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The results of a radiochemical study of the 2°Bi(p, ~xn)*'°~*At reactions for x =0 to 5
are reported. 200 MeV protons were utilized in an investigation of these pion production
reactions as well as secondary processes such as *®Bi(p, >*He)X followed by 2*Bi(>*He,
xn)"3=*At. The relative importance of such secondary reactions was deduced through
variation of the target thickness and from a survey of available data from on-line
investigations of **He production by other medium energy proton-induced reactions on
2Bi. An inclusive cross section of 48+13 ub is determined for the *Bi(p,7 ~xn)*'*~*At
reactions at 200 MeV. The relative yields of such (p,7 ~xn) products are found to be
suggestive of a pion production mechanism involving 7~ emission through coherent

interactions with the target nucleons.

NUCLEAR REACTIONS

Bi(p,m ~xn)*'°"*At, E,=200 MeV;

29Bi(p, >*He)X, °Bi(>*He,xn )*'3~*At; measured o, deduced secondary

contributions and inclusive 7~ production cross section; alpha particle

and y-ray spectroscopy; Si and Ge(Li) detectors, high purity targets,
carrier-free radiochemistry.

I. INTRODUCTION

Studies of nuclear reactions for which large
momentum mismatches between target and projec-
tile occur are currently being pursued at facilities
such as Orsay, Saclay, TRIUMF, LAMPF, and the
IUCF. Quite representative of such reactions and
perhaps the one most completely studied to date is
the process of pion production in proton-nucleus in-
teractions. Such processes are of great interest to
experimentalists and theoreticians alike since they
are expected to provide data for the evaluation of,
among other things, the high momentum com-
ponents of nuclear wave functions and certain de-
tails of nuclear structure.

The results of such experimental and theoretical
endeavors have been reviewed recently by Measday
and Miller,! Héistad,? and Dillig.® Two very gen-
eral conclusions can be drawn from consideration of
such papers: (1) Owing to the large momentum
mismatch which characterizes the pion-production
reactions, the cross sections for such processes are
expected to be quite small—on the nanobarn level
for single-state population in the final nucleus. (2)
No single theoretical approach has been successful
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in the conclusive interpretation of the available ex-
perimental results.

As a consequence of the small cross sections for
pion-production reactions, the experiments typically
designed to study such processes are very difficult
ones. The desire to deduce the finer points of the
reaction mechanism, through spectrometer mea-
surements of angular distributions of the outgoing
pions, further accentuates this problem. Despite
such difficulties, recent near-threshold studies of
the (p, ) reaction on light to medium mass nuclei
have been numerous.* Studies of pion production
from heavier nuclei, 4 >50, however, have been
limited due to the difficulties in resolving the par-
ticular final states populated by such reactions.

As a consequence of its ‘“double-charge ex-
change” character, the (p,7~) class of meson-
production reactions has become particularly desir-
able to study. Although the possibility of utilizing
such reactions in the pursuit of nuclear structure in-
formation seems very attractive, the fact that the
cross sections for these reactions to discrete final
states are typically an order of magnitude smaller
than the corresponding (p,7 *) processes is reflected
in the very small number of such experiments
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which actually have been carried out. Nevertheless,
there do exist several reports of measurements of
the inclusive 7+ and 7~ production, from nuclei
which span the periodic table, for incident protons
with kinetic energies from 585 to 730 MeV.>~’
Such studies utilized on-line techniques and ob-
served total 7~ production cross sections on the or-
der of 50 mb for a heavy nucleus such as lead.
These inclusive production cross sections were also
seen to increase with increasing target mass by
about a factor of 2 from 4 =~ 100 to 4 ~200.

Such results are encouraging because they suggest
that inclusive 7~ production cross sections at
lower, nearer-threshold proton energies (E =140
MeV) might be measurable. In particular, the
choice of a suitable target-product system and sensi-
tive radiochemical techniques can allow one to
determine production cross sections to =~ 10 nb.
Such inclusive measurements are also sensitive to
cases where very low energy pions are produced—a
situation which exists near the reaction threshold.
Spectrometer techniques, on the other hand, experi-
ence increasing difficulties when trying to detect
such low-energy pions emitted from heavy nuclei.

