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The pro duc tion pro cess of co balt-60 was sim u lated by a par ti cle ac cel er a tor in the en ergy
range of 5 to 100 MeV, par ti cle beam cur rent of 1 mA, and ir ra di a tion time of 1 hour to per -
form yield, ac tiv ity of re ac tion, and in te gral yield for charged par ti cle-in duced re ac tions.
Based on nu clear re ac tion pro cesses, the ob tained re sults in the pro duc tion pro cess of co -
balt-60 were also dis cussed in de tail to de ter mine ap pro pri ate tar get ma te rial, op ti mum en -
ergy ranges, and suit able re ac tions.
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IN TRO DUC TION

The sig nif i cance of the nu clear data for
radionuclide pro duc tion in nu clear med i cine, in dus try, 
as tro phys ics, and cosmochemistry is con sid er ably ex -
ten sive [1-8]. There fore, nu clear re ac tion and nu clear
struc ture data are fairly im por tant to ob tain
radionuclide pro duc tion of top level qual ity. This is
be cause the rel e vant pro duc tion of the radionuclides is 
vig or ously de pend ent on a proper knowl edge of the
cross-sec tion data used to min i mize the im pu rity level
and max i mize the yield of the re quired prod uct [9].
The radionuclides emit ting ion iz ing ra di a tion are
widely used for di ag no sis with sin gle pho ton emis sion
com puted to mog ra phy (SPECT), pos i tron emis sion
to mog ra phy (PET) [6, 9-12] and in ther apy for in ten -
sity mod u lated ra di a tion ther apy (IMRT) de vice [13].
It is also used as gamma ra di a tion source in dif fer ent
fa cil i ties such as ster il iza tion of med i cal de vices and
ra di a tion ther apy [14]. Con ve nient radionuclides to
iden tify the radionuclides which are used in more than
200 fa cil i ties, also play an im por tant role in
radiochemistry [15]. An ex am ple of nu clear data via
the radiochemical tech niques in the def i ni tion of
yields and ac ti va tion cross-sec tions is given for
radionuclide co balt-60 that is com mer cially used in
the de vel oped MRI-guided ra di a tion ther apy
(MRI-GRT) to de liver IMRT [16]. Ad di tion ally, in
med i cine, the high dose rate (HDR) co balt-60
brachytherapy is ben e fi cial for the treat ment of
gynecological can cers, i. e., cer vi cal can cer [17]. The

cal cu lated and mea sured data for the radionuclide co -
balt-60, es pe cially in the pro duc tion of med i cal
radionuclides via par ti cle ac cel er a tor [2, 7, 18] such as
di ag nos tic and ra di a tion ther apy, are of no ta ble op er a -
tive im por tance [19].

Be sides the med i cal ap pli ca tions of radionuclide 
co balt-60, its avail abil ity plays a sig nif i cant role in ra -
dio iso tope power sys tems (RPS) [20-22] as a po ten tial
beta source ( . )maxb- = 0318MeV  [23, 24], oc ca sion ally
called nu clear bat tery, for space craft. There fore, the
pro duc tion of ra dio iso tope co balt-60 is im por tant. It is
pro duced us ing par ti cle ac cel er a tor in charged in -
duced re ac tions (p, d, t, 3He, a) on 57,58Fe, 59Co, and
60,61,62Ni tar get ma te ri als.

In the pres ent work, the pro duc tion of co balt-60
radionuclide was con sid ered for thir teen re ac tions, in -
clud ing the cross-sec tion, yield of prod uct, ac tiv ity,
and in te gral yield of co balt-60. This is be cause the
most ap pro pri ate and in ex pen sive re ac tions for the
pro duc tion of co balt-60 can be de ter mined via ac tiv ity, 
yield of prod uct, in te gral yield, which ob tain suit able
in ci dent en er gies of re ac tion and cross-sec tion data of
co balt-60. In ad di tion to suit able re ac tions, the pres ent
work fo cused on the fact that the cal cu lated re sults
prof fered the best ap pro pri ate tar get ma te ri als for the
pro duc tion of co balt-60. 

