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ABSTRACT

The specific activity of ®Mo is an important factor in the production of Mo/*™"Tc generators, used in
nuclear medicine. Molybdenum-99 formed via the fission route is not carrier free but is contaminated by a
number of stable molybdenum isotopes formed concurrently during neutron irradiation of the uranium tar-
get. The specific activity of fission-based Mo is therefore a function of irradiation time and post-
irradiation decay. A computer program, written in FORTRAN, is presented for defining routinely the
specific activity of fission-based *Mo.
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1. INTRODUCTION

Since 1970. ®™Tc generators based upon fission-produced Mo have gained a greater acceptability in
nuclear medicine than those from (n,y) derived ®®Mo. This increase in popularity may be attributed partly
to the very high specific activities of Mo attainable using the fission pathway.

Technetium-99m generators prepared from fission-based ““Mo having very high specific activities have
demonstrated significantly improved elution characteristics when compared with generators prepared from
low specific activity ®?Mo, produced from (n,y) reactions [Boyd 1973]). Additionaily, in the production of
high activity ®™Tc generators it is important to ensure that the maximum sorption capacity of the alumina
bed employed in the generator is not approached, as this may lead to high Mo breakthrough during the
elution cycle of the generator and therefore compromise the radionuclidic purity of acquired **"Tc. Hence a
knowledge of the specific activity of Mo is an important factor in the preparation of ¥Mo/**"Tc generators
for use in nuclear medicine.

The computer program SPECACT was developed, as a part of the quality control regime, for assessing
routinely the specific activity of fission-produced ®Mo, prepared at Lucas Heights. This program computes
the specific activity of Mo based upon neutron-irradiation and post-irradiation decay parameters of the
uranium target.

2. SPECIFIC ACTIVITY OF FISSION PRODUCED MOLYBDENUM-99

Molybdenum-99 is formed directly from U and has a cumulative fission yield of 6.1 per cent [Rose
and Burrows 1976] in a flux of thermal neutrons; however, when formed by this pathway it is not ‘carrier
free’ but contains a number of stable molybdenum isotopes which are formed concurrently, during the
irradiation process, by the following reactions:

(a) UM ... 97r L2% 95Ny
(6402 d) (866 h)

98.8% Nb %Mo; fission yield 6.5% (stable)
(3497 d)

(b) B5U(n,f) ... 977Zr 362%, rmy,
(170 h) (60 9)

13.8% 9TNb ——>"Mo; fission yield 5.9% (stable)
(72.1 min)

(c) ZU(n.f) ... B"Nb———"Mo; fission yield 5.7% (stable)
(51.3 min)

(d)  ZBUMLL e 100Mo; fission yield 6.3% (stable)

In addition to being formed directly in the fission process, Mo is also produced by neutron activation
of the stable Mo formed in reaction (c); however, it was computed that the activity of Mo derived from
this source is less than one per cent of the total ®Mo activity. Short-lived fission-produced molybdenum,
such as '%2Mo-19"Mo with half-lives of less than 12 miautes, makes insignificant contributions to the specific
activity of ®Mo and was therefore not considered in the program. Reactions (a) to (d) effectively reduce the
specific activity from its carrier-free value of 4.79 X 10° Ci g™! Mo by factors of up to 20, depending on the
level of irradiation and the decay times.



3. METHOD OF CALCULATION

3.1 Activation Equations

During the neutron irradiation of a uranium target. the build-up of fission fragments in a fission chain
of the type *Unf) -+ N, >N, >N, in which N,, N, and N, are radioactive fission
fragments, is given by the general activation equations (refer to section 7 for definition of notation):
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The production of the niobium intermediates in reactions (a) and (b), arise almost solely from direct
decay of the respective zirconium precursors. The direct fission yield of these intermediates is so low that
the values of K, and K3, in the activation equation (B) and (C), can be considered to be zero.

The application of equations (A), (B) and (C) assumes that N, remains essentially constant throughout
the irradiation period. For short irradiation periods of less than ten days, as is used at Lucas Heights, and
at neutron fluxes of between 8 X 10'3 to 1.0 X 10 n cm™ 57!, there is little target burn-up and the value of
N , remains essentially constant throughout the period of irradiation.