The experiments described in this paper have
measured the inclusive 7~ production cross section
on Bi at an incident proton energy of 200 MeV.
Extensive studies of secondary reactions as well as
cascade and evaporation calculations have been uti-
lized in the correction of these radiochemically
determined inclusive cross sections for such in-
terfering effects. The results of these measurements
are seen to be consistent with calculations done
within the constraints of a two-nucleon model for
pion production.

Ii. EXPERIMENTAL DETAILS

The 2®Bi(p,m ~"xn)?'°At reactions is a nearly
ideal case for a radiochemical study of 7~ produc-
tion since such processes can be sensitively mea-
sured by appropriate activation techniques. The
high sensitivity of the experiment is related to the
decay characteristics of the At isotopes (Z =85)
which are produced in this reaction. In general, the
odd mass At isotopes have alpha branches of
10—50 % while their even mass counterparts usual-
ly decay by electron capture. Since the electron
capture daughters of such even mass species are re-
latively long-lived alpha emitting Po (Z =84) iso-
topes, they can be assayed with a similar level of
sensitivity. The combination of high a-particle
detection efficiency (~2w) with near zero back-
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ground and the availability of proton beam currents
of the order of 1 uA, permit radiochemical mea-
surements of astatine production in bismuth targets
of the order of 1 mg/cm? to be made for cross sec-
tions as small as a few nanobarns. The decay prop-
erties of the At and Po isotopes observed in the
present investigation are summarized in Table I. It
should be noted that some discrepancies between
the literature values for the a decay branches of
2W7At, 28At, and At and those measured in this
study were observed. The numbers from this work
were determined by comparison of the alpha decay
rates of a given At source to its ¥ activity. Litera-
ture information concerning the y-ray branching ra-
tios is much more complete®® than that dealing
with the a decay'®!! and was therefore used to cal-
culate the a branches. Such a determination is lim-
ited by the counting rate of the y signals as well as
the relative uncertainties in the ¢ and ¥ detection
efficiencies. Despite these uncertainties which are
approximately 7%, it is believed that these “de-
rived” alpha branching ratios are more accurate
than those currently available; and they have been
utilized in all cross-section calculations presented in
this paper.

The 200-MeV proton experiments were per-
formed at the Brookhaven National Laboratory
Chemistry LINAC Irradiation Facility (CLIF)."?
Proton beam currents ranging from 1 pA to =10
1A were utilized in short (10 sec to 20 min) bom-
bardments of bismuth metal targets varying in
thickness from 2 mg/cm? to ~3 g/cm?. The beam
flux determinations were done by studying the pro-
duction of 15.02 h **Na and 109.8 min '®F in 6.8
mg/cm? aluminum monitor foils which were in-
cluded in the bismuth target stack. Such activities
are produced by the %’Al(p,3pn)*Na or
2Al(p,X)"®F reactions, the excitation functions of
which are available in the literature.!> The use of
BF activity as a flux monitor is particularly helpful
in the thicker target irradiations as it is expected to
be less sensitive to interfering secondary reactions
which might lead to a systematic overestimation of
the beam intensity. Such possible secondary pro-
cesses were further checked by monitoring the pro-
ton beam flux both upstream and downstream of
the target.

The bismuth targets used in the proton irradia-
tions were prepared by one of two techniques. Thin
targets (~2 mg/cm? to ~35 mg/cm? were made
by the evaporation of high purity bismuth metal
onto aluminum backings, while thicker self-
supporting targets (~1 g/cm?) were prepared by
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TABLE 1. Decay characteristics of astatine and polonium isotopes.?

Nuclide tiy E, (MeV) % a® E, (keV) % y
AL 721 h 5.866 41.9 669.6 0.0034
687.0 0.245
2ipge 0.52 sec 7.450 98.9 569.6 0.534
204 ¢ 8.3 h 5.131—5.524 very small 245.3 79.4
1181.4 99.3
210pg 138.38 d 5.304 100
2094 542 h 5.647 4.1(8.4) 545.0 94.4
781.9 86.6
790.2 66.0
209po 102 yr 4.882 99.7 several all small
2084 ¢ 1.63 h 5.641 0.55 (2.5) 177 46.0
660 90.0
685 97.9
208pg 2.898 yr 5.116 99 + several all small
WAL 1.80 h 5.759 ~10 (11.5) 300.7 14
588.4 22
814.5 49
07po 57 h 5.116 0.008 992.3 59
2064 ¢ 31.4 min 5.703 0.96 395.5 48
477.1 86
700.7 97
206pg 8.83 d 5.224 5.45 many all small
W54t 26.2 min 5.903 10 719.3 28

2All information taken from Ref. 27 unless otherwise noted.