CAL CU LA TION AND SIM U LA TION

To in ves ti gate the pro duc tion of co balt-60 in
charged par ti cle-in duced re ac tions, TALYS 1.8 [25]
was used for the cal cu la tions of the cross-sec tions of
nu clear re ac tions. More over, the sim u la tion yield of
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prod uct and ac tiv ity of re ac tion pro cesses on 57,58Fe,
59Co, and 60,61,62Ni tar get ma te ri als were car ried out by
par ti cle ac cel er a tor with par ti cle beam cur rent of 1 mA,
par ti cle in ci dent en ergy up to 100 MeV, and ir ra di a tion
time of 1 h. Un der these sim u la tion cir cum stances, all
the re ac tion pro cesses were im i tated by TALYS code.

In ad di tion to the ap pro pri ate re ac tion for the pro -
duc tion of co balt-60, the suit able in ci dent en ergy of
these re ac tions was de ter mined by in te gral yield us ing
the cal cu lated cross-sec tion data and the mass stop ping
power ob tained by X-PMSP pro gram [7, 26]. Thanks to
the suit able en ergy range of re ac tions, the cost ef fec -
tive ness for pro duc tion of co balt-60 has de creased to
min i mal with sug gested re ac tions. The in ves ti gated re -
ac tions with charged par ti cles lead ing to the for ma tion
of co balt-60 are an a lyzed be low. How ever, due to de fi -
cien cies in the ex per i men tal data, those anal y ses lead
off the ex per i ment ers in pro vid ing data.

Ma te rial and meth od ol ogy

In or der to pro duce co balt-60, the sim u la tions of
yield of the prod uct and ac tiv ity of co balt-60 for all the
re ac tion pro cesses and ir ra di a tion on 57,58Fe, 59Co, and 
60,61,62Ni tar get ma te ri als were car ried out un der cer -
tain con di tions. The radionuclide pu rity of  57,58Fe,
59Co, and 60,61,62Ni tar get ma te ri als are 99 %, and they
have uni form thick ness den sity in all the re ac tion pro -
cesses.  How ever, the ef fec tive thick ness val ues of the
tar get ma te ri als were shifted from 0.112 cm (59Co) to
1.312 cm (62Ni), and the de tails are pre sented in tab. 1.
All the re ac tion pro cesses re quired a par ti cle beam
cur rent of  1 mA, charged par ti cle en ergy re gion from
5 MeV to 100 MeV, tar get area of 1 cm2, and ir ra di a -
tion time of 1 h. In ad di tion, there was no ac tiv ity loss
dur ing the re ac tion pro cesses, and the max i mum pro -
duced heat caused by ir ra di a tion in the tar get is 95 kW.
Af ter ir ra di a tion, the cool ing time of 57,58Fe, 59Co, and
60,61,62Ni tar get ma te ri als is 24 h. We sim u lated ac tiv ity 

and yield of prod uct for the pro duc tion of co balt-60
ma te rial via nu clear re ac tion pro cesses in the above
con di tions.

Upon tak ing the cross-sec tion cal cu la tions of
nu clear re ac tion into ac count, two-com po nent exciton
model of pre-equi lib rium re ac tion (PEQ) mech a nism
was used. For this model, the best in put pa ram e ters
were used in the Fermi-gas model with con stant tem -
per a ture, known as CTM, for level den sity [25]. This
mode can be de fined by the fol low ing equa tion
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where Ek, t, s
CF, P, and Wk are emis sion en ergy for a

par ti cle k, the mean life time of the exciton state, the
com pound for ma tion cross-sec tion, the pre-equi lib -
rium pop u la tion, and  emis sion rate, re spec tively.
While p and h rep re sent par ti cle (p = pp + pv) and hole
(h = hp + hv) num bers, p and v are pro ton and neu tron
par ti cles.

