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Abstract

'l‘ar_get foil stacks of lead were bombarded with beams of deuterons
at incident energies < 27.5 MeV. Excitation functions for the
production of 2°3Bj, 2°4Bi, 2°5Bi, 296 Bi, and 2°?Bi by (d, xn)
reactions were determined. On the basis of the cross sections, the
thick target yields and saturation production rates of 2°5Bi, 2°6 Bj
and *°7Bi have been evaluated. |

Introduction

The estimated excitation functions may serve as a basis
for technical and economical evaluation of the produc-
tion of radioisotopes by means of a cyclotron [1—2].

In other way, although measurement of integrated cross
sections does not allow a very detailed interpretation of
the reaction mechanisms, it is hoped that it will provide

a useful background for a further study of these reactions
about which so little is known [3—4].

Finally, in view of the current interest in the levels of the
element lead found in human tissues, we have reviewed
the formation of some of those bismuth and lead isotopes
which might fulfil the criteria for usefullness as tracers

in vivo [5—-8].

Experimental
a) Irradiations

The experiments were performed in a manner similar to
that outlined in previous papers [9—13].

Stacks of lead foils (~ 31.2 mg/cm?) were irradiated in
the external beam of the 60 inch Synchrocyclotron. In
each case the target stack was thick enough to stop the
27.5 MeV deuteron external beam. Maximum uncertainty
in the incident beam energy was estimated as being lower
than 1%. The lead foils were analyzed spectroscopically
for interfering impurities; the amounts of these were found
to be negligible.

Within the stacks, used for the determination of excita-
tion functions and thick target yields, aluminium foils
were inserted. The Al foils were used to degrade the ener-
gy of the deuterons and also for the determination of the
excitation function of the reaction 27 Al (d, ap) *Na,
used to monitor the ion current. The excitation functions
values established by MARTENS and SCHWEIMER [14]
were taken as standard.

The mean deuteron energy for each foil was calculated
by means of a computer program based on the range ener-
gy relationships given in the literature [15].

The uncertainty in the incident particle energy for each
data point arises from the energy spread of the incident
deuteron beam as well as from the energy straggling losses.
The latter was estimated to be about 0.5 MeV for the foilin
which the deuteronshad been slowed down to 16 MeV [16].

b) Counting

Production cross sections were measured by a nondestruc-
tive determination of the activation products. After bom-
bardment, gamma photons were detected with a semi-
conductor coaxial Ge(Li) detector in connection with a
multichannel pulse height analyser.

Enough data was taken at time intervals suitable for nu-
clide identification. A check of half-life and gamma ray
energies was carried out.

Standard sources of gamma emitters with well known
values of energy and intensities of gamma rays were used
for an accurate calibration of the energy and detection
efficiency of the spectrometer. Most efficiency determina-
tions agreed within the statistical error of 3%.

Efficiency F (Ey) was calculated for other energies using:

N
(E)=CE".

Using WASSON’s method, the respective values of counts
per unit time were computed after the recording of each
photopeak [17—18].

The areas of all gamma peaks observed were corrected

for efficiency of detection and the activities of the radio-
active products were calculated separately for each peak
on the basis of the nuclear data [19—20].

No corrections were made either for the energy spread at
each foil (as resulting from foil thickness variations) or

for energy losses at the preceding foils. The eventual losses
of reaction products by recoil were assumed to be negli-
gible. As for any reactions that might occur due to second-
ary neutrons, additional foils were set up beyond the range
of deuterons. Spectra from those foils showed no signifi-
cant contribution to our data.

Uncertainties in the cross section values were estimated
by propagating in quadrature the contributions from both
decay curve and peak analyses (the latter including count-
ing statistics), absolute detector efficiencies, disintegra-
tion schemes, target thicknesses and deuteron flux.