Values in parenthesis are from this work.
‘Observed by

EC a
AL > 2pg — 207pp
7.2h 0.5 sec

subjecting a suitable quantity of bismuth metal
powder to a pressure of 500 bars. Inconsistencies of
target uniformity, due to the preparation technique
employed, were evaluated in all cases and were
found to be as large as +1% for the thinnest targets
studied.

Following the proton irradiations, astatine was
chemically separated, in carrier-free form, from the
bismuth targets. The yield for this procedure was
determined through the addition of a known quanti-
ty of 2!'At produced by the >°Bi(*He,2n)?''At reac-
tion, to the target solution followed by an assay of
At present after the chemical separation. Details
of these radiochemical procedures have been
presented elsewhere.'*

Following the chemical separation, At production
cross sections were determined through the use of a
and y spectroscopic techniques. Detector efficien-
cies for the y-ray counting were measured by cross
calibration of **®Th sources with a high resolution

Ge(Li) detector of known efficiency. Observed y
detection efficiencies for typical At y rays varied
from about 2% for E, =1181 keV to about 15% for
E, =177 keV. Corrections due to random and true
coincidence summing effects were evaluated and
found to be as large as 5% for some cases involving
high geometry counting. The a detector efficiency
was determined by absolute calibration of
~1-5puCi ?'"At sources through the measure-
ment, by Ge( Li) counting, of the low-level 687 keV
y ray of 2!'At followed by a assay of the same
source. Typical a detection efficiencies were on the
order of 30% and were determined to approximate-
ly +5%. Surface barrier detectors were utilized for
the a counting studies and a typical resolution for
the 5.866 MeV a of 2''At was about 20—30 keV
FWHM.

A v spectrum representative of the ones observed
in the present investigation is illustrated in Fig. 1.
With the exception of some lines assigned to iodine
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FIG. 1. Gamma-ray spectrum of a radiochemically isolated astatine source. All energies are labeled in keV. Trace
quantities of gamma emitting isotopes of iodine (evidenced by the lines at 158.5, 212.7, 387.6, 442.1, 537.3, and 603.8 keV)

are due to the fission of bismuth by 200 MeV protons.

isotopes produced in bismuth fission, the spectrum
is dominated by the more intense gamma rays of
210-206A¢  Typical y counting rates varied from
~10—100 cpm and were large enough to permit a
decay curve analysis, by the CLSQ fitting routine,'®
to be performed following each irradiation. Spec-
tral peak areas were usually determined by the
Brookhaven INTRAL program.'® Examples of
representative alpha spectra are illustrated in Figs.
2(a) and 2(b). Hand integration techniques were
used in the evaluation of a signal intensities since
peak shapes and resolution were seen to vary some-
what from experiment to experiment. Total uncer-
tainties in the disintegration rates at the end of

(1) **Bi(p,m ~xn)*'*"*At ,

as well as two secondary pathways,

bombardment as determined by these techniques are
estimated at less than 3%.

III. SECONDARY REACTIONS

The inclusive cross sections measured by the
present radiochemical technique include three major
processes, the relative contributions of which must
be determined in order to obtain the desired
(p,m ~xn) cross sections. The three processes which
can transform the target nucleus bismuth with
Z =83 to the product astatine with Z =85 are the
primary reactions

(2) Bi(p,’He)Y , followed by *®Bi(*He,xn )*2~*At

and

(3) 2Bi(p,*He)Y , followed by 2Bi(*He,xn)?3~*At .

In addition to these important processes, there exist much less likely indirect secondary reactions such as
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FIG. 2. Astatine alpha spectra. Part (a), the left portion of the figure, is a spectrum covering the energy region studied
in the present 200-MeV proton reaction studies. Part (b), on the right, is included to demonstrate the resolution of the
26-min *®At activity due to the (p,77 ~5n) reaction from the 7.21-h 2'At activity due to the secondary (*He,2n) process, at

different times following the end of bombardment.

