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ABSTRACT

Excitation functions {or product’on of *Ga via a-induced nuclear reactions on enriched “Zn have
been measured with E,<27.3 MeV and E,=<43.7 MeV employing the stack-thin target technique.
In addition, the induced activity of ®’Ga in the same sets of targets allowed an evaluation of the

cxcitation [unctions of the corresponding nuclear reactions.

INTRODUCTION

Radiolabcled monoclen:ii  antibodies for the
purpose of radioimmunotherapy are currently of
considerable interest. Several 8 and a-emitting nuclides
have been identified for this application (e.g. *’Cu', Y2,
18Re3, MAL* and *?Pb/2Bi%). In principle, B*-cmitting
nuclides should also be considered for therapeutic
applications; not only is the radiation dose per decay
comparable to those of B -emitters, but the quantitative
imaging ability ol positron emission tomography (PET)
would enhance dosimetry for B*-ewtitters. Furthermore,
B*-cmitters could be produced in medical cyclotrons.
Among possible B*-emitters, %Ga is the most interesting.
The convenient 9.45 h hall-life, the large B* branch
(51.2%), with high end-point cnergy (4.15 MeV), and
comparable EC branch (44%) with abundant short-range
clectrons make *Ga an attractive candidate for
therapeutic applications.

The production routes of *Ga via peripheral
interactions are summarized in Table 1. In this paper we
report the preliminary data for production of ¥Ga via the
following reactions:

L *Zn[a,2n)*Ge(2.3 h, EC)+%Ga

1L #Zn[a,np]%Ga

The excitation functions were measured with
E,<27.3 MeV at the National Institutes of Health (NTH)
cyclotron and with E,<43.7 MeV at the 60" cyclotron at
Brookhaven National Laboratory (BNL). In addition, the
induced activity of “Ga in the same sets of targets
allowed an evaluation of the excitation functions of the
corresponding [a,n] and [a,p] reactions.

EXPERIMENTAL

For excitation function measurements, thin targets
of %Zn (~16 pgcm?) were prepared by vacuum
evaporating 99.6% cariched %Zn as metal (ORNL) onto
7.664 mg.cm? high-purity Al support foils (99.999%,
AESAR/Johnson Matthey, Scabrook, NH). These Al-
supported Zn targets were covered with the same Al [oils
to avoid recoil losses of the product nuclides. The 15.33

cyclotron at BNL. After irradiation, the individual
samples were mounted on counting cards {or assay by
y-ray spectroscopy. For determination of the 19.0-m “’Ge
yield, attempts were made to count the samples quickly
after irradiation, however, due to high levels of short-lived
activities (predominantly 2.3-m *A{), it was necessary to
allow the samples to decay for a period of about an hour
before the first measurement. The same sets of samples
were used for four independent cxperiments (three at
NIH and one at BNL). Precise determination of the
thickness of *Zn in the thin targets will be made at the
conclusion of these studies.

A calibrated 50-cm® high-purity Ge detector,
FWHM ~ 1.8 at 1332 KeV, (EG&G ORTEC, Oak Ridge,
TN) coupled to a AccuSpec PC-based multichannel
analyzer (Nuclear Data/Canberra Inc., Meriden, CT) was
used for radioactivity measurements. Typically, samples
were counted at a distance of 10 cm {rom detector surface
to climinate the coincidental summings. The radioactivitics
in each sample were followed for several half-lives and
the decay curve analysis was performed with the CLSQ
code®. The relevant nuclear decay data, taken [rom
reference 7, are summarized in Table 2. The energy of
the cyclotron a-particles were deduced from the operating
characteristics of the cyclotrons, and in the case of BNL
60" cyclotron, thc beam energy was corrected by 1.5
MeV3 The Range Tables of Hubert et al.? was used to
determined the energy of the degraded incident a-
particles.