Re gard ing sim u la tions of the ac tiv ity and yield
of prod uct of nu clear re ac tion pro cesses for par ti cle
ac cel er a tor, in ad di tion to cross-sec tion cal cu la tions,
the state ment for the ac tiv ity of the pro duced iso tope k
can be writ ten in terms of the nu clide in ven tory Nk (t)
as a func tion of the ir ra di a tion time

A t N ti i i( ) ( )= l (2)

where lk is the de cay rate of  (lk = ln2/(Tk
1/2), and Nk(t)

is given by
N t N R ti T T i( ) ( )= ®0 (3)

Thus, the ac tiv ity is rep re sented as the fol low ing

A t N R tk k T T i( ) ( )= ®l 0 (4)

where RT®i is given by
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Ta ble 1. Ob tained data of the nu clear re ac tion pro cesses for the pro duc tion of co balt-60

Tar get Re ac tion Tar get thick ness
[cm]

Max i mum
cross-sec tion

[mb]*

En ergy value at
max i mum

cross-sec tion 
[MeV]

Max i mum
ac tiv ity

[MBq (mAh)–1]

Suit able en ergy
range [MeV]

Max i mum
in te gral yield

[GBq (µAh)–1]

Fe-57 (a, p) 0.126 142.25 16 3.12 – –

Fe-58 (t, n) 0.639 65.44 5 7.33 – –

Fe-58 (3He, p) 0.160 9.19 10 0.415 – –

Fe-58 (a, d) 0.129 256.09 28 14.75 – –

Co-59 (d, p) 0.760 128.34 7 27.68 – –

Co-59 (t, d) 0.557 290.83 14 110.94 – –

Co-59 (a, 3He) 0.112 59.93 44 7.99 – –

Ni-60 (t, 3He) 0.550 163.52 42 309.69 20®60 20.58

Ni-61 (d, 3He) 0.762 69.07 51 240.79 25®70 16.05

Ni-61 (t, a) 0.559 448.10 46 867.65 35®70 56.94

Ni-62 (p, 3He) 1.312 44.45 45 348.47 30®80 24.17

Ni-62 (d, a) 0.775 92.28 70 391.99 40®85 26.03

*1 mb = 10–31 m2



R
I

z q V

E

x
ET i

p e E

E

i
rp

®

-

=
æ

è
ç

ö

ø
÷ò

beam

tar

d

d
d

back

beam
1

1

s ( ) E (5)

where Ibeam, Vtar, and s
i
rp  rep re sent beam cur rent, ac -

tive tar get vol ume, and re sid ual pro duc tion cross-sec -
tion of k, re spec tively. zp and qe rep re sent the charge
pro jec tile charge num ber and the elec tron charge.

Based on the cross-sec tion cal cu la tion of re ac -
tions, yield cal cu la tions for the charged par ti cle-in -
duced re ac tions in the pro duc tion of radionuclides be -
tween E1 and E2 en ergy range are cal cu lated by the
ac ti va tion equa tion given be low [9]
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where NL, M, I, and H are the Avo ga dro num ber, mass
num ber of the tar get el e ment,  pro jec tile cur rent, and
iso to pic abun dance of tar get nu clei, re spec tively,
dE/d(rx) is the mass stop ping power (MeVcm2g–1)
named as SP(E),  l – the de cay con stant of the prod uct, t
– the time of ir ra di a tion, and s(E) – the cross-sec tion
value at en ergy E.

To de ter mine the mass stop ping pow ers for pro -
ton, deu teron, tri ton, he lium-3, and al pha-charged par -
ti cles on tar get ma te ri als, we uti lized X-PMSP pro -
gram us ing the fol low ing method [7, 26].
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where par ti cle ve loc ity b equals to J/c. A, Z and I are
mass num ber, pro ton num ber, and the mean ion iza tion
po ten tial of tar get, and d rep re sents den sity ef fect cor -
rec tions. For mu la tion of the mass stop ping power is
strongly de pend ent on pa ram e ters I, X, and d, and their
val ues are given in de tail in a pre vi ous study [7]. 

