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Abstract Production cross sections of astatine isotopes
20721 At in the 29-57 MeV "Li + ™Pb reaction have
been measured by o- and y-ray spectrometry. Excitation
functions of production cross sections have been compared
with a statistical calculation to study the reaction mecha-
nism of the "Li + "Pb reaction. Production reactions of
207=2H At in the 'Li + "Pb have been derived. Consid-
erably small experimental cross sections of *'°At and **At
compared with the statistical calculation were clearly
observed at incident energies higher than 44 MeV, indi-
cating that the effects of breakup reaction play a role. A
chemical separation of astatine from an irradiated lead
target has been studied with a dry-distillation method. A
complementary way to produce astatine isotopes has been
developed.
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Introduction

An o radioactive nuclide >''At with a half-life (7y,,) of
7.2 h is a prospective candidate for utilization in radioim-
munotherapy. In a general way, 2''At is produced through
bombardment of a bismuth target with 28 MeV helium
ions in the 209Bi(o¢,2n)2“At reaction because of the high
specific activity required for therapeutic purpose [1-7].
However, the nuclear reactions using lithium ion beams,
%7Li 4+ "*Pb and ®’Li + 2*Bi, provide the possible pro-
duction routes of >'' At. Such complementary production in
the lithium-induced reactions could make a contribution to
the utilization of astatine isotopes, leading to the devel-
opment of the utilization in radioimmunotherapy. Excita-
tion functions have been extensively measured for the
®7Li + 2®Bi reactions to study the reaction mechanism
involving complete fusion and breakup reaction of weakly
bound nuclei, ®’Li [8-11]. For 'Li 4+ "*Pb, however, only
a few reports on production of astatine isotopes 2°’~*1°At
have been available [12, 13]. To produce and to use
radioactive astatine isotopes, we have determined produc-
tion cross sections of not only *’2'°At but also *''At in
the "Li + "™Pb by o- and y-ray spectrometry. Besides, a
chemical separation has been studied with a dry-distillation
method.

Experimental

Irradiation

Irradiation was carried out with 'Li** beams of 50 and
60 MeV from the 20 MV tandem accelerator at JAEA-

Tokai. Lead targets, aluminum backing and cover sheets
were placed at a water-cooled Faraday cup as schematically
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shown in Fig. 1. Lead (99.95 %, Goodfellow Corporation,
Coraopolis, PA, USA) targets with thickness of
0.78-1.47 mg/cm? were prepared by vacuum evaporation
onto a backing sheet of 5.4 mg/cm” aluminum (Toyo Alu-
minium K. K., Osaka, Japan). Each target was sandwiched
between the backing and a cover sheet of 5.4 mg/cm? alu-
minum. The thickness of aluminum is enough to stop not
only recoil nuclides but also fission fragments. Beam cur-
rent was controlled to be approximately 80-200 nA during
the irradiation of 0.5-2 h. The beam current was collected
by the Faraday cup and was monitored on-line by using a
current integrator module (Model 439, ORTEC, Oak Ridge,
TN, USA) connected to a multi-channel scaler (MCS)
(Model LN-6400, Laboratory Equipment Corporation, I-
baraki, Japan) which was controlled by a personal computer
using Standard MAC software (Laboratory Equipment
Corporation). The MCS data were recorded to calibrate
beam fluctuations. The energy loss of the bombarding "Li*™
beams in the targets and the aluminum was taken into
account using SRIM code [14, 15]. The calculated energies
at the targets 29-57 MeV are listed in Table 1. Errors of the
energy represent energy loss of 'Li beams in the lead tar-
gets. The 51.7, 54.3 and 56.9 MeV beam energies on the
targets were obtained by the bombardment with "Li parti-
cles accelerated at 60 MeV. To adjust beam energies on the
targets for 45.5, 40.7, 35.3 and 28.9 MeV, an aluminum
sheet of 5.4 mg/cm?® was placed at beam upstream of the set
of the lead targets. A stack of three lead targets with the
corresponding Al backing and cover was used for the
60 MeV beams and two stacks of five lead targets with the
Al backing and cover were used for the 50 MeV. The
struggling of the beams is estimated to be less than 1.2 MeV
[14, 15] which is slightly large compared with the energy
loss in the lead target.