Results and conclusions

Fig. 1 and Table 1 display the 2°*Pb (d, 3n) *°?Bi excita-
tion function. Due to the small isotopic abundance of



126

3
10 E 3
F €7 3
r /'// AN ]
L y p
L / 1
¢/
L / ]
I/
2
- ! o
10 F ! 3
C / ]
r ] ]
a F | p
£ r II R
DO + ! _
i

]0] E I 3
E l -
C | ]
b : -

100 Il 1 i 1

15 20 25 30

Ed{MeV}

Fig. 1. Absolute cross sections for 2°4Pd (d. 3n)2°3 Bi reaction

294Pb the cross sections have been determined with a
large error.

In some cases, different reactions contribute to form the
same nuclide.

Radiochemical techniques dealing only with residual nu-
clei, and not with the emitted particles, are intrinsically
not able to discriminate between possible reaction modes
or to find out which reaction is really involved: especially
in those cases where several reactions producing the same
products are energetically feasible. However. in order to
evaluate their contributions the following method was
used:

Proportional values to the production cross sections

“op (mb) Zai//f” measured during this work are shown

4
in Table I and Figs. 2to 5.
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Fig. 2. o,tmb) X ai//f for 2°4 Bi. Dashed lines represent the esti-
i

mates of different possible reactions

Threshold energies from KELLER, LANGE and MUNZEL
tables [3] for reactions starting from different stable iso-
topes are also shown on the respective graphs. From these
thresholds it is possible to draw some conclusions as to
which reactions are expected to give larger contributions
to the lower parts of the curves. After that, the systematic
method by LANGE and MUNZEL [4] was followed.
Absolute cross sections for a given reaction can then be
deduced from the curves evaluated in this way and cor-
rected by the ratio between the atomic weight and the
isotopic abundance of the target nuclide involved.
Fig. 2 displays g, (mb) X a;/A for the production of >°*Bi
1

Table 1
Ed o (mb) op (mb) };ai,,“lg
i
{

(NICV) 203Bi 204Bi ZOSBi 206Bi i 207Bi
27.32|536.78+188.79| 1.86 X 10" +3.82X 1021 1.52X 10° +5.84X1072|1.87X10° +2.48X 10" | 2.82X 10° %4.34x 107!
26.31 |565.49£209.44 7.16 X 1072 £1.50X 102 1.55X 10° +5.98X 1072 [ 1.68X 10° +2.22X 10! 1 3.22x10° +4.96X 107!
25.29 1723.33+190.60 2.14X10'2t5.03><10'3‘ 1.49X10° £5.68X10°2[1.94x107! +1.32X 107" ! 3.73X10° +5.75X 107!
24.15|731.37+235.00/1.24X 1072 £4.09x 107°%| 1.34X 10° £5.89Xx1072|1.73X 107 £1.32x 107! { 4.07x10° +6.27X 10!
23.05 [631.18+181.539.89X 1072 +3.15X 10| 1.12X 10° +4.30X 1072 | 1.18 X 10° £1.56X 107" | 3.98X 10° +6.12X 10"
21.76 1436.24+161.55/1.05x10°2£3.16X 1072 9.78X 107" £3.81 X 1072 1.10X10° =1.46X 107" | 3.60X10° +5.55X 107!
20.46 [380.17£140.80| 1.31 X 1072 £4.25x 1073 7.84X 107 £3.19X 1072 1.06 X 10° +1.41X107'| 3.32X10° +£5.12x10""
19.11 [252.20+943.43{ 1.91X10°2+4.85X1073/ 559107 +2.33X1072{1.12X10° £1.49X 107" | 3.10X10° =4.78x 107"
17.62 |458.38+169.75/1.98X 1072 +4.98%X 1073| 2.24X 1071 £1.39x 10" 2| 1.12x 10° +1.48X 107" | 2.45x10° £3.77x 10!
15.98 |111.81+£147.79]2.39X 1072 +5.60x1073| 3.97X 1072 £3.95X107% [ 8.10X 107" £1.07X 107" | 1.35x10° £2.09x 107"
14.21 1.91x 1072 +£5.13X107%] 2.20X 1072 £1.13X 1072 5.90X 107" +7.80X 1072 | 8.74x 10" +1.37x 10"
12.38 7.57X1073£4.29X 1072 4.65X 1073 +3.96X 1073 2.98X 107" £3.95X 1072 | 4.86X 107! +8.49x10"?
10.42 5.38X1072+1.21X10°2{7.61X1072+£1.01x107?| 1.62x107* +4.80x 107

