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- ABSTRACT

The energy dependence of the total angle-integrated cross section for

209Bi(p,n_xn)2lo_xAt, with x = 0 to 7, has been

the series of reactions
studied from below threshold to 880 MeV at IUCF, TRIUMF aﬁd’LAMPF, using
activation and radioéhemical techniques. Excitation functioné for the
(p,n %n) reactions on a heavy target have been measgred for the first time
by detection of thl prodﬁct nucleus activities. Due to the absence of
suitable;long—livgd astatine isotopes that could be used as tracers for tﬁe
determination of chemical yields, a technique eveloped toideterming
absolute astatine activities by reference to 2(‘{iikt)algha activity directly
~—
radioassayed in thin, irradiated bismuth foils. Modification of existing
chemical methods for astatine separation allowed detection of shortglived
(7 min) iéotppes. Since 211At is produced only by secondary (two~step)
processes involving reactions of helium fragmeﬁts produced in the initial
proton—target interaction, the aetection of 211At activity allows a semi-
empirical calculatioﬁ to be made of the contributions by second;ry reac-
tions to the yields of the heavier astatine products. Due to insufficient
beam intensities and the interference of secondary reactions, cross
sections were not obtained for all products at every proton energy. In
particular, the measurement of the coherent (p,n~) product, 210At, is re-
stricted mainly to upper limits. The mass distributions of the astatine
products are consistent with a simple Gaussian shape similar to that ob-
served with (p,xn) reactions on the same target. Extending the Gaussian
distribution to astatine isotwpes lighter than 2035¢ allowé estimation of a
- ¢

mean neutron emission probability and a summéd cross section for the total

non-charged nucleon exit channel of the inclusive‘(p,n_iy\reaction. These
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estimates are compared to available experimental data on the inclusive re-

action and to a simple schematic model that parameterizes the probability

of proton emission from the residual nucleus formed in the pion production
step. ¢ Further comparisons are made with two theoretical calculations of
both individual and total (p,w xn) excitation functions below 220 MeV pro-

ton energy.
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"Alchemy so proceeds that it breaks up a certain

~body, takes it out of its species, and clothes with the

most essential of it components a body of another

species. Consequently that alchemical process is best,

which proceeds from the selfsame means as nature itself.”

- St. Albertus Magnus (1193?-1280)
De Rebus Metalius et Mineralibus
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INTRODUCTION

A Brief Review of (p,n) Experiments

The (p,n) reaction on nuclei has received much attention in recent
yearsl—s. Although an extensive body of both experimental and theoretical
work has evolved, no clear and simple model of the (p,nm) process has yet
emerged. In general, most experimental work has involved the meas;rement
of exclusive cross sections, where a specific‘(usually low—-lying) state of
an (A+l) nucleus is popﬁlated in an A(p,n)A+l type of reaction. Measure-
ments have usually involved light nuclei, where the states can be easily
resolved, and the emission of positive pions, since the cross sections for
(p,nt) are larger than those of the (p,n”) reaction. However, unexpectedly
large cross sections have recently been observed for (p,n”) transitions to
specific two-particle, one-hole states in light and medium weight nuclei6.
Due to the technical difficulties involved in detecting neutral pions, al-
most no information is available on the (p,no) process.

In heavy nuclei, where states are more closely spaced and canmot bg
eaéily resolved, inclusive measurements of the (p,n) process are usually
made. Inclusive cross éections measure the.total pion production, A(p,n)X,
without regard to specific residual producté other than the pions.

Crawford Ef_élf7 measured the inclggive cross sections for (p,n¥) on a
variety of targets at 585 MeV. On lead, the cross section for (p,n”) was
measured at 41.5 mb, while the (p,n+) cross section was higher by a factor

of two. Cochran gE»gl,B have measured values of 51.4, 53.7 and 60.4 mb for

181 2

the (p,n~) cross section at 735 MeV on Ta, 208 py, and 32Th, respec-—
tively. Here again, the (p,n+) cross sections were higher by a factor of

two. During the course of the present work, preliminary results became



available fo§ the vajues of (p,n¥) at energies of 330, 400 and 500 MeV.
DiGiacomo EE_;I?&\mé;sured cross sections for m~ production on 238U and ob-
tained values of 5.23, 11.79 and 21.68 wb, respectively, for the three pro-
ton energies. These data, when combined with the earlier studies7’8,
provide, for the first time, an energy dependence for the inclusive (p,n)
reaction in the medium energy regime.

Two recent determinations of the differential, inclusive (p,n?¥)
cross section at 90° on copper have produced interesting results. Krasnov
Eg_glflo and Julien g&_gl,ll studied the, energy regions 240—500 MeV and
300-400 MeV, respectively. At 350 MeV, both groups found;a narrow reson-
ance (FWHM <10 MeV) in the energy spectrum‘of low energy pions. They at-—
tribute the enhancement of low energy pion production at Ep = 350 MeV. to
the formation and subsequent decay of a dibaryon state. The anomaly is
also visible in the differential cross section (dd/dﬂ)/at 90° as a small
deviation from a smooth energy dependencelo. |

Both exclusive and inclusive (p,n) measurements employ pion spectro—
meters (or particle telescopes) to detect the.ejected pion rathér than the
residual nucleus. Radiochemical techniques, while less complex and less
expensive than spectrometer measurements, detect only the residual products
of a reaction. Due to this technical limitation, cross sections obtained
by the study of residuals are averaged over all bound states of the pro-
ducts as well as emission angles and energies of the pions. In spite of
this "washing out” of some details of the reaction, information can still
be gained from the energy dependence of a formation cross sectionlz’r3.

General features, such as the reaction threshold, the rise or decrease of

the cross section and the maximum magnitude, as well as the presence of



peaks or resonancés in the excitation function, ean servé to distinguish
the type of reaction mechanisml2. Furthermore, if the mass yield distri-
butions of the products are available, some information can be extracted on
the energy deposited in the target. Radiochemical measurements have been
used extensively, in conjunction with intranuclear cascade model calcula-
tions, to deduce the relative importance of nucleon-nucleon and nucleon-

pion processes that contribute to an overall end yield of a specific

productl3. Even accepting the limitations of the radiochemical techniques,

they can still provide a window on the (p,n) process that is somewhere be-
tween the highly selective exclusive measurement and the less selective

inclusive measurement.

Radiochemical investigations of (p,n) reactions have included some

15

early studies, such as 3OSi(p,ﬁ+)3lSi 1% and 65Cu(p,ﬂ_)66Ga , at energies

between 200 and 660 MeV. While these measurements provided crude excita-~

tion functions, the data are suspect due to inadequate estimations of con-

tamination by secondary reactionsl”. Later, more thorough investigations

16 17

studied the 65Cu(p,pﬂ+)65Ni and 27Al(p,pn+)27Mg reactions to 28 GeV

by radiochemical methods. The excitation functions of these reactions are

dominated by broad peaks (~1.3 GeV) attributed to a At resonance. At this

2 211

time, a measurement of the 07Pb(a,ﬂ_) At reaction at 130 MeV is underway

at GSI in Darmstadt!®. This presumably rare reaction channel (representa-

tive of "pionic fusion") 1is being measured by detecting the residual RPN

using radiochemical separation.

. . . 209 .
Recently, two radiochemical measurements of (p,n) reactions on Bi

2

have been made. The total reaction cross section for 209Bi(p,ﬂo) lOPo was

measured by a TRIUMF~TUCF collaborationlg; providing an energy~dependeﬁt



excitation function for that reaction from threshold to 480 MeV. Calcula-

tions using a two—nucleon model gave good agreement with experimental

results. Another study, by Clark 35_21,20, measured the total cross sec-
tion for the series of reactions 209Bi(p,ﬂ—xn)210—XAt, x = 0-5, at an
energy of 200 MeV. The sum of the cross sections for all ébserved astatiﬁe
nuclides measured by Clark et al. is 48 +13 ub and they suggest this
amounts to 90-95% of the inclusive (p,n~) cross section at that energy.
While this value is large in comparison to exclusive cross sections, it is
two orders of magnitude smaller than the 330 MeV inclusive cross section
measured by DiGiacomo 35_21,9. There have been two theoretical attempts to

understand the individual and summed cross sections for the

210

2O9Bi(p,n_xn) ~XAt reactions around 200 MeV. Gibbs?! has calculated

210

individual cross sections for astatine residuals from At to 203At. His

predicted values agree well with the data at 200 MeV. Long 35_31:22, on

the other hand, calculated only the summed cross section for all At
nuclides. Their calculation is also in good agreement with the 209 MeV
data. However, at 220 MeV, the two calculations differ by a fagfor of two.

The purpose of the present study was to measure the tot Cross sec-

209

tion for the series of reactions Bi(p,n“xn)ZlO—XAt, from threshold

(=139 MeV) to as high a proton energy as could be obtained, for as many
210-xp¢ products as could be detected. This measurement would provide,
for the first time, an energy dependence for the (p,n~ ) cross section to

all bound states of the residual nuclei. Furthermore, the excitation func-

tion for the coherent reaction, 209Bi(p,n—)ZlOAt, could be compared to that

of the previously measured 209Bi(p,n0)2lOPo 19 of interest is the fact

that the (p,no) reaction can result from a one-step process (in which the



no is emitted by either the incoming proton or a target nucleon), while the
(p,n7) proéess requires the interaction of at least one target neutron and,
as such, must involve at least two steps. Similar or different shapes for
the (p,n~) and (p,no) excitation functions can be expected to reflect simi—
lar or different underlying reaction mechanisms. Further compafisonsrcould
be made with the two theoretical calculations?!:?? for both individual
and summed cross sections, aé well as to the inclusiYe cross section mea-
surements at higher energies7-9. The calculation of Long 35_31322 is based
on a series of nucleon—-nucleon reactions, while that of Gibbs?! involves a
coherent interaction leading to typical shell model states. Comparison of
the experimental (p,n xn) cross sections to the two theoretical predictions
can give an indication of which mechanism best describes the reaction chan—
nel. The (p,n xn) reaction channels must be some subset of the greater
(p,n X) inclusive reaction. Summing over all values of x would provide a
measure of the magnitude of the non-charged nucleon emission component of
the (p,n X) reaction. Finally, the distribution of residual astatine
nuclides can provide a measure of the most likely number of neutrons to be
evaporated. This can provide some information on the role the nucleus
plays in (p,n~) reaction. Specifically, the average number of evaporated
neutrons allows the estimation of the average excitation energy of the
residual nucleus as well as the momentum transfer to the nucleus. An esti-
mate of the average momentum transfer is of interest since (p,n) reactions
are typified by a large momentum mismatch caused by the mass differences of
the incident proton and final pion. o

Bismuth was chosen as a target for practicdal reasons. The body of

experimental data and theoretical calculations already available for



comparison with the present measurements has been mentioned previously. As
well, bismuth is monoisotopic (209Bi is the only stable nuclide), allowing
high purity targets to be constructed. These targets can be fashioned into
very thin foils, thus decreasing the probability of secondary reactions.‘
Furthermore, the (p,n %n) products from a bismuth target are astatine
nuclides that can be purified by existing chemical techniques. About half
of the astatine nuclides are alpha emitters that can be counted with high

sensitivity in low amounts with essentially no background interference.

Principles of the Experiment

As with most experiments, the principles of the present experiment are
simple; the difficulty only arises in the execution. 1In order to measure
the (p,n xn) cross sections, 209Bi targets were irradiated by sufficiently
intense beams of monoenergetic protons. The targets then underwent chemi-

N,
cal manipulation that extracted the astatine nuclides produced in the tar-—
gets. The decays of the radioactive astatines were observed by their
characteristic alpha and gamma emissions and the cross sections for produc-
tion were calculated. '

In order to obtain proton energies from the threshold for the (p,n” )
reaction (=139 MeV) to 800 MeV, experiments were conducted at three accel-
erator facilities: TIUCF, TRIUMF and LAMPF. While TRIUMF and LAMPF beans
weére intense enough for detection of all astatine products, the low inten-

Yae, 2%%ac and 297 at.

sity beam at IUCF allowed detection of only 21
The presence of 211t in the irradiated targets provideq both problems
and solutions for the experiment. 211At cannot be produced in the (p,n”)

process on 2098 but results only from secondary reactions in the target.

These reactions involve the emission of an alpha or 3 He particle in an



interaction between an incoming proton and a target nucleus. . The alpha (or
; ‘

He) then reacts with a second target nucleus to produce an astatine
nucleus:

20931(p,a)x
¥

209Bi(a,xn)Zla_xAt

Though secondary reactions are target thickness-dependent and can be

minimized by using thin targets, thelr magnitude is such as to be of the
same order as that of the (p,n xn) reactions, even Iin thin targets. There-
fore, secondary production of astatine poses a serlous contamination prob-
lem. To separate the (p,n %n) cross sections from the total astatine
production. cross sections (due to both primary and secondary reactions),
calculations were perférmed to estimate the secondary contributions from
known (p,ap and (a ,Xn) cross sections. These calculations are detailed in

l

a separate section of this thesis.