Gamma-ray spectrometry

The measurements of radioactive products in each lead
target with the corresponding backing and cover sheets
were carried out by a high purity germanium (HPGe)
detector (ORTEC). The signals of the HPGe detector were

2
Pb target
\ Water-cooled
7Li3" ion beam jaraday cup
LAY
!
Al cover Al backing

Fig. 1 Schematic view of irradiation setup
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processed using commercially available electronic mod-
ules, an amplifier (Model 572, ORTEC), a 12-bit analog to
digital convertor (Model 4803A, Laboratory Equipment
Corporation) and a multichannel analyzer (MCA) (Model
LN-6400, Laboratory Equipment Corporation). Data taking
was controlled by a personal computer using Standard
MCA software (Laboratory Equipment Corporation).

Measurement time roughly set one tenth of the time
elapsed from the end of the bombardment (EOB), varying
from 10 min to 8 h. The distance of samples from the cup
of the detector was adjusted to be 3-30 cm. The dead time
was less than 6 %. The calibration of the y-ray spectrom-
etry was made with a multiple gamma ray point source
(Eckert & Ziegler Isotope Products) involving >’Co
(189 Bq), ®°Co (2.64 kBq), Y (238 Bq), '*°Cd (271 Bq),
38n (103 Bq), '¥’Cs (2.32 kBq), *°Ce (54 Bq) and
2Am (381 Bq) with uncertainties of 2.9-3.7 % corre-
sponding to the confidence level of 95 %. The samples
were regarded as point sources because the samples had
active area of approximately 5 mm in diameter which was
almost identical to that of 3 mm in diameter of the multiple
gamma ray point source.

A typical y-ray spectrum for 45.5 MeV "Li 4+ "Pb is
shown in Fig. 2. The measurement was carried out for
15 min after 2.5 h of EOB. The photopeaks of astatine
isotopes 2°’21°At were observed. However, intense y-rays
of the astatine isotopes and those of **Na and **Mg which
were produced in the reaction of 'Li beam with aluminum
made it impossible to measure the 687 keV photopeak
(I, = 0.26 %) of 21 At by y-ray spectroscopy. It should be
noted that no photopeaks of fission fragments were
observed. This shows that fission cross section is consid-
erably small in the present reaction.

The photopeaks of 2°*7!°At were identified not only by
their photopeak energies but also by the decay curve of the
counting rate of the photopeaks. Typical decay curves are
shown in Fig. 3. Horizontal error bars represent the dura-
tion of the measurements. Lines show a decay curve that
fits the data by using the value of the half-life reported in
Ref. [16]. The errors of the fitting are 0.6, 1.0 and 1.3 % for
21OAt, 29t and 208At, respectively. Nuclear data for
decays of 207211 A¢ taken from Ref. [16] are listed in
Table 2.

Dry-distillation method and a-ray spectroscopy

After determining activities of 2*’"2!°At by y-ray spec-
trometry, o-activities were measured by an alpha spec-
trometer to determine production cross sections of *''At.
Sources for o-spectrometry were prepared by depositing a
portion of astatine solution onto a silver sheet. The astatine
solution was prepared with a dry-distillation method as
follows.
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Table 1 Cross sections in the Energy (MeV) 2LAL (mb) 210A¢ (mb) 209A¢ (mb) 208A¢ (mb) 207 A¢ (mb)
Li + "™Pb reactions
56.9 £ 0.2 395+ 2.7 290 + 8 355+ 9 257 + 18
543 +£02 65.1 + 6.8 431 + 11 323+ 8 229 + 19
51.7 £ 0.1 120 + 60 471 + 12 265 + 7 194 + 15
477 + 0.1 207 + 18 353 £ 13 212 + 8 76.0 + 3.4 10.0 £+ 1.0
455 + 0.1 318 + 25 260 + 9 187 £ 6 326+ 1.4 8.18 + 0.76
43.0 £ 0.1 364 + 77 201 + 7 170 + 6 7.24 + 0.80 8.82 + 0.83
40.7 £ 0.1 366 + 40 144 + 6 119+ 5 2.11 £ 0.55 6.23 + 0.54
38.0 + 0.1 271 + 33 117 + 4 70.1 + 2.7 3.77 £ 0.50 3.17 + 0.43
353 + 0.1 165 + 19 828 £29 237+ 09 3.61 + 0.53
32.1+0.1 321+ 12 0.67 £ 0.13 1.93 + 0.36
28.9 + 0.1 3.67 + 0.20
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Fig. 2 Gamma-spectrum for 45.5 MeV ’Li + "Pb after 2.5 h of
EOB

