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An ti mony-122, hav ing a half-life of 2.723 d and I
b- = 97.59%, is an im por tant radiotracer in

stud ies of en vi ron men tal con tam i na tion and food crops. For the work dis cussed in this pa per,
the pro duc tion of 122Sb was done via the natSn(p, xn)122Sb nu clear re ac tion. Radiochemical sep -
a ra tion was per formed by sil ica gel col umn chro ma tog ra phy and liq uid-liq uid ex trac tion meth -
ods. Ex ci ta tion func tions for the 122Sb radionuclide, via 122Sn(p, n)122Sb, natSn(p, xn)122Sb,
122Sn(d, 2n)122Sb, natSn(d, xn)122Sb, 124Sn(p, 3n)122Sb and 124Sn(d, 4n)122Sb re ac tions, were
cal cu lated by AL ICE/91, AL ICE/ASH, and TALYS-1.2 codes and com pared with ex ist ing
data.
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IN TRO DUC TION

Nat u ral tin is an im por tant com po nent of sev eral
widely used al loys. For study ing wear be hav ior of com -
po nents con tain ing Sn by thin layer ac ti va tion (TLA),
in duced an ti mony ac tiv i ties can be used. In that case,
the pre ferred iso topes would be 124Sb (T1/2 = 60.2 d) and 
122Sb (T1/2 = 2.72 d) [1]. Radionuclide 122Sb (I

b- =
=.97.59%) was used for the stud ies of en vi ron men tal
con tam i na tion and food crops [1-3]. The 122Sb re ac tion
has one long-lived ground state radionuclide, 122gSb
(T1/2 = 2.73 d), and two short-lived metastable states,
122mSb (T1/2 = 5.3×10–4 s and T1/2 = 4.19 min). The
long-lived ground state of 122gSb was mea sured af ter
the com plete de cay of the two short-lived metastable
states to 122Sb by a 100% in ter nal tran si tion process.
There fore, the pro duc tion cross-sec tion of the 122Sb iso -
tope is con sid ered as the cu mu la tive pro duc tion of 122g +

mSb. An in tense, in de pend ent g-ray of 564.2 keV was
used to de ter mine the pro duc tion cross-sec tions of
122Sb [1-2].

Nu clear data play an im por tant role in the choice of 
a ra dio iso tope for var i ous ap pli ca tions. Data con cern ing
nu clear struc ture and de cay de ter mine the suit abil ity of a
ra dio iso tope for pos si ble ap pli ca tions in med i cine and
ag ri cul ture, while nu clear re ac tion data ap ply to the pos -
si bil ity of pro duc ing a radionuclide in pure form. The
pro duc tion of non-con ven tional radionuclides, how ever, 

de mands de tailed nu clear data re search cov er ing both
ex per i men tal in ves ti ga tions and nu clear model cal cu la -
tions. Ra dio iso topes pro duced by charged-par ti cle nu -
clear re ac tions can be widely used in med i cine and ag ri -
cul ture [4-6].

There are four meth ods for the pro duc tion of
122Sb via cy clo tron:
(1) 122Sn(p, n)122Sb, (2) 124Sn(p, 3n)122Sb,
(3) 122Sn(d, 2n)122Sb, and (4) 124Sn(d, 4n)122Sb [7-10].

In this work, 122Sb was pro duced via pro ton
bom bard ment of nat u ral tin as a tar get. Also, the ex ci -
ta tion func tions of 122Sb us ing AL ICE/91, AL -
ICE/ASH, and TALYS-1.2 codes for var i ous re ac tions 
were cal cu lated and com pared with pre vi ously pub -
lished ex per i men tal data.

