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%5Co production / Yield and purity / Nuclear reaction / enriched®®Ni as target material, about%o ’Co impurity
Excitation function / Isomeric cross section ratio (T2 = 2713 d) cannot be avoided [7]. THéFe(, n)**Co
reaction leads to the highest purity product, provided highly
enriched®Fe is used as target material [8,9]. A medium-
Summary. For production of the medically interesting scale production of**Co via this route has been de-
p*-emitter *Co (T, =17.6h) via the *Fe(d, n)-reaction,  scribed [8].We investigated this reaction earlier [9] from
91.6% enriched’Fe,0;, mixed with Al powder, was pressed the viewpoint of nuclear data. Now we describe some work

to a pellet which could be irradiated with 14 MeV deuterons on targetry and chemical processing. Cross sections for

at 4pA in a water-cooled target system. A separation metho : : 4
was developed which led te 99.9% pure*Co and allowed dﬁfelgo(i?ergpetlng 4.1) and @, o) reactions or*Fe are also

a recovery of the enriched target material. For a target thick

ness of E;=126— 5MeV, the experimental thick target

yield of %Co after chemical separation amounted to about . 55

13 MBg/pA-h, which is about 60% of the theoretical value. 2- Production of *>Co

In a 3h irradiation at 4A, the batch yield of°Co achieved 5 1 Targetry

was 160 MBg (4 mCi). An 8h irradiation could lead to

a batch yield of about 400 MBg. Thé&Fe(, n) reaction  About 125mg of**Fe0; (stated isotopic composition:

leads to the highest purit{?Co but it is essential that the 5‘Fe = 91.6%, *Fe = 8.20%, 5Fe = 0.2%; stated chem-

isotopic enrichment of the target is not less than 90%. Injcal impurities: Mg, Al, Cl, Co, Ni, Cu, Sh < 50 ppm):

addition to the production work, cross sections were meass;j Ca, Cr 300 ppm), supplied by Chemotrade GmbH,

ured for the*Fe(d, t)**Fe and™Fe(d, «)**"Mn reactions using G ormanyRussia) was thoroughly mixed with 45mg of

the standard stacked-foil technique and high-resolugieray ine Al powder & 98%, < 160pm, FLUKA, Germany) in

spectrometry. The cross section ratio for the isomeric pairf P 0, < 2OV, , Sermany

s2mavin is discussed in terms of the spins of the two states@ mortar, and then pressed_tp a pellet &fdm diameter at

involved and the increasing projectile energy. 10 tongcn¥ (23.8 MPa). Addition of Al was necessary to be

able to pres$*Fe,0O; to a pellet. The thickness of the pel-

_ let amounted to about 2%0m. The pellet was placed in the

1. Introduction groove of a Cu-target holder and covered by a L6B0OCu

The radionuclide cobalt-55T(, = 17.6 h: E,. = 1.5 MeV: foil. The target holder was then attached to an irradiation

: ; o e system which was cooled from three sides by flowing wa-
l4+ = 77%) is an importanB*-emitting radioisotope. It has . )
found application in labelling bleomycin, monoclonal anti- ter at 13C. This target arrangement [cf.10] could withstand

bodies and perfusion markers for some cardiac and cerebr  irradiation W'th 14 MeV deuterons ah. The effective
studies [cf. 1-5] using positron emission tomography (PET). euteron energy in the target pellet wasil2- 5 MeV.

For its production, three routes have been commonly used,

namely>Fe(p, 2n)>*Co, **Ni(p, «)*Co and*Fe(d, n)*Co. 2.2 Chemical processing

A summary of the calculate@®Co yields and impurity o , ]
levels is given in Table 1. Th&Fe(p, 2n)*Co reaction After irradiation the pellet was dissolved in 4 mL of conc.

has the highest yield but the level of théCo impurity HCl and 2 mL of HO,. The sqlution was evapora'ted to dry-
(T.2 = 788 d) is high [cf. 1—4]. Thé®Ni(p, )*Co process ness to remove }0,, the residue was taken up in 5mL of

has been well developed [cf. 5-7] but, even using highlyconc- HCI .and54Fe was removed by extraction with two
10 mL portions of diethyl ether saturated with conc. HCI.