RESULTS AND DISCUSSION

The excitation function of ¥Zn|a,2n}*Ge reaction
which was measured in this work and that reported by
Porile et al® are shown in Figure 1. Above E =200
MeV the cross-section increases rapidly and reaches to a
maximum of 94 mb at E;=33 McV. From the threshold
up to 27 MeV (where our two measurements at the BNL
and the NIH overlapped) our measured cross-sections

agreed well but they were higher than reported values by
. ‘ tation of
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Radiolabeied monoclonal antibodies for the
purpose ol radioimmunotherapy are currently of
considerable interest. Several 8 and a-emitting nuclides
have been identified for this appiication (e.g. “Cu’, Y2,
SRet, AL and Y*PHABR). (n principle, 8*-cmitting
nuchdes  should also be considered for therapeutic
applications; noi only is the radiation dose per decay
comparable to those of 8-emitters, but the quantitative
imaging ability ol positron emission tomography (PET)
would enhance dosimetry [or 8%-emitters. Furthermore,
f*-cmitters could be produced in medical cyclotrons.
Among possible B*-emitters, “Ga is the most interesting,
The convenient 9.45 h hall-life, the large 8% branch
(51.2%), with high end-point cnergy (4.15 MeV), and
comparable EC branch (44%) with abundant short-range
clectrons make %Ga an atractive candidate for
therapevtic applications.

The production routes of “Ga via peripheral
interactions are summarized in Table 1. In this paper we
report the preliminary data for production of ®Ga via the
following reactions:

L SZn[a,2n]*Ge(2.3 h, EC)-»%Ga

1L #Znla,np]*Ga

The excitation functions were measured with
E,<27.3 McV at the National Institutes of Health (NIH)
cyclotron and with E,=42.7 MeV at the 60" cyclotron at
Brookhaven National Laboratory (BNL). In addition, the
induced activity of “’Ga in the same sets of targets
allowed an evaluation of the excitation functions of the
corresponding [a,n} and [a,p] reactions.

EXPERIMENTAL

FFor excitation function measurements, thin targets
of *Zn (~16 pgcm?) were prepared by vacuum
evaporating 99.6% enriched *Zn as metal (ORNL) onto
7.664 mgcm™ high-purity Al support foils (99.999%,
AESAR/Johnson Matthey, Scabrook, NH). These Al-
supported Zn targets were covered with the same Al foils
to avoid recoil losses of the product nuclides. The 15.33
mg.cm™ Al in cach target sample eliminated the nced for
additional degrader foils.  Stacks of sealed targets
(between 6-12 target foils in any one experiment) were
mounted on water-cooled blocks and irradiated for
durations ranging from 10 to 30 minutes with 1.0 pA of
27.3 at the NIH cyclotron or 43.7 MeV at the 60
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cyclotron at BNL. After irradiation, the individual
samples were mounted on counting cards for assay by
y-ray spectroscopy. For determination of the 19.0-m “Ge
yield, attempts were made io count the samples quickly
after irradiaiion, however, due ta high levels of short-lived
activities (predominantly 2.3-m ®Al), it was necessary to
allow the samples to decay for a period of about an hour
belore the first measurement. The same sets of samples
were used for four independent cxperiments (three at
NIH and one at BNL). Precise determination of the
thickness of %Zn in the thin targets will be made at the
conclusion of these studies.

A calibrated 50-cm® high-purity Ge detector,
FWHM ~1.8 at 1332 KeV, (EG&G ORTEC, Oak Ridge,
TN) coupled 10 a AccuSpec PC-based multichanncl
analyzer (Nuclear Data/Canberra Inc., Meriden, CT) was
used for radioactivity measurements. Typically, samples
were counted at a distance of 10 cm {rom detector surface
to climinate the coincidental summings. The radioactivitics
in each sample were followed for several hall-lives and
the decay curve analysis was performed with the CLSQ
code’. The relevant nuclear decay data, taken from
reference 7, are summarized in Table 2. The cnergy of
the cyclotron a-particles were deduced (rom the operating
characteristics of the cyclotrons, and in the case of BNL
60" cyclotron, the beam cnergy was corrected by 1.5
MeV¥® The Range Tables of Hubert er al.? was used to
determined the energy of the degraded incident a-

particles.