211At presented a problem in regard to secondary

Whilé the presence of
reactions; it provided a solution with respect to chemical separation ef-
ficiency calculations. Since astatine has no long-lived isotopes that can
be conven#ently used as tracers for the determination of chemical separa-
tion effi%iency, a method was developed which enabled the determination of
Cross secéions without refergnce to chemical yield. Two thin bismuth tar-
gets of equivalent thickness were irradiated at each proton energy. The
first taréet was directly radioassayed for a distinct high energy alpha
activity due to lePo, which 1is in secular equilibrium with its parent,

211A¢. The production cross section for 2llat at that specific energy and

target thickness was then calculated. The second target underwent



immediate chemical separation and counting for astatine nuclides. All

cross sections calculated from the séparated activities were expre;sed as
ratios with resﬁect to 211at¢ activity. The absolute cross section for a
particular astatine nuclide could then be calculated from the product of

the absolute 2llAt cross section and the cross section ratio:

Ox
Oy = O X
A\ 911
At
from from
Target. Target
#1 #2



EXPERIMENTAL

Proton Irradiation Procedures . -

Pfoton irradiations of bismuth targets were performed at three ac-
celerator facilities. Proton energies of 120, 160, 180, 200 and 214 MeV
were obtained at the Indiana University Cyclotron Facility (IUCF) in
Bloomington, Indiana. Energies of 188, 210, 225, 252, 300, 350, 399, 450
and 481 MeV were used at the Tri-University Meson Faéility (TRIUMF) in
Vancouver, B.C. Multiple irradiations at é proton energy of 800 MeV were
performed aF the Clinton P. Anderson Meson'Phyéics‘FacilLty (LAMPF) in Los
Alamos, New Mexico. High-purity biémuth targets,‘with a quoted error in
thickness of <=67%, were prepared by the staff of the IUCF target shop and
wefe used for‘irradiations at all three facilities. Thin targets consisted
of 1-2 mg/cm? of bismuth, evaporated onto a 4.1 mg/cm2 aluminum backing.
Thicker targets (=30-100 mg/cmz), used only at IUCF, werevffee-standing
bismuth foils. Some very thick targets (1 g/cmz).of Biy 03 were used at
IUCF to study secondary reactions.

At IUCF, targets were irradiated under vacuum in the isotope produc-
tion beamline. The TRIUMF irradiations were also conducﬁed in vacuum in
the SFU gas jet target cell on beamline 4A. At LAMPF, targets were irradi-
ated at two target stations. The first employed the nuclear chemistry
pneumatic rabbit system in experimerntal area B to insert the targets into
the beam. The second station was in the isotope production cave in area A
and required manual iﬁsertion and removal of targets. Both target stations

were in air.
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Beam Integration

Proton beam integration at IUCF was measured using a Faraday cup down-

24

stream from the target, while at TRIUMF and LAMPF it was deduced from Na

activity produced in 1.85 mg/cm2 aluminum monitor foils backing the

target. The 2%Na 1is produced by the 27Al(p,3pn)2“Na reaction. The)Eross
section for this reaction has been determined to 1 GeV for thevpurpose of
monitoring proton flux during irradiation?®. For each proton energy, three
aluminum foilsng the same dimensions és the target were irradiated immedi-
f2le

ately downstream of the target. Recoil losses o Na were avoided by mea—
.

suring the activity of the middle foil in the stackzu. At TRIUMF, where
the am spot is well defined (<~3 mm diameter), the target and monitor

stagk\éés a 1 inch—-square. At LAMPF, fhe proton beam was much larger and
. N

irregular in shape. In order to provide targets for direct counting, the
LAMPF target stacks consisted of 12 mm diameter circular discs. These
discs were entirely covered by the much larger beam spot and provided
souézgs of the same geometry as the chemically-separated samples. Targets
that underwent chemical separation were 1 inch-squares.

The 2%Na activity in the monitors (tj;/p; = 15.03 h)25 was counted
periodically for several days after bombardment. At TRIUMF, the 2l“Na was
monitored by detection~of its 1368.53 keV gamma radiation (100% branching

&

ratio), using a Ge(Li) detector. 'At LAMPF, a Nal detector, specifically

2% Na B~ radiation was used. Decay curves were analysed

calibrated for
using least squares methods; the SFU program, LSL, on an IBM 4341 and the
LAMPF CLSQ program on a PDP-11/34. While both detection techniques gave

acceptable results, of comparable accuracy, the B~ decay curves contained a

longer-living (t; /2 215 h) component that could not be resolved. Proton
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flux was- calculated using the formula:

A .
5 = EOB (1)
—-e KtB)

- N-ozuNa-(l

where Aggp = absolute 2%Na activity at end of bombardment (d/s);
N = aluminum target thickness (nuclei/cm2);

024y, = cross section for the 27Al(p,3pn)2“Na reaction (cm2);

: n
A = decay constant for 2 Na;

tg = bombardment time;

/T, -
® = proton’/flux (protons/sec).

Particulars of the proton flux calculations for irradiations at the three
facilities are given in Tables I, II and III.

Beam currents\were periodically monitored during the target bombard-
ments to insure tha \flux variations were not a cagse of addiﬁional uT;Fr—
tainties. In generali\%eam currents were steady at all three facilitieés,
with only a few interru;tions. Beam "on-off"” periods were noted and satur-
ation factor corrections calculated for the 399 MeV TRIUMF run and five of
the tﬁirteen LAMPF runs. The corrections were on the order of 4-97 of the
final cross section values for 2%Na and the‘various At nuclides; The
greatest correction was for the At-10 run at 800 MeV where the beam was off

for 13% of the total irradiation period. This resulted in a calculated

correction of 15% to the final 2llat cross section.

Direct Target Couﬁtin&

The 21lAt (t1/2 = 7.21 h) produced by secondary reactions of helium

fragments in the bismuth targets decays by alpha emission to 207g4 (41.9%)
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Table I

IUCF Proton Flux Summary

Average
a
Ep ¢ B Cur t i
eamnm urren
(MeV) (p/sec) (h)
(nA)
120) g4 1.80 x 10'2 288 2.18
1201000 1.41 x 10'2 226 2.50
160 3.77 x 10'2 604 3.05
180 4.48 x 10%! 72 4.58
200 2.99 x 10%2 479 5.33
214 1.32 x 10%! 21 2.53

& Subscripts on the two 120 MeV runs refer to

target thicknesses in mg/cm?.
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Table II
/ TRIUMF Proton Flux Summary
Average
Ep o24 Na® tg?  Agop (*'Na-y) ?
27 2 5 13 Current
(MeV) (x 10 cm”) (h) (x 10°d/sec) (x 10" " p/sec) -
(pA)
188 9.3 0.55 2.05 +0.08 2.1 +0.2 3.4
210 9.3 0.32 2.15 +0.06 3.9 +0.3 6.2
225 9.4 0.50 2.26 +0.18 2.6 +0.3 4.1
252 9.5 0.43 2.24 +0.15 2.9 £0.3 4.6
300-1 10.% 0.50 2.09 £0.10 2.2 +0.2 3.5
300-2 10.1 0.50 1.15 +0.08 1.2 0.1 1.9
350 10.3 0.53 1.11 +0.03 1.0 +0.1 1.6
399 10.5 0.41  0.92 +0.01 1.2 +0.1 1.8
450 10.5 0.60  1.04 £0.02 0.88 +0.1 1.4
481 0.59 2.38 +0.06 2.0 +0.1 3.3

10.5.

& +6.5% uncertainty, from Reference 23.

+1.7% estimated average uncertainty.

.
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Table III1

LAMPF 800 MeV Proton Flux Summary

Target ‘B l?a .
(h) (x 10°* p/sec)
At-2 0.17 - 8.0 +0.8
At-3 0.37 21.5 +2.3
At-6 1.17 567 ;%.2
At-7d 1.00 57.& +5.8
At-10d 1.00 20.3 +2.2
At-11 0.88 51.5 5.5
At-12 39.8 +4.2

0.97

—

8 Flux values were calculated g?\Dr. J.L. Clark, us-

ing the LAMPF CLSQ program on the CNC-11 PDP-11/34.

The cross section for 2"Na production in 27 A1 by

800 MeV protoﬁs was taken to be 10.1 #1.0 mb23.

o

Y
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and by electron capture to 2llp, (58.1%Z). The 211

Po,  daughter decays almost
immediately (t; /o = 0.525 sec) by emission of an alpha particle, account-
ing for 57.2% of the parent 211p¢ decays. The energy of this 211p, alpha

(7.45 MeV) is much higher than the energies of alphas emitted by other re-

action products (<6 MeV). This clear energy separation of an alpha, char-

211 241

acteristic of At, allows direct detection of At in a thin, irradiated
target without reliance on chemical separation techniques.

The 7.45 MeV alpha energy is also sufficiently high to prevent absorp-—
tion of the alpha in the target itself if.the target is sufficientl& thin.
To test absorption of alphas in th;n bismuth layers, a 1.94 +0.12 mg/cm2,
free—-standing bismuth tafget was élaced over a commercial 2"!Am alpha
source. Alpha counts, 30 min in duration, using a silicon surface barrier
detectg;, showed that, whilevthe 241 Am alpha peaks were greatly broadened
and siightly shifted to lower energy, no net loss of alpha activity could
be detected between counts of the bare source and counts of the source
covered by the bismuth target. Since the 241 A alpha energies (5.485,

5.742 MeV25) are less than the 2'lat alpha energy and targets used for

dfmect counting were <2.0 mg/cm2 of bismuth, no absorption corrections were
- : } :

. . Yo !

efjuired for the direct target counts.

At TRIUMF,:Q%rgets that were to be direct counted were irradiated fog
average periods of =30 min. The targets were then removed from the beam
while targets for chemical separation were irradiated. After a period of
2-3 h, short-lived activities in the targets had decayed sufficiently to
allow the targets to be counted. The targets were counted in a vacuum
chamber, using a silicon surface barrier detecéor. The solid angle sub-

241

tended by the detector was determined using a standard Am source of
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approximately the same diameter as the beam spot. Overall detection
efficiency at a source—-detector separation of 1.5 cm was 5.35 £0.27%. Pér—
ticulars of the direct target counts are shown in Table IV.

The direct targe£ counting at LAMPF was essentially the same as at
TRIUMF. However, as previously noted, the large beam spot produced disc
sources rather than point sources. This required the alpha detector to be

A 210

calibrated for sources of relatively large diameter. Po alpha source

210Po. This source had the same

was prepared using commercially—pﬁrchased
dimensions as the direct counting targets and was used to calibrate the
surface barrier detectors. The higher activities of the LAMPF targets
allowed several successive counts to be measured in some cases. .When this
was possible, decay curves were analysed by least squares fits. Counting
details for the LAMPF direct targets are summarized in Table V.

Though an attempt was made to directly count thin targets at IUCF, the
low beam currents prevented the direct counting technique from being used
at that facility. Thick targets irradiated at IUCF underwent chemical
separation for astatine. The chemical efficiencies of the separations were
determined by Dr. T.E. Ward, of IUCF, by calibration of the extraction
columns used at IUCF. The Indiana data analysis was performed by Dr. Ward
and the final cross section values are quoted in the Results section. The

quoted errors include uncertainties in half lives, branching ratios, detec-

tion efficiencies, chemical separation efficiencies and beam integration.