The sample which consists of the lead target on the
backing and the cover sheet was placed in a test tube of
18 cm in length and 18 mm in outer diameter. After

Time [h]

Fig. 3 Time dependence of activities of astatine isotopes 2'°At, 2°At
and 2%%At

replacing air with nitrogen gas, the test tube was sealed
with DuraSeal™ (Diversified Biotech, Dedham, MA,
USA). A third of the portion from the bottom of the test
tube was inserted into a furnace. Astatine species were
distilled at 520 °C for 15-40 min. The duration of the
heating was changed to study the time period to separate
astatine from a melted lead target. The test tube was taken
out from the furnace and was cooled down to room tem-
perature for approximately 10 min. After opening the test
tube and taking out the sample from it, the test tube was
rinsed with 1.8 ml of ethanol (99.5 %, Wako Pure Chem-
ical Industries, Ltd., Osaka, Japan), water, or diisopropyl
ether (99.0 %, Wako Pure Chemical Industries, Ltd.). A
portion of 5 pL from this solution including astatine was
deposited on a silver sheet (99.98 %, The Nilaco Corpo-
ration, Tokyo, Japan) of 15 x 15 mm in size and 0.2 mm
in thickness by a micropipette. The deposition was evap-
orated by a heating lamp to determine the amount of
activities of 2*°72'"At by o- and y-ray spectrometry. No
loss of the astatine in evaporation was observed in com-
parison with o-activities of *''At measured by a liquid
scintillation spectrometer PERALS (8§8100AB, ORDELA

@ Springer
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Table 2 Nuclear characteristics of astatine isotopes taken from Ref. [16] and production reactions and threshold energies in the "Li 4+ "™'Pb

reaction predicted by the modified HIVAP code [17]

Nuclide Half- v-ray energy (keV) (Intensity, %) Production reaction in Threshold energy®
life Li + "Pb* (MeV)

At 7214h 669.6(0.26) 208pp(7Li,4n)> ' At 30
207pp("Li,3n)? At 28
210A¢ 8.1h 245.3(79)", 1,181.4(99.3), 1,436.7(29.0), 1,483.3(46.5), 208pp(7Li,5n)> At 38
1,599.5(13.4) 207phy(7Li 4n)> At 3]
206ppy(7Li,3n)? At 28
29At 541h  195.0(22.6), 239.2(12.4), 545.0(91.0)°, 781.9(83.5), 790.2(63.5)  2°*Pb("Li,6n)**’At 47
207pp("Li,5n)? At 38
206ppy(7Li,4n)?" At 31
208 7¢ 1.63h  177.60(48.6), 660.04(89), 686.53(97.6)", 845.04(19.7), 207pp("Li,6n) 28 At 48
1,027.66(16.8) 206pb("Li,5n)2 2% At 40
204pp(7Li,3n) 28 At 30
207 At 1.80 h  588.33 (19.2)", 814.41(44.5) 206ppy(7Li,6n)2"7 At 50
204pp(7Li,4n)>" At 33

Photopeaks for the calculations of cross sections
* Predictions of the modified HIVAP code

INC.). The deposition and evaporation repeated within four
times for samples with low activities. It takes 45—70 min
from placement of the sample in the test tube to completion
of the source for a-ray spectrometry.