EC

(4) Bi(p,Li)Y followed by 2®Bi(Li,pxn)At or 2°Bi(Li,xn)Rn with Rn—At .

It is necessary, therefore, to evaluate the relative im-
portance of such secondary contributions to proper-
ly interpret the results of the present experiments.
The importance of complex particle-induced secon-
dary reactions in medium energy proton bombard-
ments of heavy nuclei has been previously discussed
in detail'* and leads to the conclusion that 7~ pro-
duction reactions such as 2”Bi(p,7 ~xn)*0"*At
where x >2 are essentially free of contributions
from 3He and *He induced secondary reactions.
However, the situation applicable to the study of
the more “elastic” 7~ production reactions, e.g.,
29Bi(p,7 ~)*!°At is not so clear since secondary
209Bi(*He, 3n )*1°At processes are expected to contri-
bute as much as 1—10 ub to the inclusive 2'°At for-
mation cross sections measured for thick (100
mg/cm? to 1 g/cm?) bismuth targets.

Since usable proton beam currents at the
Brookhaven LINAC can be as high as 100 uA, a
study of the target thickness dependence of the
combined primary 2®Bi(p,7 ~xn)*°"*At and
secondary 2Bi(>*He,xn )?'*~*At reactions was car-
ried out. These experiments verified that the for-
mation of astatine isotopes with 4 <208 does not
occur by secondary processes, but rather takes place

[
by 7~ production accompanied or followed by neu-
tron emission from the intermediate At nucleus.

IV. RESULTS

Table II contains a summary of the At produc-
tion cross sections measured for 200-MeV protons
on Bi with chemical separation efficiencies of 100%
assumed in these calculations. The cross sections
for the even mass isotopes were calculated on the
basis of duplicate or triplicate determinations de-
pending on the number of different ¥ rays which
could be detected, while the odd mass species were
studied by a spectroscopy. The uncertainties quot-
ed include, in all cases, contributions from the de-
cay curve fitting as well as counting statistics, beam
monitoring, and other sources noted earlier.

Table III presents the At production cross sec-
tions measured in the experiments in which 2!'At
spikes were added to the Bi target solutions for the
determination of chemical separation efficiencies.
The larger uncertainties (~25%) stated for these
data reflect the uncertainties believed to be inherent
in these chemical yield measurements. This +25%
value was determined in an experiment designed to
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TABLE II. Relative astatine production cross sections in ub measured in the 200 MeV proton irradiations of
bismuth. Isotopes marked with an x were studied by a counting; all others were done by gamma-ray spectroscopy.

Run Bi thickness 211* 210 209* 208 207* 206 205*
309U 2.0 mg/cm2 1.164+0.08 1.34+0.09 2.9+40.2 5.840.4 12.74+0.9 11.7+0.8 12.0+0.9
275 4.46 mg/cm2 2.2 +0.1 1.42+0.09 2.0+0.1 4.840.3 9.840.6 9.0+0.6 8.4+0.5
271 32.77 mg/cm2 3.2 +0.2 2.0 +0.1 2.2+0.1 4.6+0.3 10.1+0.6 7.840.5 7.9+0.5
273 32.93 mg/cm2 2.2 +0.1 1.7 +0.1 1.6+0.1 3.54+0.2 7.4+0.5 7.540.5

258 0.71 g/cm2 4.7 +0.4 3.4 +0.3 2.8+0.2 4.4+04 8.7+0.9 7.6+0.6

266 0.78 g/cm2 2.8 +0.3 1.5 +0.2 1.3+0.1 2.140.3 4.540.5 4.0+04 <5
286 2.48 g/cm7' 3.0 +0.2 2.0 +0.1 1.6+0.1 2.14+0.1 4.6+0.3 3.340.2

265 2.54 g/cm2 2.8 +0.2 1.8 +0.2 1.4+0.1 2.4+0.3 4.3+04 3.5+0.3

282 3.0 g/cm2 2.3 +0.2 1.7 +0.1 1.3+0.1 1.84+0.1 3.740.3 2.7+0.2

study the oxidation state mixing of At in solution.!”
These At production cross sections have also been
plotted in Fig. 3.