Chemical Separation of Astatine

Astatine is separated from bismuth targets by either solvent extrac-

tion or distillation methodsle’26_30. The solvent extraction methods

generally require the dissolution of the target in nitric acid, after which
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Table IV

Summary of TRIUMF Direct Target Counts

. Target . Count Dead 211, 211 p¢ Activityd
(MZV) Thickn;ss Duration Time Counts at EOB
(mg/cm” ) (h) (h) (%) (d/sec +0.01)
188 1.01 0.55 1.49 5.3 491 0.13
210 0.94 0.32 1.24 6.5 407 0.11
225 1.10 0.50 2.78 5.0 | 978 0.13
252 1.13 g 0.43 1.84 3.8 752 0.17
300-1 1.14 0.50 2.78 1.5 495 0.12
300-2 0.94 0.50 3.10 1.9 607 0.08
350 1.18 - 0.53 1.70 2.8 587. 0.13
399 0.84 0.41 2.35 1.6 407 0.07
450 1.04 0.60 3.08 1.9 699 0.09
’

481 0.77 0.59 0.90 5.1 530 0.21

a Corrected for dead time, decay time, branching ratios and detec-

tor solid angle.
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Table V

Summary of LAMPF Direct Target Counts

Target Count Time After ,, 211 Activity?d
t At
Target Thickness B Duration EOB at EOB
' 2 Counts ‘
(mg/cm® ) (h) (h) (h) , (d/sec)
At-2 1.76 0.17 1.00 .28 119 0.55 +0.05
At-3 2.00 0.37 0.12 0.22 129
" - S 0.50 0.39 uap b he46 2057
At-6 1.07 1.17 0% 50 1.54 1798
" : s 0.28 5.12 710 | 18.40£0.12
At-7d 0.56 1.00 0.28 1.92 411
" " " 0.56 3.79 757 8.24 +0.46
0.28 6.77 272
At-10d 0.34 1.00 6.67 18.35 701 2.17 +0.16
At-11 0.69 0.88 11.04 9.93 867 0.83 +0.06
At-12 0.71 0.97 0.97 8.85 . 1080 6.82 +0.47

& Corrected for dead time, decay time, branching ratios and de-

tector solid angle.
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the astatine (presumably in the zefo valence state, Ato) is extracted into
an organic phase consisting of bgnzene, carbon tetrachloride, di-isopropyl
ether or another solvent?® 3%, The astatine is then reduced to the asta-
tide ion (At™) by a suitable reducing agent (Sn2+ in acid, Sn022— in base
or Zn in H,80,) and separated from solution by coprecipitation with in-
soluble iodides of silver, palladium, thalium or lead, or with tellurium
metal. The astatide can also be removed from solution at this point by
spontaneous plating onto silver or platinum surface326. While plating as—
tatine onto a silver foil provides an attractive method of making a thin,
stable source for alpha counting, the solvent extraction methods have major
drawbacks. 'One of the difficulties is that the time required for an
extfaction-back extraction type of separation, added onto the plating time,
makes the method too lengthy for detection of short-lived astatines. The
other drawback is that polonium is extracted by similar techniques. Since

polonium daughters of some astatine nuclides were intended to be counted,

the solvent extraction methods were not used.

The distillation methods of astatine extraction!®»° require melting

the target (=270°C) in vacuum or an inert gas. The astatine is ‘then de-
posited directly onto a cooled metal foil above the melt, or frozen out in
a U-tube for use in solution. The distillation methods suffer from the
same drawbacks as the solvent extraction methods; distillation requires
time and, at high temperatures, polonium begins to distill along with the
astatine. Distillation was not usedjto extract astatine for the present

work.,

The separation method employed in the current study was based on an

elegant technique first described by Bochvarova gE_gl.3l. The method
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relies on the well-documented, quantitative coprecipitation of astatine
ions with tellurium metal?e. However, rather than precipitating thé asta-
tine with tellurium, the tellurium metal is used as packing in an ion ex-
change column. The target is dissolved and the astatine reduced. The
solution is then passed through the tellurium column, separating it from
most of the radionuclides initially present in the target. The astatine
absorbed on the column is eluted by a solution containing hydroxide ion,
leaving polonium still absorbed on the column. Bochvarova §£_3233l explain
the coordination of At~ to Te in terms of Lewis acid-base properties. The
terminal tellurium atoms in the crystals of the column packing act as elec-
.tron pair acceptors due to thelr 5325pu electron configuration. The asta-
tide ions, with a 6526p6 configuration, donate an electron pair to form a
coordinate bond. The hydroxyl ion, with three eiectron pairs and a high
tendency to form coordinate bonds, presumably displaces the more polariz-
able astatide ion from the tellurium.

This separation technique has been modified and extensively studied by
Ruth32 and Clark33. The specific separation scheme used in the present
work was as follows. Crystalline tellurium metal was crushed and sifted to
obtain fresh column packing with a size of =30 mesh. Columns, 10 cm long,
with a 0.5 cm diameter, were obtained by packing the tellurium into dis-
posable pasture pipettes. The columns were stored in dilute éolutions of
hydrochloric acid. Holding reservoifs were constructed by attaching 10 mL
transfer pipettes to the columns. Figure la shows a typical exchange
column apparatus. Prior to use, the columns were washed with solutions of
L M SnCl in 8 M HCl, Hy0, 2 M NaOH, HyO and 8 M HCl. This washing pro-

cedure seems to remove traces of impurities in the tellurium that interfere
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Figure 1 Chemical Separation Apparatus

a: Tellurium Column

b: Plating Cell
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in later plating of At~ onto silver. Immediately after irradiation, the
bismuth targets were dissolved with a minimum of conc. HNO3. Excess
nitrates were neutralized by dropwise addition of a 10% NHy,OHsCl solution.
This target solution was then acidifié  to 8 M in HC1l and the AtO reduced
by addition of 1 M SnCl, in 8 M HC1l. The solution (about 10-15 mL volume

;,ﬁﬁt this point) was loaded onto the tellurium column. The solution was
ﬁorced through the column at a rate of ~10 mL/min by a stre;m of nitrogen.
%he,column was then quickly washed with rinses of 8 M HCl and water (~30 mL
of.each). Finally, about 2 mL of 2 M NaOH was used to elute the At~ from
the column at a rate of 2 mL/min. The separated solution was acidified to
1.5 M in HCl1 and the astatine plated onto a silver foil. The plating
apparatus consisted of a 1 cm diameter filter chimney held onto a freshly-
cleaned silver foil (rinsed in 6 M HNO3 and Hy0). Plating times were on
the order of 15 min, during which time the solution was mechanically
stirred. Figure 1lb displays a typical plating apparatus. The final 1l.cm
diameter astatine source was dried with methanol and iémediately counted.
The time from end of bombardment to first count was typically on the order
of 30-40 min.

To ensure that no contamination of astatine or polonium was trans-—
ferred from one separation to another, all apparatus (columns, plating
chimneys and glassware) were used only once. The selectivity of the column
technique was examined by comparing the alpha activity in the 208Po energy
region of the source alpha spectra to the predicted yields of 208Po, based
on known (p,xn) cross sections for the proton energies under considera-
tiont?»3%, Calculations showed that <0.04% of the polonium passed

through the separation. A schematic representation of the chemical
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separation is given in Figure 2.

Data Acquisition and Analysis

The counting techniques for direct targets have been p}eviously de-
scribed. Spectra were collected using a silicon surface barrier detector
mounted in fixed geometry in a vacuum chamber. Alpha energy and detection
efficiency calibration were accomplished. by using a standard 2I+lAm alpha
source. All ipectra were collected in a multichannel analyzer using 1024
channels. Hard copy outputs of the spectra were analysed by hand, summing
the counts in the =7.45 MeV alpha energy region. Statistical uncertainties-
were taken as being the square root of the total counts. A typical direct
target spectrum is shown in Figure 3a.

2

Absolute llAt production cross sections at each proton energy were

calculated using the formula:

A
PR (2)
(B.R.)* (Degg)oNedpe (1—e™ B )

G =
2llAt

where 0211,, = total production cross section for 2llAt for a specific

proton energy and target thickness (cm?);

L8

2llAt activity at end of bombardment (counts/sec);

AEOB

211

B.R. branching ratio of 7.45 MeV alpha of At;

Deoff & Detection efficiency for the 7.45 MeV alpha;
N = atomic density of the bismuth target (atoms/cmz);
®, = proton flux (protons/sec);

2

A = decay constant of Hae (h—l);

tg = duration of bombardment (h).
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dropwise addition of conc. HNO,
washing of Al backing with H,0
neutralization of excess NO3 ™ with
10% NH,OH.HC1

addition of conc. HCi to 8 M in HC1
addition of 1 M SnC12/8 M HC1

l&é&“éélumn at =10 mL/min
wash with =30 mL. 8 M HC1l
wash with =30 mL H,0

2 mL of 2 M NaOH at ~2 mL/min
acidify with conc. HCl to 1.5 M in
HC1 E

9

stir in plating apparatus for
=15 wmin

Figure 2 Schematic Representation of Chemical Separation
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for 399 MeV Proton Runs
a: the 7.45 MeV is well separated from the other alpha
activities
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identifications
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Spectrum acquisition for the chemically-separated sources was more
complex as both alpha and gamma spectra were acquired simultaneously.
Alpha and gamma detection systems were calibrated separately since daughter
gammas in coincidence with At alpha emitters have intensities too low to
permit absolute count rate determination by coincidence methods. A special
small vacuum chamber was constructed to héld the source in fixed close
geometry with respect to a silicon surface barrier detector mounted in the
chamber. The vacuum chamber was equipped with a thin (1/16") aiuﬁinuﬁ
floor that allowed for the positioning of an external Ge(Li) gammé detec-
tor. The vacuum chamber is shown in Figure 4, Thé surface barrier
detector was energy calibrated using a standard 241An source. Detection
efficiency calibration was obtained by counting a 208?0 source of known
activity and having the éame physical dimensions as the plated astatine
sources. The Gé(Li) detector was energy calibrated using seventeen y-rays
from a 2?%Ra source. A least squares fit of n(intensity) vs. An(y-energy)
gave.a relationship between.relative detection efficiency and y-ray energy

San, 60Co, 133Ba and 137Cs sources were

for the detector. étandard 22Na,
then counted in the same position as the astatine sources to obtain an ab-
solute detection efficiency vs. y-energy relation.

Alpha and gamma spectra were acquired for equal time intervals in
separate gemories of a multichannel analyzer. All spectra consisted of
1000 channels. Spectra were stored on floppy disk and transferred to an
IBM 4341 for later analysis. The alpha spectra were sufficiently simple to
allow énalysis by hand. Alpha peaks were identified by their energies and

half-lives and the channels summed to obtain count rates. Uncertainties

were taken to be the square roots of the total counts in each peak. The
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gamma spectra were analysed using the GAMANAL computer program35 on an

IBM 4341, Background subtraction, peak energy, peak integration and errors

were determined by the program. : ;

e

Cross section ratios for astatine nuclides with respect to the produc-

i
tion cross section of 2!1At were obtained by use of the following forpulae:

AgpoB (%)
ox _ (BR)x*(Degg)yeNedpe (1= " X"B) 3
0211,, Apop(211)

o
(BR)211° (Deff)alleNedpe (1-e 211 7By

where all factors are as defined for Equation 2 and the subscripts x and
211 refer to specific astatine nuclides. If branching ratio and detection
efficiency corrections are made to the astatine activities, Equation 3 re-
duces to: - - \\

Ox (Absolute activity)x-(l—e'KQlltB) (4)

o211 (AbSO].ute aCtiVity)2llc (]_—e—)\XtB)

Reaction cross section ratios were calculated for x = 210-203 nuclides
from both alpha and gamma spectra. Usually, a series of counts (3-7) was

obtained for each proton energy; however, the 350 MeV run produced a low
g

activity source and only one spectrum was obtained. The nuclides 2llAt,

20%at and 293At were identified only by their alpha activities, 210A¢ and

2O.B-At were identified by gamma spectroscopy and the other nuclides identi-

J .
fied by both methods. In addition, 2104t was measured indirectly by

210

counting the activity of its daughter, Po, after the QIOAQ had
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aompletely decayed. The characteristics of the alpha and gamma activities

used to didentify the various At nuclides are given in Table VI, aiong with
. N o ’

A

calculated reaction Q values.

2

Since the targets used for direct counting of llAt and those used for

cross section ratio determinations were of equivalent thickness, the ab-

solute production cross section for any ddtatine nuclide at a specific pro-

11

ton energy is obtained by taking the product of the ratio and the 2 At
cross section:
Gx -
Ox = X 0211 ’ (5) !
0211

Typically, £he ratio error was about +207%, while the g9 error was
about ilOi, although, in some isolated cases, the uncertainties were
lérger. The ratio error resulted mainly from counting statistics, uncer- 7
taintigs in the literature branching ratios and the relative calibration of

2llAt cross section included

the two counting systems. The error in the
uncertainties in detection efficiency (=5%), beam integration (=7%) and -

target thickness (#67%). Individual uncertainties in c0unt;ng statistics

varied wiHely, from as low as *1% for some high-intensity gammas to values
of t40% for some low—-intensity alphas and gammas. The loss of At activity
by recoil out of the target was estimated by counting a target backing foil
for '} At. The estimated loss of <1.5% was in good agreement with the <1%

valu%,détermined for the 209Bi(P,TEO)210Po reactij:iiZ) No corrections for
c-;‘_‘, .

recoil have been made in the calculations. <\\\
' : \

AN
~

Attempts to Detect Light Astatine Nuclides

Astatine nuclides lighter than 203At could not be identified in either

N B
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Table VI

Decaleharacteristics of Astatine Nuclides?

i

B.R. A ) B.R. (p,n"xn)d
Nuclide tl/2 Ea . EY Qlp
(MeV) (%) \\Fe ) (%) (MeV)
211, 7.21 5.866 41.90
7.450b 57,20
210 54 8.30 245.3 79.40 ~138.6
1181.4 99.30 R
210p, 138.00 5.304 99.90 ‘
209 ¢ 5.42 5.647 8.40C 545.0  94.40 ~145.7
o 781.9 86.60
: 790.2 66.00
208 5¢ 1.63 177.0 46.00 ~154.1
6600 90.10
6850 97.90
207 p¢ 1.81 5.759 11.50¢ 588.4 22,00 -161.5
N 814.5 49.00
206 ¢ 31440 5.703 0.96 395.5 47.80 -170.1
N ’ 477.1 85.90
L 700.7  97.00
205 ¢ 26.20 57901 10.00 52055 3.67 ~178.0
628.8 4.76
669.4 8.40
719.3 28.00
2045 ¢ 9.30 5.948 4,40 =187.0
2035¢ 7.30 6.086 31.00 -197.1
2025, 3.00 6.227 15.00 -204.6
20154 1.50 6.342 71.00 -212.7
a All valqgs from Ref. 25 unless otherwise indicated. -
b £ 211

0

(a9

From decay o

Po daughter; ty /, = 0.525 sec.
From Ref. 20 and 33.

