjudge such a loss. It was probably very small for
the low energy bombardments, but an accidentally high focusing of the
only slightly degraded beam "burned" areas of the target in some high
energy runs. Another difficulty lay in the correction for decay-during-
‘bombardment. The Hilac crew made a valiant effort to keep the beam
level constant throughout the 3 to 9 hour bombardment periods but the
inevitable electronic drifting and occasional shutdowns prevented this.
Only the cross sections for the short lived Frelg, Rn212 and to a much
lesser extent, RnElO would be appreciably affected by this source of

error. Range distributions should be unchanged.

D. Bombardments of Bi209 and Pb208; Angular Distribution Experiments

Because of the low activities encountered, the angular distribu-
tion measurements were somewhat crude. Fig. 11 shows the apparatus
used in these bombardments. The target could be placed at various
angles to the beam; usually 60° was chosen. The catching strip covered
from about 9° to 96° and was generally cut into ten sections of around
8.7° each. With the geometries involved, this meant that each catcher
subtended about 0.03 steradians. In the first experiments performed,

ordinary household Al foil was used for the catcher strip, and the



-16-

gross @ decay curves were measured. From these it was clear that the
@ activity had definitely different compositions at various angles.
Therefore, in spite.of the difficulties presented by the low activities

produced, an attempt was made to obtain range and composition data for

s

each 8.7° segment.

Four strips of Al leaf were placed on top of the thick Al strip
and the assembly was clamped in the holder. . After bombardment, the foils
could be appropriately cut, separated and counted on the gross & counters.
The'composition of the activity in each foil was then deduced from-anal-
ysis of the decay curve. Usually pulSe;height analyses. were not atteﬁpted;
not only was peak resolution poor because of the thick foils, but count-
ing rates were so low that it was impossible with only two grid chambers
to obtain adequate counting statistics on all of the 30 to 40 foils
with appreciable'activity produced in each experiment.

Without energy analyses it was not possible to identify each of
the 7 to 9 components known to be present from the previous experiments.

"By the time the foils were cut and mounted, the short-lived Fr212 and

212 '
Rn had decayed too far to be quantitatively determined. Qualitatively,
the short-lived components were strongly peaked forward. If a 14.6
hr. component was present in the decay curve, the curve was fitted

lll

graphically at longtime to the "Master Curve for Rn21 as given in
Fig. 12. The difference between cthe master curve and the experimental
curve was resolved into two components of 2.42 hrs. and 7}21'hrsf and
these were assigned to Rn212 and At2ll respectively. About one month
after the bombardment, and again at about 3 months, counts were taken
with the pulse~height analysis system and the .activity @ between 540
and‘5.5 MeV -was fitted to a 138.4 day half-life; this was assigned to
POEIO. 209

fwould contribute to the "7.21 hr. component", but from the previous. V'i

The above method of aﬁalysis ingores P0206, if present. At

experiments this contribution is estimated to be less than 10%. Sim-
210y 2

componénf to
210 '

ilarly any P0208 present could contribute to the "Po

an extent less than 10% of the total. As before "Po

(81210 4+ po?10 4 5210y,

Vmust include
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The activity distributions of the four extracted components
are shown in Figs. 13 through 16. These plots deserve some explanation.
The activities have been given arbitrary units to separate the curves
in the figures. The points are plotted at the mid-points of the 8.7° -
angular sections. For some of the larger angles it was not always
possible to extract a 2.42 hr. component; that is, after subtraction of
the Rngll master curve, the remainder could be fitted by a.7.21 hr.
component alone. Since the counting rates of the folls were so low,
however, statistics were poor and there was the possibility that some

Rnglo was indeed present. In the foils at small angles the ratio

RnglO/Rngll

ratio was therefore used tc estimate the possible Rnglo contribution in

was essentially constant for a given experiment. This

the foils where it was not possible to separate it. These points are
represented in Figs. 13 to 16 by open triangles and are attached to the
other Rnglo points by a dashed line. Corrected activities were cal-
culated for Atgll in these foils by subtracting the calculated Rnelo
éctivities. The corrected Atgll points are indicated by closed triangles,
and they too are joined to the other At211 points with a dashed line.

The two curves for Atgll thus represent a minimum and maximumAtEll
distribution.

The purpose of all this was to show that the rather prominent
peaking observed 1in the Atzll curve was indeed real, and was not due
merely to some accident of the analysis. ‘

_The range distributions obtained from these experiments were
not extremely accurate. (See Appendix C for a fuller discussion of
the errors involved.) In an effort to extract useful information the
data were processed in the following way. The small foil stack at
each angular ségment was treated by the probability plot method de-.
seribed earlier. Because of the thickness of the Al leaf (174 % 16
ug/cmg) and the generally small ranges (130 to 330 Hg/cmg) the activity
tended to be concentrated in the first two feolls and rarely extended

as far as the 5th foil to any appreciable extent. The paucity of the
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points, as well as their scatter due to poor counting statistics, made

analysis of the curve oh probability paper somewhat difficult. Hewever,

it appeared that the distributions were again non-Gaussian, containing .
a long-range tail. The median,ranges_at each angle, RQ, were read off

and are listed in Table IV. The correction for target thickness was . u
made (the variation with angle was considered), bﬁt of course the ac-

tivity lodged in the target which, had it escaped, would havé.contrib;

uted to a given angulér catéher wag unkndwn. From the runs with A1205
catchers, this error could be estimated at 5 to 10% for the At and Po

ranges and ~1% for the Rn; that is, the measured ranges are too large

by these amounts. Overail, errors could be as high as 35% for some -

measurements.
Also given in Table IV is the average projected range,~§projj
defined by

2. Rg, cose. A,
i i i i

R . = :
pProj 5% A,

where Rei is the median range at angle Qi and Ai is the total.

activity found in the entire foil stack at Gi (integrated over

azimuthal angles). The ﬁbroj values have be;n changed to units of

"AIEOB foils" by the transformation - 1 pg/cm” Al = 1.06/70.2 Alé05

foils where 1.06 is the ratio of the ranges of At, Po in A1205 and Al

(for low ranges) obtained from the Ir experiments and 70.2 is the thick-

ness of an AlE_O5 fOi% in ug/cme, Eﬁroj would be expected to correspond

approximately to Rm as measured in the stacked Al205 catcher experi-

" ments. In 9 of the 16 cases, agreement is better than 8%; in only one

case is the difference more than 16%. Considering the statistical

errors, this is quife reasonable égreement, and suggests that‘the

method of analysis has been successful. . l. «
In order to determine the recoil energies of the At and.-Po

products which were peaking at such large lab angles, an average range &

at the position of the peak was obtained; that is,
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Ry, A
25 Bo;

S A,
P 3

J

. was determined, where the sum was taken only over the 3 or L4 points in

the peak. Since the range energy curve for At, Po in Al is knowms the

recoil energies of these products can then be read off the graph (Fig. 4).
The Rg values obtained, with their associated recoil energies, are
also gi&en in Table IV. Use of the recoil energies to help define the

mechanism is included in the next section.
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ITIT. DISCUSSION

In this section, we examine all the data from the different
types of experiments and attempf to produce a description of the reactions
studiéd. As was implied earlier, the situation is so complex'that a
fuli description will not be possible. Many general characteristics
and a few specifics can, however, be given. Although the experiments
were ail rather strongly interrelated, for ease of discussion a divi-
sion will be made between those concérned chiefly with the stopping of

heavy recoils, and those concerned chiefly with nuclear reactions.

.A. Range-Energy Curves for-At; Po Recoils

The passage of heavy charged particles through matter is now

being studied by a variety of methods.jo

Theories and some semi-
empirical considerations can serve to provide fairly accurate range-
energy curves for many ions in many stopping materials, particularly

_ for very high or very low velocities. For the intermediate velocitiés,
‘however, where both electronic and atomic stopping are important, the
best way to obtain a particular range-energy curve is by experiment

. with the ion and stopping material required. Unfortunately, such empiri-
cal . studies are not always possible, let alone convenient. For this
work, however, a close approximation to the ideal situation was at hand.

- Required was a range-energy curve in somé conveniént stopper for Po,

At, and Rn products of mass roughly 208 to 212; already available was

an empirical range-energy curve for At and Po of mass 199 to 207 in Al
leaf. The error introduced by applying a range-energy curve for 8hP0199
to a recoil atom 86Rn212 is very small. As it happened, A1205 was a more
convenient batching material, so experiments were performed with (a)

Al leaf catchers to consolidaté the old data for Al and (b) AlQOB
catchers to establish a similar range-energy curve for A1205. Since

<



the (a) and (b) experiments were identical except for catcher foil, a
direct comparisonvof the ranges in Al and A1205 was also obﬁained.

As we have seen (Fig. h), the range-energy curve for At, Po in
Al 1leaf is well defined by the combined data points from this work and

2
Ref. 17. Ranges in mg/cm” of Al are about 7% greater than for Al at

205
a recoil energy of 6 MeV and about 11% greater at 12 MeV. For this
energy region (recoil ranges from about 450 to 800 ug/cm2 AlEOB) the
range-energy relatioﬁship is expected to be very accurate. Actual
recoil ranges in the Bi and Pb experiments, however, varied from about
100 to 1100 ug/cm? AL 0.

ranges cannot lead to a large error. Extrapolation to high ranges can

149

As seen in Fig. 4, extrapolation to low

be guided by the Tb -in-Al line, but as the shaded area indicates,
there can be some question about the proper course the extrapolation
should take. Therefore a different method of extrapolation for high
ranges was sought.

Lindhard, Scharff and Schio¢tt(LSS) have developed a theoretical
| treatment for the stopping of heavy ions.51 They attempt to derive
universal range-energy curves by changing from R-E coordinates to P1-€

coordinates where

e (0.8853)° a NAA o
1

o, =R
L 2/3 2/3 2
(zl + Z )(Al +A2)
and (0.8853) a, A,
! 7. 7 e (22/5 + 22/5)1/2 (A. +4,.) 2
e BT | 2 VT A |

Here, the subscripts 1 and 2 refer to the ion and stopper respectively,
N is the afomiq density and a_ the Bohr radius (hg/meg). Thus, pp
and € are dimensionless measurements of range and energy. In effect,
the factors multiplying the R and E values serve to "correct” these for
A and Z dependence. In these coordinates, then, LSS take the total
stopping power to be composed of contributions from both the 'nuclear"

or atomic stopping as well as electronic stopping. That is,



_PP.

de _ [ de
dpLTO’(; d‘OL')n' dpL e
where de = k€1/2
d‘OL e
2/3 ,1/2 - 3/2
(0ar93) z7/- 2/ ° (A, +A,)
and K - 1 ) 1 )

(2573 w72l 251 W32 /R

" The riuclear stopping is derived from a statistical (Thomas-Fermi)
treatment of atomic collisions.