V. DISCUSSION

The first indication that two different reaction
mechanisms are at play in the production of At ap-
pears in Fig. 3. Despite the rather large uncertain-
ties of these measurements, the heavier isotopes of
astatine exhibit a significant trend of decreasing
cross section with decreasing target thickness. If
the production of these isotopes occurs by secon-
dary reactions, e.g., 2%“Bi(**He,xn)*3"*At for
x=2-3, such a trend would be expected. Cross
sections for isotopes of mass 205 —209 do not show
a similar target thickness dependence, suggesting
rather strongly that a primary reaction is being ob-
served.

Existing measurements of energy and angular dis-
tributions'®!° of the secondary *He and “He parti-
cles produced in medium energy proton irradiations
of heavy nuclei when combined with the known ex-
citation functions®® for reactions such as
209Bi(*He,xn )*'3~*At, provide a means of estimat-
ing secondary effects.'* Figure 4 presents the re-
sults of these calculations. Even though these esti-

mates should be applicable only to “infinitely” thick
bismuth targets, there is good, qualitative agree-
ment between the heavy At isotope cross sections
predicted and those observed. The calculated trends
in Fig. 4 directly reflect that the most probable
secondary “He particle kinetic energy in these heavy
target systems is about 24 MeV, and that for ener-
gies greater than this the probability of production
decreases quite dramatically. It is particularly im-
portant to note that !'At cannot be produced by
a ~ production reactions and therefore serves as an
“internal monitor” of secondary *He particles hav-
ing kinetic energies between 20 and 25 MeV. Al-
though rather precise information about the dE /dx
for “He particles in bismuth as well as a complete
picture of the secondary-production process is need-
ed to confidently predict cross sections for such re-
actions, it is apparent that the production of the
lighter astatine isotopes (4 <208) will be suppressed
relative to the production of 2!'At since the forma-
tion of these lighter species requires secondary “He
particle energies as high as 100 MeV. The energy
requirements for secondary reactions such as
209Bi(*He,xn )?1*~*At and 2®Bi(*He,xn)*'>~*At are
illustrated in Fig. 5. Although the thresholds for
the (*He,xn) reactions are typically 15 MeV lower
than the corresponding (*He,xn) processes, the

TABLE III. Measured astatine production cross sections as a function of target thickness. The 3.22 g/cm? numbers

are averages from duplicate determinations.

Astatine production cross section (ub)

Bi target

thickness 211 210 209 208 207 206 205
3.22 g/cm? 5.8+0.1 5.240.1 3.9+0.1 5.9+0.3 1142 8+2
32.77 mg/cm? 3.8+0.9 2.4+0.6 3.0+0.8 7.4+1.8 14+3 13+3 9+2
2.0 mg/cm? 1.5+0.4 1.8+0.4 3.7+1.0 8 +2 17+4 15+4 16+4
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FIG. 3. Astatine production cross sections for the
combined 2”Bi(He,xn )**~*At and *Bi(p, ~xn )?'°~*At
reactions. Results are from 200 MeV proton irradiations
of a 2.0 mg/cm’ Bi target (@), a 32.77 mg/cm? Bi target
(A), and a 3.2 g/cm? Bi target (M). All cross sections
were determined through the spike addition technique
and are subject to a +25% uncertainty. The lines have
been included to guide the eye.

number of available *He ions is about an order of
magnitude smaller than the number of alpha parti-
cles.!®! This suggests that *He secondary reactions
make appreciable contributions only in the produc-
tion of astatine isotopes with mass less than 209 (see
Fig. 4). The ranges of a particles in bismuth vary
from about 200 mg/cm? to 1 g/cm? for alpha ener-
gies of 25 MeV to about 100 MeV.?! Thus the
thinner targets (~2—33 mg/cm?) are not expected
to be very sensitive to such secondary helium reac-
tions. To check this hypothesis empirically, an irra-
diation of a 6.8 mg/cm? bismuth target with 135
MeV protons was carried out at the Indiana Univer-
sity Cyclotron Facility. At this low-beam energy,
below the absolute pion production threshold, iso-
topes of astatine can only be made through secon-
dary *“He or *He induced reactions. This study
showed that the formation of At isotopes with
A <208 was greatly suppressed relative to the pro-
duction of 2!'At. At isotopes with A4 <207 were in
fact not detectable at the ~50-nb cross-section sen-
sitivity limits of this measurement.??