MA TE RI ALS AND METH ODS 

Cal cu la tion of the ex ci ta tion func tion

Briefly, the AL ICE/ASH code is a mod i fied and
ad vanced ver sion of the AL ICE code [11]. The ge om -
e try-de pend ent hy brid (GDH) model is used for the
de scrip tion of the pre-equi lib rium par ti cle emis sion
from nu clei [12]. The TALYS-1.2 code (equi lib rium
and pre-equi lib rium) is op ti mized for in ci dent pro jec -
tile en er gies rang ing from 1 keV up to 200 MeV on tar -
get nu clei, with mass num bers be tween 12 and 339. It
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in cludes pho ton, neu tron, pro ton, deu teron, tri ton,
3He, and a-par ti cles, as well as pro jec tiles and
ejectiles and sin gle-par ti cle and multi-par ti cle emis -
sions and fis sion [13]. Equi lib rium and pre-equi lib -
rium par ti cle emis sions dur ing the de cay pro cess of a
com pound nu cleus are very im por tant for a better un -
der stand ing of the nu clear re ac tion mech a nism in -
duced by me dium en ergy par ti cles. The highly ex cited
nu clear sys tem pro duced by charged par ti cles’ first de -
cays by emit ting fast nu cle ons at the pre-equi lib rium
(PE) stage and, later on, by the emis sion of low-en ergy
nu cle ons at the equi lib rium (EQ) stage.

Cal cu la tion meth ods of the
equi lib rium re ac tion

Equi lib rium emis sion is cal cu lated ac cord ing to
the Weisskopf-Ew ing (WE) model [14], ne glect ing
the an gu lar mo men tum. Dur ing evap o ra tion, the ba sic
pa ram e ters are bind ing en er gies, in verse re ac tion
cross-sec tion, pair ing and level den sity pa ram e ters.
The re ac tion cross-sec tion for in ci dent chan nel a and
exit chan nel b can be writ ten as
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where s b
inv  is the in verse re ac tion cross-sec tion, E – the

ex ci ta tion en ergy of the com pound nu cleus, D – the pair -
ing en ergy, and g – the sin gle par ti cle level den sity [15].

Ba sic cal cu la tion meth ods of
pre-equi lib rium re ac tions

The ex ci ta tion func tions for pre-equi lib rium cal cu -
la tions were cal cu lated us ing exciton mod els, a
two-com po nent exciton model, one-com po nent exciton
model, and a pho ton exciton model. Pre-equi lib rium pro -
cesses cover a siz able part of the re ac tion cross-sec tion
for in ci dent en er gies be tween 10 to (at least) 200 MeV.
Pre-equi lib rium re ac tions have been mod eled both clas -
si cally and quan tum me chan i cally and are in cluded in
TALYS [12].

GDH model and hy brid model 

In cal cu la tions of the hy brid and GDH model,
code AL ICE/ASH was used. This code can be ap -

plied for the cal cu la tion of ex ci ta tion func tions, en -
ergy, and an gu lar dis tri bu tion of sec ond ary par ti cles
in nu clear re ac tions in duced by nu cle ons and nu clei
with en ergy up to 300 MeV. A gen er al ized superfluid
[16] has been ap plied for nu clear level den sity cal cu -
la tions in the AL ICE/ASH code. AL ICE/91 and AL -
ICE/ASH codes use the ini tial exciton num ber as n0 =
= 3. But, in these mod els, dif fer ent al pha (a), deu -
teron (d) and pro ton (p) exciton num bers are used in
pre-equi lib rium GDH model cal cu la tions. The other
code model pa ram e ters can be found in de tail in ref er -
ence [13]. In the AL ICE/ASH code, the hy brid and
GDH mod els for pre-com pound emis sions and the
Weisskopf-Ew ing model for com pound re ac tions are
se lected [15]. 

Pos si ble routes to 122Sb

Ac cord ing to fig. 1 [17], four routes can be used to
pro duce 122Sb with con ven tional cy clo trons with deu -
teron or pro ton beams:
(1) 122Sn(p, n)122Sb, (2) 124Sn(p, 3n)122Sb,
(3) 122Sn(d, 2n)122Sb and (4) 124Sn(d, 4n)122Sb.

De spite the lower nat u ral abun dance of 122Sn com -
pared to 124Sn, the 122Sn(p, n)122Sb nu clear re ac tion ap -
pears to be the most suit able route for the pro duc tion of
122Sb. To sum ma rize the strengths of this re ac tion [9]:  
  

– the most com mon type of cy clo tron may be used,
– low stop ping power of the in ci dent par ti cles ®

high pro duc tion yields,
– low bom bard ment en ergy ® less de mand ing tar -

get cool ing re quire ments,
– rea son ably high nat u ral abun dance of the tar get

ma te rial ® lower cost,
– radionuclidic im pu ri ties can be avoided, and
– high spe cific ac tiv i ties can be reached.
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RE SULTS AND DIS CUS SION