RESULTS AND DISCUSSION

The excitation function of #Zn[a,2n]*Ge reaction
which was measured in this work and that reported by
Porile et al.’ are shown in Figure 1. Above E =200
MeV the cross-section increases rapidly and reaches 1o a
maximum of 94 mb at E,=33 McV. From the threshold
up to 27 MeV (where our two measurcments at the BNL
and the NIH overlapped) our measured cross-sections
agreed well but they were higher than reported values by
almost a factor of 10. In the earlier study, quaatitation of
®%Ga activity was made by the measurement of its
annihilation radiation in a Nal detector. Activity of %Ga
was most likely overcorrected while corrections were
made for the contribution from long-lived 8% emitters. At
the higher-cnergy end of the cxcitation {unction, the
agreement between our data and that of earlier
measurements are generally good. The cumvlative



e uioss-secnion vilues tor the production of “'Ga trom irect
- fa.paj reaction and indirectly from the decay of “°Ge arc
also shown in Figure 1. The cumulative cross-section
reaches (0 a maximum of 900 mb at E =32.5 MeV with
a ihreshold of about 19 MeV. At the maximum region of
the excitation function, the agreement between our
current and carlier measurements are surprisingly good.
The subtraction of the exciiation function of reaction |
from the cumulative excitation function vields the
excitation function  for reaction I The refative
probability ol reaction {l 0 I, 0 puyd2), 1 1he
maximum region (30=<E_ <40) remains rather corstant at
6.5+ 1.0, indicative of substantially lower binding cnergy of
protons in this mass region. The same set of a-activated

mn Iu’UlL\ wd Al oy BUd G S otad vant, g
TapyO @) is close to unity & the maximum of the
excitation [unctions which occurs at E =20 MeV, about
13 MeV lower than that of {a,2n) or (a,pn) reactions.
The peak of the excitation function of (a,n) rcaction is
larger than of («,2n) by almost a factor of 10. However
the situation is reversed in the case of (a,p) and (a,pn)
reactions, where at the maximum of the excitation
functions the ratio of o, o, t0 o, is 2.5 The errors
of the cross-sections vajues are estimated at ~ 10% at the
maximum ol the excitation functions and at ~30% near
the threshold. The incident a-particle energies are most
accurate at the highest energy with a relative error of
~2%. This error increases to ~ 10% below 16 MeV due

to straggling process.

targets vielded excitation functions for production of *’Ga
via the (a,pland {(a,n) reactions and the results are shown

Table 1. Gallium Isotopes of Interest in Nuclear Medicine

15, MeV E, MeV (I, “2)

Isotope 4 Modc ol Decay
“Ga 9.40 h 8*(56.5%), 0.367(0.82%) 833.6(6.12%)
EC(44°%) 0.747(0.97) 1039.0(38.4%)
0.935(3.03%) 2190.0(5.74%)
1.84(0.54%) 2752.1(23.5%)
4.15(51.2%)
“’Ga 3.26 d EC(100%) - 167.0(77.4%)
“Ga 683 m B*(90%), ~0.8(~2) 1077.4(2.93)
EC(16%) 1.9(89%)
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Table 2. Peripheral Reactions for Production of
Carricer-free ¥Ga

Nuclear Reaction References

“Zn(a,2n)*Ge(2.3 h)-»~ Porile et al. (1959)"
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Nt Cu(a xn) Goethals et al. (1990)"

“Zn(’He,3n)%Ge(2.3 h)->

“Zn(3llc,p2n)
“Cu(*le,3n) Radiat. Isot. (1991) in press.
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Table 1. Gallium Isotopes of Interest in Nuclear Medicine

Isotope LUp Mode of Decay E"*, MeV E, MeV (I, %)
“Ga 9.40 h B8*(56.5%), 0.367(0.82%) 833.6(6.12%)
EC(44%) 0.747(0.97) 1039.0(38.4%)
0.935(3.03%) 2190.0(5.74%)
1.84(0.54%) 2752.1(23.5%)
4.15(51.2%)
“'Ga 3.26 d EC(100%) 167.6(77.4%)
“Ga 68.3 m 8*(90%), ~0.8(~2) 1077.4(2.93)
EC(10%) 1.9(89%)
ACKNOWLEDGMENTS