3.2 Post-irradiation Decay Equations

During the post-irradiation phase, stable molybdenum nuclides are still being generated from decay of
the parent and daughter fission fragments, as indicated in reactions (a), (b) and (c). The decay of these
fragments has the effect of reducing the specific activity of *Mo.

The amount of the radioacti\;‘eTspecies, N, N; and N; remaining after time T in a multiple step decay
chain is given by Ny = N e ™

N? Xl -\T -\,T. T

= — 1} 2

N, Y (e e )+ N

N, = NP e M7 4 N9 A2 (e 2 AT
3 3 2 Ai—A,

Ay -\ T AT

+ NY : e + e
: g A=A D A5—A) A=A (AN
Al Az AT %

+

e
A=A (A—A3)
In this case T is the time lapse between reactor discharge and generator loading,

4. PROGRAM

The program computes the activity of Mo and thc total mass of each of the molybdenum isotopes
formed during neutron irradiation, taking into account the branching ratios in reactions (a) and (b).
Similarly, during the post-irradiation phase, the specific activity of Mo is affected by the decay of Mo
and the ingrowth of stable molybdenum species from the parent-daughter fission fragments.



The input parameters for the program include the neutron flux and irradiation time followed by the
post-irradiation decay time (Appendix A). The computer output gives the individual masses for each of the
molybdenum isotopes produced. in addition to the total activity and specific activity for Mo (see Appendix
B for typical output).

5. CONCLUSIONS

The program SPECACT was written to monitor routinely the specific activity of fission-based *Mo
produced at Lucas Heights as part of its quality assurance regime for the preparation of *Mo/*™Tc
generators. The program input simply requires the values of neutron flux, irradiation time and post
irradiation decay time to be entered to complete the specific activity calculations.

6. REFERENCES
Boyd, R. [1973] - In Radiopharmaceuticals and Labelled Compounds, Vol.1, p.3. IAEA, Vienna.

Rose, P.F., Burrows, T.W. [1976] - Fission Product Decay Data, Vol.l, BNL-NCS-50545.

7. NOTATION

K, =Y, 006N,

K, = Y,0 ¢ N,

K, = Y0 &N,

t = time of irradiation.

T = post-irradiation decay time.

N = decay constant of the parent fission fragment with N, atoms at time ¢.
A = decay constant of the fission product with N, atoms at time ¢.
A3 = decay constant of the fission product with N, atoms at time ¢.
oy = fission cross section of uranium (580 barns for 2**U).

N, = number of atoms of uranium in target

N? = amount of species N} at T = 0.

NS = amount of species N, at T =0.

N¢ = amount of species N3 at T = 0.

1) = neutron flux.

Y,

Y, = the fission yields of N|, N, and N; respectively.

3
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APPENDIX A
LISTING OF THE PKOGRAM SPECACT

IMPLICIT REAL (K-—N)
DOUBLE PRECLSIUN DTeTCedIyTIeLlebL2yL3yLbrbLIyLool?79L3
NU=6sU243E23/235.
SI16=5604%1,0t~24%
FLUX=1,0E1¢4
L1=40693147/164402%8+064D4)
L2=4693147/(86+46%3.6D3)
L3=e693147/134497%8.64D4)
L4=e6931647/(17.0%5,603)
L5=4693147/60,0
L6=e693147/47241260.)
L7=e095147/151643%504)
LB=6593147/{66.02%54603)
Y1=0.06406
¥Y2=0.0595
Y5=0eU573
Y4=0.0610
¥Y5=U0.0630
K1=Y1&NU*SIGAxFLUX
K2=YZxNU*SIG*rFLUX
K3=YI&ANU*SIG*FLUX
Ko=Y4*xNUXSIG*FLUKX
0D1=0.0
DU 99 J=1,21
DI=D[+1.0
IF{MODIJyp2) eEUeD) WRITEL3Zy 3)
IFIMAODIUy2) e NESJOD) WRITEL 3y0)
6 FUORMAT(*'1l ')
3 FORMAT(////)
WRITE(3,1)D1I
1 FORMAT(* IRRADIAYION TIME = 'yFé4ely* DAYS?)
TI=DIx84.64D4
TC=-1.0
WRITE{3,2)
WRITE(3,8)
WRITE(3,9)