* Author for correspondence (E-mail: s.m.qaim@fz-juelich.de). The aqueous solution was eva_porated to drynes.s slowly to
*Guest scientist from the Department of Applied Chemistry "€MOVe traces of ether. The'reS|due was take;n up in 10 mL of
and Chemical Technology, Rajshahi University, Rajshahi-6205,c0ONc. HCI. It contained radiocobalt and radiomanganese at
Bangladesh the no-carrier-added level and Al in macroquantities. It was
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Tablel. Calculated yields and impurity

levels (at EOBY) in the production 6fCo Production route Energy range *Co yield Impurity Major

via common routes. [MeV] [MBq/nA-h] (%) reference
*Fe(p, 2n)*Co 38— 14 163 %Co (1.6) 1
®Ni( p, )**Co? 15— 7 14 5Co (0.5) 6
*Fe(d, n)*Co? 10—» 5 32 %657Co (< 0.01) 9

a: Using 999% enriched target material.

then transferred to a columm (= 2.0 cm, height= 10 cm)
filled with the anion-exchange resin Dowex &, chloride
form, 100-200 mesh (FLUKA). The column was condi-
tioned with 10 mL of conc. HCI, then eluted with 10 mL

of 6 M HCI whereby radiomanganese was quantitatively re-

moved. Thereafter elution was done with 60 mL of 4 M HCI;

been used in a few limited brain studies on patients [cf. 4].
The use of'*Fe as target material makes targetry easy and
%Co quantities of about 2 GBg can be conveniently pro-
duced. However, th&Co impurity limits the use of the
product only over short periodsg. for fast metabolic pro-
cesses. Thé&Ni(p, a)*®*Co process is technically well de-

radiocobalt was removed from the column and existed inveloped [cf. 7] but the yield of*Co is low and the level
about 40 mL of the elute. Al remained on the column. Theof ’Co impurity (05%) is of some concern. It can thus

fractions containing®®Mn and %*Co were separately col-
lected and concentrated by evaporatiéiCo was finally
obtained as*CoC}, in 2 mL of 1 M HCI. The recovery of
the enrichedcP*Fe from solution in diethyl ether was done
by a careful removal of the ether at 35-+4) redissolution
in conc. HCI, precipitation a¥Fe(OH); and conversion to
%4Fg,0; by heating at 806C. In this form it could be used
again as target material. The recovery yield wa80%.

2.3 Yidd and purity

A 3h irradiation of the above mentioned target pellet at
4 A led to about 160 MBq of the separatétCo extrapo-

lated to the end of bombardment (EOB). The experimenta

thick target yield was thus about 13 MBgA-h. This value
is about 60% of the theoretical value and is rather good. Th
target cannot withstand beam currents aboyéd4out the

irradiation time could be extended. Thus an 8 h irradiation

would lead to about 400 MBq 6fCo. Our yields are com-

parable to those reported in another work [8] which made

use of a different target system.

probably be used only in animal experiments. The radionu-
clidic purity of **Co producedvia the >*Fe(d, n) reaction
using 916% enrichec®*Fe is still superior to the products
from the other two routes. Based on the cross sections for
the®*Fe(d, n)>’Co and*®*Fe(, 2n)*¢Co reactions [cf. 11] we
estimated the impurity levels 6fCo and**Co for various
enrichments of*Fe. For arf*Fe enrichment of 86% and the
energy rangé&, = 10— 5 MeV, the levels of’Co and®®Co

in ®Co would amount te~ 0.11 and 004%, respectively. In
order to keep the level of long lived impurities belowl @,

it is thus essential thatFe enrichments lower than 90% are
not used. The availability of high-puriCo might lead to

its use over more extended periods. The major difficulty with
he >Fe(d, n) process, however, relates to targetry. On the
one hand, the cost of enrichétFe is rather high and, on

$he other, no high-current irradiation technique has been re-

ported. To date the yields are limited to about 400 MBg. For
a wider use of this production route, development of high-
current targetry is absolutely necessary.