In Fig. 17 the dashed lines repreéent the paths of constant k
as derived from the graphs given by 1SS. The curve for k = O repre- '
sents pure nuclear stopping. It is seen that as ¢ 1increases and elec-
tronic stopping becomes more and more important, the curves for finite
k fall away from the k = O curve; i.e.,.for a glven energy the range is
lower due to the electronic stopping contribution. Many of the data
points from Fig. 4 are also plotted.in Fig. 17. As is seen, k is an .
extremely slowly varying function of Z and-A in"this region of the

"periodic table-—all the interactions listed have the same k value.
Clearly, the transformation to Py, € -coordinates has succeeded in
bringing the Al stopping data together on the same curve. However,
this curve does not follow the theoretical k = 0.11 line but quite
definitely crosses it. This behavior is similar to that observed by
"Gilat and Alexander for the stopping of Dy in various gases and by

19,32

Kaplan and Fink for Sm in Al. With the assumption that this type

of behavior is typical, we can now use the Al curve to guide the

extrapolation of the Al curve.

205
In the region of ¢ where data points for At in A1205 are

avalilable, the curves for Al and-AlEO are essentially parallel. This

5

characteristic was assumed to hold at higher ¢ and the AlQO line

3
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was extrapolated as drawn, parallel to the Al curve. It should be noted

that a range of 1100 pg/cm_g A1205

extrapolation was not extreme and is expected to be accurate to about

t 5%.

corresponds to a p, = 30 so that the
L ‘

It is interesting to digress briefly to discuss possible reasons
why the Al2 3 curve is so far removed from the Al curve in spite of the
similarity in k values. One possibility lies in the difficulty in
deciding what to use in Eq. (3.) and (4) for Z, and A, of A1205 The
values actually used were the simple averages 22 = lO, A2 = 20.L4,

Better values may exist; however, it seems reasonable that 8 < Z

Al_O
< 1% and 16 < A 23

< 27 and whatever method of "averaging" is
A1205

chosen, the results cannot differ widely from the values used here. A
small change in, for example, A2, causes only small changes in the:

1, -factor and the e-factor and both these changes are in the same dlrec-

tion. Thus, although a given data point is moved slightly by assuming

different %, and A2 the line drawn through the points retains essentially

2
the same position.

The main reason, of course, for the difference between the Al

and Al,O, curves on the -¢ plot (Fig. 17) is the fact that the

P
2°3 L
curves lie so far apart on the R-E plot (Fig. 4); that is, addition of

0 atoms to Al increases the range (in mg/cmz) by 7 to 11%. This result
appearsto beinopposition to previous experiments with ions of mass 11

to 19 and energies of 2 to 10 MeV/amu .‘ which showed O gas to be a

2h,33

better stopper than Al. Also, Piercy et al. compared.Al and A1, 0O

23
as stoppers for Kr 2 jions of 0.47 keVAamu. and found Al O, to be more

effective. Both of these results, however, were for ion velocities
quite different from those in the present work, where the recoil energies
were 30 to 60 keV/amu, Working in the energy region 40 to 100 keV/amu,
Gilat and Alexander found that ranges of Dy 149,150,151 in N2 were -
slightly greater than the ranges of Tb149 in A1 (Fig. 4). 52 Ranges in

Ne: were about 50% greater than the Al values. If the range in'OQ lies
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between the values for N, and Ne, we see that qualitatively at least,

the effect found in the iresént work is in the right direction and is of
about the correct magnitude. _ ‘
The comparison can be made sémi-quantitatively as follows. If
we assume that the stopping cross sections due to Al and O atoms are
' proportional to the same power of the energy, we can use the formula
given by LSS for the range in mixtures,5l
. B Bo 5)

AlEO5 xAlRO + XORAl

where-Ri is the recoil range in substance 1 and x, is the relative

55

abundance of component i in the mixture. Table V shows Dy ranges in

‘NQ and-Ne at two appropriate recoil energies; and ranges in O2 obtained
by linear interpolation. Tb ranges in Al at the same energies were

read from Fig. L, -The range in Al predicted from Eg. (5) is seen

205
to be 5% greater than the range in Al. This is quite :¢lose to the
experimental 7 to 11% obtained for'At, Po recoils—errors. in determining
the ranges could easily account for the difference. The following not
necessarily independent considerations might affect applicability of
"Eq. (5) in this éase, but no attempt will bé made here to assess their
influence. (a) The stopping power of oxygen atoms in the gas may be
different from that of oxygen in the solidv-_AlgoB. (b) AL is a good

conductor while-AlEO is not. (c) The interpolation for R. may be in

b) 0

error, particularly if shell effects are imporfant at these low values

of Z. (d) The chemical bonding in Al may affect electron densities

‘ 2%
so as to alter the stopping powers of Al and O from their elemental
values. v

Let us now briefly consider the straggling informatioﬁ.obtained
in these\experiments. The data extendlover.too small an energy region
for detailed analysis to béijUStified; however a few Qualitative re-
marks may be made. As hasvbeén mentiocned, no definite trend of the

o values with changing recoil energy was observed in either Al or



A1 0 The p's are consistently lower in Al The measured strag-

203 205.
gling parameter results from a number of effects which combine approx-

imately as the squares. That is,

2 2 2 2 2
4 + + +
p” R pg tep te, t o (6)
where Py is the straggling due to the stopping process, Pp to

the foil inhomogeneities, Py to the velocity distribution resulting
from the nuclear reaction, and P, to the target thickness.

We will now use Eq. (6) to attempt to locate the source of the
difference in measured straggling between. Al and A1205. The relative
magnitude of P, is very small and may be neglected here. For p, e
will use the value 0.1 which should be correct to within 10%.56 (A
10% error in ey would have little effect on the conclusions reached
below.) If "typical” measured p values of 0.25 for Al and 0.20 for
AlEQ3 (Table I) are used, the following relation results from Eq. (6)

in a straightforward way:

2 2
(o5 +0%)y
(pi M bi)Al 0
: 273

1.7 (7)

If foil inhomogeneities contribute little to the straggling, the pf's
may be disregarded and.Eq. (7) reduces to

2
(02)aq

5

(02)
s AlEO

=~ 1.7

3

This is a subStantially larger ratio than that predicted‘by the LSS

31

Qualitatively, thisAsuggests that the 's cannot be

fheory. e
" ignored and that (pf)Al > (pf) Al o As was mentioned earlier, the
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smaller scatter on the probability plots for Al2 3 as compared . to similar

plots for- Al also led to the suspicion that Al leaf 1nhomogene1t1es were

i

not negligible.

B. Nuclear Reactions

The complicated data from the range and angular distribution
A experiments with Bi'and~Pb targets have been preseﬁted with relatively
few guiding comments. Such comments were postponed until this point so
that the- entlre body of data would be avallable for the extraction of
1nformatlon

Let us cons1der first the Bi bombardments For bombarding
Coul (where.EC 4118 the Coulomb barrier

energy-for r = 1.5 fermis), several products are observed. In the
v T o

2 2
, however, the productlon of Po 08, At 09 and the

energies greater than about 1.5 &

regionE ~ 1.3 By o)

three radon isotopes decreases rapldly with decrea51ng energy. In the
low  energy runs at and below the barrier, only At ll nd Po 2lo are
detected. ' The. general features of momentum transfer are similar to
those indicated by the less detailed experiments of Alexander and
Winsberg: fractional momentum transfer increases with decreasing bom-
bardment energy.17 At high bombarding energies (about twice the

- Coulomb barrier), the projected range distributions peak at about one-
quarter the range of the compound nucleus, Ry (see Table III).

Eb decreases, thelRp values remain approximately constant but, of course,
RTMT is decreasing; hence, at l—l/2 times the barrier, the range dis-
tributions peak at about 1/3 RTMT' Further decrease in Eb leads to a
‘more rapid increase in Rp; at,Eb about 1-1/5 times the barrier, the
‘R_'s dre nearly half the full momentum transfer range. Just above the
Coulonb barrier, the range distributions for Po210 and Atgll peak at
more than 1- 1/2 times L E (c m.) = 0.93 Eooyys the products are

found three times deeper in the f01l stack than the point reached by

*

. the compound nucleus.



Let us examine this low energy experiment in some detail. For
both Atgll and Po210 the range distributions are quite symmetrical as
shown by (a) the approximate linearity of the probability plots and
(b) tbé similar values for Rp, Rm and Ra.('Thefact that only 20 foils
were used in the experiment meant that the last tip of the high-range
tail ﬁas lost. ‘This undoubtedly contributed to the slightly low Ra
values given in Table III). Taking 1k.4 and 15.9 foils as the ranges of
At211- 210

and Po leads to recoil energies of 15.8 and 17.9 MeV re-
spectively. Ep for At~ is 5.1% MeV for this bombarding energy. Let
us suppose that the excess energy is -given to the recoil in the follow-

209

. 16
ing way. Let O approach the Bl with a very small impact parameter.

At the distance of closest approach, we have the following situation.
“The 0'° ana the 8:12%9

but fheir center of mass is moving with the initial beam momentum. Now-
| 209 to form [AtZ10]" and let the

are nearly at rest with respect to each other,

let an @ particle transfer into the Bi
'Clé residue roll back down the barrier and be ejected in a backward

: ¥
~ direction.. The [Atgls] in this way can acquire of .the order of 1.75

~

times the momentum of the projectile and a recoil energy (1.75)2 ETMT <

. 213 ¥ s aq
3 ET%T' ] would yield
a2

A (3n) or (p,2n) emission would lead to the Po?10 opserved.

.Evaporafion of two neutrons from the [At

A meéhanism of this sort seems quite promising, but let us look-
into the energetics more closely. (The Q values and masses used in
- the following were estimated using Ref. 9, and are listed in Table VI.)

For production of Atgll we have

209 | O16 5 [At215]*

Bi +c® g
where -Qi = -16.6 MeV and .E¥ must be greater than 10.9 MeV to allow
évaporatidn of 2 neutrons.. In the lab system, conservation of momentum

and epergy requires, for zZero impact parameter, that

P =P,  -P - (8)



-28-

and

E =E, +E

o = at TEF-Q - (9)

C

- 75.8 MeV, EAtA='}5.8 MeV and Eq.('8 ) we get B, = b5 MeV.