2 FORMAT(?® DECAY ACTIVITY MASS MASS MASS
1 MASS MASS MASS SPECIFIC®)

8 FORMATIL? TIME MO99 MO9S MD9?7 M098
1 M099 M0100 MOLYBDENUM ACTIVITY?*)

9 FORMATI(? DAYS CURIE GRAM GRAM GRAM
1 GRAM GRAM GRAM CURIE/GRAM"®)
DO 88 JJ=1,21
TC=TC+1.
DT=TC*8.64D4
ATMS=K1xTI !

N1=K1/L14(1.0-DEXP{=L1#TI))
N2=K1/L2*(1e=DEXP(~L2*TI))=KL1/(L2=-L1)X(DEXP(-L1+TI)-DEXP(=L2*TI))
N2=N2+0,012
N3=K1/L3%(1e=DEXP(=L3*TI))=K1/(L3~L2)*x(DEXP(-L2*TI}=DEXP(-L3I*TI))
A=DEXFIl-L1+TI)/(L2-L1Y/(L3-L1)

B=DEXPI=-L2+TI)/(L1~L2)/(L3~-L2)

C=DEXP(-L3+*TIV/(L1-L3V/IL2~L3)
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99

NS=NS=K1ealL2+(A+3+C)

NI=N§x0.012
N33=K1/L3#(1e=DtXP{=L3*TI))=K1/(L3=L1)*(DEXP(=LI*TI)=DEXP(~L3I*TI))
N3u=N3B*0.73%

N3=N3+N3B

NN1=N1*#DEXP(~L1#*DT)

NN2=0eUL2ALTIaNT/(LZ2=L1I* (DEXP{=LLI*DT)=DEXP(=L2*DT)I+N2ADEXP{~L2*DY
1)

P=L1#L2+«DEXP(~L1#DT)/(L2-L1)/(LS~L1)
Q=L1*L2*%DEXP(=L2*DT)/(L1=-L2)/(L3-L2)
R=L1I*L2+DEXP(=L3*DT)/(LI~L3)/(L2-LS5)

SSN2*LZ2/(LS=L2Y X (DEXP(=L2*%0T)=DEAP(=L3I*DT))
T=0e788+L1aN1/(L3=-Li)*(DEXP{~L1#*DT)=DEXP(~L3*DT))I+NI*DEXP{~L3*DT)
NN3=5+0.012%N1«(P+U+R)+T

MO9S=ATHMS~(NNL+NN2+NN3)

MAS5=954/640243L235%M095

ATMT=K2*xT1I

N&=K2/L4x(1,~DEXP(=L4*TI))

NS=K2/LS* (1, =DEXPL-LS*TI))=K2/(LS=L4)*[DEXP(~L4*TI)=DEXP(=LS%TI})
NS=NS*0 4362

N6=K2/L6% (1 e=DEXPI=L6*TI))=K2/{LO=LS)IX(DEXP(=LS*TI)=DEXP{=L6ATI))
D=DEXPI~L4xTIV/(LS=-L&)/(LO~L4&)

E=DEXPI=LS*TI)/lL4=-LS)/(LE~LY)

F=DEXP(=LO6*TI)/(L4=Lb6)/{L5=Lo)

N6=N6=K2+LS+{D+E+F)

N6=0e362%N5
N6B=K2/L6%{1e=DEXP(=LA*TI))=K2/(LA~L&)*(DEXP(-LL*TI)~DEXP(=LO6XTL})
NO6B=NO6B*0.138

N6=N6+NES

NN4=N4L*DEXP(=L4*DT)
NNS=0eB8O02*L4*N&/(LS~L&)*(DEXPI=L4ADT)—DEXP(=LS*DTI)+NSADEXP{-LSADT
1)

P1=L4*LS5*DEXP(~L4*DT)/(LS~L4)/LLO~LSL)
RQI1=L4*LS*+#DEXP(-LS*DT)/(L4=LS)/(L6~LS)

RI=L4* L S*DEXPI{~L6*DT)/IL4-LO)/ILS5-LS)
S1=NSALS/(LO-LS)*{DEXP(=LS*DT)=DEXP(-L6ADT))
T1=0e13B%L4ANG/LLO=L4) *(DEXP(=L4*DT)=DEXP(~LO*XDT)IIENOGAXDEXP(-LO62XDT?
NNO=S1+0,862*«N4A*TP1+014+R1)+T1

MO97=ATM7~=(NNL+NNS+NNG)

ATM8=KS«TI

N?7=K3/L?*x{1s=DEXP(=-L7*TI})

NN7=N?*DEXP(~L7#DT)

MD93=ATM8~NN7?