The radionuclidic purity of the separated radiocobalt was

determinedvia high-resolution HPGe detector-ray spec-
trometry. The composition was found to 5&o (> 99.9%),
%Co (< 0.02%), *"Co (0.06%). The level of**Mn was
< 0.01%. These results are in general agreement with th
production data reported by Sharmaal. [8] using 879%
enriched*Fe targets. Th&*%Co impurities are due to the
presence of®Fe and*’Fe in the enriched*Fe target ma-
terial. The radionuclidic purity of®Co producedvia the
%4Fe(d, n) process using 96% enriched*Fe is not as good
as from the 985% enriched*Fe used earlier [9], but it is
still very good.

The chemical purity of the separated radiocobalt was
checked by ICP-OES. The amounts of Fe, Mn, Ni, Cr and

Mg were found to be< 1 ppm. The amount of Al was es-
timated via neutron activation analysis using the nuclear
reactior?’Al(n, p)*’Mg (T, = 9.5 min) with 14 MeVd(Be)
neutrons. An upper limit for the Al content in the separated
radiocobalt was placed at 50 ppm.

2.4 Prospects of availability and use of *Co

The *%Fe(p, 2n)**Co reaction gives the highe%iCo yield
and, in spite of the rather highCo impurity, the product has

e

3. Cross section measurements

Detailed cross section measurements on°*tRe(d, n)**Co

and %Fe(, «)°®Mn reactions have already been de-
Scribed [cf. 9 and references cited therein]. However, in that
work the short-lived products formeta the>Fe(, «)**™"Mn
and®*Fe(, t)>**™9%e processes were not investigated. There
is some interest in investigating those products. The radionu-
clide 3*™Mn (T, = 21.1 min; Eg = 2.6 MeV; |4 = 97%;

E, =14341keV; |, = 98.2%) is potentially useful for PET
studies on fast manganese uptake in an organ. The radioiso-
topes®"Fe (T, = 2.6 min; IT =100%; E, = 13282 keV;

|, =86.0%) and**Fe (T;, =85min; Ez; =2.8MeV,

I+ =97%; E, = 3779 keV; |, = 42%) have relatively high
nuclear spins (12~ and 7/2-, respectively). Their forma-
tion at a relatively low excitation energy is thus of funda-
mental interest.

As usual, cross sections were measured by the well-
known stacked-foil technique. About 28n thick "Fe foils
were irradiated in the form of several stacks. The irradi-
ation time in each case was 15 min and the radioactivity
was determined non-destructivelia high-resolution HPGe
detectory-ray spectrometry. The.Bmin *Fe was identi-
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Table2. Measured cross sections of some deuteron induced nuclee 0.8
reactions. r
0.7}
Deuteron energy Cross section (mb) N
(MeV) SFed, @)®*"Mn SFe(, t)>Fe 0.6 -
4.6+05 8+15 = osf /
6.0+05 18+3 CA >*Fe(d,t)’Fe
6.5+0.5 20+3 g oal
7.24+05 23+3 = -
7.6+0.4 26+3 9 -
8.8+0.4 2943 2 03F
9.8+0.4 33+4 g -
10.7+0.4 34+4 N
112403 32+ 4 0.17+0.06 - -~
11.6+0.3 30+ 4 0.1
121+0.3 26+ 3 0.284+0.09 -
125+0.3 26+3 ol v v v
131+0.3 24+ 3 0.364+0.09 10 11 12 13 14 15
136+0.3 2243 Deuteron energy (MeV)
13.8+0.3 24+ 3 0.49+0.14

Fig. 1. Excitation function of thé*Fe(d, t)*Fe reaction. The solid line
&s an eye-guide.

a: The deviation gives a quadratic sum of the primary energy error an
the energy spread within a sample.

3.2%Fe(d, o) ™Mn reaction
o i oo )
fiedvia the 3779 keV y-ray and the 21 min **"Mn via the The excitation function of this reaction is shown in Fig. 2.