Substituting this into (.9 ) yields

From E

75.8 = 15.8 + k4.5 + E¥ + 16.6

E¥ = - 1.1 MeV

15

Clearly there is not sufficient energy present to produce an.At2 recoil
with 15.8 MeV kinetic energy, let alone one with over 10.9 MeV excita-
tion energy as ﬁell. If 2n evaporation is impossible, obviously %n or
p2p eyaporations cannot occur either. Since we considered the case of
makimﬁm energy transfer (i.e., zero impact parametef), we must conclude
that Q*transfer is not the source of the-AtEll and-PoElq observed.
(Actu@lly, since neutrons are unlikely to come off with near-zero -kinetic
energy, the E¥ requirement should. have been set even higher. Moreover,
the‘Ciz might also.carry off some excitation enérgy. Inclusion of both
of these effects would make the conclusions of the above argument even
more definite. For simplicity, howevér, such effects were not considered.)
If 012 "emission” provides insufficient momentum transfer, it is
clear that a heavier particle must be ejectéd from the reaction site.

211
SupposeAt results from the 2p transfer reaction

209 6 211)* .\

Bi + 0% > (At

| Clh +q

Here Q = -1L4.4 MeV and E¥ £ 7.6 MeV to prevent neutron evaporation.

‘Proceé&ing as above, EClA = 37.5 MeV, whence . E¥ = 8.1 MeV._ Now the

reaction is not only energetically possible, but in some cases a neutron
' 2

may. be evaporated, and-PoElO may result from the At 10 electron capture.

(This effect must be small. The probability for emission of a neutron
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with only ~0.5 MeV kinetic energy 1is very low. Moreover, the peak of
the-Po210 distribution is 10% deeper in the foil stack, suggesting that
most Po210 comes from a different méchanism.)

Other potential reactions for production of Po210 are listed
in Table VII. The numbers in the 7th column are again simply the
appropriate neutron binding energies. The last column contains E*

calculated using equations similar to Egs. (8) and (. 9.) with

EPO = 17.9 MeV. Clearly production of the long-range Po recoils by
two-nucleon transfer is not energetically possible, though both -of the

single-nucleon transfer mechanisms could yleld the observed-PoElo.

The recoil data provides no basis for choice between n or p transfer,
since the momentum transferred is the same in each case. However the
decay curves can be helpful; they show no evidence of growth of Po210
from the 5 day Biglo so that an uppér limit of 20% of the observed
PéElO could have come from n transfer.

It must be emphasized that these experiments are sensitive only
to O emitters so that a transfer or compound nucleus mechanism which
does not yield an G-active product cannot be detected. Thus, these
experiments do not show, for example, that & transfer does not occur,

2
but only that o transfer cannot lead to the At 1L and Po210 produced.

The sum of the cross sections for At211 and PoElo is ~16 mb which is

- about equal to that obtained for the total reaction cross section by
interpolation from Thomas' tables (~12 mb).ll It is not clear, however,
that this comparison is meaningful, as the tables would be expected-to
-be least accurate in this barrier region. It is interesting. that the
cross section for 2p transfer (~5 mb) is about half that for single p
transfer (~11 mb). This is a much higher ratio than would be expected
from a tunneling mechanism. Nevertheless the conclusions seem in-
escapable from the above consideration of the energetics. (The effects
of energy spread in the beam and non-zero impact parameters are con-

sidered in Appendix C, page 83, and are shown not to change these

conclusions).
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As the bombarding energy is increased, the collisions with low
impact’parameters should contribute more and more towards compound
nucleus formation. The p and 2p transfer reactions w1ll occur at larger .
impact parameters; the C]'LF and N15 will stlll be emltted in a backward
direction but no longer at near-zero angles. The moméntum transferred
will be reduced and the At and Po recoils will also come off at an angle
to the beam. We could expect, then, that the projected recoil range
(as measured in a stacked foil experiment).should fall off rather
sharply with an iﬁcrease in bombarding energy. This is eXactly what 1is
observed. At E_ = 85.2 MeV [Eb(c.m.) = 1.05 B, l], the range for Atgll
recoils is about 9.5 foils, or EAtgllprOJ 9.6 MeV =~ 1.7 ETMT' The
results of Alexander and Wlnsberg at Eb(c m.)/ECoul ~ 1.05 to 1.20 show
a steady decrease of EAt/ETMT from about 1.4 to 0.9. (See Fig. 5 of
Ref. 16).

Proceeding to the higher energy bombardments, we note the
appearance, at Eb ~ 1.5 ECoul’ of several new products. These products
may be the result of new transfer mechanisms which are becoming possible
with the increase in energy. On the other hand, they may be the result
of pecullarltles of the de- exc1tatlon processes such that transfer
mechanlsms which have been occurring all along nOW'begln to..contribute
toward the O emitters detected. Consider the three Rn isotopes. For
the runs with bembarding energy near the barrier (Runs VI and VII,

Table ITII), they were not detected (6 € 0.1 mb). For Run v, at E_ = 110
MeV, only Rnglgiwas detected, the creoss section being about 3 mb
(oRn211 < 0.5 mb; o, 210 < 0.1 mb). At E_ = 125 MeV all three were

Rn b

present, with GRngle ~ 12 mb, cRn21l ~ 7 mb, and GRn2lO.z 1 mb. For

Eb = 150 to 160 MeV, cross sections for the three isotopes are about the

. R L - 212
same. In summary, 1lncreasing bombarding energy causes Rn to appear
’ ' 2 2
first, followed by Rn L and then Rn lO.
One explanation for this behavior is that 5p transfer, which

2
produces Rn 12 directly, has Jjust begun to occur. As the energy is
: ‘ K4
increased the excitation of the Rn212 produced increases until the



-31-

possibility of neutron evaporation develops. Loss of one neutron;-of
ll. With further increase in energy, two neutrens

may be lost to produce-Rnelo. The observed order of appearance of

2
course, yields Rn

the three isotopes with increasing energy is consistent with the above

mechanism.

Alternatively, let us consider the transfer of two & particles

by the reaction

209 O16 S [Fr217]*

Bi + 20 + QM
Here,QLL ==32.3 MeV. ©Such a reaction is thus energetically possible at
low bombarding energies—whether the reaction actually occurs with
appreciable probability depends on details, as yet unknown, of transfer
217 .

is

processes. It seems reasonable to assume, however, that if Fr
indeed produced, its excitation energy will increase with increasing
bombarding energy. If this excitation is sufficient to evaporate only

210,211,212

one to four nucleons, Rn cannot result (see Fig. 18 ). If

-an increased Eb leads_togig excitation energy sufficient for a pln
"evaporation, however, Rn is the product. Further increases in
energy would yield first Rn211 (from p5n), and then Rn2lO (from pén).
Thus, we see that the observed order of appearance of the Rn isoctopes
is consistent with this mechanism also.

In fact, even a cursory examination of Fig. 18 suggests a
number of transfer mechanisms which might be equally consistent with
theiexperimental results. Since we lack knowledge of the details of
the transfer processes, the present data cannot provide sufficient
information that a choice may be made among these many mechanisms.

It is possible, however, to use the data to guide a few re-
marks about the general features of transfer reactions. For instance,
it is interesting to try to determirie what fraction of all transfer
processes yield products detected in this work. It will be recalled,

as was mentioned in the introduction, that PMT reactions of 016 and Bi
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.do not lead to fission.13 “An estimate of the fraction of the total
cross section available for all transfer reactions may be obtained as

follows. Britt and Quinton measured the total fission cross section

12 15

for the C + Bi reaction at energies from 1.2 to 2.1 times the barrier.’
In this region they found their results‘to‘be'well reproduced,by‘the
relation of = 0.65 GT where cf is the measured fission cross seczéon and
UT is the total reaction cross section due to Thomas.. For the O + Bi
reaction, the relation was of = Of72 GT at Eb = 168 MeV, the only point
measured. If the factor 0.72 holds at other energies, we .can approxi-
mate the non-fission interactions as comprising about 28% of the total
reaction cross section, Fig. 19 shows qT-as interpolated from Thomas'
tables along with a curve for 0.28 o, = (GT - cf). The. sum of the- -

cross sections for all O emitters megsured in this workua;é also plotted.
At all energiles except those at the barrier, the a—active.products-make'
up less than half the non-fission cross section.

An estimate of the cross section. for certain undetected nuclides

may be obtained by simple interpolations and extrapolations among: the

values measured. For example, oAtEIO may be assumed to lie between
th209jand thEll, or GP0209 between qP0208 and GPOElO. Also, GRn209

may be obtained from the "trend" established by the three.Rn cross
_sections measured. Addition of such estimated values to the measured.
cross sections raises the points in Fig. 19 so that they comprise from
~80 to. ~100% of the non-fission cross section. It is not possible to
say whether this remaining difference is real—that is, whethef there

are undetected transfer reactions-—or whether the difference is due to

a combination of errors in (a) the measured cross sections, (b) the O
- = 0.72 o, relation holds over

all E . The above discussion also (implicitly) assumes that all TMT

:reaptions lead to fission. It does seem safe to say that information

curve; and (c) the assumption that the o

about most of the PMT reactions is obtained from measurements of the

emitters with convenient half lives detected here.
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From the above discussion, from consideration of Fig. 18, and
from complexities observed in the range and angular distributions, it
seems clear that at least some of the products are being produced by
more than one mechanism. It seemed reasonable, however, that the pro-
nounced angular peaking for both At- - and Po210 (Figs. 13 -and 14) might

- be primarily due to one reaction. An attempt was therefore made to
assign formatibn of the AtEll and the Po210 in the peaks to a specific
trahsfer mechanism. The three equations available from conservation

of momentum and energy are (lab system)

Pb = PRcos_Q + PXcos 0)

Ppsin 6 = Pysin ¢ (10)

The subscripts b, R and X denote bombarding particle, recoil product
and projectilé residue respectively. The angle between the beam dir-
ection and the recoil is 6, between the beam and the projectile residue,
¢. Assumption of a mechanism defines the various masées and Q. Since

the experimental measurements yield E_ and 6, Egs. (10) may then be

R
solved for E*, E_, and ¢. Alternatively, an E¥ appropriate to the

proposed mechaniim may be assumed andEgs. (10) solved for 6. This
predicted @ may then be compared with the experimentally observed Gp;
disagreement indicates a faulty choice of mechanism. The latter pro-
cedure has been carried out for a number of pértinent E* values in
Table VIIT. As an example, consider Run XI. For At211 produced by 2p
trénsfer; 0 < B¥ < 7.6. The @ predicted for such a reaction is then
57.7° to 55.0°. 1If A" comes from an "(a,2n)" reaction, 10.9 < E¥

< 18.5 and the predicted 6 is 48.0° to 45.6°. The experimental angular
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distribution (Fig. 1L4) peaks at 6 = 4B8° so that we might conclude that
the Atgll at this energy came froi an Q transfer reaction rather than
a 2p transfer. In Run X also, the 6 calculated for & transfer shows
.better agreement withﬁexperiment than the 9 for 2p transfer. In‘this
case, however, the Clg'resulting has a greater velocity than it had .
when it was still part of the projectile (i.e. Eclé > 12/16 E ); this
may be unrealistic. Moreovef, the experimental ep's for P02l do- not
correspond well with the predicted 6's for any of the mechanismg tried.
It would thus probably be wise to adopt a cautious attitude with regard
to the (perhaps fortuitous) correlations in the.At211 cases.