MASB=98./6.0248E23%xMD98

NB=K&/L8*(1.-DEXP(-=LE*TI))

NNB=NB*DEXP{=LE*DT)

ACT?=NNB#*LB/3.7E10

‘FAS9=2994/6.0248E23%NN8

ATMI=YSANUXSIG*FLUXXTI

MAS1=100./6.0248BE23%ATM!

MAS5=MASS+MAS7+MAS8+MASI+MAS ]

SATT=ACT9/MASS

WRITE(I 94 )TCHYACT Iy MASS9MAS?9)MASBIMAST ) HASTyMASSySACT
FORMAT(FOel9Fl2e¢391P7EL12.3)

CONTINUE

CONTINUE

srTop

END



APPENDIX B

TYPICAL OUTPUT
IRRADIATION TIME = 7.0 DAYS
DECAY ACTIVITY MASS MASS MASS MASS MASS MASS SPECIFIC
TIME 4099 M095 M097 M0938 M099 M0100 MOLYBDENUM ACTIVITY
DAYS CURIE GRAM GRAM GRAM GRAM GRAM GRAM CURIE/GRAH
0.0 203.134 1.509€-06 7.269E-04 Be321£6-04 4+235€6~04 9.404E-04 2.924E-03 64946E+04
1.0 157.888 2.232E~06 8.107€-04 Be382€~-04 3.292€-04 V2404E-04 2921E-03 Se4Dot+04%
2.0 122.721 34125€-06 Be.424E-04 8.382€~-04 2.558€E-04 9.404E-04 24480E-03 44261E+04
3.0 95.386 4.182E~06 Be543E-04 Ba3826~04 1.989€-04 9.404E-04 2.836E-03 3.303E+04
4.0 744140 54401E£-00 B4583E-04 de382E-04 le546E-04 92404E~-04 2.797€-03 2e630E+04
5.0 574626 6.774E-006 8.605€6~04 84382e-04 1.201e-04 9e404E-06 24766E-03 24083404
6.0 447971 8+ 297E-006 84611E-04 de3B2E~04 P.338€E-05 Fe404E-UL 24741E-03 1.634c+04%
7.0 34.814 T« FOLE-VE Bsb614E-04 8e382€-04 7.258£=05 9.4064E-06 2.723E-03 162798404
3.0 27.060 1.178€=05 3«615€E~-04 8e3d42E-04 5.041t-05 9e404E-04 2.708€-03 $.922E40 5
9.0 21.033 1.372€~05 B.615E-04 8.582€-04 4+ 335€E-05 9¢404E-04 2.6982-03 7.797€+0 5
10.0 16348 14330€-05 3.015E-04 3.382E-04 3.408€-05 9.404E-04 2.690E-03 6:077€+0
11.0 12.707 1.800€E-05 84615E-0¢4 8.332E-04 2+649E-05 9.404E-04 24685€-03 4o /33E40%
12.0 9.876 2.033€-05 Be615E~04 3.332€-04 2:059E-05 9.404E~04 Z.081E-03$ 3.634E+0
13.0 7.676 2.278€E-05 B.015E~04 3.332€-04 1.600€E-05 9e404E-04 2.679€E-03 2.BHHEFDS
1440 54967 24534E-05 34615E-04 8.582E5-04 1.,244€-05 9.404E-04 24673E-03 24228E4+05
15.0 4.638 2.801€-05 8.615€-04 3.382€E-04 9.668E~06 9+404E-04 2.678E-03 14732E4#0°
16.0 3.0605 3.079€E-05 3.015E-04 5¢382€E-04 7.515€-06 Feb04E~VS 2.678t-03 leSbot+0
17.0 2+8302 3.363€E-09 3.615€E-04 Be332€E-04 5.841€E~-06 Y.404E-04 2.680€E-03 1.0406E+0
1840 2.173 3.6066E-05 3.6155-04 Be382E-04 4+540&-00 ?.404c-~04 2.081t-03 8.122e40¢