RE SULTS AND DIS CUS SION

Cal cu la tion of cross-sec tions

The cross-sec tion for the pro duc tion of co -
balt-60 for 12 nu clear re ac tions with charged par ti -
cle-in duced re ac tions on 57,58Fe, 59Co, and 60,61,62Ni
tar get ma te ri als are cal cu lated in Epar ti cle £ 100 MeV
range and are de picted in fig. 1. The max i mum points
of cal cu lated cross-sec tion of all re ac tions are lower
than 50 MeV, and the re sults show that a par ti cle ac cel -
er a tor with E = 50 MeV can be taken into ac count to
pro duce co balt-60.

To an a lyze and un der stand ad di tives of nu clear
re ac tion pro cess, the pro duc tion of co balt-60 re quires
re li able cross-sec tion cal cu la tions. The pre dic tion and
anal y sis of nu clear re ac tions can be en sured through

trust wor thy com puter codes. For this aim, the cal cu la -
tions and sim u la tions of nu clear re ac tion pro cesses
were pre sented us ing TALYS code and the cal cu lated
re sults were com pared with the ex per i men tal data ob -
tained from EXFOR [27]. Be cause, this code is one of
the most im por tant code in lit er a ture, it brings about
for ma tion of TENDL [28], which is nu clear data li -
brary pro vid ing the re sults of TALYS code, to be com -
pared to the ex per i men tal mea sure ments and other the -
o ret i cal re sults. For ex am ple, Detroi et al., [29]
in ves ti gated deu teron-in duced re ac tion on co balt tar -
get and noted that the re sults of the TALYS/TENDL
gen er ally of fer the best re sults among the avail able
the o ret i cal codes [29]. Re gard ing the pro duc tion of
Co-60, there are weak ex per i men tal cross-sec tion data
to com pare the the o ret i cal re sults. How ever, the cal cu -
lated cross-sec tions for 57Fe(a, p) and 59Co(d, p) re ac -
tions were com pared with the mea sure ments by
Levkoski [30] and Detroi et al. [29], re spec tively. The
data re ported by Detroi et al. are higher than those of
the the o ret i cal re sults, how ever the max i mum value of
cross-sec tion curve for both ex per i men tal data and
the o ret i cal re sult gave ~6 MeV in ci dent par ti cle en -
ergy. The re ported cross-sec tion by Levkoski for
57Fe(a, p)  is lower be yond 12 MeV than the cal cu lated 
re sults, and the en ergy value that cor re sponds to the
max i mum cross-sec tion value is be tween 15 MeV and
18 MeV in ci dent al pha en er gies. The cause of low
cross-sec tion curve could be be cause each sam ple in
Levkoski's ex per i ments was in the form of an ox ide
and was coated with an alu mi num foil. Fur ther more,
re gard ing the dif fer ence be tween the o ret i cal re sults
and ex per i men tal data, es pe cially, at the max i mum of
the cross-sec tion val ues or the yields, ex per i men tally
ob tained data can be dif fer ent from the o ret i cal re sults
be cause of ex per i ment ra di a tion dam age ef fects, not
ho mog e nous in ci dent par ti cle beam, un san i tary mea -
sure ments, etc. [9]. 