There are a large number of reactions which have not been con-
sidered in Table VIII. Among these are other multinucleon transfers
and reactions where the projectile residue carries off excitation energy—

perhaps sufficient for break-up (for example, Bigo9 + O16 —_—

(At

tainly very tedious and very difficult, and probably not very valuable

+ 3Q). Consideration of these other reactions would be cer-

as it is most unlikely that clear-cut decisions could be reached on

the small amount of data presented here. It is better, then, ‘to say

that the calculations shown in Table VIII indicate (a) that At>*' and

Po210

simple p and 2p transfer reactions as observed near the barrier; (b)

» 2
that & transfer may account for the production of At ll; and (c)

at the higher bombarding energies probably do not come from

that the data obtained here. are incapable of providing.enough detalled
information to determine the reaction mechanisms unambiguously..
The-Pb208 bombardments ylelded results even more complex than
the Bi runs. Fr and Rn are still produced, which indicates that trans--
fer of at least Ut and 5 protons can occur. ©Some of the range distrib-
utions show definite evidence of multiple peaking (see Table III and
Fig. 10). For some components, peaks may occur as deep'in the stack
as RTMT'v The angiiar distgigutiOns show strong forward peaking for Rn
products, but At and Po agaln have large-angle contributions,

particularly at 123 MeV (Figs. 15 and 16). Once again we must conclude

-
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- that a number of different transfer mechanisms, and possibly compound
nucleus formation, are contributing to the products observed.

When all of the higher energy experiments on both Bi and Pb
targets are considered, a fairly consistent picture of the qualitative
features of transfer reactions emerges. Let us define a number,

v = ZR - ZT ‘where R and t denote recoil product and'target respectively.
This number, v, is thus the net number of protons transferred into the
target, and should bear some approximate relation to the gross number of
nucleons transferred. The following remarks may then be made. (a)
Except in those cases where contributions from TMT or near-TMT processes
interfere, the rule generally holds that the higher the v, the longer
the projected recoil range. This is a quite reasonable result, as the
amount of momentum transferred would be expécted to roughly parallel

the number of nucleons transferred. (b) If cross sections for the

- undetected products are estimated by interpolation and extrapolation
among the measured products, and if appropriate adjustments for feed-in
are made, both the Bi and Pb results indicate that the higher the v, the
lower the total cross section for that v. For example, for Bi targets,
cPo > oAt > GRn’ where OPO denctes the total measured and estimated
cross section for all Po isotopes, and so on. This implies that the

. probability for transfer falls off with increasing number of nucleons
transferred. (c) For constant v, the total cross sections from Bi and
and Pb bombardments agree within the errors involved. For example,
cAt'from the Bi bombardments agrees with UPo from the Pb runs. This
implies that the transfer processes are not sensitive to small changes
in the target. (d) The angular distributions also vary regularly

with v; these results are summarized in Table IX. For v =1, which
presumably corregponds to transfer of a very small number of nucleons,
the heavy product peaks at a lab angle of around 50°. As v increases
the peak angle decreases steadily. That is, the heavier the projectile

residue, the more the recoil is deflected from the beam direction.
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The above results are in accord with a simple, semi-classical
model’ for PMT reactions in which the number of nucleons transferred
varies as the degree of overlap between the nuclear volumes of target
and projectile. The results appear to differ from those of Kaufmann

and W"olfgang.5’57 They bombarded Rhlo5 targets with C12 Nlu 16,

and Flg and studled the projectile residues Cll 13 15 and F 18 for
each progect11e5 Although the products‘of single-nucleon transfer
reactions showed peaking at wide angles, all multi-nucleon transfer
products were peaked forward. In the present work; the peaking at -
large angles of the heavy fragments from multi-nucleon tranéfers im- .
plies that the lighter projectile residues must be even more widely
peaked. Kumpf and Donets also report wide peaking of the heavy frag-
ment from multi-nucleon transfers (they detected Ac 22k 225’226 and
Th227 from -bombardments of Th252 with Nege).5?, It is possible that
similar reactions do not occur for the lower mass target used by
Kaufmann and Wolfgang.

v The fact that, for v = 1 to 5, the residue peaks at wide angles
means that breakup of such a residue can not produce the strongly-
forward-peaked showers of & particles and protons seen by Britt and

Quinton. The v = 4, 5 reactions may, however, contribute to this low

angle production of small fragments.

Let us summarize this entire discussion in the following'ﬁay.
Many workers have used the measurement of the recoil ranges as a power--
ful tool for the study of nuclear reaction mechanisms, particularly

when the mode of momentum transfer leading to the observed product is

17-21

unlque Recoil range methods can also be helpful when the mo-

21,38

mentum transfers of two mechanlsms dlffer widely. In this work,

then, for the bombardments near the barrier we were able to derive Specific
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information regarding the reaction mechanisms. At the higher energies,
where many mechanisms compete, the method is useful chiéefly for survey
purposes. TFurther work to investigate more fully the low energy region
for Bi and Pb2O8 targets with different projectiles is certainly
warranted.

o (Late in the preparation of this report, a translation was
obtained of a recent Russian paper which appears quite pertinent to
this work. Lozhinski studies the angular distributions of the projectile
residues from multi-nucleon transfer reactions of Nego ions with Cu, Rh,
Ta, Au and U targets and-AruO ions with Au.59 The distributions show
very slight large angle peaking for Cu, but as the mass of the target
is increased, the peaking (a) becomes more and more pronounced and (b)
.appears at larger and larger angles. For the reaction of Au with Aruo
at 216 MeV, the Cl59 and 858 residues from p and 2p transfer had cross
sections of 10 mb and 3 mb respectively—again a large relative prob-
ability for 2p transfer. These data are thus in excellent qualitative

agreement with the results of the present work.)
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“IV. CONCLUSIONS

The major conclusions reached in this work are:

A1l,_0, foils have been found satisfactory for.-user-as .catchers in

23
range-studies of heavy recoils, and in many ways these foils are easier
to use than Al leaf. Ranges (in mg/cmg) of At and Po nuclides of re-.
2O than in Al leaf;
0, is about 20% less in Al.0O, than in Al leaf.
1 273 7 209 23 ,
For O bombardments of Bi at energies near the barrier,

production of PozlO and-Atell occurs by p and 2p transfer mechanisms,

coil energy 6 to 12 MeV are 7 to 11% greater in Al
range straggling in Al

with the projectile remnant being ejected in a backward direction. For
; Ol6 energies greater'than about 1.5 times the Coulomb bérrier, many
transfer reactions contribute to production of various Po, At, Rn, -and
Fr nuclides from both Bi and Pb208 targets. Alpha transfer may be a
possible reaction, but ne evidence was obtéined to suggest that fhis

v might be a preferred mode. Full momentum transfer reactions contribute
very little to the production of the above prgdgcts.from the Bi targeté,

o

but may produce seme of the Fr and Rn from Pb .
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Table I. Recoil studies of At , Po in Al and Al

0

.E 4 vy

273 _
J ¢
Beam Total Target E ,
. Energy Degrader Thickness m T™T Probable
Stopper:  Projectile E, (MeV) (mg/cmg_Al) (ng/cn?) (ug/cmg) o (MeV) CAg Reference
Al 018 2.4 Lol 6l Ceect10 0.23 6.06 207 17
112.9 30.3 6l 598 0.19 9.27 203
-
148.1 -17.2 T2 732 0.26 12.10 202
164.5 10.3 78 770 0.2k 13.37 201
182.9 2.0 75 807 0.23 1475 199.5
016 81.3 30,7 Ll g 0.28 6.10 205 This
102.9 25.9. 38 522 0.25 7.61 201 work
128.% 16.6 L7 626 0.25 9.45 200.5
140.0 11.7 i 651 0.2k  10.23 200
152.3% 6.2 39 679 0.25 11.10 199
162.9 1.6 38 . 680 0.25 11.8L4 198.5 -
A1205 O16 80.3 32.9 59 Lhs - 0.19 6.06 o _ This
- 91.5. 29.0 L 500 0.19 6.89  203.5 work
109.3% 23.7 Ll 584 1 0.18 8.2k 2037
125.& 18. 4 39 647 0.20 9.18 '201f
147.8 8.4 39 725 0.21 10.88 199
162.6 1.6 Ll 782 0.22 11.94 198.5

8 wo components separated. See Table III, Reference 17.
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Table II.

Half lives and & energies of observed products.

This work Assignment Previous work
0t Energy & @ Energy £
(MeV) 1/2 (MeV) 1/2 Reference
. 212 - X
6.40 15-30 min Fr 6.42, 6.39 19.3 min 43
6.26 25.5" min Rn°1° 6.26,, 23 min 43
6.04 2.42 hrs anlo 6.057 2.7 hrs Ly
5.65 5-6 hrs’ a2 5.65 5.5 hrs 29
5.30  135-140 days po=t0 5.29 138.4  days 29
5.11 o h yrs po208 5.104 2.9, yrs 29
5,20 ~ 9 days poc0® 5.214 8.8  aays 29
~5.86} 14.6 hrsl Rn°1toagS o {5.85, 5.78 ’({16 hrs Ly
. : 211 i 5.86, 7.4k 7.21k4 hrs L7
§and 7.4k | and 7.25 hrsJ Po chdin ot al. 052 sec 29

Underlined half lives are those used in decay analysis.




Table III. Range distributions.