Alpha particles from the source were detected by a sil-
icon surface barrier detector (ORTEC) whose energy cal-
ibration and efficiency of 1.82 % were conducted with a
standard source of 3.3 kBq (error of activity: 1 %) **' Am.
The confidence level of the error corresponds to 99.7 %.
The alpha spectrometer was coupled to a MCA module
(LN-6400, Laboratory Equipment Corporation). An o
particle energy spectrum of a deposition on a silver sheet
from 10 pL ethanol solution is shown in Fig. 4. The
measurement was carried out for 1.7 h after 15 h of EOB.
The o-decay from 2''At with a branching 41.8 % occurs

211P0
400 |- » T,,=0516s
> At 7450.3 keV
2 T,=721h
< 300 5869.5keV 7]
=
2
S 200 - .
o)
(@]
100 - J .
| A, \ L,
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Fig. 4 Alpha-spectrum for 38.0 MeV "Li 4+ "Pb after 15 h of EOB
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with o-emission of 5,870 keV, while the EC decay from
2I'At with branching of 58.2 % leads to o-emission of
7,450 keV from >''8Po with a short half life of 516 ms and
an o-branching 98.9 %. After o-ray spectroscopy, y-ray
spectroscopy was applied to obtain chemical yields for the
preparation of the sources. Figure 5 shows a y-ray spec-
trum of the alpha source corresponding to Fig. 4. The
measurement was carried out for 2.0 h after 17.2 h of EOB.
The chemical yield was obtained as a ratio of 245.3 keV y-
ray activities of 2'’At before and after preparing the source.
Statistical errors of the photopeak of *'°At (245.3 keV) in
the measurements of the alpha sources cause relatively
large errors of cross sections of *''At. As background are
present the photopeaks of '**Cs (604.7 and 795.8 keV) and
137¢g (661.7 keV), coming from the fallout of the accident
of Fukushima Daiichi Nuclear Plant.

After distillation, the <y-activities of the lead target on
the backing, the cover sheet, and the seal were measured to

I I I
21004 209p4 21054
(245.3keV) (545.0,781.9,790.2keV) (1181.4, 1436.7, 1483.3 keV)

103

102

Counts / 4 keV

10!

I
500 1000 1500 2000

Energy [keV]

o

Fig. 5 Gamma-spectrum of a sample prepared for alpha spectroscopy
in the 38.0 MeV "Li + “Pb reaction after 17.2 h of EOB
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determine efficiency of distillation and the distribution of
activities in the test tube.

Results and discussion
Excitation functions of astatine isotopes

The excitation functions of 2°’72!'At isotopes in the
Li + "Pb (***Pb 1.4 %, *°°Pb 24.1 %, **'Pb 22.1 %,
208ph 52.4 %) reaction are shown in Fig. 6. The production
cross section of At, o, was calculated by the following
equation,

c=C / [ngIN A on q)(t)e}'tét} , (1)

where C is the counting rate of the photopeak or o peak at
the end of irradiation 70, ¢. the chemical yield, ¢ the
detection efficiency of photopeak or o-particle, I the
emission probability of y-ray or a-particle, N the number of
"*Pb target atoms, ¢(f) the beam flux, / the decay constant
and T the irradiation time. The beam flux (f) recorded by
the MCS was used to be considered the change of the beam
flux as a function of irradiation time.

Lines show the cross sections of *°’2''At isotopes
calculated by the modified HIVAP code [17] in which the
statistical model code HIVAP [18] is coupled with the
CCDEF code [19]. A statistical model calculation by the
modified HIVAP was independently carried out with the
input parameters which systematically well reproduced a
large number of experimental fusion—evaporation cross
sections in the similar heavy ion reactions without adjust-
ing the input parameters to fit the present experimental
data. It should be noted that calculations rather well
reproduce experimental data. Large deviations of experi-
mental data point at 29 MeV could be due to uncertainty of
the statistical calculation.

—. 1000 —
_g PN
£, A 210A¢
c 100 ey
_-g PRI
S 10 fyary
7
7 1+
(@]
| -
© 0.1

20

Incident energy [MeV]

Fig. 6 Excitation functions of *’ 2! At isotopes in the Li + "*Pb
reaction

From the comparison of experimental data with the
statistical calculation, information on nuclear reaction can
be obtained. Production reactions of each astatine isotope
in the 'Li + "Pb reaction and their threshold energies
predicted by the modified HIVAP code [17] are listed in
Table 2. Figure 7 shows excitation functions of each
astatine isotopes, indicating contributions of reaction
channels in the "Li + "Pb reaction. The calculated exci-
tation functions (lines) are represented by weighted values
with natural atom percent abundance of lead isotopes
(*%*Pb 1.4 %, *°°Pb 24.1 %, *°’Pb 22.1 %, *°°Pb 52.4 %,).
Total cross sections shown by solid symbols and thick lines
in Fig. 7 correspond to those in Fig. 6. For comparison,
experimental data points reported in Ref. [13] are plotted
by open symbols. Some points show large deviation from
the present data.