Table 2. Peripheral Reactions for Production of

Carrier-free %Ga

Nuclear Reaction

References

“Zn(a,2n)*Ge(2.3 h)»
“Zn(a,pn)

®Cu(a,n)

Cu(a,3n)

Nt Cu(a,xn)

“Zn(*He,3n)*Ge(2.3 h)-»
%Zn(*He,p2n)

“Cu(*He.3n)

“Zn(d,2n)
“Zn(d.4n)

Nal.zn(p‘xn)
NtZn(p,xn)
NatZn(p.xn)
Mt Zn(p.xn)
%187 n(p xn)

Porile et al. (1959)"°
Porile et al. (1959)"
Porile et al. (1959)"
Porile et af. (1959)"
Goethals ef al. (1990)"?

Howe et al. (1958)"
Hilie et al. (1972)"
Little, er al. (1983)"
Kopecky ef al. (1989)'¢
Tarkanyi ef al. (1990)"

Research supported by the Office of Health and
Environmental Rescarch, U.S. Department of Encrgy,

under contract

DE-AC05-340R21400 with Martin

Marietta Energy Systems, Inc.

REFERENCES

1. Mirzadeh S., Mausner L. F. and Srivastava S. C,,
Appl. Radiat. Isot., 37, 29 (1986).

2. Kozak R. W., Raubitschek A., Mirzadeh S. et al.
Cancer Research, 49, 2639 (1989).

3. Mirzadeh S. Rice D. E. and knapp F. F., Jr., Appl.

Radiat. Isot. (1991) in press.

4. Lambrecht R. M. and Mirzadeh S., Appl. Radiat. Isot.
36, 443 (1985).

5. Ruegg C. L., Anderson-Berg W. T., Brechbiel M. W,
Mirzadeh S., Gansow O. A. and Strand M., Cancer

“Research 50, 4221 (1990).

6. Cummings J. B., National Academy of Scienccs,
Nationai Research Council, Nuclear Science Serics
NAS-NS-3107 (1962).

7. Table of Isotopes (Lederer C. M. and Shirley ¥ %
Eds.) 7th ed. Wiley, New York (1978).



P - .
7+ 8 Mirzadeh S. and Lambrecht R. M., Measurcment of

the Cycloiron Beam Energy of the Alpha Particle by

Rutherford Scattering in Gold Foil, I4EA
INDC(NDC)-195/GZ Janiuvary 1988,

9. Hubert F,, Flcury A. and Bimbot R., Range and
Stopping Power _Tables, Ann. Phys. (Suppl) S, 1-124
(1980).

10. Porile N. T., Phys. Rev. 115, 939 (1959).

11. Porile N. T. and Morrison, D_, Phys. Rev. 116, 1195
(1959).

12. Gocthals P., Cocne M., Slegers G. et al., Lur. J.
Nucl. Med., 16, 237 (1990).

13. Howe A. H., Phys. Rev. 109, 2083 (1958).

14. Hille M., Hille P., Uhl M., Wcisz W., Nucl. Phys.
A198, 625 (1972).

15. Little F. E. and Lagunas-Soiar M. C,, Appi. Radiat.
Isot., 34, 631 (1983).

16. Kopecky P, Appl. Radiat. Isot., 41, 606 (1990).

17. Tarkanyi F., Szcleesenyi F., Kovacs Z., Radiochimica

Acta, 50, 19 (1990).

103 |-

(a,pn)¥5Ga
102 (2,2nf6Ge 230 66Ga

CROSS-SECTION, mb

-—
o
{

4 NIH

O PORILE et. al,
{1959, BNL)

[ 1 1
30 40 50
E 4 (LAB), MeV

Figure 1. Excitation Functions for Production of *Ga
via a-Induced Rcaction on %#Zn.
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Figurc 2a&b. Excitation Functions for Production of *’Ga via a-Induccd Rcactions on %Zn