Ex ci ta tion func tion

The ex ci ta tion func tions of 122Sn(p, n)122Sb,
124Sn(p, 3n)122Sb, 122Sn(d, 2n)122Sb, 124Sn(d, 4n)122Sb,
natSn(p, xn)122Sb, and natSn(d, xn)122Sb re ac tions were
cal cu lated us ing AL ICE/91, AL ICE/ASH, and
TALYS-1.2 codes and com pared to ex ist ing data
[18-20]. To in crease the ac cu racy of the cal cu la tions,
the codes were used si mul ta neously

122Sn(p, n)122Sb and
124Sn(p, 3n)122Sb re ac tions

The o ret i cal an ti mony pro duc tion cross-sec tions
for 122Sn(p, n)122Sb, and 122Sn(d, 2n)122Sb re ac tions
have been il lus trated in fig. 2. There is no ex per i men tal 
data for these re ac tions in lit er a ture, there fore only
the o ret i cal cal cu la tions are shown in fig. 2. There is a
rel a tively good agree ment be tween the pre dic tion of
the ex ci ta tion func tions made by AL ICE/91, AL -
ICE/ASH and TALYS-1.2 codes. The eval u a tion of
the ac quired data has shown that the best ranges of en -
ergy for 122Sn(p, n)122Sb and 124Sn(p, 3n)122Sb re ac -
tions are 19®8 and 13®7 MeV, re spec tively.

122Sn(d, 2n)122Sb and
124Sn(d, 4n)122Sb re ac tions

122Sn(d, 2n)122Sb and 124Sn(d, 4n)122Sb re ac tions
are used to pro duce 122Sb. Fig ure 3  shows a com par i son
be tween the cal cu lated cross-sec tions with TALYS-1.2,
AL ICE/ASH, and AL ICE/91 codes. The best range of
in ci dent en ergy for 122Sn(d, 2n)122Sb and 124Sn(d,
4n)122Sb re ac tions was as sumed to be 18®9 and 40®27
MeV, re spec tively. Ac cord ing to the TALYS-1.2 code,
the max i mum cross-sec tion for a 122Sn(d, 2n)122Sb re ac -
tion is 687.943 ×10–31 m2 at Ed = 13 MeV.

natSn(p, xn)122Sb and
natSn(d, xn)122Sb re ac tions

Khandaker et al. (2009) [2] used stacks of a high
pu rity me tal lic form of tin with a thick ness of 50 ± 5 mm
to mea sure in de pend ent and cu mu la tive cross-sec tions
of ra dio iso topes pro duced as a func tion of in ci dent pro -
ton en ergy in the range of 6 up to 42 MeV. Cop per and
alu mi num – natCu(p, x)62Zn, 27Al(p, x)24Na, 27Al(p,
x)22Na – were used as mon i tors to mea sure the beams’
in ten sity and deg ra da tion of beam en ergy, while high
pu rity ger ma nium was used for de tec tion. Also, us ing
the stacked-foil ac ti va tion tech nique, Hermanne et al.
(2006) [1] were de ter mined cross-sec tions of pro ton in -
duced re ac tions on nat u ral Sn up to 67 MeV. In this
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Fig ure 2. Ex ci ta tion func tions of (a) 122Sn (p, n)122Sb, and
(b) 124Sn(p, 3n)122Sb re ac tions by AL ICE/91, AL -
ICE/ASH, and TALYS-1.2 codes

Fig ure 3. Ex ci ta tion func tions of (a) 122Sn (d, 2n)122Sb, and
(b) 124Sn (d, 4n)122Sb re ac tions by AL ICE/91, AL ICE/ASH,
and TALYS-1.2 codes



study, we con sid ered the same pro cess as de scribed by
Khandaker et al. [2] and Hermanne et al. [1], with nu -
clear model cal cu la tions (TALYS-1.2, AL ICE/91, and
AL ICE/ASH codes). In gen eral terms, the three codes
val i date ex per i men tal data well (see fig. 4a). So far,
there is no ex per i men tal data in lit er a ture for the natSn(d, 
xn)122Sb re ac tion, thus nu clear model cal cu la tions
could play an im por tant role in find ing the max i mum
ex ci ta tion func tion of natSn(d, xn)122Sb re ac tion (fig.
4b).