As shown in Figs. 6 and 7a, 2'' At which is a prospected
candidate for targeted alpha therapy yields the maximum
approximately 390 mb at 41 MeV mainly through the
208Pb(7Li,4n)21 At reaction. The maximum cross section of
this reaction is about half of 800 mb at 28 MeV in
209Bj(a,2n)* At reaction [1-7]. *°’Pb("Li,3n)*''At reac-
tion slightly contributes production at the energy region
close to fusion barrier.

As shown in Figs. 6 and 7b, ?'°At was produced via
205pp(7Li,3n)*"°At, 2°"Pb("Li,4n)*'°At and **®Pb("Li,5n)*'°
At reactions in this energy range. Although the cross section
of 21°At becomes smaller than those of 2!' At below 44 MeV,
ratios of the cross section of 2'°At to that of *'' At are larger
than 0.4. *'°At (T, = 8.1 h) decays with EC-branching of
99.8 %, leading to the long lived o-emitter of 210p6 (7, =
138 days). It is well known that 2'°Pb has high
radiotoxicity characterized as its decay mode and behavior in
the human body tissue. Therefore, the astatine tracer pro-
duced through "Li 4+ "Pb could not be adapted to clinical
uses but useful to fundamental researches. Because of high-
energy y-rays of 2'°At it is easy to detect At and trace At
compounds in chemical process without making a source for
o-ray spectrometry.

The nuclide 2*’At was produced through **°Pb(’Li,4n)*%
At, 2Pb(’Li,5n)°®At, and 2%®Pb(’Li,6n)*®At reactions
which correspond to the neutron evaporation channels with
one more neutron of the production of 2'°At. This results in
high threshold energy at 31 MeV and large predicted cross
sections above 56 MeV compared with those of 2'°At. 2*°At
(T, = 5.41 h)decays with EC-branching 0of 95.9 %, leading
to the long lived o-emitter of 209po (Ty, = 102y), and with o
branching of 4.1 %, leading to the EC-decaying radioisotope
205Bi (T, = 15.3 days). Activities of daughters 209pg and
205Bj are negligibly smaller than that of the parent **’ At due to
their long life and small branching, respectively. A high-
energy emitter (545, 782, 790 keV) 29 At could be a useful
astatine tracer for fundamental researches as well as 2'°At.

@ Springer
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Fig. 7 Excitation functions of At isotopes in the ’Li + "*Pb
reaction: a 211At, b 2IOAt, c 2OgAt, d %At and e 27 At

The nuclides **®At and *“’At were produced through
204pp(7Li,3n)?®At, 2%°Pb("Li,5n)*®At and 2°"Pb("Li,6n)* At
reactions, and 2**Pb("Li,4n)*°’ At and **°Pb("Li,6n)*"’ At reac-
tions, respectively. The absence of *°Pb in atomic percent

@ Springer

abundance provides dips in total cross sections at 40 MeV for
2BAt and at 50 MeV for 2At. 2°®At (T}, = 1.63 h) decays
with EC-branching of 99.5 %, leading to the long lived o-
emitter of **Po (T}, = 2.90 years). At (T, = 1.80 h)
decays with EC-branching of 91.4 %, leading to the EC-
decaying radioisotopes 27py (Typ = 5.8 W-2""Bi (T}, =
31.6 years). Activities of these daughters are negligibly small
compared with their parents. Lack of present data of **’At at
incident energies higher than 50 MeV is due to long cooling
time 11 h before starting y-ray measurements.