Calculated using mass values of Ref.

36.

@
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the gamma or alpha spectra of the chemically-separated samples due to their
short half-lives. Attempts were therefore made to detect the short-lived
astatines by a direct counting method. A very thin (=100 ug/cmz) bismuth

target, evaporated onto a 200 pg/cm2 carbon backing, was mounted on a mov-

able arm in the SFU scattering chamber at TRIUMF. This movable target

could be positioned in the proton beam or in front of a Si surface barrier

detector at 30° from tife beam. A computer—controlled cycling sequence was

used to, in turn, irradiate the targét (60 sec), move the target to the de-

tector (30 sec) and count the target (60 sec). This sequence was cycled

-~ .
e

and multipleuSpectra could be collected without thning the beam off.
ke /

hl G -

Alpha spectra were collected fo%iproton energieg/of 210, 300, 399, 450 and

481 MeV, either singly or by summing spectra from six cycles3q. Though

polonium nuclides with half-lives as short as 5.5 sec were detected (from

the series of (p,xn) reactions), no astatine activity was found. Nonethe-
less, by using the lower limits of detection for the short-lived poloniums

(~10 counts/sec), upper limits could be placed on the light At cross sec-

202

tions. These were estimated to be <~50 pb for At, <s7 pub for 201 At and

<=15 pb for 200 At. The cross sections obtained for polonium nuclides in

the series of (p,xn) reactions, with x = 0-14, have been published else-

hhere3q.
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SECONDARY REACTION CALCULATIONS

N

5
Introduction ¢ 7§§5
i /

The astatine activity measured in the present work results from three

ma jor reaction processes. In addition to the primary reactions

209, . —.0\210 ¢ .
Bi(p,n"xn) At, astatine can also be produced by two secondary

(two—step) reaction mechanisms: 209Bi(p,ax), followed by

20981(a,xn)213—XAt, and'zogBi(p,3HeX), followed by

209, (3 212-x o : : \
Bi(” He,xn) At. Similar reactions involving lithium or heavieq~§>

e .
fragments are expected to be imsignificant since 209Bi(p,LiX) production is
of the order of <~#17% of the alpha production at the proton energies under

gggfideration

Production of astatine by protons on bismuth has previously been mea-

37,38

3941

sured at Dubna’, 42—l

and Orsay in the energy range 60-660 MeV. Asta-
tine production in these thick target measurements was attributed to the
secondary reactions involving intermediate alphas. However, Kurchatov et

L

noted- that the light (A <205) astatine nuclei could not be produced
in quantity by secondary processes.and attributed their formation to the
primary (p,n~xn) reactions. The purpose of the Dubna and Orsay measure-
ments was to deduce the energy distribution of the emitted alpha particles
from the oberved At nuclide production ratios and previously measured
(x¢,xn) excitation functions. Reversing this type of calculation allows

estimation of secondary At yields if the (p,a) energy—-dependent cross sec-—

tion and the (a,xn) excitation functions are known.

The Secondary Cross Section

5

Metzger and'MillerL+ have expressed the cross section for production
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of secondary nuclei in thick targets as

[s0]

osec = | og(EgIPc(Eg)dEs (6)

where of(Ef) 1s the angle-integrated, energngg;endent cross section

for fragment production as a function of fragmeﬁt energy (in units of cross
section per energy). P.(Ef) is tﬁe pro%ability that a fragment of ini-
tial energy kEf) will interact with a second target nucleus at some point
in its range'to form a secondary compound nucleus. This probability is in

turn expressed as ’ -

Ef
P.(Eg) = N [ 7 oo (Ep)drg (7)

wﬁ%re N 1is thé number of target nuclei per cubic centimeter, o (Ef) 1is

the cross section for formation of the secondary cqmpound nucleus (in units
of cmz) and drg is an element of the fragment range in centimefers.

Since the integral in Equation 7 is in terms of fragment energy, drg is
eliminated by using an appropriate range—energy relation (-dEg/drg).

The preceding equations show that, in order to successfu11§ calculate a
production rate by secondary reactions, three things must be known: first,
the production rate and energy distribution of the secondary fragments;
second, the energy dependence of that fragment's interaction with target
nuclei; and, third, a relationship describing the energy loss of the frag-
ment as it travels through the target. For the present purpose of calcu-
lating secondary astatine production, the first and second relations were
‘obtained from available experimental data, while the energy loss relation

used was a standard, classical formula.
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The (p,x) and (p,aHe) Energy Distributions

While there are no experimental determinations of the inclusive (p,a)
and (p,3He) fragment spectra from bismuth in the proton energy region of
this study, bgth fra#gment energy distributions have been measured at
90 MeV*®. Also, Segel 35_31347 have measured charged particle spectra from
protons on 208py at 164 MeV. The alpha and 3 He energy distributions from
bismuth are expected to be similar.

The general shapes of inclusive fragment spectra (do/dE vs. E) have
been shown to remain essentially the same r bombardment energies of
several hundred MeV, while the absolute magnitude of the fragment produc-
tion cross section increases 'with beam energy37. Figure 5 shows typicak
angle~integrated shapes for both fragment distributions, as obtained from
the data of Segel EE,El'HB' For the purpose of secondary yield calcula-
tions, the shapes gf the fragment spectra aone 20 MeV were approximated by

3

the form

do mb
— =) = A -B(E£-20 MeV 8
dE¢ (MeV) exp{-B(Eg e¥)) (8)

A lower energy cutoff of 20 MeV was chosen to eliminate the need for fit-
ting the evaporative "peak” of the distributions. Since this energy
roughly corresponds to the threshold of the 209Bi(a,2n)2llAt reaction, «
energies below 20 MeV make no contribution to any secondary nuclides
observed.

The parameter B in Equation 8 was estimated to be 0.077 Mev™! for
alpha particles and 0.028 MeV~! for 3He particles from the 90 MeV and

hd
164 MeV spectra.
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The parameter A was not fixed at any particular value but wa;
normalized to experimentally observe 211 ¢ yields for each calculation at
specific beam energies and target thicknesses. The particulars of the nor-
malization will be discussed later. For 3He distributions, A was fixed at
0.7% of the normalized value used for alpha particles, in keeping with

lower (p,3He) cross sections3’ »¥6,47,

The (a,xn) and (3He,xn) Excitation Functions

The experimental excitation functions of 209Bi(a,xn)213"xAt for x =

2»7”9'52Jwere fit to semiempirical functions based on the Jackson model of

successive mneutron evaporation“9:53. The collected experimental data is

listed in Table VII.

The Jackson model was first proposed'to schematically describe (p,xn)
and (p,pxn) excitation functions by the successive evaporation of neutrons
from an excited compound nucleus formed after a prompt knock-out event. It
has since been used to describe other reactions involving neutron emission,
including the {(a,xn) reactionsqz)q3’53:‘ According to the model, the h

cross section for a particular (a,xn) reaction is given by
,‘_Q*)/‘\

X
o(a,xn) = 6.(Ey) ) q(i)<P(E,x-i)> (9)
i=0 :

where 0 .(E,) 1is the reaction cross section for an incident a of energy

Eo, q(i) is the relative probability of the emission of i prompt neutrons

and <P(E,x-1)> is the averaged neutron evaporation probability. The proba-

bility of emitting at least i neutrons is given by

2i-3 (A )n
Py=1-exp{-ag) ] — 10y
i=0 ¢ i
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Table VII
Collected Experimental Cross Sections for

(o ,xn) and (3He,xn) Reactions on 209Bi 4932

Ep (MeV) o (mb) Ep (MeV) g (mb) Ep (MeV) o (mb)
(a,2n)
20.2 1 - 28.7 780 " 34.8 390
20.6 1.4 . 29.3 837 35.5° 370
21.2 10 29,6 900 35.6 315
21.6 20 29,7 850 35.7 344
21.8 42 29.8 870 36.4 265
22.4 100 29.9 900 36.7 250
22.6 113 30.4 905 37.2 215
23.0 - 110 30.5 “890 : 37.3 226
23.1 160 - 30.7 890 - 38.0 170
23.5 250 31.0 .. 909 . 38.4 145
24,0 205 31.4 860 , 38.8 150
24.2 291 31.7 850 40.0 104
24.6 290 32.2 810 40.1 134
24.7 375 32.3 750 41.0 110
25.4 406 32.6 750 43,3 92
25.5 45Q 33.0 - 713 49.0 52
25.7 . 521 33.1 - 620 - 58.0 28
26.1 573 33.3 630 65.0 18
26.5 580 33.6 610 71.0 10
26.7 670 34,0 480 78.0 8.5
27.4 706 ' 34.2 499 82.5 ‘ 5
27.6 690 34,5 460 89.5 4.5
27.7 750 34.6 470 ~+95.0 3.8
28.6 816 34.6 390 99.5 3.4
(a,3n)

28.6 4 \ 33.3 530 ’ 40.0 1100
28.7 = 3 33.6 610 40.1 1168
29.6 13 33.9 618 41.0 . 1172
29.7 7 34.0 730 43,3 977
29.8 11 34,2 715 44.2 986
29.9 15 - 34.6 820 , 49.0 320
30.4 .36 34.8 930 49.7 305
30.5 60 35.5 1100 ‘ 54.6 150
30.7 50 , 35.6 985 58.0 200
31.0 91 35.7 985 60.1 77
31.4 170 36.4 1150 65.0 110

31.7 160 36.7 1110 . 71.0 105
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Table VII (Cont'd)

32.2 280 - 37.2 1205 78.0 100
32.3 350 37.3 1116 82.5 73
32.6 370 38.0 1240 89.5 52
33.0 396 38.6 1179 95.0 60
33.1 530 38.8 1270 99.5 52
/ (a,4n)
40.0 57 49,7 1036 65.5 323
41.0 151 54.6 1034 69.6 150
43.3 391 58.0 550 71.0 220
44,2 344 ' 60.1 640 74.0 110
49,0 1000 65.0 300 79.4 72
(a,5n) A ’
49.0 14 69.6 s08 Y 82.5 240
54.6 277 ~ 71.0 400 89.5 225
60.1 709 74.0 405 95.0 230
65.0 650 78.0 350 99.5 195
65.5 736 79,4 296
(a,6n)
> la,bn)
58.0 5.4 71.0 440 82.5 180
65.0 220 74.0 603 89.5 110
65.5 229 78.0 350 ° 95.0 100
69.6 569 79.4 484 99.5 85
(a,7m)
65.0 9 " 82.5 560 99.5 300
71.0 42 89.5 500
78.0 300 95.0 390
(3He,3n)
24.7 236 39.7 185 60.6 72
29.8 1200 44.6 - 87 65.3 77
34.4 516 56.0 70 '
(3He,4n)
29.8 186 49.5 477 65.3 240
34.4 906 56.0 326
39.7 802 60.6 292
(3He,5n)
34.4 22 49.5 966 , 65.3 350
39,7 361 56.0 644
44.6 1164 60.6 431
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Table VII (Cont'd) ~
(*He,6n)

56.0 681 60.6 1105 65.3 942

&
PANY

P
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where
i
E*—~Z Sy
¢ Ay = L (11)

T -
E* = excitation energy;
S; = binding energy of ith neutron;
T = nuclear temperature (E*/ap)l/z, where ap = level density

parameter.