As can be ob served, the high est cross-sec tion
curve to pro duce ra dio iso tope co balt-60 in al pha, tri ton, 
3He-in duced re ac tions on 57,58Fe tar get is 58Fe(a, d) at
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Fig ure 1. Cal cu lated cross-sec tion for the for ma tion of
60Co in the charged par ti cle in duced re ac tions on
dif fer ent tar gets



29 MeV. Its value is about 250 mb, the 58Fe(3He,.p) re -
ac tion is close to zero, and the cross-sec tion curve of the 
other re ac tions for 57Fe and 58Fe tar gets are 145 mb and
60 mb in 18 MeV and 6 MeV, re spec tively. It is worth
men tion ing that there are (d, p), (t, d) and (a, 3He) re ac -
tions on 59Co tar get. The high est value (290 mb) is for
(t, d) re ac tion at 14 MeV in ci dent en ergy. 61Ni(t, a) has
the high est cross-sec tion value (about 450 mb) in the in -
ci dent en ergy of 45 MeV. Fig ure 1 shows that the
cross-sec tion curves of 59Co(t, d) and 58Fe(a, d) re ac -
tions cut off each other in cer tain en ergy ranges, which
are 9-22 MeV and 22-33 MeV, re spec tively. In the case
of 60Ni(t, 3He), the cross-sec tion curve of re ac tion is
fairly wide and not sharp. It is clear that op ti mal pro duc -
tion of re ac tions is re lated not only to cross-sec tion but
also to ac tiv ity and yield. Thus, the cal cu la tions of the
re ac tions' cross-sec tion to be pro duced by the suit able
re ac tion of the ra dio iso tope co balt-60 are not suf fi cient
alone. Hence, in ad di tion to re ac tions cross-sec tion, the
ac tiv ity (fig. 2) and yield of prod uct (fig. 3) pro cesses
should also be in ves ti gated for all the charged par ti -
cle-in duced re ac tions.

Sim u la tion of ac tiv i ties and yields of prod uct

For an ac cu rate de ter mi na tion of the pro duc tion of
the ra dio iso tope co balt-60, the sim u lated re sults for the
yield of prod uct and ac tiv i ties of the charge par ti cle-in -
duced re ac tions via a par ti cle ac cel er a tor for the de pend -
ence of the ir ra di a tion time are shown in figs. 2 and 3. In
figs. 2 and 3, the cross-sec tion curve of the 61Ni(t, a) re -
ac tion is in agree ment with the ac tiv ity and yield of co -
balt-60 curve be cause its val ues cor re spond to the high -
est yield and ac tiv ity. How ever, for some re ac tions, this
sit u a tion is not ap pli ca ble for 59Co(t, d) (110.9
MBq(mAh)–1 and 58Fe(a, d) (14.8 MBq(mAh)–1. While
58Fe(a, d) re ac tion in cross-sec tion cal cu la tion is higher
than lots of re ac tions in term of the re sults of yield and ac -
tiv ity, it has con sid er ably low curve and an other in ter est -
ing point. The charge par ti cle in duced re ac tions for pro -
duc tion of co balt-60 on Ni tar get have the high est ac tiv ity 
and yield of prod uct com pared to other re ac tions. 

On the other hand, the ap pro pri ate tar get ma te -
rial for pro duc tion of ra dio iso tope co balt-60 is
60,61,62Ni, which are sta ble iso topes of Ni. There fore,
those iso topes as tar get can be re li ably rec om mended
for the pro duc tion of co balt-60, and 60Ni(t, 3He),
61Ni(t, a), 61Ni(d, 3He), 62Ni(p, 3He), and 62Ni(d, a)
can be pro posed as suit able re ac tions.