Target Activity in: ] Range (No. AL0, foils)
Thickness  Bp B, {e.m.) Ap[;rox.
Wo. Nuclide (ug/en®) (MeV) TE_T  Product’ Tab. 1 2 3 b 5 6 7 8 9 10 1 12 13 w 15 R: R, =, @Yy ()
1 BL W 162, 2.00 anl: 7 1180 2550 3580 145 980 &0 340 230 170 120 2.7 3.06 3.45 21
R 70.2  157.4 291.0 236.6  110.7 4.9 12.8. 7.0 2.2 2.32 2.8 b
B3 23 60 185 1015 W5 275 160 9% 6o 15 5 2% 2.5 2.87 1
At 652 816 508 181 ) 21 n 2.0 1.81 1.97 10.5 30
A2 67 6.5 & 61 52 19 <10 -5.5 b 2.5 1.85 2.0% 39
w10 8.4 9.9 1.0 5.8 1.9 -1 2.0 1.6 173 97
Pcm .85 1.0 .82 .28 .13 .06 ~.01 1.4 127 1.0 63
II BL 41 162. 3 2.00 o2 ~30 ~79 159 hEo N 120 € ~ho ~30 ~21 (e ~30 > 0) 3.2 3.7 L35 3
o 34 221 1100 1720 1115 6o 3 170 105 [ [ 3 ~30 2.7 302 3.h2 n
Rt 5.0 53.5 271.8 260.0  136.h £0.3 20.1 1.5 10.3 6.4 u1 3.6 2.1 2.5 2.84 12
Rn210 18.5 196 930 1120 515 201 e, 66, 7 32 28 20 2.3 2% 3.07 1
A2t %9.3 32,9 9082 T3.6 ak2 51k 1rd 6.8 1.7 1.0 2.0 201 2.09 10.5 2k
292 73 5. 86.5 9.8  29.5 1.6 5.2 2.5 1.8 191 2.12 27
P20 112 741 11.78 6.63 101 5L 21 o7 1.9 1.68 1.80 6
2% L1 .80 1.06 i3 .15 N .03 -00) 1.6 1.5 1.76 59
111 BL nooe, 1.88 R <1.3 %. 16 & 31 25 w0 ) 8 2.8 3.15 3.5 2
22 15 161 726 921 700 430 231 b 87 b5 2 2.7 315 3.5 10
21t 3.4 3.5 w24 1007 M7 29 120 6.4 2.2 245 2.70 8
R0 15 98 313 356 188 ot By 25 19 23 9 2.4 270 3.1 5
a2 52.8  20h9  393.2 2198 17.0 2T 121 <b5 2.1 205 219 10.0 18
M209 4.8 26.4 %0.8 26.8 12.8 4.8 2.4 1.3 1.0 0.7 0.5 1.8 1.98 2.27 20
po?l0 1.01 2.73 466 3.01 1.08 R 16 1 .08 .08 .oh L9, 189 210 Sh
Poeoe .10 .29 J3h .22 .05 -0Ls 1.8 1.5 1.8 32
v B Bz, 152 EO? -8 12 15 20 12 28 16 18 13 5 3 6.4 6.07 6.91 1
r22 - a2 100 w70 198 520 310 260 190 170 ol 7 ® 35 2.7 3.7 b33 12
R 2.2 66 L6 527 kB8 254 16 105 - 69 &8 32 21 10 2.7 315 3.8 7
Rr|210 1 7.2 349 38.3 31.6 e2.1 15.6 2.9 9.k 6.5 3.9 3.4 3 2.5 3.6k k1 1
a2t 205 1351 3355 B 3758 2019 125 60T 2f.2  iha2 70 50 1 2.9 295 3.2 8.3 U3
s 1.6 13.8 25.8 27.8 18.4 14,8 7.8 3.7 2.6 2.4 <.5 2.5 2.79 3.17 3
p210 21 129 3.46 b3k 3310 176 91 43 22 .10 2.5 2.80 3.01 95
P28 .ok 11 .20 .22 17 .10 .05 -0ky .03, .02 2.4 258 2.80 33
v BL 118 0., 1. 3§ 212 30 35 160 300 340 330 2k 160 112 50 3.9 L.bs 478 3
a2t 51 165 362 527 519 181 318 188 101 -50 ~2h 3.5 401 k05 7.5 18
a2 3.0 8.5 15.2 151 150 163 9.2 8.4 5.6 3 5.3 3.89 W08 [
p10 %6 1a2 2.35 bl k56 k3o 273 L% .10 .34 5.8 L.o8 hS 32
20208 .02 .05 .09 .13 a5 12 .10 .06 .03 oL 3.8 3.88 3.92 s
v Bt 8 8., 105  mot 9.5 5.2 12
. po?10 S10 19
VIT For1® 9 10 1 12 13 n 15 16 17 18 19 20
Bi 3 758 0.93 Aﬁall 12.1 17.0 30.0 50.0 62.0 84.6 1.6 5.6 51.6 29.2 9.8 ~5 1.3 14,38 1bk.19 5.4 9
o210 .10 15 21 .32 4o .58 .67 67 .62 .50 .33 .2 15.8 15.88 15.3 1L
& ¥
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Table III. {Continued)
Target Activity in: Range (No. ALOy foils)
‘,“ P Aj .
Run hickness Do P lem) N N pey i
No. Muclide {ug/em®)  (MeV) Eoour Product Tgt. 1 2 3 |3 5 6 7 8 9 10 11 12 13 14 15 Rp Rm B, (A=) (mb)
VIII %8 ki 1624) 2.02 2 <1 <2 ~16 21 50 32 <23 bo 56 31 37 25 15 :g; 7.9 1.6 ~2
(10.7)
r2i2 60 31 661 703 500 345 310 310 370 205 190 125 70 ¢ _g:'.;) 485 5.58 12
Rra?t 3.2 132 0.4 1.7 1%.0 1053 534 0.2 200 1B 19 125 8.2 {(g?,) 5.66 k.32 15
RnZ10 108 4.5 28 590 638 75 287 179 149 109 8o 615 M 25 3.3 ko6 kT2 15
APt 6.2 k2.5 137.6  1l12.1 590 26.3 15.6 7.5 5.1 2.k 2.0 231 2.64 10.5 7
[ 6.9 2.2 251 20.7 1.8 7.4 8.2 3.7 L5 < 2 13 1.0 {(z';,) 3.35 4.08 20
o210 37 1.98 5.65 2.5 1.02 o .20 12 .06 .ol 1.7 190 217 s
2% .09 .47 .66 3 .2 .10 .06 Loh .03 .03 L4 L8 213 57
o206 .20 .98 1.9% 1.18 .83 .50 .30 .20 16 a1 14 169 1.92 23
x e 5] 123, 155 ml? 2.5 12 110 219 200 220 195 90 K2.5 315 248 10.5 6.3 3.2 1.0 6 3.8 b3b Lok 9
Rn2tt 3 3.0 b 3h.4 ¥2.9 6.5 86.6 76.7 51.8 37.7 25.2 16.8 10.8 5.6 3.0 1.8 {(3;? 6.0h  6.22 12
R0 3 b 5.8 83 2.0 3.0 70.0 8.0 785 73.0 6k 52.0  3%.0  18.5 8.1 5 .68 795 8.0 5
At 3.4 2.8 9.9 8.0 57.8 37.8  28.2 212 136  10.0 6.2 3.0 11 b 23 311 3.6 8.k 8
a2 all max. values (1.0 .8 13 2.0 .8 2.8 3.3 2.5 1.6 .8 & 3 1) ~1.6 <71 6.8 <
po?l0 .32 .80 2.11 2.2 1.8 .98 .58 .35 .27 .20 .22 15 .10 23 292 3.5 L3
0?08 13 .29 .22 .20 1k .07 .05 .08 .03 .02 2.2) 2.6 3.26 31
(7.
IS <

Aupo?10n gota tncludes (Bi20 + P20 + at20),

208, 8 208)‘

"po?P gata includes (Po2C0 + At
Pparentheses indicate lesser peaks.
CAccidental foil breskoge precluded full distribution measurement.

INote change in foil numbering—Run VII only.

_Ev—
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Table IV. Angular Distributions

a
DB ot nedten mngle listed
Activity
Ry Recoil = .
Run 3 Enerey ‘prog 'n
No. Target (MeV) Product 13.0 21.8 30.7 39.6 8.3 57.0 65.8 T b 83.0 sp deg.  (ug/em?) By {MeV) (m?o} foils)
a
X 5209 260 Pl ) b182 180 185 182 1k2 90 2.2, 2.8
.1 36.9 39.2 310 10.1 3.6 2
210 180 182 175 187 (1k2) (90) 2.2, 2,58
ur.7 72.4 4.6 62.2 (20.2) (7.2) >
ALl 260 ~100 16 121 9% 172 127 108 48 174 2.8, 1 09 1.9,
12.4 7.4 6.1 2h.5 75.9 27.0 ~5 -1.5
{55.7) (20.8)
po2l0 131 17 13 100 199 179 20k 100 =5 104 21, 1, 1.65.1
.108 L1 11 220 331 234 263 -0Lk
P e, 21l 275 229 2u6 321 280 352 52 3y
46.8 8.2 675 €.6 55.5 10.8
n220 308 238 210 (321) (280) (352) 3.2, 3.,
6.7 6.5 811 71.9)  (n3) (139 '
a2l 132 171 134 325 310 300 248 251 8 31 iy 2 2.9,
25.3 24.6 37.8 228.3 265.5 156.6 21.6 n.s 1 2
(150.k) (19%.2) (132.7)
poBl0 226 203 190 278 326 310 326 21 ~230 51 308 .y 2.1, 2.8
.29 278 312 573 k2 .718 -e2h 068 <.020
11 ppR08 160 Pt 255 284 262 314 3.8, 3.6
117.1 3.4 28.0 -5 -
o210 31 319 290 (314) 4.3y 405
215.6 7.k 4.0 (~8.6)
a2l 281 130 189 228 211 ~112 -100 2.3 2.3,
12.8 161 1n.2 22.3 7.6 2.1 ~1.5
(13.7)
Poll0 316 210 19k 185 159 155 -17h 215 13,
.188 159 i .15k 212 078 031
e R % 3% -2 Tl 60,
103.6 22.2 2.8
o210 639 k2 (~212) 8 1.9
87.9 21.7 (2.7)
Al 235 21 304 219 280 -2l 34 201 (B 35 3l
2.6 4.1 25.1 8.3 bl <0.9
(22.k)
po230 202 129 222 311 282 211 239 2k b 270 5.9, 25, 2.9,
061 033 058 33 195 LOTL .o2h 018
SUpper figure is range, R_  1in pg/cm® Al

]

Prover figure is mctivity (arbitrery units) of entire foil stack at 6 .

e
'm

verage of two runs.

( indicate

values taken from Table III at corresponding Eb

text. }




Table V.