These results (Fig. 3) confirm that the astatine
isotopes with 4 =205—208 are produced primarily
by the 2®Bi(p,7 ~xn)*'°"*At reactions. Since the

" a's from 165MeVp + 2%%Pb
- 0 a's +3He's from 165 MeVp+ 2°8pb
m a's from 90 MeVp + 2998
- 4 a's from 165 MeV + 208pp
corrected for in target losses &
7
10—
> L
2 L
z
8 L
[
(&)
e L
(72}
w
(%]
o
e |-
© C
0.l | 1 1 1 1 I
205 207 209 211

ASTATINE PRODUCT MASS

FIG. 4. Calculated astatine isotope yields for medium
energy proton irradiations of very thick bismuth and lead
targets. Predictions are based on the measurements of
Ref. 18 (W) and Ref. 19 (4, O, §). The in-target loss
correction is based on the shorter effective range of heli-
um ions capable of producing 2!!At relative to the lighter
astatine isotopes.

cross sections for the production of these isotopes
(Table III) suffer from uncertainties of the order of
25%, an alternative approach was chosen to distin-
guish more clearly the competing primary and
secondary processes which are at play. Plots of ra-
tios of At cross sections as a function of Bi target
thickness are shown in Figs. 6(a) and (b). The data
used in these ratio calculations are taken directly
from Table II. Since the determination of absolute
yields is not necessary in this approach, the uncer-
tainties due to the chemical separation procedures
do not enter into such ratios. The choice of the
207At cross section as a point of normalization was
made since the production of 2’At is believed to re-
sult solely from the 2®Bi(p,7 ~3n)?At reaction.
Therefore, the ratio of the yield of any given At iso-
tope to 27’At should exhibit a decrease with decreas-
ing target thickness if secondary reactions provide
the dominant pathways. On the other hand, a simi-
lar plot of the relative At isotopic yield should show
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FIG. 5. Excitation functions for the
209Bi(*“He, xn )*'3~*At and 2®Bi(*He,xn )22~ *At reactions.
Data are from Ref. 20.

no target thickness dependence if 7=~ production re-
actions are the dominant ones. In Fig. 6(a), the plot
of the 2''At/?7At yield exhibits a monotonic de-
crease with decreasing target thickness (7), a signi-
ficant trend since it is known that the production of
2UAt can only occur by the 2”Bi(*He,2n)?!'At
secondary reaction. Similar plots for the
20At /207 At and 2At/?7At yields show two dis-
tinct trends: firstly, an apparent decrease with de-
creasing thickness for targets of ~3 g/cm? to ~30
mg/cm? and secondly, a region (T <30 mg/cm?)
where these ratios show no significant further de-
crease. These trends are interpreted as due to secon-
dary reaction domination of the At production in Bi
targets thicker than about 30 mg/cm?, with an in-
creasingly important contribution from the (p,7 ™)
reaction channels for the thinner targets. Turning
now to Fig. 6(b), one sees that the trends for the
lighter astatine isotopes are considerably different.
The yield ratios of 2%At, 2%°At, and 28At to 27At
show no significant change with Bi target thickness
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FIG. 6. Target thickness dependence of light and
heavy astatine isotopes. Cross-section ratios have been
calculated from the data in Table II. The lines have been
drawn to guide the eye and typical error bars for a num-
ber of representative points have been shown. Note that
tPe 205/207 numbers have been multiplied by a factor of

R

over most of the cases studied. If the production of
the mass 205—208 astatine isotopes were dominat-
ed by the 7~ production processes, with negligible
contributions from secondary pathways, this would
be expected.

It is difficult to interpret the trends observed for

TABLE 1V. Q values for the 2®Bi(p, 7 ~xn )?'0~*At
reactions with x =0—6.