The probability of evaporating exactly i neutrons is defined as the differ-
ence between Py and P(j4) ). For the current calculations, the re-

. actions were assumed to occur entirely by evaporative processes, elimin-
ating the q(i) term from Equation 9. The formula for the reaction cross

section, o.(Ey,), was taken from ShapiroSL+

5e(Ey) = m (&) (-2 | (12)
a g

where R = target nuclear radius;

>
1l

= rationalized projectile wavelength;

o
Il

= Coulomb barrier.

o

Since the purpose of fitting the experimental data were merely to pro-—
vide a descriptive function, rather than to extract meaningful parameters,
four arbitrary proportionality coefficients were introduced into the final

form of the fit expression,
o(x,xn) = oc{as (By)PePygy=ce (B )de Pryyry) C(13)

. ¥
where g, 1s described by Equation 12 and P(yx41) and P(y) are
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a .
described by Equations 10 and 11. The coefficients a, b, ¢ and d, as well
as the level density parameter (ap) and the target radius (R) were fit by
a non-linear iterative least squares method with the ITER computer program
provided By Dr. K.E. Newman ofvSimon Fraser Univer;ity. The six parameterg
‘were not all obtained from simultaneous fits. Gemnerally, valu;s of the
&)
parameters R and a, were fifst determine%;&g as to'reasohably approximate
the ;peak"»region of the excitation functions. These values were then
fixed and the parameters a, b, ¢ and d were varied to approximate the high
ene;gy tails of the excitation functions. The use of these four coeffi-
cients was necessary to éccount for contributions from “"direct” emission of
neutrons described by the term é(i) in Equatioﬁ-4. In the cases where few
experiﬁental data points were available, not all of the excitation func-
tions could be fit with all six parameters. All values of atomic masses
and neutron binding energies used were taken ffom the 1977 compilation of
Wapstra ana 50536. The final best fits are shown with the experimental
data iﬂ#Figure 6. Tﬁe vglues of the fit parameters are given in
Table VIII. The parameter R has been converted to the more familiar R,
by the relation R = ROAL/a. While no effort was made to liéit any of

the parameters to "meaningful" values, the final magnitudes of R, and

are not unreasonable in comparison to accepted values.

-

4

The Charged Particle Stopping Power

In order to account for alpha and 3He particle energy losses in the
target and permit integration of Equation 7 by substituting particle energy

for particle range, the non-relativistic, charged particle, stopping power

55

formula of Bethe was used:
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0 40 80 120

Figure 6 The (a,xn) and (3He,xn) Excitation Functions on 209Bi.

Solid lines represent least squares fits.
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aw b 2 2m,, v2
dE - 4re” z°ZN ln{ eV

dr v <I> (s
where E = charged particle energy; '
r = distance travelled by charged particle;
e = elementary charge;
z = particle unit charge;
Z = target unit charge;
N = atomic density of target (atoms/cm3);
m, = electron mass; g
v = particle velocity;
<I> = mean ionization potential of target. - ‘1_h7

\

A value of <I> = 0.763 keV for bismuth was taken from the calculation

6 -

of J.F. Ziegl‘r5 .
é

After appropriate substitutions are made for the terms in Equation 14,

the stopping power functions for alphas and 3He particles in bismuth are

o

reduced to sthe form:

- 0.907 1n(0.719 E :
(29 . a) MeV (15)
dr g By mg/cm?
o 0.620 1n(0.954 E3,) 4oy 6
dr 3He E3He mg/cm2

Calculation of Secondépy Yields

Calculations of the secondary production cross sections of astatine

nuclides were performed by numerical integration of Equations 5 and 7. The
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X
v(p,a) e gf spectrum described by Equation 8, from 20 to 120 MeV, was
firs;fgivided into n intervals (dEa)i of about %4 MeV width. The avér; ]
age alpha produgtion cross section (a(p,a))i and the correspondiné
energy (Ea)i were calculated éor each interval. The alphas were then
followed on their path through the target which was in turn-divided into m ,
slices, (dr)j’thické The energy of the alpha particles in the middle of
each thickness slice was calculated from their initial energy (Ea)i and
5

the energy loss given by the stopping power formula (Equatio: 15). The
probability of an alpha interacting in a particular thickness slice was
taken as th; product of the number ‘of target nucif: in fhe slice (nj) and
the cross section for a pa;ticulgr (¢ ,xn) reaction at the alpha energy in
that slice, Gj(Ej)(a,xn)' The total probability of an élpha with an

initial average energy, (Ea)i, interacting with the target by means of

a specific (ax,xn) reaction was described by:

P; = 1—exp{— Z njO(Ej)(a,xn)} ' < QA7)
3
The calculation proceeded in a stepwise integration through the alpha
fragment spectrum summing the cross section from each energy interval to

give a final, total production cross section for a specific nuclide:
7

i
o (p,a)(a,xn) = ) P;(3 o)) (18)
TOT ¢ (pya)’y

The calculation was performed on an IBM 4341 computer. The input

parameters were:

=
. n = the number of energy slices;

~
~ " m = the number of thickness slices;

Ry
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A

i

t

the target thickness.

~

the parameter describing the magnitude of the (p,a) spectrum;

The parameters n and m were varied to observe the sensitivity of the calcu-

lation to the number of intervals used. Dividing both the energy spectrum

and the target thickness into 1000 intervals greatly increased the running

~

time of the program but produced no change in the result (}%ﬁifo signifi-

cant figures) from that obtained by using 25 intervaii;rjyhe values of n

the calculation schematically.

Thin Target Calculations

The preceding calculation is strictly valid enly

and m were sét to 25 for all calculatigps. Figure 7 displays the steps of

for thick targeté,

whegre the alpha fragment jinge and flux reach saturation at all emission

aégles and an angle integrated form of of(Ef) can be used in

Equation 1. For thin target cases, of must be replaced by a function

having both energy and angular dependence, o¢(Ef,0¢),

in order to

account for target thickness variation with emission angle. While a rigor-

ous treatment requires the added complexity of angular dependence, several

factors allow the thick target calculations to be used as a good first

order approximation of secondary yields in the present case.

First, the energy distribution of low energy fragments does not change

significantly with emission angle. The distribution of low energy frag-

ments is essentially isotropic. The shorter range of
the production of heavier sevondary At nuclides least
ness effects.

Second, the emission of higher energy fragments,

lighter At nuclide production, is greatest at forward

these fragments makes

susceptible to thick-

respaﬁéible for

angles. Because of
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Figure 7 Schematic Representation of the Secondary Calcu](ations

(see text for explanation) ey ﬂ
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the greater range of these fragments, small changes in emission angle will

not significantly increase the production of secondaries in a thin target.

Finally, in this specific case, the detectipn fq?llg produced exclu-—
S~ 5

sively by secondary reactions allows all Calculgted secondary yields to be
L 2 :
, ™
normalized to the observed 2!lat yield, thus "averaging” the effects of

thickness variation with angle.b

4
The results of both thick and thin target secondary yield calculz?}ons

5

are shown in Figure 8. The yields from e fragments were calculated in a
P . e

manner éﬁhlogous to the alpha fhagment calculations and summed with the /
% /

alpha yields. - _—

The normalization of each seconda;y\yield calculation to the experi-

mentally observed RN yields was accomplished by using an "effective”
target thickness as a program input parameter. Literature values of 2llAt
production yields from 60 to 660 MeV protons”;’m+ were used to'obtain a

lineay telationship for 211p¢ production in thick targets as a function of

proton energy (see Figure 9). Using the relation,
G211 54 (mb) = m-Ep (MeV) + b

where m = 0.0546 +0,003 and

o,
0

0.757 £0.385,

21

thick targetg Lat ylelds were calculated for the specific proton energies

of the present work. Secondary calculations were then performed varying

N

the input parameter A (the magnitude of the (p,a) cross section) until

reached  with the calculated 211 p¢ ylelds. In this manner,

agreement was
R~

values of A were'obtained for each proton energy. These were subsequently
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Figure 8 Relative Secondary Cross 'Section Ratios Calculated for
Thick Targets and One Typical Thin Target. Contributions

(]
from *He and >He fragments are shown.
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used in thin target cazzzﬁations where the target thickness input parameter
was variled until agreement was reached with the observed 211At yield from
the thin target. This "effectlve"” target thickness and the calculated
parameter A were then used in subsequent calculat{ons of the yields of
other At nuclides at that proton energy. Table IX gives the ca}culated

R
211 g’ . O /
values of At yields and A parameters for varjgous energlé&;

Comparison with Experimental Data

. ¢ ’
In order to assess the reliability ?f the seﬁindary calculations, com—

\

parisons were made with experimental déiigminations of astatine yields from

References 35-40. Due to the change in accepted values of At nucl;ég\
A :

branching ratios since the earlier measurements, the literature data were

corrected to reflect branéhing ratios used in this work, Table X lists the
- " .

211

correction factors for relative cross sections (GAAt/U At). The cor-

rection factors were computed using the formula:

N3

B.R. 211At (this work)

B.R. *tlac (1it) ‘
B.R. AAt (this work)

B.R. AAt (lit.)

Correction factor =

The relative cross sectid®s obtalned from the literature are multi-
plied by the correction factors to obtain values based on the branqhgng

ratios used 1in this work.

Figure 10 shows corrected relative cross sections from Lefort §£_§13“3

s

along with the valuéanpredicted“tn this work as a function gf astatine mass

number. Except for 150 MeV, all proton energies are below the pion produc-

tion threshold. The.astatine products are from secondary reactions only.
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Summary of Calculated

Table IX

211At Cross Sections on Thick Targets

Bl

AN Ep - OzllAt (Thick Target) . ) A
| (Mev) | (mb) 2 (mb/MeV)
120 5.8 3.9
\ 160 8.0 5.3
" ; |
180 5.1 61
188 9.5 6.4
200 0.2 6.
210 10.7 7.9
214 10.9 7.3
225 11.5 _) 7.7
252 13.0 < 8.7
300 15.6 \;*wf 10.5
350 18.4 112.3
399 21.0 14.1
+>0 4 23.8 15.9

480 25.5 17.1
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Table X

Correction Factors for Branching Ratios in

{7 -~ Literature Values of Relative Astatine Yields

Relative Correction Factor
Yield

Ref. 43 Ref. 41

5210,
o2 At f

x 1.01 -

209
oAt , x 1.08 x 0.61
o211At

208
gET“éE x 1.11 x 0.19
o lAt :

207
E_T_ff. x 0.89 x 0.89
02 lAt

206
oAt - . x 0.96
o211At

R

52054, Ny

z - - x 1.84 .
0211At )

204
o__At | - x 1.05
0211At

203
E_T;ég - x 0.46
02 1At

/\,\‘ Q‘Qs/

s
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Figure 10 'Calculated Secondary Ratios Compared to the

j/

Secondary Experimental Data of Ref. 43
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At 150 MeV, only 210A¢ and 299At can be produced by a (p,n xn) reactions.
208 pt and 2%7 At are produced by secondaries. Generally, the agfeément
between calculated and éxperimental Jalﬁés is very good.

Higher energy proton data from the work of Li gE_gl}ql are displayed
vin Figure 11. Heréi with the exception of the 120 MeV data, all proton
energies are well above the pion production thre%pold and astatine can be
"produced by the (p,n~xn) reactions. For nuclides with mass <207, the rela-
tive cross sections have been averaged over all proton energles. Figure 11
showé what appears to be two different mass distributions. For nuclides

heavier than 207

At, the secondary calculations are in excellent agreement
with experiment. However, beginning with 207At, the lighter nuclides dis—

play a trend to increased cross section with decreasing mass number. this

can be explained by a large cross section for the (p,n"xn), x 23, reactions’

even at high proton energies, that completely overwhelms the secondary
reaction channels. '

-

A further comparison with experiment is shown in Figure 12. Here,

209

only At and 2%7At relative cross sections at a proton energy of 120 MeV

were obtained at IUCF. While the general trend is represented by the cal-

culated curves, the agreement 1is not very good for the 207 At cases. Due to

low activities and corresponding poor counting statistics, the 6207At/

0211At points might more properly be viewed as upper limits.
For the purpose of subtracting secondary yields from the experimental
total astatine production cross sections measured in this work, the uncer-

tainties of calculated values were estimated from the corrected data of Li

209

gg.gi,ql (Figure 10). The relative cross sections for 210At, At ‘and

208 ¢ ar all proton energies were averaged and the percentage difference

e
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Figure 11 Calculated Secondary Ratios Compared to the

Corrected Experimental Data of Ref. 41
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Figure 12 Comparison of Secondary Calculations to

IUCF Thick Target Results
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”

from the calculated values taken as a relative error for the calculation.

207

The relative error for g At/UZIlAt was estimated as an avefage of the

three heavier nuclide errors. The estimated errors are given in Table XI.

~
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Table XI

Estimated Errors for Relative Secondary Yield Calculationmns

210

S_QT_‘}E +3%
o] lAt

209
Eﬁﬁ 5%
o] lAt

208

9_2_1__"“‘£ +31%
o] lAt .