Ranges (mg/cmg) in stopper indicated

E Range
R a a . b Ratio
’ i . Y. ' 0
(MeV) N, Ne 02(1nterpolated) Al AlQOB(Eq 5) A12 3/Al
k1 0.973 1l.272 1.073 0.970 1.015 1.05

5.8 0.465 0.57L 0.500 0.L4k9 0.472 1.05

aReference 32.

bReferences 17, 18.




Table VI. . Reaction Q values.

Reaction Q (MeV)

pi209 4 ol > At 4 o _16.6
> a2 oo Skl

> Po211 + Nlu -13.4

> pot 4 - 7.2

> B0 4 ol ©-10.1

Pb208 + O16 > poRl2 . 12 6.0
> po?10 4 th - -13.6

atet > at*tt 4 2 -10.9
PR > PO 4 oon o+ P -15.9
AteH > at?0 ¢ o4 _ 1.6
Pogle > Poglo + 2n -10.6
po-tt > P00 4+ n - 4.6
po- 10 > P 4+ g - 7.7
Bi210 > Bi209 + n - 6.9




Table VII. Mechanisms for production of Po210 from O16 + Bi
Ex2 Calculated

Transfer to Followed to Followed to Requirement E*

of Yield by Yield by Yield (MeV) (MeV)
* ~

op o [AtPH -n A2 " po-t0 3 7.6 - 7.9
* ' ~

pn [Po"11] . poctd S .6 - 6.9
o 2104% ~

p [Po™ 1 < 7.7 3.9
* - ~

12107 8 po=10 2 6.9 1.0

n  [B

®The E* values are the appropriate neutron binding energies from Table VI.
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Table VIII. Comparison of experimental angular peaking with predicted
peaking for certain reactions.. , .

m
Eb ER Gp(ex_pt.) E*a e(calc.) EX N E Eb
Run (MeV) Product (Mev) deg. "Reaction"  (MeV) . deg. (MeV) (MeV)
X 161.6. ateHL 2.47 ~U8 2p S 62.2 1hb.7 1.4
6 59.3  137.1
Q, 2n 10.9 k9.0 131.6 121.2
18.5: 46.0 124.0
Poot0 o, T ~55 - 0 68.6 151.6  151.5
7.7 65.7  1bk3.9
Q, 3n 18.5 46.8 123.7 121.2
s 26.2 L. 3 116.0
a, pen 13.9 18.5 128.3' ‘ 121.2
21.6 45,6 120. 6
211
X1 122. 5 At 4.48 ~48 2p 0 ST.7 -103.3 106.9
.6 55.5 95.7
o, 2n 10.9 48.0 90.2 91.6
18.5 45.6 82.6
Po10 I ~51 o 63.0  110.6  11k.6
.7 60.2 102.9
a, 3n 18.5 45,5 82.6 91.6
26.2 k2.6 Th.9
Q, pen 13.9 47.0 87.2 91.6
21.6 Ly 3 9.5
8The E* values are appropriate neutron binding energies from Table VI.
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Table IX. OSummary of angular distribution resuilts.
e —

Vo= Zp- Example Angulaf Distribution

1 Po from Bi Pronounced peaking at lab
angles > 50°

2 At from Bi Pronounced peaking at lab
Po from Pb angles ~h0° to ~50°

3 Rn from Bi Evidence of peaking at lab
At from Pb angles ~30° to ~40°

L Fr from Bi Peaked strongly forward
Rn from Pb

5 Fr from Pb Peaked strongly forward

P e



Table X. Maximum possible cross sections for unobserved particles.

e —— —

— —

207 . _.210

Product rn20? Rn08 at210 208 at207 Po-0?  po Bi

Max. cross section 1/2 Op, 210 1/h 0p212 o

P

0210 0P0208 ~ 6 mb ~6b ~2Db . o~ cPoelq




Table XI. Effect of errors on energy-momentum calculations. See Appendix C for discussion.

E

Possible Particle(s) Eb R 6 E*
Line Product Transferred (MeV) (MeV) deg. (MeV) Remarks
1 atett 0% 75.8 15.8 0 -3.8 Impossible
2 2p E* may be high
210
3 Po P 17.9 Acceptable
211 .
Iy At a 78.5 15.8 0 1.3 «a transfer possible,
but not — A2l
211 '
5 2p 9.0 At formed probably
loses neutron
6 POElO' P 17.9 8.8 P00 formed probably
loses neutron
211 ,
7 At 2p 75.8 15.9 5 6.2 Acceptable
8 16.2 10 0.9 Acceptable
Atgll o] 83.7 15.8 0 ‘ 10.9 AtTH from o transfer
Jjust possible
211 .
10 At 2p- 75.8 16.6 0 2.4 Acceptable
11 18.9 -10. 4 Impossible
210 . .
12 Po P 75.8 18.5 0 0 Maximum E 210 possible

-G
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E%a F\\___.\/_____J \f. \___\r___J
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D= degrader
T= target

C= catcher

MU -34325

Fig. 2. Schematic of Al leaf foll stacking.
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Fig. 3. A typical probability plot for an Al leaf
experiment. The fraction Fy of the total activity
that passed through catcher foils of combined
thickness t 1is plotted against t.
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Fig. 4. Range-energy data. The shaded area indicates
possible difficulties in extrapolating the AlgO5
curve.
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ZN-4353

Fig, 5. Foil holder for AlgO5 experiments. The tar-
get and first few catcher foils are in place.
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Fig. 7. Range distributions. The activity found in
each foil is plotted against foil number. Each
foil is 70.2 pg/cm® thick.
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Fig. 8. 'Range distributions. The activity found in
each foil is plotted against foil number. Each
foil is 70.2 ug/cm® thick.
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Fig. 9. Range distributions. The activity found in
each foil is plotted against foil number. Each
foil is 70.2 ug/cm2 thick. ©Note difference in
horizontal scales.
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Fig. 10. Range distributions. The activity found in
each foil is plotted against foil number. Each
foil is 70.2 pg/en® thick.



-62-

foils

ZN-4352

Fig. 11. Angular distribution apparatus.
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Fig. 12. The gross « activity from pure Rn =

plotted against time. The dashed line is the
asymptote.
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Fig. 13. Angular distributions. The differential cross section
(arbitrary units) is plotted against the median angle of each
collection segment. The circles, squares and solid lines are
experimental data. The trilangles and dashed lines are esti-
mated corrections.



-65-

1000 T .
Bi202 (122 MeV)

2

=

2 100 4
-

o
_‘.Q‘. _
]

d -
2

b o i
©

MU-34313

Fig. 14. Angular distributions. The differential cross section
(arbitrary units) is plotted against the median angle of each
collection segment. The circles, squares and solid lines are
experimental data. The triangles and dashed lines are esti-
mated corrections.
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Fig. 15. Angular distributions. The differential cross section
(arbitrary units) is plotted against the median angle of each
collection segment. The circles, squares and solid lines are
experimental data. The triangles and dashed lines are esti-
mated corrections.
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Fig. 16. Angular distributions. The differential cross section
(arbitrary units) is plotted against the median angle of each
collection segment. The circles, squares and solid lines are
experimental data. The triangles and dashed lines are esti-
mated corrections.
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Fig. 17. Range-energy data from Fig. 4, re-plotted
using the dimensionless variables p and €.
* The dashed lines are theoretical predictions.
See text.
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Fig. 18. A portion of the Chart of the Nuclides. Stable isotopes
are underlined. An asterisk denotes an o emitter with half
life less than 1 min. A dagger indicates that no a-branching
ratio greater than 0.1% has been reported. Half lives, decay
modes and branching ratios are given for some nuclides. To
conform to standard notation and to simplify the Tigure, the
abbreviations used differ from those used elsewhere in this
paper (e.g. h = hr = hour) and the symbol ¢ denotes elec-
tron capture. Data are from Refs. 9, 29, 41 and this work.
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Fig. 19. Cross sections for bombardment of Bieo9 and Pb208 with
0l®,  The upper curve is the total reaction cross section,

op, as interpolated from Thomas' tables.ll The 0.28 op curve
is an estimate of the non-fission cross section (see text).
The poilnts represent the sum of the measured cross sections
for all O emitters detected in this work.
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APPENDICES

A. Analysis of Pulse-Height Spectra of A1205

Foils from Bi and Pb Bombardments

The analysis of the O spectra consisted of fairly straight-
forward and familiar techniques. The general method will be described
first; there will follow a brief indication of the peculiarities of
each product measured.

As was stated earlier, the ¢ peaks in the spectra obtained-were
usually quite well separated from one another. Of the counts associated
with a particular Q-group, about 93% were situated within a well-defined
peak with half width of 60-80 keV. (As described in Section II, the
counter was capable of a resolution of less than 40 keV. The larger
values obtained in practice presumably were caused by slight degradation

of the & particles in the Al foils). A further 6% of the counts

205
were found in a low energy exponential taill extending about 0.5 MeV
below the peak. Inclusion of the next 0.8 MeV picked up about 1% more
counts. Lower energy counts were neglected.

The composition figures for the peak and tail in the preceding
paragraph were obtained from exhaustive analyses of thef?-ukMeV peak of
Plel which was situated well off by itseif in the spectra. (Correc-
tions were made for contributions from the 6.88 and 6.56 MeV branches).
Most of the other peaks were not that isolated; usually at least one
other peak would be found on the tail of the particular radiation under
consideration, preventing simple summation of the 1.% MeV region con-
taining the pertinent counts. Therefore the usual procedure was to
sum the counts in the peak alone and correct this value using the 0.93
kactor obtained from the 7.44 MeV component. Contributions to..a peak
from the tail of a higher peak were frequently small, and were estimated

by simple extrapolation in the obvious way.
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The spectra were plotted on semi-log paper i.e. effecti?ely
(Log of the number of counts) vs. (channel number). This made feasible
the manufacture and use of a number of templates for 'peak shape'-and
'tail shape', and these were used to guide the various extrapolations
necesSary. Although the above description may appear to ;imply: fre-
quent subjective judgments ("hdw wide is that peak?", "how high is that
tail?"), the corrections involved were usually quite small, and even a
large error in the placing of a template would produce a negligible
change in the.counting rate determined. This was true because the
template was used only to provide peak shape at the low edges of the
peak. Counts from the main peak were summed direétly from the analyser
print-out. An indication of the consistency of thevtreatment is seen
in fhe-fact that the decay curves of most components did not exhibit
"point scatter” except that attributable to statistical errors of
counting. Moreover, it shoqid be pointed out that a consistent error,
althoygh affecting the cross section determined for a given product,
should not disturb the activity distribution appreciably, as all foils
would be subject to the saméAerror.