Cy clo tron pro duc tion 

The re quired thick ness of the tar get was cal cu -
lated ac cord ing to the SRIM (The stop ping and range of
ions in mat ter) code [21]. The phys i cal thick ness of the
tar get layer is cho sen in such a way that for a given
beam/tar get an gle ge om e try (90°), the in ci dent beam is
ex cited from the tar get layer with pre dicted en ergy. To
min i mize the thick ness of the tar get layer, 6° ge om e try
is pre ferred (so that the re quired layer thick ness is lesser 
for a co ef fi cient of 0.1), in which case a 17.14 µm tin
layer is rec om mended. Us ing the electrodeposition
method [22], nat u ral tin (Merck, 99.9%) con tain ing
112Sn (0.97%), 114Sn (0.65%), 115Sn (0.34%), 116Sn
(14.53%), 117Sn (7.68%), 118Sn (24.23%), 119Sn
(8.59%), 120Sn (32.59%), 122Sn (4.63%), and 124Sn

(5.79%) iso topes, formed a me tal lic layer on the cop per
back ing over an area of 20.5 cm2. Electrodeposition ex -
per i ments were car ried out us ing po tas sium stannate
trihydrate (K2Sn(OH)6, 115 g/L, Aldrich 99.9%) and
po tas sium hy drox ide (KOH, 20 g/L).  Op ti mal con di -
tions  for  the electrodeposition of tin were as fol lows:
40 g/L natSn, a tem per a ture of 75 °C and DC cur rent
den sity of 50 mA/cm2 [8]. Due to the for ma tion of a
tin-cop per junc tion with a strong metal-metal in ter ac -
tion, heat pro duced dur ing the bom bard ment is ef fec -
tively trans ferred to the cop per back ing and, fi nally, to
the cool ing wa ter run ning at the back of the tar get.

The pre pared tar get was ir ra di ated with 180 mA
pro ton beams of 26.5 MeV for 20 min, in a Cyclone30
ma chine (in stalled at the Ag ri cul ture, Med i cal and In -
dus trial Re search School, Tehran), at a glanc ing an gle
of 6 de grees, so as to achieve a higher pro duc tion yield.
At this an gle, the ef fec tive thick ness of the tar get is
about 10 times its ac tual thick ness. Af ter the ir ra di a tion, 
the tar get was dis solved with 15 mL of con cen trated
HCl con tain ing 5 mL of H2O2. Sol vent ex trac tion and
ion ex change chro ma tog ra phy proved to be the best
meth ods for the sep a ra tion of an ti mony radionuclides
from Sn tar get so lu tions [23-28].

Liq uid–liq uid ex trac tion method

Af ter the dis so lu tion of the ir ra di ated natSn in conc.
HCl and H2O2, the ob tained so lu tion was evap o rated to
near-dry ness and the res i due dis solved in con cen trated
HCl (30 mL) (fig. 5). Then, 10 mL of or ganic so lu tion,
n-butyl ether (C8H18O), and aque ous so lu tion con tain ing
tin, an ti mony, cop per, and zinc were placed in a 100 mL
sepa ra tory fun nel, shaken for 15 min and al lowed to set -
tle for fur ther 30 min. Fol low ing this, the so lu tion was
shaken for an other 15 min (6 times) [26]. The
radioantimony ex tracted into the or ganic phase and tin,
cop per, and zinc re mained in an aque ous phase. The or -
ganic phase was then trans ferred into the sepa ra tory fun -
nel and washed with a 40 mL concentration of HCl, with
an acid-to-or ganic sol vent vol ume ra tio of 2:3. For this
pur pose, the mix ture was stirred and al lowed to stand for
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Fig ure 4. Ex ci ta tion func tions of (a) natSn(p, xn)122Sb, and 
(b) natSn(d, xn)122Sb re ac tions by ex per i men tal data, AL -
ICE/91, AL ICE/ASH, and TALYS-1.2 codes

Fig ure 5. Non-de struc tive  g-ray spec trum of pro ton ir ra -
di ated natSn taken 24 hours af ter end of bom bard ment