207 ,, e
9_2_1_"“‘5 N +13%
o} lAt
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RESULTS AND DISCUSSION

Experimental Results

The results of the cross section measurements are presepted in
Table XII. The cross sections for direct 211'»At productioﬁ ére labelled
Oéff(zllAt) and displayed in thé third cblumn. These cross sections are
also displayed graphically, as a function of proton energy, in Figure 13.

The TRIUMF thin target data can be fit with a linear expression

0211At(ub) = m-Ep(MeV) + b (20)
m = 4.37 x 10°3 £8.31 x 10~
b = 0.316 +0.240

However, the 800 MeV point does not fall on this line. The enhancement of
2115 production in the LAMPF runs can be attributed to the difference in
irradiation methods. At TRIUMF, all irradiations were performed in vacuum,
while at LAMPF the targets were in air; Production of -alpha and 3ye frag-
. 5
ments in the air upstream of the target (that subsequently impinged on the
target) appeérs to have significantly increased the seconﬁary production of
astatine nuclides. The LAﬁPF series of cross section determinations is
summarized in Table XIII and Table XIV.

As described earlier, the cross section for a specific (p,n " xn) reac-

211At) and the corres-

tion is obtained by taking the product of ogf¢(
ponding ratio ox/0211. The values of the cross sections thus obtained
for the four heaviest astatines are given in Figure 14 and Table XV. The
open circles are the values calculated from the IUCf thick target runs.

The solid circles are from measurements of thin targets at TRIUMF and

LAMPF. The solid line in each plot represents a smoothed value of the
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Table XIII

LAMPF Direct Target Cross Section Summary

Target Thickn;ss 0211 p¢ (eff)
(mg/cm”) (ub)
At-2 1.76 7.9 1.1
At-3 - 2.00 9.9 +0.9
At-6d » 1.07 ©10.3 +0.6
At-7d _ 0.56 9.7 0.6
At-10d 0.34 ‘ 12.0 £1.5
At-11 0.69 9.9 +1.3

At-12 0.71 10.2 #1.3

Average = 10.0 +0.4

J
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Table XV
Tdtal Production Cross Sections for Heavy At Nucl%)ides
(including)secondary reaction contributions)
Ep 0210 0209 G208 0207
(MeV) (ub) (ub) (b) AL (pb)
1205900 - 1.6 £0.4 - 1.0°£0.2,,
120y gy - 1.3 £0.5 - 0.6 0.2
160. - 4.2 +0.8 - o 4.6 £0.9
180 - 5.0 £1.1 - ‘ 11 +3
188 2.6 8.1 1.5 13 +3 26 5
200 - 1.6 £0.3 - 17  t4
210 1.9 £0.3 3.2 £0.3 7.7 £1.3 19 12
214 - 1.0 £0.3 - 10 +3
225 .8 £0.2 1.7 £0.2 3.2 £0.5 8.7 +0.9
252 0. 1.7 +0.3 3.3 0. 9.0 £1.3
300 l.4 + 1.1 £0.4 2.5 %0 6.0 £1.7
350 - 2.6 +0.4 4.6 +1. 5.5 0.8
399 1.0 +0.4 1.2 £0.2 2.2 0.8 4.4 £0.6
450 + 1.0 +0.2 1.9 £0.6 2.7 +0.3
481 2.0 + 1.4 £0.3 2.5 £0.9 3.6 +0.5
800 7.0 £0.3 4.4 +0.2 4.4 +0.3 5.2 £0.2

=
AN
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calculated contribution to the cross section from secondary reactions for
thin targets. The actual secondary contributions used are listed in

Table XVI. These“wete subtracted from the values of Table XV to give final

206 ,, 203

(p,n~xn) cross sections. For the four lightest isotopes ( At At), the

“contributions from secondary reactigﬁﬁ were calculated as negligible. The
final astatine (p,n~xn) excitation functions corrected for secondaries are
displayed in Figures 15 and 16 and listed in Table XVII. The open squares
are the values measured by Clark 25_22,20. The dashed curves are the cal-
culated predictions of Gibbs?l. 1In each case, the reaction'threghold is
indicated by an arrow. Unfortunately, neither the present measurements nor

that of Clark 35_31320 managed to get much information on the coherent

reaction 209Bi(p;n')210At. Only one point, at 210 MeV, has a value suf-

/’,:,_\:‘\
~

ficiently large to exclude formation by secondary reactions. For jthe other
o7

proton energies, only upper limits are displayed. The upper limiﬁq were

obtained from the difference of the calculated secondary production cross

21

sections and the maximum OAt total production cross section allowed by

experimental uncertalinties. Also displayed on the 21044 plot 1s a solid

curve corresgﬁﬁaing to the 209Bi(p,‘rro)210

Po excitation function.

The measured individual cross sections (hereafter referred to. as oy)
were summed for each bombarding energy‘Ep to yield the observed summed
cross section gcx. This summed cross section is not the total sum of all
(p,m~xn) cross seéﬁfgns (hencefo;th éalléd oT) s;nce nuclides lighter

203

than At have not been included. In order to estimate or, the mass

-

7yi 1d distributions of astatine nuclides were assumed to have a Gaussian
shape. The astatine cross sections (oy), as a function of astatine mass,

were fit by least squares to a Gaussian shape at eacﬁrproton energy above



Summed Calculated Secondary Cross Sections for

(a,%xn) and (3He,xn) Reactions

68 -

_ Table XVI

e

o/

Ep t 0210, 0209, 0208 5, 0206 5y

+6% £3%  £5% +31% +13%

(MeV) (mg/cu? ) (b)) (ub) (ub) (ub) (ub)
120 . 1000 5.5 2.5 0.8 0.30 0.10
120 104 4.2 1.7 0.5 0.20 | 0.08
160 ~— 46.1 3.7 5 0.4 . 0.20 0.06
180 - 28.6 2.0 0.8 0.2 0.10 0.03
200 36.2 3.1 1.5 0.3 0.10 0.05
214 8.8 1.0 0.4 0.1 0.04 0.01
188 1.01 1.0 0.4 0.1 0.04 0.01
210 P.94 0.9 0.3 0.1 0.04 0.01
225 1.10 0.9 0.3 0.1 0.04 0.01
252 1.13 1.1 0.4 0.1 0.04 0.01
300° h.04 - 1.1 ok 4 0.1 £0.05 0.02
350 ,// 1.18 1.8 0.7 0.2 0.08 0.03
399 "0.84 1.5 0.6 0.2 0.07 0.03
450 1.04 1.5 0.6 0.2 0.06 0.03
481 0.77 2.1 0.8 0.2 0.08 . 0.04
800 - 9.2 4.2 1.3 0.60 0.20
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[
252 MeV. Below 252 MeV, the lighter astatines (S?OzAt) are not expected to
be produced in significant quantities’ and op was simply approximated by
gcx' The parameters of the Gaussian fits are summarized in Table XVIII.
The mean number of neutrons (X) corresponding to formation of the_21O”XAt

products is given in the second column. The peak of the Gaussian (at mass

e

number 210-X) and the full width at half maximum (FWHM) of the Gaussian are
given in the third and fourth columns. The final column shows values of X

434

for the series of reactions 209Bi(p,xn)zog"xPo, x = 0-1 , for compari-

son. A typical mass distribution and corresponding Gaussian for Ep =

201At and

481 MeV are displayed in Figure 17. The upper limits of 202At,
200 4¢ are also displayed. ‘Their values are in keeping with the assumption
of a Gaussian mass distribution. The Gaussian fits were then used to gen-
erate o, estimated by summing over At masses. Table XIX shows the esti-
mated values of or as well as the experimental sums gc%- The quoted °
errors in o are probably overestimated since the uncertainties in X,
Cmax and FWHM were treated as independent; however, the lower limit of
cr was never taken as lower than the measured %ox. Figure 18 shows the
estimated o7 values as solid circles. Also included are the total incl§~
sive cross sections (Ginc) from Cochran EE.EL'a (triangle), Crawford et
3137 (open circle) and DiGiacomo‘gglgl.9 (crosses). The solid andVAashed
lines represent the calculated values of Long 35_31322 and Gibbszl, respec=
tively. As before, the open square is from Clark 53_22320.

The data presented contain three elements that can be used in attempts
to understand the (p,n) process: the individual (p,n " xn) excitation func-
tions sX(Ep), the total (p,n~xn) cross section (op) and the average

number of nucleons emitted from the residual nucleus (X). These elements

S
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Table XVIII

Gaussian Fit Parameters oi/At Mass Distributions

L

Omax FWHM

(MZV) . (ub) (units of A) X(P’x“)b‘ |
188 2.8 +0.4 - - -
2002 3.4 0.6 - - -
210 4.4 +0.3 - - 6.0 +0.2
225 4.9 +0.6 - - -
252 6.3 +1.0 43.2 +8.2 4.8 +4.3 : ~

300 6.4 +0.4 42,6 +3.2 4,3 +1.5 5.4 0.1
350 6.0 +0.4 31.1 £3.5 4.341.9 -
399 6.1 +0.8 47.3 +3.8 3.0 0.6 5.6 +0.1
450 6.4 +0.1 27.6 1.1 3.9 40.6 6.1 +0.2
481 6.5 +0.6 29.6 +3.5 4.3 +2.5 6.3 £0.1
800 7.2 £1.5 T 27.8 £5.4 5.4 +4.8 -

4 Ref. 20.

b Ref. 34.
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Figure 17 Residual Astatine Mass Distributiom at Ep = 481 MeV.

The line is a Gaussian fit.
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Table XIX

Summed and Estimated Total Cross Sections for (p,n xn)

Eg Zog - ot (estimated)
(MeV) (ub) - (ub)
188 70 +9 | -
2008 48 +13 -
210 143 +10 ) -
225 112 +10 -
252 160 +14 | 2204203
72 L
300 141 £23 195%7 .
: . @
+67
350 . 115 +13 1451,
399 102 +13 ‘ 150%;2
. +18
450 ~80 115+ 2
481 116 11 135432
800 89 +5 160t 27

@ Reference 20.
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Summed (p,n~) Cross Sections. Square: Ref. 20;
crosses: Ref. 9; triangle: Ref. 8; open
circle: Ref. 7; solid line: Ref., 22; dashed

line: Ref. 21.
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can be gglated'to other experimental data and calculatioms in an attempt to

understand the underlying causes of the observed data.

The (p,n"xn) Excitation Functions

The excitation functions displayed in Figures 15 and 16 generally
exhibit a similar“eneréy dependence. All gy rise steeply immediately
after threshold, reaching a maximum within 50 MeV. However, the value of
the maximum cross section increases dramatically from <=2 pub for x = 0

(2104¢) to ~50 ub for x = 57 (205-203 50y,

Beyond the maximum cross sec-
tion, all o4 decrease with increasing Ep, though the relative rate of |
decrease is different. For x = 1, the decrease is rapid, giving rise to an
apparent peak in the excitation function. The rate of decrease diminishes
with increasing x, resulting in the disappearance of the peak at x = 6. It-
is unlikely that the apparent peak is caused by a resonance. A simpler
explanation may lie in the relative magnitudes of a specific oy and its
neighbours o (x+1), o(x+2), etc. For low values of x, °(x+l)/0x is

high and the opening of a new, relatively stronger reaction channel (the
(xt+1) channel), as well as the following channels, causes a steep decrease
in the oy excitation function resulting in an apparent peak. For greater
X, the relative magnitude of o(x+1)/ox is smaller and the opening of

the (x+l1) channel has less effect on oyx. Thus, the apparent peak above
threshold grows weaker and finally disappears as o(x+1)/cx decreases.