Cal cu la tion of in te gral yield

The in te gral yield of ra dio iso tope co balt-60 in tri -
ton, pro ton, and deu teron-in duced re ac tions on Ni tar get
in the en ergy range from 5 MeV to 100 MeV is cal cu lated 
from the cross-sec tion and the mass stop ping power ob -
tained in figs. 1 and 4. The suit able en ergy range of the
re ac tions to pro duce co balt-60 can be ex plained by cal -
cu lated in te gral yield pre sented in fig. 5, where op ti mum
en ergy for 61Ni(t, a) re ac tion is within the range from 35
MeV to 70 MeV, and over op ti mum en ergy amounts to
~41.6 GBq(µAh)–1. The op ti mum en er gies of 61Ni(d,
3He) and 60Ni(t, 3He) re ac tions are within the ranges of
25 MeV to 70 MeV and 20 MeV to 60 MeV, where the
pro duc tion of co balt-60 is more than 90 %. It has been
noted that the in te gral yield val ues for the op ti mum en -
ergy range of these re ac tions are ~10.5 GBq(µAh)–1 and
~13.7 GBq(µAh)–1. The co balt-60 pro duced by 62Ni(p,
3He) and 62Ni(d, a) re ac tions has high en ergy range, and
thus, the suit able en ergy of 62Ni(p, 3He) and 62Ni(d, a)
re ac tions   ap pear  to  be  more   than   100  MeV  due  to in -
creas ing   yield   value.  How ever,  the  in te gral  yield  val -
ues of  61Ni(d, 3He)  and  60Ni(t, 3He)  amount  to ~16
GBq(µAh)–1 and  ~20.5 GBq(µAh)–1 at 100 MeV.

CON CLU SIONS

The pres ent work has clearly re searched the op -
ti mum en ergy range and the suit able re ac tions to pro -
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Fig ure 2. Sim u lated ac tiv ity of 60Co as a func tion of
ir ra di a tion time

Fig ure 3. Sim u lated yields of 60Co as a func tion of
ir ra di a tion time



duce co balt-60 via par ti cle ac cel er a tor for use in can -
cer ther apy as gamma source. Co balt-60 is also used in
RTG of spacecrafts, sat el lite, and space-probe as beta
source for so lar-sys tem ex plo ra tions such as Mars sci -
ence lab o ra tory (MSL)/Cu ri os ity, Europa (Moon of
Ju pi ter) mis sion, as ter oid, and comet mis sions.

The cost and the ther mal power of the used en -
ergy source, how ever, are im por tant fac tors to con -
sider when rec om mend ing a suit able en ergy source. In 
this work, the cal cu la tion and sim u la tion re sults for
cross-sec tion, in te gral yield, ac tiv ity and yield of
prod uct show that the most suit able tar get ma te rial for
pro duc tion of co balt-60 is Ni. Thus, 61Ni(d, 3He),
62Ni(p, 3He), and 62Ni(d, a) re ac tions are the most suit -
able re ac tions and the ap pro pri ate en ergy of these re -
ac tions  for  for ma tion  of co balt-60 is within the
ranges of 25 MeV to 70 MeV, 30 MeV to 80 MeV, and
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Fig ure 5. Cal cu lated in te gral yield of 60Co as a func tion of 
en ergy



40 MeV to 85 MeV, re spec tively. The ra dio iso topes
pro duced via the tri ton-in duced re ac tions such as
61Ni(t, a) and 60Ni(t, 3He) are quite ex pen sive. The
cal cu lated data are, gen er ally, of con sid er able im por -
tance in the pro duc tion of radionuclides via par ti cle
ac cel er a tor for space, en ergy, and the med i cal re -
searches. Those data lead the way to the ex per i ment ers 
in in ter dis ci plin ary sci ence and tech nol ogy. 
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Ozan ARTUN

ISPITIVAWE  PROIZVODWE  KOBALTA-60  AKCELERATOROM  ^ESTICA

U ovom radu simuliran je proces proizvodwe kobalta-60 akceleratorom ~estica u opsegu
energija od 5 do 100 MeV, pri ja~ini struje snopa ~estica od 1 mA i vremenu ozra~ivawa od jednog
sata, kako bi se prora~unao prinos po reakciji, aktivnost reakcije i integralni prinos za reakcije 
indukovane naelektrisanim ~esticama. U skladu sa procesima nuklearnih reakcija, rezultati
dobijeni u procesu proizvodwe kobalta-60 detaqno su razmotreni da bi se odredio odgovaraju}i
materijal za metu, optimalni opseg energija i odgovaraju}e reakcije.

Kqu~ne re~i: akcelerator ~estica, nuklearna reakcija, aktivnost, prinos