Fof all products, except the mass-211 growth and decay system
. which is discussed below, the counting rates were plotted vs. the time
after bombardment on semi-log paper. Generally, very gOod straight
lines resulted, so.that the initial activity could be accurately ob-
tained by extrapolation in the usual way. This initial activity, un-
corrécted for branching ratio, decay during bombardment, counting
efficiency, etc., was used directly as a measure of the projected range
distributions. Total cross sections could be estimated, using the total
activity for a species summed over all foils, along with the other usual
bombardment information.

The next sections contain more specific details concerning each
product identified. Unless otherwise indicated, decay information came

from Refs. 9, 29 and 41 (see also Table II).



Fr212:

Only tentative identification could be made of Frglg. In some

runs a small peak at 6.4 MeV was seen; usually the activities were so
low that there was time for only one or, at most, two determinations of
~the count rate. Thus half-life information is scant, the best estimate
for the half life, tl/g,gig minutes being expressed as 10 < tl o < 25.
The reported data for Fr (19.3 min.; 6.3k, 6.39, 6.41 MeV) correspond
fairly closely to the experimental information. 5 The few data points
available, then, were fitted with a 19.3% min. half life in order to

obtain approximate initial activities. Statistical errors (defined as

equal to 100/ VNo. of counts %) were of the order of 10% at the lowest,

sO the Fr212 data should be viewed with some reserve.

RnElE:

All of the high energy runs produced a well-defined O peak at
6.26 MeV. Although the half life was short, there was usually sufficiemt
activity to take two or three counts of the radiation from each foil.

‘From 40 foils with three or more counts each, the value tl o =25.5

1.0 min was derived, where the error is the standard deviation as

estimated by the method given in Evans.LL2 Previous workers ga#e the

energy and half- life of Rn°° as 6'26h MeV and 23 min.u5 The above

212 L
activity was therefore assigned to Rn 1 . There seemed to be no reason
to prefer the previously reported half life so 25.5 min. was used. (See

also Appendix B). \ .

If the activity at 6.4 MeV discussed above was indeed Frglg,
then it would have contributed to the Rn212 peak through its 56% elec-
tron capture branching ratio. Correction for this was not made, due
to the element of doubt surrounding the Frgl2 assignment, but it would
be less than 10% of the Rn212 activity in any given foil, if proven

ale distribution usually peaked

necessary. (Moreover, since the Fr
, 212 . 212 .. .
rather close to the Rn peak, the disturbance of the Rn distribu-

tion would not be large.)
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RnElO:

In most of the runs a definite peak at 6.04 MeV was obsefved.
Early in the counting period there was some (small) interference from
the tail of the Rn212 aﬁd Other short-lived activities, but after about.
two hours the 6.04 MeV peak was well isolated. From 35 determinations
of the half life, the value 2.42 + 0.05 hrs was‘obtained. Valueszpre—
viously reported for RanO were tl/é = 2.7 0.2 hrs, E = 6-057 MeV,
branching ratio ~96% a'hh Assignment of the expefimeﬁtal 6.0k MeV o
group to RnElO seemed clear. Fof cross section estimations, the‘é.MQ hr

half life and the 96% branching ratio were used.
, At209

A peak at 5.65 MeV was frequently observed. The contribution
from the tails of higher peaks, specifically the three peaks of about
5.86 MeV from the 211 chain, was not at all trivial. A correction
factor was estimated by making a template of the shape of the 5.86 MeV
peak and tail gfzgé the 5.65 MeV activity had decayed away.” This was
assumed to be the shape of the 5.86 MeV peak early in the’counting period,
and corrections to the 5.65 MeV summation were made accordingly. These
correctioné ranged from 10% to 50% of the pegk total. Hence, the decay
curve for this activity showed substantially more séatter than others
obtained in this work. The half lives were about 5,th6.hrsu. On this
evidence, the activity was assigned to Atgo9 and the points were fitted
to the 5.5 hr activity previously repofted to obtain the initial ac-
tivities required. | '

po210,

The peak at 5.30 MeV decayed with a half life of 135-140 days.

These figures correlate well with the previously reported .values for

21
Po ° (5.298 MeV; 138.40 days). Any Rnglo, Atglo, Bing produced in

the bombardment would also contribute to the Poglo through B~ decay or

- 2
electron capture. The small (ca. l%) correction due to Rn 10 was made

2
as the distribution of this product was known from its own peak. At 0
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2
and Bi 10 do not have appreciable -branching ratios so that their con-

210y

tribution was unknown. The data labelled "Po must then accurately

be attributed to (AtEIO + potif | BiEIO):

P0208:

Superimposed on the tall of the 5.30 MeV P02lo peak there was
frequeﬁtly Observed another peak at 5.1 MeV. As the intensity of this
second peak was less than 10% that of the Po210 peak, determination of
the tail correction was difficult. The decay curve showed a good deal
of scatter but the half life could be bracketed at 2 to 4 years. Assign-
ment of this activity was made to P0208 (reported values: 5.108 MeV;

2.93 years; 99*% a-branching ratio). Corrections to the P0208 total
from decay of Rn212 were made. Contributions from electron capture

208,

_frovat208 were unknown; thus the "Po data is, more correctly,

(A 208,+ POQOB)

206,

Po

In the lead bombardments, a shoulder on the POElO peak was
observed. Through application of the appropriate template a peak of
about 9 days half life and 5.2 MeV was separated. This was assigned to
Po206 (previously reported: 5.218 MeV; 8.8 days; 8% Q-branching). Cor-
rections for contribution from O&-decay of RnEIO were made, but contribu-
tions from Rn206 and At206 are unknown.

Rn211 and Atgll:

Peaks at 7.44 MeV and about 5.86 MeV were observed in every

bombardment. In the low energy runs, both peaks decayed with a half
life of ~ 7.3 hrs ; for higher energies a component of about 15 hrs

was also'present. Association of these peaks with the Rngll-Atzll-Pog11

decay chain was obvious. Since the half lives of Rn211 and‘AtEll are so
close “together, this growth-and-decay system was not amenable to graphical
analysis as were the other activities in this work. Therefore a computer

program was used to resolve these two components.
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The program, FRENIC, has been described many times before (See
for example, Refs. 45 and 46). Briefly, it is an iterative least-

squares procedure which ‘fits each counting rate, Yy with the expression

z: A exp (- K .t ) where A is the activity parameter, X the decay

%—l

constant, ti the time at which the counting rate was measured and k
the number of components—in this case, two. The program then provides

final values Ajo and xjo by minimizing

2

n k
i1 iF

whefe n is the number of data points and wi a weighting factqr.. The
A.o’s obtained correspond to the intercepts in a graphical analysis,-
the k.o's to the decay constants. The program allows any of the param-
eters’ AJ, XJ to be held constant 1f desired. As part of the output, the
-program also prints the standard deviations.: of the final values of the
parameters.

From 22 determinations of the Atgll half life 1in the low
energy bombardments, the value 7.25 * 0.10 hrs was obtained, in good
agreement with Appelman's value of 7.21k % .007 hrs.u7 ‘Appelman's
value was accepted as correct and held constant in the computer analyses
of” the more éomplicated decay curves. As a first step, both intercepts
and XRn were allowed to vary as the program treated 49 decay curves of

the 7.44 MeV group from the high energy bombardments. The values of

k;n were collected and averaged in two ways:
L

(a) m = T} A,
a 9 i
‘ iE;;l



T

21
- (28%) as that found by Momyer and Hyde using the Rn 1 t

=77 -

k9
(s.)"2 A,
1?1 i) N
9
(s,)°
iz;]. ’

where m 1is the mean, and si thé standard deviation for an provided

by the computer. (Of the 49 determinations, 38 had s; < 0.10 Mg Lz

< 0. . i .
‘had s, < 0.15 A ) The two means differed by less than 0.2%, so M

2
was taken as % (ma +m ) giving a half life for Rn Hoor 14.6 * 0.6 hrs,

b)
where the error was again estimated using the method in Evans.
Momyer and Hyde gave the half life of Rn211 as 16 £ 1 hrs.uu
It was not clear what their error assignment meant, but it seems reason-
able ta state that the value obtained in this work is in substantial
agreement with their figﬁre. They also quote 1.0 * 0.1 as the ratio of
the 5.86 peak to the 7.4k peak; the value from this work was 1.03.
Calculation of the Q-branching of Rngll'is rather sensitive to this

ratio, but as it happens, use of the Rn211 t = 14.6 hrs, the ratio

1/2
1.03, and the Atgll t = 7’21h hrs yields almost the same O-branching

= 16 hrs,

1/2
1/2

a ratio of 1.0, and an At211 t

/2 = 7.3 hrs (26%).

There seemed to be no reason to prefer the previous values (see
Appendix B) so the quantities determined in this work for Rn211
(14.6 nrs; 28% branching) were used in the decay-curve analysis. The
data points were fed through the computer again, this time with both
AN, and A ﬁ fixed, to obtain the final intercept values. Sténdard de-

At R
viations of the intercepts were usually around 3% or less.

Other Products:

Although certain other nuclides in this region of the periodic
table have @ activities which might have been seen in this work had
they been present in sufficient quantity, no o groups other than the

ones already discussed could be distinguished in the spectra. Various
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other pétential products are listed in Table X. ' Some have very low .G—
branching rgtios; some héve O energies such that their peaks, if low,
would be swamped by the large count rate of another product. An esti-
mate of the maximum possible count rate for each of these nuclides-was
made and the maximum possible cross section was calculated. Certain of
these cross section estimates could be reduced through cbnsideration of
their contribution to other, méasurable.products by electron capture.
(For example, a cross section of about 120 mb would be necessary before

At208

2 .
decays to Po 08, obviously its cross section cannot exceed the value

could be detected through its own radiation; however, since it

calculated from measurement of the P0208 radiation.) These estimated -

maximum possible cross sections are recorded in Table X.

B. Radon Diffusion

The fact that the half lives determined in this work for Rnglo

anan211 were both about lO% below the corresponding values preyiously
. reported, might prompt some suspicions that Rn isotopes could be lost
-from the foil due to a diffusion or other leakage phenomonon. This
‘pqssibility was considered but relegated to low importance for thé
-following reasons. 7

(a) The half life for Rn->’

in this work was about lO% greater

than the previous value.