The generally smooth shapes of oy for x = 6, 7 are then also consistent
with the prediction that the (p,nm”%n) cross segtipns leading to nuclides
lighter than 203At follow the Gaussian distribution assumed in calculating
or. The excitation functions for (p,n " xn) display similar shapes and

energy dependences to those of the 127I(n',n—xn)127-xl, x = 1-10, series
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of reactions measured by Ohkubo 35_21,57. The shapes of the iodine excita-
tion fqnctions were deemed to result from cascade—evaporation mechanisms in
which the residual nucleus de-excites by emissioﬁ of neutrons. The simi-
~larity between the (p,n~xn) and (n~,n7"xn) excitation functions suggest that
the excitation function shapes of the present work are determined most “
probably by the nucleus de-excitation mechanism and not by thé pion produc-
tion step. -

Figures 15 and 16 display the results of two other experimental mea-
surements. The first is the measurement of (p,n xn) at 200 MeV by Clark et

20 (open squares). The present work is in excellent agreement with the

al.
200 MeV data.  The second experimental measurement displayed i; the
209Bi(p,no)szo excitation function from Wapd 25_21319. This 1is sﬁown as
a continuous solid line in the 210At plo£ of Figure 15. While no direct
comparison with thé (p,m7) excitatién function éaﬁ be made,'the shape of
the (p,no) curve is generally similar to those of the (p,n xn) reactions.
Both display a sha;p rise after threshold with an apéarent peak and subse*
quent decrease in cross section. Unfortunately, no data on (p,noxn) reac-
tions exist. The products measured by radiochemical methods’®"® are the
209-%Xpo activities due mainly to (p,xn) reactions which have a much

larger cross section than that of (p,noxn). Though the cohereﬁt (p,n')‘
excitation function could not be measured, the upper limits on that parti-
cular oy show that the (p,no) reaction on 2°7Bi is roughly one order of
magnitude larger. This is not surprising when the elementary pion produc-

tion processes are considered. A neutral pion can be produced by the fol-

lowing nucleon-nucleon reactions:

p+p > p+op+r © (2la)
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p+n » p+n+n’ - ¥ (21b)

p+n » d+ no (21c)

A negative pion can only be produced in the reaction:
p+n > p+p+n” (22)

The ratio of cross sections for Reactions 21b and 22 has been measured by
Rushbrooke EE_EE:SS' Using a broad spectrum of neutron energies up to

970 MeV, incident on a hydrogen bubble chamber, the measured rétio was

2

0
oloprapn ) - 5 67 +0.43
o{(np>ppn~)

The cross section for Reacti 2la is of the same order as that of 22,

: Na
while that of 21c is expected to be about the same magnitude from thé\

t+4 reactionsg. As

application of charge independence to the p + p~»> =
well as being produced in initial N-N interactions, pions producéd in a
nucleus' can charge exchange on their way out of the nucleus. Here again,
s
more neutral pions can be produced by the reactions:
‘n+nt > p+ al (23a)

p+n~ > n+ (23b)

while negative pions are produced only by:
0 -
n+n > p+mx (24)

While no.attempt was made to calculate the relative magnitude of no and ©n~
production for bismuth, it is clear from»qualitative congiderations that an

order of magnitude difference between (p,n”) and (p,no) is not precluded.
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Finally, with regard to the'individual'excitatiqn functions, there are
the calculations of Gibbs?!. These are shown as dashed curves in the
individual o4 plots. The agreement between calculated and exserimental
values 1is very good for x = 0-3., For values of x > 4, the/calculated
excitation functions ﬁnderestimate the experimental data by signific;nt
amoﬁnts. In ofder to undersfand the difference between predicted and
observed values, the model used,gy Gibbs must be examined. The calculation
used an optical model»Distorted Wave ImPulse Approximation (DWIA). Pion
prdduction was assumed to result only from target eﬁission. That is, the
plon was produced in a collision of thé incoming préton with a target
nucleon. Production by projectile emission of a no that subsequently
charge exchanges to a n~ was ignored. Other mechanisms which Gibbs called

"exbtic"_(such as ATY formation) were also ignored. A second assumption in

this model is that the (p,n~) cross section to a given nuclear state can be

represented by a cross section to a typical nuclear state. While this
assumption would not be valid for light nuclei, it is appropriate for a

209

"heavy nucleus such as Bi, where the spacing of nuclear states 1is close.

Based on these assumptions, Gibbs calculated the cross section to a 2~-par—

ticle l-hole state described by the configuration
~]1 2
{[1hg /2 289/2]0 x 289 /2}4 )

as a function of the excitation energy of the residual nucleus (or, con-
versely: the pion final energy). To obtain the total cross section for a
particular excitation energy, the cross section to the typical state is

multiplied by the level density for that excitation enmergy. The cross sec-

tion to 210At, the coherent (p,n~) product, is obtained by integrating over



the first 10 MeV of excitatiog energy. Cross secfions for lighter nuclides
are obtained by allgwing for neutron evaporation at higher excitation
energies. The predicted astatine ;ass distribuﬁion and ox éroég sections
were in‘Very good agreemént with the data‘of‘C1ark.EE;gl,20 at 200 Mev.
while the model continues to account for oy for the hea&ier astatines

207At) up to Ep’=250 MeV,rit‘failé to predict the correct oy for

(o=
1igh£er nuclides. This diéagreement can be explained by examining two
aspects of the Gibb; model. |

The first aépect'concerns the assﬁmbgion‘tﬂatronly target emission of

the pion takes place. It may well be that, while this assumption holds

true for the production;of heavier astatines, the lighter nuclide produc;

,
A

tion is due to both target emission and projectile emission (nO followed by
éharge‘exchange ton”). In this\case, the model simply fails, as no\\
acc%unt of charge exchange is included. Gibbs himself refers to target-
only. eﬁission as "admitiedl§ an extreme® point of view"2l. If this is
indeed the case, then the difference between the observed values of Ox

and the calculated values is due to the fraction of oy produced by charge
exchange mechanisms.

A second aspect of tﬂe model can account for the discrepancies in cal- !
culated and observed values without a resultingibreakdown of the model.
Since the pion production relieé on the nucleus being left in “"typical”
2plh states, thé cross section is seﬁsitivé:to Fhe number of available

"typical" states; that is, the level density of 2plh states. Gibbs used a

level density parameter given by:

p(E) = 0.004 (E + 15)2 Mevt . (25)

» 7
s
b
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where E = excitation energy in MeV. A two—nucleon model calculation for
the corresponding 2093f(p,n0)210Po reaction19 found that the cross section
was quité sensitive to the level density of 210p5 states. 1In that case,.a
satisfactory fit to the Aata was obtained using a density parameter given

by the form:

o(E) a exp{2(aE)!/?} | (26)

where a 'is a paraméter.dependent on nuclear mass number (in units of
MeV—l).

The level density in Equation 26 generaliy refers to all states, not
just the 2plh states. However, Equation 26 1s clearly a faster rising
function of E than‘Equation 25. 1If the level density in Gibbs' model was
replaced by a function with a steeper dependence on E (perhaps a E‘.3 deé%n—
~ dence), sufficiently high éross sections might be attained for ¢y, where
x = 4-7. 1If this proved to be the case, gy for the (p,n'xn)-reactions
could be accounted for entirel§ by target emission.

Before ending the discussion of the individual excitation functions, a
brief note must be made of phe slightly higher values of oy at 350 MeV
for the 2%%At and 208a¢ products. In light of recent claims of the
observance of a dibaryon. resonance f; the (p,n) reaction én copper at
E, = 350 MeVlO»ll, it should be noted that the higher values in the .

P

case of 299at and 2°8At are due simply to fluctuations in the valde of
211 ' N S 211
ceff( At) (see Figure 13). TIf sméff?ed values of oeafe( At) are

used (Equation 20), no peak 1n gy at 350 MeV is observed.

The Astatine Mass Distributions

The residual astatine mass distributions above a proton energy of

-
SN

P
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252 MeV can be described by the Gaussian. shapes summarized in Table XV.

The most probable At mass is zoth, correéponding to an average emission of

~6 neutrons. Below 252 MeV, the most probablgynumber of emitted neutrons
(%) is rapidly increasing as successive (p,n " xn) reaction channels become
available with increasing energy. The relatively constant value of X from
252 MeV to 800 MeV fér the (p,n—xn) reactions 1s also found for the
209Bi(p,xn) reactions over the energy interval 210-481 MeV3". The (p,xn)
process 1is thought to involve an emission of a fast neutron from an initial
pn > np Eharge exchange interaction, followed by a subsequent evaporation
of ‘(on average) 5 neutrons. The similérity of the Gaussian—shéped residﬁal
mass distributions of both astatine (in (p,nm " xn)) and poldnium (in (p,xn)) .
nuclei suggest a similar reaction mechanism. An initial emission of a fast
partfcle (an” in (p,n"xn) and a neutron‘in (p,xn)), followgd by evapora-
tion of an average number of neutrons. , P
The behavi%ur of X as a functioﬁ of projectile energy can give an
indication of the distribution of energigs in the (p,n"xn) reaction‘chanié
nel. If the emitted neutrons are assumed to result from an evaporation
mechanism, the/epergy transfer to the nucleus can be approximated. Taking

an average neutron binding energy of ~8 MeV and adding a small kinetic

energy (=2 MeV per neutron) gives an average energy transfer of:
e (<Bp> + 2 MeV) = 10X MeV -(27)

For the lower proton energies, where x is increasing, the energy transfer
to the nucleus also increases. For the higher projectile energies, X seems
to reach an optimal value!of 6, corresponding to =60 MeV. excitation energy

-

1 for the nucleus. In fact, the excitation energy could be much higher if

~
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some part of it were accounted for by charged:particle evaporation. How~
ever, with charged particle emission, nuclei other than astatine result and
are not detected by the present radiochemical technique. For the caée of
no charged particle emission, it appears the average energy transferAto the
ﬁucleus is approximately 60 MeV in the (p,n"xn) channel. From considera-
tions of energy conservation, something can be said about the energy of the
emitted pion. The total available energy is the proton energy in the
centre of mass system. For protons on bismuth, Ecy ~ Epap. Assuming

an initial pion emission, the total emergy of the system just before
neutron evaporation can be expressed roughly as:

Ep=mnc2+E“+EA+1§* (28)

P4
7

where Ep, E, and Ej represent the kinetic energies of the proton,

2 is the rest mass of the pion (=140 MeV)

pion and residual nucleus, mgc
and E* is the excitation energy of the regidual nucleus. Discounting the

relatively small recoil energy (Ep) and approximating E* with Equation 27
S~

gives an approximation of the pion energy.
\ Ep ~ Ep - 140 MeV - 10% (29)

For the lower values of Ep (and X), the pion energy is in the range 20-

30 MeV and the increase in available energy (Ep) is compensated for

mainly by an increase in the nucleus excitation energy, with a subsequent
increase in X. ’At higher Ep, X is practically constant and the pion
energy has to increase with increasing Ep in order to conserve energy in
the (p,m xn) channel. The radiochemical technique of the present work sam-

ples two different pion energy regions. Rear threshold, where the
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probability of charged particle emission is low, the (p,m"xn) channel
accounts for >90% of the total (p,n”) reaction’’. Pions with an average of
20~30 MeV energy are emitted and the residual nucleus dissipates the excess
energy by neutron evaporation. With increasing incident energy, a near
constant avergéﬁdexcitation energy 1is observed and the excess energy is
removed by the pion. Here, the radiochemical technique samples increas-
ingly energetic pions produced in the (p,n'xn) channel at a constant aver-
age momentum transfer to the nucleus. The average momentum transfer for

3hb

the (p,xn) reactions®’ was obtained by the relation

<p> = [<Egpp>e 2mp)]*/? (30)

where <E;;;5’%a; the average separation energy of the residual nucleus
(based on the average X) and my is the nucleon mass. For <Egpp> -

60 MeV, the average momentum transfer in the (p,n”%Xn) reactions above

252 MeV is =335 MeV/c. This is similar to the value calculated for
(p,xn)20, ~350 MeV/c, and consistent w%}h other proton—-nucleus measirement&
at intermediate energy yhich have examined linear momentum trans-

fer60’6l.