Reaction Q0 (MeV)
209Bi(p, 7~ )*1°At —139.0
29Bi(p,m ~n PP At —146.3
29Bi(p, 7 ~2n) %At —154.5
29Bi(p, 7~ 3n )7 At —162.0
29Bi(p, 7 ~4n)°At —170.6
2Bi(p, = 5n)2%At —178.5
29Bi(p, 7 ~6n) %At —187.6
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the 2°At/?7At and 2°At/*’At ratios in the 1—3
g/cm? and 10— 30 mg/cm? target thickness regions,
respectively. Table IV presents Q values for the ap-
propriate 7~ production reactions as calculated
from the 1977 mass tabulations of Wapstra and
Bos.2> The absence of the 2®Bi(p, ~6n)***At reac-
tion with 200 MeV incident protons is consistent
with the high Q value for this process. Energy
thresholds related to the Q values for 2°At and
206At production provide an explanation for the
trends of decreasing cross section with increasing
target thickness seen in Fig. 6(b). Stopping-power
data?! indicate that 200 MeV protons will be de-
graded by as much as 10—15 MeV when passing
through 1—3 g/cm? of Bi. Such an energy loss is
consistent with the observed trends for (p,7 ~xn)
processes when x > 5.

The plots of At cross-section ratios show that
most secondary reaction contributions are nearly
negligible for the formation of At in Bi targets hav-
ing thicknesses less than a few mg/cm? Table V
summarizes the 2Bi(p,7 ~xn)*'°"*At cross sec-
tions believed to be the best ones available from this
analysis. Since the cross-section ratio trends in Fig.
6(b) show no indication of significant secondary
contributions to the 25~2%8A¢t production at any of
the target thicknesses studied, values listed for the
29Bi(p,m ~xn)*'°"*At cross sections for x =2—5
are taken directly from the 32.77 mg/cm? Bi target
results, as these represent the target thickness region
most completely investigated in these experiments.

The 2®Bi(p,7 ~n)*®At cross section at 200 MeV,
on the other hand, is determined by noting that the
Q-value restrictions which suppress the thick target
(p, ~xn) reaction for x =4—35 do not apply, there-
fore, one can approximate the (p, ~n) cross section
at all target thicknesses by extrapolation of the
209/207 ratio data in Fig. 6(a) from the thin to
thick target region. Once this is done, it is seen that
secondary contributions are negligible for target
thicknesses <30 mg/cm?. The cross section quoted

TABLE V. Cross sections for the
29Bi(p,m ~xn )'°"*At pion production reactions at 200
MeV.

Reaction o (ub)
209Bi(p, ~)?10AL <14
9Bi(p, ~n ) PAt 3.0+0.8
2Bi(p, T ~2n)*%At 74+1.8
29Bi(p, 7~ 3n)?7At 14 +3
20Bi(p, m ~4n)*°At 13 +3
29Bi(p, 7~ 5n)* At 9 +2

in Table V is therefore also taken directly from the
32.77 mg/cm? Bi target results.

Arriving at a realistic estimate of the
29Bi(p,m ~)*'%At cross section is a considerably
more difficult task. Although, as in the case of
29At, there appears a target thickness region in
which the total production of 2!°At levels off, indi-
cating the dominance of the (p,7 ~) reaction chan-
nel, the larger secondary contributions at higher tar-
get thicknesses evident in Fig. 6(a) cloud the issue.
Nevertheless, an analysis similar to that described
for the 2®At case yields a *®Bi(p,m ~)*'°At cross
section of 1.0+0.4 ub, where the +40% uncertainty
is believed to be a realistic estimate for this pro-
cedure and reflects the larger contributions of the
secondary processes. Owing, however, to the obvi-
ous need for additional thinner target data for 21°At
production and the therefore tenuous nature of such
an analysis in the present case, only an upper limit
of 1.4 ub for the 209Bi(p,77' ~)210At reaction based on
the 2.0 mg/cm? Bi target measurement has been in-
cluded in Table V.

Summing the cross sections of Table V yields a
total 7~ production cross section from Bi at 200
MeV of 48+13 ub. The question which must be
addressed at this point is whether or not this is truly
an Inclusive (p,7r ~) cross section. Since the present
radiochemical technique is sensitive to only 7~
production processes from which Z =85 nuclei re-
sult, pion production channels which include
charged particle emission were not investigated.
However, 7~ production requires at least 140 MeV
of the energy of the incident proton, and thus no
more than 60 MeV will be available to excite the
residual nucleus following pion emission. It is also
noted that the probability of competing fission pro-
cesses has been assessed as negligible in these reac-
tions. A mechanism by which the 7~ is produced
at rest is difficult to imagine (although not impossi-
ble); therefore, this available excitation energy will
in all probability be somewhat less than 60 MeV.
Calculations done with the VEGAS-DFF cascade-
evaporation codes indicate that the probability of
charged-particle emission from Z =85 nuclei excit-
ed to 50—60 MeV is only about 5—10%.%* Thus,
the Coulomb barrier suppression of proton and al-
pha particle evaporation allows one to neglect, to
the +25% level applicable to the present measure-
ment, pion production channels involving charged
particles.