16-18 hours. Un der this con di tion, Sb(V) back-ex tracted
com pletely into the aque ous phase. The con cen tra tions
of  Zn  and  Cu in  the  so lu tion  af ter  sep a ra tion  were  de -
ter mined by polarography and colorimetric as says. The
amount of Cu and Zn were found to be 5 ppm and 0.2
ppm, re spec tively. Stan dard cop per con cen tra tions were
complexed by dithizone form ing a pink ish com plex [29]. 
About 90 ± 5% of an ti mony radionuclides were ex -
tracted. The  pro duc tions  yield was 122Sb 3.61
MBq/µAh. Af ter sep a ra tion, the ob tained an ti mony pu -
rity was above 99% [8].

Sil ica gel col umn chro ma tog ra phy method

A col umn of a size of Ø1.0 × 10 cm was used,
packed with sil ica gel (100-200 mesh, ³99%,
Aldrich). Ac cord ing to the meth ods of Khalid et al.
[25] and Thisgaard et al. [27, 28], it is pos si ble to sep a -
rate Sb from the bulk of the Sn tar get ma te rial by
pretreating the sil ica gel with 6 M HCl for 24 hours
prior to the sep a ra tion. The pretreated sil ica gel
washed off and packed on the col umn and con di tioned
with 1 M HCl. The dis solved tar get so lu tion (12 M
HCl) di luted to 1 M HCl with deionized wa ter and
eluted through the col umn, fol lowed by the wash ing of 
the col umn with 30 mL 1 M HCl, so as to re move any
traces of Sn. Sub se quently, the Sb-frac tion eluted with
20 mL 6 M HCl (eluent tem per a ture: 70-80°). Us ing
sil ica gel chro ma tog ra phy, an ti mony radionuclides
sep a rated in a 80 ± 5% radiochemical yield.

CON CLU SIONS

In this pa per, pos si ble pro duc tion routes to the
122Sb iso tope (122Sn(p, n)122Sb, natSn(p, xn)122Sb,
122Sn(d, 2n)122Sb, natSn(d, xn)122Sb, 124Sn(p, 3n)122Sb,
and 124Sn(d, 4n)122Sb re ac tions) have been dis cussed
and the de vel op ment of a pro duc tion pro ce dure for the
most suit able route us ing a low en ergy cy clo tron de -
scribed. A rea son able agree ment with ex per i men tal and 
the o ret i cal ex ci ta tion func tions was ob tained.
Radionuclide 122Sb was pro duced by the ir ra di a tion of
elec tro plated tin nat u ral on a cop per sub strate, us ing an
al kali so lu tion (po tas sium stannate trihydrate and po -
tas sium hy drox ide). The sol vent ex trac tion of no-car -
rier-added 122Sb from the ir ra di ated tin nat u ral tar get
hy dro chlo ric so lu tion was in ves ti gated us ing di-n-butyl 
ether (C8H18O). Also, radioantimony sep a rated in a 80
± 5% radiochemical yield was ob tained us ing sil ica gel
col umn chro ma tog ra phy.
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PROIZVODWA  U  CIKLOTRONU  NA  NOV  NA^IN

Antimon-122 sa vremenom poluraspada od 2.723 dana i Ib– = 97.59%, zna~ajan je
radioobele`iva~ kori{}en za prou~avawe zaga|ewa `ivotne sredine i prehrambenih `itarica.
U ovom radu razmatrana je proizvodwa 122Sb ostvarena nuklearnom reakcijom natSn(p, xn)122Sb.
Radiohemijska separacija izvedena je pomo}u silicijumdioksidne gel hromatografije i
te~no-te~nih ekstrakcionih metoda. Ekstrakcione funkcije 122Sb radionuklida, dobijenih
posredstvom 122Sn(p, n)122Sb, natSn(p, xn)122Sb, 122Sn(d, 2n)122Sb, natSb(d, xn)122Sb, 124Sn(p, 3n)122Sb i
124Sn(d, 4n)122Sb reakcija, ra~unate su programima AL ICE/91, AL ICE/ASH i TALYS-1.2 i upore|ene
sa postoje}im podacima.

Kqu~ne re~i: nuklearni podaci, ciklotronska proizvodwa, AL ICE/ASH pro gram,
..........................silicijumdioksidni gel, 122Sb