)
C ;
The Total (p,n %n) Cross Section

The estimates of the total (p,n”xn) cross section (oT), as calcu-

lated from the Gaussian mass distributions, were previously given in

~
Table XVI and Figure 18. Figure 18 also displays experimental determina-

tions of the inclusive cross sections (oipc) for heavy nuclei, as well as
T~ ’ 21

the summeg/cr0ﬁ§ sections extrapolated from Gibbs“®. The solid line in

4 -

Figure 18 represents the predicted or from the intranuclear cascade cal-

culation (INC) of Long 55_31322. While both the INC and Gibbs'
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calculations reproduce the sharp rise of or from threshold to =200 MeV,

the magnitudes of the two predictions differ by a factor of two at Ep =

220 MeV. The possible reaigns for the underestimation of ot in the Gibbs

model have previously been éiscussed. In light of the agreement of the INC
calculation with the experimental data at proton energies slightly above

200 MeV, the dominant mechanisms of pion production in the INC must be *“)
examined.

e

Long EE.E&:22 use a simplified version of a fuil INC type of calcula- éjy
tion62. In their version of the Monte Carlo cascade code, only the most “
energetic particle 1s followed through a series of nucleon-nucleon and
nucleon-pion interactions in the nucleus. The other particles resulting
from proton scatteri&g, pion production or pion scattering are ignored and
assumed to simply "héé; up” the residual nucleus. The result obtained by
tigks type of calculatign gives only op, the total (p,ﬂ_xﬁ) cross séc—
tion. As with staadard INC codes, the Eeaction cross section ;s considered
to be some product of individual NN > NN, NN > NNg and N » =N cross sec-
tions. The three d;minant pion produ(éfon %%chanisms of the calculation M
are: (1) direct n~ production in an initial proton—né§££?n collision, pn ~»
ppr ;3 (2) proton charge exchange, pn > np, where a resulting fast neutron
subsequently produces the pion in a second collision, e.g. nn > dn™;

(3) neutral pion production in pp ~» ppnO 3r pn > pnnO collisions,. followed

by 70 charge exchange, non » 1~ p. The energy requirements*for plion produc-

tion in the ‘NN centre Q% mass are provided by the {Pgident’proton energy

20981 and ~200 MeV pro-

and the Fermi energy of the bound nucleons. For
tons, Long_g£_3£.22 estimate that about 8% of the nucleon;j%ave syfficient

. i
Fermi momenta to exceed the required centre of mass energy. The eventual
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value of o7 is sensitive to the input values of the thresholds for the
individual NN + NN, cross sections. These thresholds are expressed in

terms of n, the maximum pion momentum in the NN, centre of mass:

2 _ (T =TT + 2u = p?/2m)

31

" 4(1 + T/2m) G
T = (Wyy® - 4m%)/2m (32)

Ty = 2u + p?/2m . (33)

The notationgof'Equations 31 to 33 is that of Long et al; u and m refer to
pion and proton rest masses, Wyy is the NN céntreﬁgf mass energy. The
energy dependences of the NNn cross sections (in terms of n) are then used
in determining the rate of pion production in‘the‘Monte Carlo calculation.
Clearly, n (and eventually oT) is sensitive to the form of Wyy. Long

et al., in fact, performed three calculations. 1In the fi?igj they used a

form of Wyy described by:

W = (€ +e)? - b+ B2 (34)
where (E,}) and (e,ﬁ) refer to proton and bound nucleon energy momenta,
respectively. The energy of the bound nucleon was simply taken as its
mass, € = m, This type of calculation produced a value of op = 11.6
+2.5 ub at Ep = 200 MeV. This value underestimates the experimental orp
by a factor of four. In a sécond calculation, the struck nucleon was
assumed to be "free"” at the moment of pion production. Here, ¢ ﬁf(m2 +

\J
ﬁ2)l/2 and the calculated value of or was 190 +28 ub at Ep =
200 MeV. \This value overestimates the experimental data by a factor of

four.

In order to balance the extreme results of the first two calculations,
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s
Long éE_gl. assumed a form of Wyy somewh;re between the two previous
forms. Thté was accomplfshed by a third calculation that relied on values
of n froﬁ?the two previous results. The average input NN cross sgctions
were takeﬁ to have a form described by:

- _ N1y
o = (

)0y (M2) (35)
L (o (2

where the subscripts refer to the earlier calculations and n is described
by Equation 31. The third éalculation gave a value of op = 42.9 #8.4 yb
at 200 MeV, in good agreement with'experimentzo. This cross section repre-
lﬁéﬁted 26 n's produced from 30,000 incident protbns. Of the total, 10 were
produced directly, 12 resulted from nn collisions after an initial pn
charge exchange and 4 came from 70 charge exchange. The simplified INC
calculation is in good agreement with the present data to 220 MeV. AE/~
higher energies the simplified calculation cannot be appliéd to (p,m xn)
reactions. When the NN collision energy becomes sufficiently high to per-
_mit charged particle emission, a fuli version of an INC code must be used\fj&
to follow all scattered particles and extend the calculation to higher
incident energies. Since over half of the n's produced in the INC calcula-
tion result from mechanisms other than direct pn » ppn~ production, it is
interesting to note that the Gibbs direct production model?! estimates oT
at half fhe value of the INC calculation. However, given the sensitivities
of both models to centre of mass energy (Long et al.) or 2plh level density
(Gibbs), 1t 1s unclear whether one model should be accepted at the expense

of the other.

.- Both of the calculations discussed previously examine pion production
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near threshold. While the excitation functions given by Gibbs?!l can be
extrapolated to Ej = 280 MeV,: it is unlikely such an extrapolation would

be strictly valid. However, a third type of calculation has been\performed
by I. Kelson®3. The calculatién examines the behaviour of op relative to
Oipnc and the behaviour of X for the entire energy range of the present
work. A séhematic model is used (without regard for the specific pion pro-
duction mechansisqs) to explain the energy dependence of both. Before this

model %s presented, the :general features of or and oip. are reviewed.

Figure 19 again displays the estimated values of op. The energy

-

dependence of oj,. is shown as a solid line. The line is a smooth curve
drawn through the previously mentioned experimental data’ "}, Also shown
are experimental determinations of the elementary n+ p-> p+ p + n~ cross

8,59,64-66 | For the purpose

section obtained from neutron measurements
of comparison, the np data have been converted to centre of mass energies.
Below ~250 MeV, the similarity of the energy dependence of ojy,., oT and
onp 1s immediately apparent. There can be no doubt that the (p,n"xn) v
channel is responsible for most of the inclusive pfgz production at low
energies. Though the similarity of both oip. and oT to opp could be
fortuitous, it can also be argued as indicative of the fact that the direct
pt+t+n-> p+ p+ 1~ is the main mechanism of pion production at lower
energies. At incident energies about =250 MeV, o deviates from Oine

and Snp and levels off with increasing energy. The energy region where

or turns over roughly corresponds to a threshold wheg; (after emission of

a pion and =6 neutrons) a proton has sufficient energy to leave the

nucleus. At higher energies, both the incident proton and the .proton

resulting from n~ production can escape. In either caég, the resjdual +
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Figure 19 Energy Dependence of Elementary, Summed and Inclusive
n~ Cross Sections. Solid line: ojpe; open circles

and dashed line: Snp from Refs. 58, 59, 64-66.
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nucleus is not astatine and the process is not observed in this experi-
ment. At an energy ~300 MeV, Snp also 1evéls off whitle dinq_continues
to increase. This energy roughly corresponds to the threshold of double
pion production. The continuing increase in ojip¢ couig/be dué to.double
pion production or to an increase in pion production by éhargg exchange
mechanisms not available to Onp* If charge exchange is important to
Oinec, 1t will be important to its subset or. From the available data,

there is no way of knowing if the high energy behaviour-of g7 is charac-

terized by direct or charge exchange mechanisms.
?

7

{ .

A Schematic Model Approach

I. Kelson has performed a schematic parametric calculation comparing
oT tO0 oijpec @s a function of incident proton energy63. His calculation
is discussed in this section. By concentrating only on the ratio ot/

Oinc» many of the complexities of the pion production mechanism are
>

LY
N

avoided and a single parameter is used to account € r both the cross sec-
tion ratio and X as functions of Ep. .The intermediate pion production
mechanisms are ignored. No matter how a pion is produced, the final state
is assumed to contain a 1~ (that escapes after depositing éime energy 1in
the nucleus) and two positive energy protons. Kelson freats the nucleus as
a single point interaction region, assumes isotrséic distfibutions and
averages over all weak energy dependences. The more energy the final;statf
protons ha&e, the more‘likely they\are to escape the interaction region;
that is, the nucleus. The present experiment!can be considered to sample a
fairly constant energy “tail” of the two final-state protons, accounting i;//b\
for the apparent independence of or and X on Ep.

o

The model assumes that, after a plon is produced, the total energy
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avallable for distribution between the protons and the pion is simply:
‘ -

Etor = Ep - In“c2 - E* (36)
5
4
where Ep, mnc2 and E* are the incident proton energy, the pion rest
mass and the excitation energy of the nucleus. A normalized probability

density, &, for thextwo protons to have energies E; and Ep is then defined

by:

Etor ETOT
1 = oj oj 6 (E] ,Ep ,Epgr)dE] dEy (37)
If the probabllity that a proton of energy E will interact with the nucleus
in a way such that no protons (primary or scattered) escape is defined by
some function P(E), the relationship between or (where no protons escape)
and 0iphe (where up to two protons escape) is given by:

Eror EroT
T @y = [ [ 6B(EIP(E,)dE, dE, (38)

Cinc - ° °

The average energy deposited in the nucleus by the trapped protons is gilven
by:
6inc. ETOT ETOT

)/ / §P(E] )P(E, ) (E{+E, )dE; dE,  (39)
oT o )

Epep = (

Including the initial excitation energy of the pion production step, the
total excitation energy of the nucleus is Epgp + E*. The expected aver-

age number of evaporated neutrons is simply
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_ EDEP + °E*

= B (40)
T B + KD

where <{B,> is the average neutron binding énergy and <kT> is the smaller
kinetic energy. On the assumption that initial pion production occurs in a
collision with a nucleon at the top of the Fermi sea, E* is approximated by
E* ~ B,. In order to obtain quantitative results from_Equations 38
\\§hrough 40, realistic forms of & and P(E) are required. Kelson treats the
Vthree final-state particles as independent and quasi-~free, correlated only
by total energy conserQation in a non—relativisticqsystem. 5 is given the

e

form:
1/2 _p.
& a (B Ep) (ETor-E1 -E2) (41)

The function P(E) can in principle be evaluated from intranuclear cascade
types of considerations. However, in the calculation it is represented in
.a simple one parameter form based indirectly on INC considerations. Below
the Coulomb barrier (B) for proton emission, the escape probability is

practically zero and
P(E) =1, for E <B
For energies above the barrier,
P(E) = exp{-(E-B)/w}, for E > B

The parameter w 1s monotonically related to the nucleon mean free path,
though the exact relation is not clear. In the calculations, both ojpc/

or and X are sensitive to the one parameter (w). Figures 20 and 21
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ot ,
display the results of Kelson's calculations compared with the experimental
results. .The values of oy, have been extrapolated from Figure 19. The
- fact that both q&%ntities are satisfied by the same value of w lends sup-

»

port to the assumptions of the schematic model.

- \
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Y
, SUMMARY 2 .

The 209Bi(p,n—xn)uo'xAt reactions,.witb x = 0-7, have been studied
in the energy region 120-800 MeV.. Though little information was obtained

-

on the coherent 20931(p,n")210

At reaction, the other excitation functions

* show an enérgy dependence similar to that of 2ogBi(p,nO)219Po19 and of

- other xn type reactions§7. The s%milarity between the excitation f:;%fions
of the (p,no) and (p,n"xn) reactions as well as the fact that both can be
described by two—nucleon mechanisms (by Dillig19 for (p,ﬂo) and Gibbs2l for
(p,n—xn)) suggest that the mechanisms for both n~ and no production in
heavy nuciei ;fe similar. Both calculations rely on the population of
high-lying-final nuclear states. Residual nuclei with 5-7 neutrons remerd
from theﬁcoherent product were found to be favoured in the (p,n7xn) reac-
tion‘channel. The residual astatipe mass distributions izuld be fit Qith a
Gaussian shape.that implies an average residual excitation energy (=60 MeV)
- and momentum transfer (=335 MeV/c) for the (p,n-xn) channel. This momentum
transfer ;s similar to that observed for the series of (p,xn)3“ charge
exchang; ieactiong and other proton induced reactions at medium

60,61 and suggests there is a similar average amount of momentum

energy
transfer for reaction channels involving only neutron emission. The
measured energy dependence and mass distributions are in goodvagreemeht
with the two-ﬁﬁ?i%on mechanism calculatiqn of Gibbs?!l at lower proton
energies. While the magnitude of the estimated total cross section in the
(p,n xn) ghannel (op) is not reproduced by the two-nucleon calculation,

it is possible a minor correction to the assumed levelAdensity can account

for the discrepancy. The estimated magnitude of ogp, up to Ep =

220 MeV, is in agreement with an intranuclear cascade calculation?? that

N

C



attributes more than half of the pion production to charge exchénge pro-
cesses. At incident energies below =250 MeV, the (p,n %n) channel domin-
ates the inclusive n~ production. Above 250 MeV, ot remains at a
relatively constant value accounting for only <~0.5% of the inclusive cross
section. This low value 1is not surprising since reaction channels ipvolv—
ing charged particle emission become energetically feasible at higher
energies’and apparently dominate the (p,t) cross section. Over the entire
energy region: the energy dependence of UT/Uinc and the average number

193

of evaporated neutrons are reproduced well by a schematic mode that

takes into aciii;;[%he probabilities of one or two proton emission.
Although no definite conclusions on the underlying mechanism of (p,x xn)
reactions can be made, the similar.energy dependence of ot to Onp (the
elementary np » ppn  cross section) and the qualitative agreement with the

two-nucleon model can support a direct pion production mechanism.
\

Since o7 1s such a minor component of oj,. at higher energzés, it
is interesting to ask what reaction (or collection of reactfions) is
responsible for n~ production at higher energiés. It may well be that
channels such as (p,pn~%n) or (p,2pn xn) are dominant. Unfortunately,
these reactionfylannot be examined by simple radiochemical methods. Much

more complex experiments involving coincidence measurements of emitted par-

ticles would be required.
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