7.99 4.62X107428.42X1073(1.33X1072+8.20X 107 | 2.94x 1072 +2.81X 107

4.80 2.89%x10°223.27x 1072




Cross Sections and Thick Target Yields of (d, xn) Reactions on Natural Lead

, L .t (d4n)
0 £ NS
; ./) /)(\\
r / // d3n
r / /
F 7 /
. / /
10 / ! p
c / /
\‘_\ r / !
- f 1 !
3 I . ]
£ ! |
N5 1(52: ’ "
g 2
N VAR ik N dn ]
/ l S~
[ / ]
/
103: / 3
F /
: N ]
- |
o N .
5 10 15 20 25 30
Ed(MeV)

Fig. 3. op(mb) X al-//;l‘ for 2°5Bi. Dashed lines represent the esti-
i

mates of different possible reactions
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i

mates of different possible reactions

as a function of deuteron energy within the depicted ener-
gy interval. 2% Bi is produced through (d. 2n) and (d, 4n)
reactions; dashed curves represent estimates of different
possible reactions. No previous determinations of these
functions by other authors are known.
Applying our activity values of 2° Bi onto 0, (mb) Ta;/4

1

the consequent results were plotted in Fig. 3. Contribu-
tions from *°*Pn(d, n), 2**Pb(d, 3n) and 2°7Pb (d, 4n)

were estimated. _
Fig. 4 displays the 0, (mb)Za,/A4 for 296 Bj produced by
1

296Pp (d, 2n), 2°7Pb(d, 3n) and 2°%Pb (d, 4n) reactions.

Dashed lines represent their estimated contributions.

In Fig. 5 the 0, (mb)Za;/A function for the production
1

of 2°7Bi is shown. 2°7Bi is produced through (d, n),

(d. 2n) and (d, 3n) reactions: dashed curves represent
estimates of different possible reactions.

Absolute cross section values as calculated from our meas-
urements and corrected for isotopic abundance and atomic
weight. were compared with those from the systematics

of excitation functions [3—4]. Good agreement was found.
The thick target yields for *°° Bi, 2°Bi and 2°7 Bi produc-
tion, were calculated through numerical integration, ap-
plying experimental cross section values obtained in the
present work (Fig. 3, Fig. 4 and Fig. 5), into MUNZEL

and SVOBODA’s method {4, 2]. A computer program [21]
was developed.

Values for energy integration ranges are listed in Tables

2, 3 and 4. It ought to be kept in mind that for thick
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target results, isotopic abundance was assumed as 2 a; =
0.476, 0.986 and 0.986 respectively. Our results are
shown as plots of yields vs. deuteron energy (Fig. 6.

Fig. 7 and Fig. 8). P. P. DMITRIEV et al [22], reported
on 295Bi. 296 Bi and 2°7Bi yields as related to deuteron
energy, when irradiating thick lead metal targets. Com-
parison with our results shows that the latter values are
lower: this may probably be due to the data taken from
the excitation functions previously determined in this
work.

DMITRIEV et al. used a Nal (T1) crystal as detector: on
206 Bj probably the measurement of their activity was af-
fected by the activity of 2°°Bi having the first gamma rays
of 1.71865 MeV (0.34%) and 1.791 keV (0.14%) and the

Table 2
Range Thickness Production Saturation V\ Saturation \" ’ b
of the Cross J 2 A /10 Z Avg