The observation that the yield of At isotopes is
considerably greater for reactions like (p,7 ~xn)
with x =3—5 than for the corresponding processes
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with x =0—2 shows conclusively that multiple neu-
tron emission, an energetically preferred evapora-
tion mode for the deexcitation of heavy nuclei, is
the principal mechanism by which the energy
transferred to a heavy target during the pion pro-
duction process is dissipated. Within the context of
this proposed “model” one can estimate the kinetic
energy spectrum of the negative pions (or in a simi-
lar sense, the excitation energy distribution of the
residual At nuclei) produced by the 200-MeV pro-
ton reactions on Bi. Such an analysis is possible
since (1) charged-particle emission does not contri-
bute significantly at such excitation energies and (2)
the highly statistical nature of the evaporation pro-
cess? allows one to correlate directly the number of
emitted neutrons with the average excitation energy
of the residual nucleus. Here the maximum Kinetic
energy carried off by the pion is assumed to be ap-
proximated simply by the difference between the
projectile energy in the center of mass and the Q
value required by the reaction in question (see Table
IV). Although an oversimplified approach, e.g.,
Coulomb barrier effects on pion emission, have been
ignored, this analysis is expected to yield a qualita-
tive picture of the processes at play.

The results of such an approach, involving a
two-nucleon calculation done by Gibbs,?® is shown
(along with the present experimental numbers) in
Fig. 7. This calculation allowed for the successive
evaporation of neutrons from the excited 2'°At nu-
clei. The 2!°At spectrum was divided into two

'6 T T
14t °©
® EXPERIMENTAL
12 POINTS .
o 2pth CALCULATION
10}
o
28 -
b
B6l— -
41—
2
]
0 ° | I | i ; i ‘
203 205 207 209 21

At

FIG. 7. The results of the Gibbs 2p-1h two-nucleon
calculation (O) compared to the (p,7 ~xn) cross sections
presented in Table V (@). The curve has been drawn to
guide the eye.
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parts: that consisting of nuclei with excitation ener-
gies less than the neutron emission threshold
(E* <8.3 MeV), the integral of which is the cross
section for the production of 2!°At, and the part in-
cluding nuclei having excitation energies above the
neutron-emission threshold. Such excited nuclei
were allowed to evaporate one neutron to lead to an
excitation function for the next lighter astatine iso-
tope. After the spectrum for 2°At was obtained the
process was repeated to get that for 2%8At, etc.
There is good agreement between the experimental
and calculated results with the cross sections for the
lighter astatine isotopes demonstrating a pro-
nounced sensitivity to the incident proton energy.

Vi. SUMMARY

Radiochemical techniques have been utilized in a
study of the *®Bi(p,7 ~,xn)*'°"*At reactions. The
high sensitivity of these techniques coupled with an
assessment of the contributions of interfering secon-
dary reactions has allowed the determination of an
inclusive 7~ production cross section of 48+ 13 ub
at 200 MeV.

The * observed yields of At isotopes with
A=210—-205 indicate that neutron evaporation is
the principal means by which energy deposited in a
heavy target nucleus through 7~ production is dis-
sipated. This is consistent with the results of a cal-
culation whose excellent agreement with experiment
further suggests the importance of multinucleon
participation in 7 ~ production.

Despite the inherent difficulties in evaluating the
importance of secondary reactions in the measure-
ment of such small inclusive cross sections, the util-
ization of radiochemical techniques has furnished a
means for the study of some of the gross charac-
teristics of the near threshold (p,m ™) reaction. Fur-
ther similar studies would be particularly suited to
surveys of pion production reactions with other
heavy nuclei (4 >200) and could well provide infor-
mation which would be very difficult or impossible
to obtain by other experimental techniques.
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