19.0 1+693 3.9747-05 Ae615E-04 8.332€-064 3.529¢-06 F+404E-06 2.60B3E-03 645304E+0/
20.0 1.315 44271c-05 B.015€-04 84382804 2.743E-06 9.406E~-04 2,680c5-03 4edYYEHDY
IRRADIATINN TIME = 8.0 DAYS
DECAY ACTIVITY MASS MASS 4455 4ASS MASS MASS SPECIFIC
TIME hDEA MO9s Moy ? Mavy M099 40100 MOLYSDENUM ACTILIVITY
DAYS CURIE GRAM GRAM GRAM GRAM GRAM GRAM CURIE/GRAM
0.0 2124492 24236E-06 de4V9E~04 9,518E-04 44430c-04 1.075€-03 34522€-03 6+ 397€+04
1.0 1654102 J.156E-06 7.537E-04 9.530€-04 3.443E-04 1.075€-03 3¢314€-03 4 V44EXQ4
2.0 128.374 4.263E-06 ?:555E-04 9.530E-04 2.076E~04 1.075t-03 5.270€E-03 3920404
3.0 99.731 5.%506E-06 1.774E-04 9.530€~-04 2.J30E-04 1.075e-03 34224E-03 3.095€E+04
440 77.556 7.066E-04 F.619e~04 Y45302-0¢ l.6017E-0%4 1.07>8-05% 5¢133€E-03 2e430E+04
5.0 60.241 3.670E-06 7.336E-04 745308-04 1.2537€-04 1.0756-038 3.151€E-03 1.913c+04
6.0 464854 1.052€-05 J.d42E-064 9.530%-0¢6 Ve 153E-05 1.075€-03 3.125E~03 1.499t+04
7.0 360413 1.250€E-05 7344E-04 ?.330E-04 7.572£-05 1.075€-03 3J.106E-03 1.173E+04
3e0 23306 14445E-05 Yed45¢e-04 94540204 3.7015-95 1.075€-03 3.091€-03 F2193¢£4025
9.0 22.002 1.694E-05 ?.846E-04 ?.530c-04 44537€-05 1.075E-03 3.080€E-03 7«148E403
10.0 17.101 1.739E-05 Ve340E-04 7.9060E-04 J.505£6-05 1.075€-03 3.072€-03 5.95%0¢c+403
11.0 13.292 2.193E-05 7.346E-04 9.540E-U4 2.771E-05 1.075E=03 3.067€-03 $e334tE+0
12.0 10.331 24470E-05 Fed46E-vb ?.540E-04 2.134€E-05 1.075€6-03 3.064E-03 3.3572E+0 3
13.0 3.030 24756E-05 9.846E-04 94530€-04 1.574€E-05 1.075€-03 34062€E-03 2023403
14.0 6.242 3.055E-05 Ve340E-04 7 4530E-04 14301&~-05 1.075€-03 3.0616-03 2.039€+0
15.0 4.851 3.366€E-05 9.346€E-04 9.930E~-04 1.011e-05 1.075€E~03 3.061E-03 1.535€+405
160 3.771 3.690€E-05 Fe340E-ub 9.580E-04 7.861E~-06 1.075e=03 3.062E-03 1.231£+0%
17.0 24931 4.025€-05 7.346€-04 9.5430€E~04% 6.110€-06 1.075€6-03 3.064E-03 Pe567L402
18.0 24273 4+371€-05 1.846€E-04 9.9340e-04 4el49E-00 1.075€~-03 3.066£-03 74318407
19.0 1.771 4.728€E-0Q5 F4346€-04 9.530€-04 3.691€-06 1.075€~05 3.068E-03 5.771E402

2040 1.376 5.095E-05 Ved46E-04 9.530E-U4 2+309E-Q0 1.075t=03 3.071€-03 bebH1E+OL