Energy target section Activity e Activity e \

(MeV) (mg/cm?) (mb) (uCi/uAd) (uCi/uA) (uCi/uA) ; (uCi/uAh)
27.5=-27 34.63 1.56 5.495x10° 7.0724x 10* 4.736x10% +  1.33x10?
27 =26 69.00 1.60 1.123x10* 6.5229x10* 4.368x10° | 1.23x10?
26 25 66.00 1.53 1.027x10* 5.3998x10* 3.616x 103 ‘ 1.02x10?
25 24 65.30 1.43 9.499x10? 4.3725x10* 2.928x10° ; 8.24x 10
24 23 63.10 1.26 8.088x10° 3.4225x10* 2.292x10° 6.45x 10"
23 =22 61.20 1.14 7.097x10° 2.6137x10% 1.750x 10 4.92x 10’
22 =21 59.40 1.00 6.042x103 1.9039x10* 1.275%x10? 3.59x 10!
21 20 57.60 0.84 4.922x10° ' 1.2996x10° 8.704x10* ' 2.45x10!
20 ~-19 55.70 0.65 3.683x10% 8.0747x10° 5.407%x 102 1.52x 10!
19 -18 53.90 0.44 2.412x10° 4.3915x 103 2.941x 10? 8.28X10°
18 17 51.90 : 0.22 1.187x103 1.9788x%x 103 1.325% 102 3.73x10°
17 16 50.00 0.095 4.832x10? 7.9091 x 10? 5.296 x 107 1.49x10°
16 15 48.00 0.035 1.709 X102 3.0768x10? 2.060x 10" 5.80x 107!
15 -14 46.00 0.0078 3.650x 10! 1.3678 x 10? 9.159%x10° 2.58X 107!
14 -13 44.10 0.0072 3.185x 10! 1.0027x10% 6.715%x 10° 1.89x 107!
13 -12 42.00 0.0062 2.649x 10! 6.8426 X 10* 4.582x10° 1.29x 107!
12 -11 39.90 0.0048 1.948 X 10! 4.1935x 10" 2.808x10° 7.90X 1072
11 —10 37.90 0.0033 1.272X 10! 2.2451 x 10" 1.503x10° 4.23x107?
10 — 9 35.70 ‘ 0.0017 6.355x10° 9.7278 X 10° 6.514x107! 1.83x107?