14341 keV y-ray. Other techniques related to deuteron ﬂuxThe threshold lies at about®MeV and the maximum at

measurement, determlnatlor! of absolute activity and Calcué\bout 105 MeV. The shape of the curve is similar to those
lation of cross section and its error were similar to those

described earlier [9]. For deuteron beam monitoring the re-Of other @’.O‘) reactions in this mass re_glop. Cladal. [16.]
action ™Fe(, xn)*Co was used. Its cross sections were had described a curve for this reaction; however, without
taken from a’recent evaluation [1'2] giving any data points or errors. Their curve is reproduced
The results are given in Table 2 and have been correcte! f Fﬁg' 2. Wef pelleve our datq to be Imorﬁ accurate becgu”se
for the 58% abundance ¢fFe in"Fe. At the deuteron en- the use of improved experimental techniques, especially

ergies involved in this work, reactions on the most abundaanIth Iregard to charged particle flux measurement and high-
isotope®®Fe cannot contribute to the formation &f"'Mn resolutiony -ray spectrometry.
and %°Fe. Despite an intensive and carefulray spectro-
metric analysis the very high-spin and short-liveéfiFe
(T2 = 2.6 min) could not be identified. An upper limit for
its formation cross section &, = 13.8 MeV was placed at Based on the cross sections of e, «)***Mn reaction
0.1 mb. Other results are discussed below. measured earlier [9] and the data for tEe(, «)**™"Mn
reaction determined in this work, the ratg /o, was cal-

3.3 Cross section ratios for theisomeric pair 2™SMn

3.1 *Fe(d, t) **Fe reaction

The excitation function is shown in Fig.1. The experi-
mental threshold of the reaction is at about 10 MeV. As
expected, the cross section increases with the increasir s
deuteron energy. The product could be formed, in princi-
ple, via three routes, viz**Fe(d, p2n)>*Fe, *Fe(d, dn)*Fe
and **Fe(, t)>®Fe processes. The Q-values of those pro
cesses are-15.61, —13.38 and—7.12 MeV, respectively. It
is therefore obvious that over the energy region considere: 30
here, the d, t) process makes the largest contribution. Since#
the deuteron could easily pick up a neutron, the emission o ,,
the triton would presumably occwia a direct interaction
process.

The formation of *Fe has been investigated in

‘/ // ——— Literature [ 16]
/ ° This work
*Fe(p, pn)>Fe [13], Fen,2n)®Fe [14], °Cr(*He, )*Fe /

[15] and **Fe(, t)*3Fe [this work] processes. Their cross o Fa— T REE— T
sections at an excitation energy of about 4 MeV above the Deuteron energy (MeV)
reSpe_Ctlve threshold amount to 60, 70, 32 a,[ﬁirﬂb’ fe- Fig.2. Excitation function of the®Fe(, «)**"Mn reaction. The
spectl\(ely. The k_)W'eSt_ V3;|Ue for thel,¢) reaction depicts ojid line is an eye-guide. The dashed line gives the results of
that this process is intrinsically weak. Clarket al. [16].
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Fig.3. Isomeric cross section ratioof/oy) in the reactions
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tive projectile energy. The results for the former reaction have been
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guides.

7.

culated and the results are shown in Fig. 3. Because of ap-
preciable difference in the half-lives of the two isomers,

measurements were done in two experiments, one involv-
ing short irradiations and the other longer irradiations. The

ratio is high at low incident deuteron energies but de- 9.

creases rapidly with the increasing energy. The trend is ex-
plainable in terms of the spins of the two states involved.
The metastable state with a lower spintX2s formed
favourably at low incident projectile energies. The higher
spin ground state (§ is more favoured at high projectile
energies.

Theo,/o, for the isomeric paif*™Mn has also been de-
termined in the™®Cr(p, xn)*>™9Mn processes [cf. 17], and
the results are depicted in Fig. 3. Up to about 24 MeV only
the 52Cr(p, n)®™9Mn process is possible; at higher ener-
gies both this reaction and tféCr(p, 3n)**™9Mn reaction
contribute. There is a dramatic change in the ratio while

proceeding from low to high incident energies. The trend 13

is, however, the same as in the case of tHex) pro-
cess. The spins of the two products involved and the inci-
dent projectile energy are thus the major deciding factors
in the isomer distribution ratio; the type of reaction has
some influence but it is not as important as the other two
factors.
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