(b) The decay curves for RnEIO were rather gecod straight lines
on semi-log paper. This suggests that the rate equation for any
diffusion. loss present is of the same form as for the loss by
radioactive decay. If this is true, we can postulate a -diffusion
decay constant for radon, Kd,in addition to the_experimental'and
radioactive decay constants xe and Xr respectively, where for

N . we will use the previous value. Now A = A+ A..
r e r d

For Rngloz 2:325 = Oé§$5 Ay Or Ay = 0.03 hr_}
211, 0.693 _ 0.693 A, = 0.00k nrt

For Rn & =377 = =3¢ a °F Mg
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That is, the diffusion deééy rates are vastly different for
Rnglo and Rngllj this would appear to be an unreasonable pos-
sibility. '
(c) TFor one of the bombardments, the most active foil was
stored under vacuum (~ lO—LF mm Hg) at 122°C at all times that
:it was not actuaily in the counter. The half life for RnEIO in
this foil was about one minute less than the 2ﬁh2 hr average
value, & diffefence,of under 1%. It is difficult to imagine a
| “diffusion process which would be so independent of temperature

changes.

(d) Even if a diffusion-~type loss does occur from the foils,
the fact that the decay curves were extrapolated back to the
.initial activities using the ectual experimental half lives
_ensures that the initial activities were correct. And it was
these initial activities which were used to define the range
distribution curves.
: For all of the above reasons; then, loss of fadon from the foils
dne te diffusion was jndged to have a negligible effect on the results.
(It must be admltted that the above arguments do not apply to
10ss from the foils whlle they are situated in the beam. Deposition of
energy.in such thin foils is, of course, very small. On the other hand,
AlEO5 is not a gobd thermal conductor. Although the holder and stain-
less steel rings were maintained at ~15°C. during the bombardment by
the cooling water flow, the 3/16 in. diameter circle through which the
'beam'passed and in which many of the recoils lodged could have reaehed

a high temperature. This might have allowed some diffusion, particularly

of radon. )
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C. Errors

Estimates of the errors involved in some of the measurements
taken during this work are given in. the following paragraphs. No
attempt has been made to provide an accurate set of error limits for
-each of the hundreds of quantities measured; it is hoped, however, that
sufficient information is furnished that the concerned reader will be
able to make his own judgement as to the degree of confidence deserved
by a given measurement. '

Projectile beam. Alexander and Simonoff found that day to day

variations in the beam energy were probably less than x 5/&% 48 The

beam energy w1dth has been given by Hubbard et al. as 2% (full width
half max1mum) 23 Beams used in this work were always bent 30° after
exit from the machine; this should have the effect of lowering the beam
spread'somewnat; but this was not measured quantitatively. An estimate
of the beam spread after degradation can be obtained from McIntyre and
co-workers who show that the energy spread increases by the ratio of
the AE/dR after degradation to the dE/dR before. 49,50 Use of this -
relationship and the dE/dR values as measured by Northcliffe, ylelds
a beam spread of less than 7% for 80 MeV O16 2k
- Targets. O Connell and co- workers, who made most of the targets
used in this work claim knowledge of the thickness to within 5% oL
Counting of the Po 210 activity naturally occurring in the Pb 208 targets
indicated that, if anything, this figure is too peSSimistic Since '
target corrections for the range distribution measurements were so
.small, errors in the target thickness 1tself are negligible

O16 on Ir; Al leaf catchers. The Al leaf fOils were each

weighed at least twice before use and the results averaged. The stand-
ard deviation of the weignings was * 1%. In addition to this error,
there was an average gradation in thickness of 9 ug/cm2 per cm; thus,
for a one inch foil, the  thickness would vary, on the average, about

15% across the entire foil. The thickness obtained by dividing the
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weight by the area would then be about 7.5% different from the thickness
gt the edge. Since the recoils passed thrbugh a number of foils, these

errors would tend to be self-cancelling to some extent. Errors in

determining the activities of the foils should not be more thar =% for

the peak'foils, and perhaps 5 to 8% out in the tails of the distribu-

-tion. The error in reédingvthe probabllity plots is perhabs‘l to 2% for

Rm and thus about 10% for p. Finally, let us allow 1% for possible

error in the small target correction applied.

6 ‘ o
Ol on Ir; AL O, catchers. The four thickness-per-volt factors
)

25-28

from the literature for A1205 production covered a range Of‘only l.l%.

The voltage was controlled to 148 * 1 volt. If we add another 1% error

“for the effect of other variables, we see that the foils should be alike

to within about 2% and their thickness should be known to within about

%%, Activity determination errors were the same as for the Al leaf

experiments just described; since the probability plots were better

straight lines for AlEOB’ the reading error is probably lower than for
Al leaf; the target correction error is about the same. )
208

. Ol6

on Bi, Pb™ "; Al O, catchers. Errors in the distribution

. ~=J . .

curves stem chiefly from the small foil thickness errors described above
and also the counting statistics which, of courée, vary widely from

product to product and foil to foil. Errors on the high counting peaks

‘were under 3%; errors on the lower activities and/or those complicated

) , 20 :
with large tail corrections (e.g., At ’9, P0206’208; see Appendix A)

could reach 50%. A good estimate of the scatfer can be obtaihed simply
by examining for smoothness the distributions listed in Table III or
shown in Figs. 7 to 10. The Rp values could be obtained to within 10%.
Rm values could be read off the curved probability plots tc within 5%

and Ra‘values would have errors of similar magnitude. However, as was

described earlier, Rm,'and especially Ra’ are sensitive to the depth in
the foil stack to which the long range'tail could be foilowed, and could
be up to 5 to 10% low for-some prodﬁcts of low activity.:
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An idea of the reproducibility of the range distributions and
ranges can be gained from a comparison of Runé I and II, which had the
same bombarding energy. It must be kept in mind that Run I was carried
out earliest of all the experiments reported here, the target was
rather thick, and the measurements were taken with equipment generally
inferior to that available later. These considerations may explain some
of the discrepancies.

Angular Distribution Experiments. The fact that these éxperi-

ments were subject. to large error has been mentioned and discussed
briefly in SectionII-D. The long Al léaf strips used és catchers were
“not weighed individually; their thickness was taken as the average
thickness of a large number of circular folils punched from the same

| package of leaf. The standard deviation in the thicknéss was estimated
using the method of Evans to be # 9%.42 Cutting of the foil stack into
‘angular segments was accurate to within 5%. Counting statistics, due
to the low activities and short half~1ives were rarely better than 5%
and were frequently worse than 10%. Analysis of the decay curves were
probably good to only about % 15%, although some of this would be a
consistenf error, which would not affect the shapes of the angular and
range distributions as much as their magnitude. Thus, the error in a
single point might be as high as 30 to 35%.  The "averaging” method
used tovextrgct §fr0j apparently reduced the error in this quantity to
around 10%, as was described earlier. -(Section II-D). Presumably the
error in Ry would be approximately the same. . '

Cross Sections. A bombardment designed to measure the cross

section for axshort-lived product is frequently quite different from
one.designed to measufe long-lived products. The large amount of.work
invol?éd in the préparation, counting, and, especially, data processing
associated with one of the bombardments in this work made the prospect
- of separate runs for short- and long-lived products extremel&vunattrac-

tive. Therefore the cross sections quoted are only approximate values.
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(A rationalization of this attitude is that since a number of mechanisms
are apparently contributing to the formation of each product, the pos-

session of an accurate gross excitation function is not particularly

‘valuable.) Most of the values given should be good to ~* 30%. As

mentioned earlier, there was some target loss in the high energy runs,

so that those cross sections are.almost certainly low, perhaps by 50%.
Within a given run, relative cross sections should be somewhat more
accdrate except that the short-lived Fr212 and Rn212 may be in largér
error due to the difficulty with the decay-during-bombardment correction.

75.8 MeV Bi Bombardment. Table XI shows the possible effects

of various errors on the energy-momentum calculations for the low energy
Bi bombardment. The first three lines show the E¥'s as calculated in
Section III with Eb = 75.8 MeV and zero impact parameter. As was-des-
cribed there, the O transfer reaction is energetically impossible, the
2p transfer reaction may leave slightly too much excitation energy to
produce an'Atgll, and the single p transfer yields Po210 directly.

The beam spread at 75.8 MeV is about 5.4 MeV (FWHM) as described earlier
in this Appendix. Lines 4 to 6 in the table show the E¥'s resulting

from interactions of the projectiles of energy T78.5 MeV. Alpha transfer
211

is now possible, but cannot lead to At as an E¥ > 10.9 is required to
‘remove the two neutrons. Both p and 2p transfer reactions now deposit

2 2
too much excitation energy for Po 10 and At L to remain as final pro-

ducts. This-might be disconcerting (as there is certainly an appreci-
able number of beam particles with energies 78.5 and above) were-it -not
for the information provided in lines 7 and 8 of the table.

Here, the impact parameter is no longer assumed to be zero, but

the recoils are allowed to come off at small angles. Equations (10)

are now used to calculate the E¥ values and, of course, for ER we must

now use the energy obtained from (projected range times sec 6). Clearly,

at even small impact parameters, energy transfer is sufficiently re-

duced that the E¥ values drop into the acceptable range. Thus, the beam

-
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spread presents no problem; the high energy fraction of the beam simply
211 210

reacts at slightly larger impact parameters to produce At and Po
Line 9 to Table XI shows that E must be 83.7 MeV before o
transfer can produce At211 even at zero ?mpact parameter. There should
 be few_particles'of this ehergy in the beam.- '
Of course, an error in the determination of ER would alsovaffect
the calculation. It will be recalled that the extrapolation of the
. range-energy curve for A1205 was drawn parallel to the Al curve. ‘A
" close examination of the points plotted in Figs. 4 and 17 suggests that,
if this extrapolation is in error, it probably lies too high on the
graph. That is, forva given range, the recoil energy derived from the
extrapolated curve may be too low. ILines 9 and 10 of Table XI éhow
" the effect of increasingvthe'measuredvER's‘by 5%. The result for'Pozlo—-

a negative E¥—may be taken to indicate that the ER is not in error to
15 emitted directly

this extent. The single p transfer process with the N
backwards is the most efficien£ momentum transfer possible. Line 12
shows that 18.5 MeV is the largeét EPOElO_kinematicgiéy possible. (Per-
haps it should be mentioned that the presence of Po "~ in the long range
tail of the range distribution beyond ER = 18.5 does not.imply kinematic
impossibility. The spread in the range distribution can be attributed
to stopping straggling; the -p values (~ 0.17) appear qui%e reasonable).
To sum up, the above considerations all show that - transfer
cannot account for the production of Atell and Po210 near the barrier,

but that assumption of p and 2p transfer mechanisms leads to a consistent

. picture.
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