9 8 33.50 0.00084 2.862%10° 3.3722x10° 2.258%x 107! i 6.35x 1073

8 -7 31.30 0.00016 5.094%x 107! 5.0947x 107! 3.412x10°* | 9.60X 10-¢
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Table 3
Range Thickness Production Saturation Saturation )
of the Cross v \ A /10 N\ Ay
Energy target section Activity e Activity i —
(MeV) (mg/cm?®) (mb) (uCi/uA) (uGi/uA) (uCi/uA) (uCj/uAh)
27.5-27 34.62 1.86 6.552x10° 9.9671x10* 6.675x 103 4.60x 102
27 =26 69.00 1.72 1.207X 10 9.3119x10* 6.236x10° 4.30%x10?
26 25 66.00 1.47 9.870x10° 8.1045x 10* 5.427x10° 3.74%x10?
25 -24 65.30 1.33 8.835x10° 7.1175%x10* 4.766x 103 3.28x10?
24 -23 63.10 1.23 7.896x 103 6.2340x10* 4.175%x10° 2.88%x10?
23 =22 61.20 1.12 6.973%X 103 5.4444x10° 3.646x10? 2.51x10?
22 =21 59.40 1.07 6.465x 103 4.7471 X 10° 3.179x103 2.19x10?
21 =20 57.60 1.05 6.153x 103 4.1005x 10* 2.746% 103 1.89x10?
20 -19 55.70 1.10 6.233x10° 3.4853x10* 2.334x10° 1.61x 10
19 18 53.90 1.14 6.251x 103 2.8620x10* 1.917x103 1.32x10?
18 —17 51.90 1.04 5.491x10° 2.2369x10* 1.498x103 1.03x10?
17 —16 50.00 0.94 4.781x10° 1.6878 x 10° 1.130x10? 7.79x 10!
16 —15 48.00 0.83 4.053x10° 1.2096 X 10* 8.100x10? 5.58x 10!
15 —14 46.00 0.68 3.182x10° 8.0432x 103 5.386x10? 3.71 X 10!
14 -13 44.10 0.52 2.333x10° 4.8611x10° 3.255%x 107 2.24x 10!
13 -12 42.00 0.35 1.495% 103 2.5282x10° 1.693x10? 1.17x 10!
12 -11 39.90 0.16 6.697 X 10?2 1.0327x10° 6.916x 10! 4.77X10°
I -10 37.90 0.072 2.776 X 10? 3.6297x 107 2.431x10! 1.67x10°
10 - 9 35.70 0.020 7.264X 10 8.5360x 10! 5.716X10° 3.94x 10!
9 - 8 33.50 0.0035 1.193X10 1.2724x 10! 8.521x 107! 5.87x10°
8 — 7 31.30 0.00025 7.960x 107! 7.9605X 107! 5.331x107? 3.67x10°3
Table 4
T
Range | Thickness Production Saturation — Saturation W
of the cross ‘ v A, /10 X Ain
Energy target section Activity e Activity — e
(MeV) (mg/cm?) (uCi/uAd) (uCi/uAd) (uCi/uA) (uCi/ud) (uGi/uAh)
27.5-27 34.63 2.65 9.3348x10? 2.396x 10° 1.605x10° 4.99x10!
27 =26 69.00 2.98 2.0918x10° 2.302x10°¢ 1.542x10* 4.80x10°!
26 -25 66.00 3.65 2.4507x10¢ 2.094x10° 1.402x10* 4.37x107!
25 =24 65.30 3.95 2.6248x10* 1.848x10° 1.238x10* 3.86x10°"
24 -23 63.10 4.00 2.5677%x10° 1.586x10° 1.062x10* 3.31x10°!
23 =22 61.20 3.85 2.3970x10* 1.329x10° 8.902x103 2.77X107!
22 =21 59.40 3.50 2.1150x10* 1.089x10° 7.297x10° 2.27x107!
21 -10 57.60 3.15 1.8458x 10 8.782x10° 5.881x10°% 1.83x 10!
20 —19 55.70 2.84 1.6093x 10 6.936x10° 4.645Xx10° 1.45x10°!
19 18 53.90 2.78 1.5244x10° 5.327x10% 3.567x103 1.11x10"!
18 —17 51.90 2.38 1.2566x10* 3.802x10* 2.547x103 7.93x10°2
17 —16 50.00 1.70 8.6472x103 2.546x10° 1.705x 103 5.31x10°?
16 —1S5 48.00 1.19 5.8109x10?3 1.681 x10* 1.126 X103 3.51x10°2
15 —14 46.00 0.89 4.1649x10° 1.100x 10* 7.366xX10* 2.29x107?
14 —-13 44.10 0.645 2.8937x10° 6.835x 103 4.577%x10% 1.43X 1072
13 —12 42.00 0.430 1.8373x10* 3.942x10° 2.639%10? 8.22x10°3
12 —-11 39.90 0.245 9.9448x10? 2.104x103 1.409x10? 4.39%x107?
11 ~10 37.90 0.143 5.5135x10? 1.110x 103 7.432x 10! 2.31x1073
10 - 9 35.70 0.086 3.1233x%10% 5.585x10? 3.740%x 10" 1.16x10°?
9 - 8 33.50 0.045 1.5336x 102 2.462x10? 1.648x 10! 5.13x10°*
8§ — 7 31.30 0.017 5.4131x10! 9.281 x 10! 6.215%x10° 1.94x10°¢
7 6 29.00 0.0063 1.8586x 10! 3.867 X 10! 2.590x10° 8.07x10°°
6 -5 26.68 0.0045 1.2214x 10! 2.008x 10! 1.345x10° 4.19%x10°°
5 - 4 24.19 0.0032 7.8748%10° 7.875x10° 5.273x10°! 1.04x10°°

9
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later of 1.76427 MeV (27%) and 1.7758 keV (2.8%). On
297Bi they used the 570 keV gamma ray; the 2°°Bi has
also peaks of 561.2 keV (0.05%), 570.58 keV (4.5%),
573.7keV (0.5%), 576.3 keV (0.3%) and 579.78 keV
(4.8%) that could affect the activity of >®7Bi if the decay
time was not Jarge enough. We used the 1063.62 keV ray
measured with a solid state detector.
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