Finally, it should be noted that the effect of break up
reaction of "Li appears at higher incident energies as shown
in Fig. 8 in which excitation functions are indicated in a
linear scale. The trend of measured cross sections in this
work is well represented by the predictions of the modified
HIVAP in the logarithm plots of Figs. 6 and 7. In Fig. §,
however, slightly larger deviations, namely, small experi-
mental cross sections of 2'°At and 2*’At compared with the
calculations are clearly observed at incident energies
higher than 44 MeV. This suppression of the experimental
cross sections is considerably large because the cross sec-
tions correspond to main channels in complete fusion at
energies higher than 44 MeV. The suppression probably
originates from the effect of breakup reaction of 'Li as
discussed in Ref [9, 10]. The breakup reaction is not taken
into consideration in the modified HIVAP code [17]. In
general, the statistical model calculations including HIVAP
[17, 18] and JOANNE2 [9, 10] calculate only complete
fusion cross sections. The missing complete fusion cross
sections observed as suppression are found in yields of
incomplete fusion including breakup reaction.

Dry-distillation of astatine isotopes

From the measurements of activities of astatine isotopes
after distillation, it is found that yields increase with the
duration of heating and become almost constant over
20 min. A large portion of approximately 85 % of astatine

— 600 T T
e} modified
E 500 - HIVAP
‘E' .211At
ks 400 [p210p .
k] Y
3 300 PSR
® 200 Fy2omp .
8 100
0
20 30 40 50 60
Incident energy [MeV]

Fig. 8 Excitation functions of 2°’ "' At isotopes in a linear scale



J Radioanal Nucl Chem (2015) 304:1077-1083

1083

products were found to be released from the lead target on
the aluminum backing sheet but about 15 % of products
were not released. Because the astatine isotopes produced
in lead near the aluminum backing sheet at the beam-for-
ward side within approximately 160 pg/cm® from the
boundary between lead and aluminum were implanted into
the aluminum backing sheet owning to recoil energy of
approximately 1.4 MeV brought into the compound nuclei
by the incident “Li. Such 15 % astatine products implanted
into the aluminum were not released from the aluminum by
heating 520 °C, while 85 % astatine products were
released from the melted lead and then attached on the
inner wall of the test tube (80 %) and on the seal (5 %).
The seal was disposed to prevent from contamination.
Therefore, approximately 80 % of astatine isotopes pro-
duced by irradiation can be used. Increasing of lead target
in thickness results in decrease of fraction of the astatine
implanted into aluminum.

No-carrier-added astatine was obtained by rinsing the
test tube with solutions of 1.8 mL. Overall recovery yields
of astatine were approximately 65 % for ethanol and water;
25 % for diisopropyl ether. Ethanol and water easily
removed a large portion of approximately 80 % of astatine
from the inner wall of the test tube but diisopropyl ether did
only 30 %. The difference of recovery yields between the
solutions could involve information on chemical forms of
astatine attached on the inner wall of the test tube by dry-
distillation. Although the recovery yields depend on solu-
tions, any aqueous and organic solution involving astatine
could be easily prepared by this chemical separation pro-
cedure, namely, dry-distillation and following rinsing.

Conclusions

Excitation functions of astatine isotopes %’ 2''At in the
29-57 MeV Li + "'Pb reaction were determined and
were compared with the predictions of the statistical cal-
culation using the modified HIVAP code. The a-emitting
nuclide 2" At (T, = 7.2 h) is mainly produced through
208Pb(7Li,4n)21 ' At with maximum cross section of 390 mb
at 41 MeV. The y-emitting nuclides 2104t (T}, = 8.1 h)
and 2At (Ty, = 5.41 h) have large cross sections at
higher incident energies compared with *''At. The results
show that the "Li + "™'Pb reaction provides a production
route of astatine isotopes not for clinical uses but for fun-
damental research. The effects of breakup reaction of 'Li
probably result in the suppression of complete fusion
reaction at energy higher than 44 MeV.

We developed a chemical procedure based on dry-dis-
tillation which easily separates astatine isotopes from an
irradiated lead target with high radiochemical and chemical
purity, and high yield.

Astatine tracer solution produced with this procedure
would make one able to study chemical forms of astatine in
the tracer solution, the synthesis of amino acid derivatives
labeled with astatine, and so on.
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