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Abstract

Activation cross-sections are presented for the first time for

natGd(d’Xn)161,160,156(m+),154,154m1,154m2,153,152(m+),151(m+) Tb,

i Gd(d,x) 153151 Gd and " Gd(d,x) "% Eu reactions from their respective thresholds up to 50 MeV. The cross-sections
were measured by the stacked-foil irradiation technique and by using high resolution y-ray spectrometry. The mea-
sured values were compared with the results of theoretical models calculated by the computer codes ALICE-D,
EMPIRE-D and TALYS (data from TENDL library). Integral yields of the reaction products were deduced from

the excitation functions.
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1. Introduction

In a previous paper (Tarkanyi et al., [2013) we reported
cumulative cross-sections for the formation of medically
used '®! T'h radioisotope in the bombardment of "*Gd with
deuterons up to 50 MeV. In the frame of our ongoing sys-
tematic study of deuteron induced reactions for different
applications, cross-sections of other radionuclides were
also determined during that experiment. Terbium offers
four clinically interesting radioisotopes with complemen-
tary physical decay characteristics: '“°Th, 52Tb, 'STb,
and '°17h (Miiller et al., [2012). 133Gd also has exten-
sive use in nuclear medicine. Comparing the results of
theoretical model codes with the experimental results, it
turned out that the description of the (d,p) reaction is still
problematic for the theory. While the importance of the
deuteron induced reaction is rising, the corresponding ex-
perimental database is poor compared to that of protons.
Taking into account that no earlier data were reported
on activation cross-sections of deuteron induced reactions
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on Gd, we thought these results have or will have value
for applications and for development of nuclear reaction
codes. In this paper these excitation functions are pre-
sented.

2. Experiment and data evaluation

Details of the experimental, as well as the data-analysis
procedures, are described in our above mentioned previ-
ous work (Tarkanyi et al., |2013). For the sake of com-
pleteness, the main experimental parameters and meth-
ods used for the two performed experiments on Gd are
given here (Table 1) (Tarkanyi et al) 2001), while the
main parameters and data evaluation methods are col-
lected in Table 2 ((Andersen and Ziegler} |1977; Bonardi,
1987; |Canberral, [2000; [International-Bureau-of-Weights-
and-Measures| |1993; Kinsey et al.,|1997; |Pritychenko and
Sonzogni, 2003; Szekely, [1985; Tarkanyi et al.l {1991)).
The used nuclear data of the produced radioisotopes are
presented in Table 3 (NuDat, 2011} Pritychenko and Son-
zognil [2003). The figure of the re-measured excitation
function of the 2’ Al(d,x)** Na reaction for the high energy
irradiation in comparison with the JAEA recommended
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data (Tarkanyi et al.l 2001) can be found in our earlier
publication on Sc, irradiated in the same experiment (Her-
manne et al., [2012)). The figure of the re-measured exci-
tation function of the " Ti(d,x)48V is not presented here,
but the shape and accuracy was the same as published be-
fore (Tarkanyi et al., 2007).

3. Model calculations

For theoretical estimation of the excitation functions
involved in this experiment the updated ALICE-IPPE-
D (Dityuk et al.| [1998) and EMPIRE-D (Herman et al.,
2007) codes were used. In the modified versions of the
codes a simulation of direct (d,p) and (d,t) transitions
by the general relations for a nucleon transfer probabil-
ity in the continuum is included through an energy de-
pendent enhancement factor for the corresponding tran-
sitions based on systematics of experimental data (Ig-
natyuk} |2011). Since ALICE-IPPE cannot provide direct
cross-section results for excited isomeric states, the cross-
section for any isomeric state was obtained by applying
the isomeric ratios derived from the EMPIRE calcula-
tion to the total cross-sections calculated by ALICE-IPPE.
The experimental cross-section data were also compared
with the results of the modified TALYS code (Koning
and Rochmanl, 2012)) taken from the TENDL-2011 and
TENDL-2012 data libraries (Koning et al.,|[2012).

4. Results and discussion

4.1. Cross-sections

The cross-sections for radionuclides produced in
deuteron bombardment of "*Gd target are tabulated in
Tables 4 and 5. The experimental cross-section data are
compared with the theory graphically in Figs 1-14. The
cross-sections given for 160Tb and '6' Th are considered
to be isotopic cross-sections as the radionuclides can be
induced mainly on '®'Gd, as the contribution of (d,y) re-
action on '’8Gd is negligible. In all other cases so called
“elemental cross-sections” were deduced on targets with
natural isotopic composition. The values for '°Tb, '3 Tb,
154mlpy, 154m2pp, 154¢Tp 153Th and in practice also for
136Th and '"°Eu represent production cross-sections via
direct nuclear reactions only. In the cases, where sig-
nificantly shorter-lived precursors (isomeric states (m+)

and/or parent isotopes (cum)) are also produced, the
cross-sections for the ground state were derived from ac-
tivity measurements performed after the nearly complete
decay of the precursor. These cross-sections are hence
the sum for the direct production and formation via the
decay of the precursors. The values for 1°°7Th, 152Th and
SITh contain contribution from the short-lived isomeric
states (m+). Cross-sections are cumulative (cum), with
contribution of the decay of parent radionuclides, in case
of 101Th, 19Gd, 153Gd and '3'Gd. For the sake of com-
pleteness we include the results for the earlier published
investigations for production of '®!'7h and 'Tb both in
graphical and in numerical form (Tarkanyi et al., 2013).

4.1.1. Activation cross-sections for production of "' Tb
(cum) (T1/2 = 689 d)

We are reproducing the earlier published experimen-
tal results (Fig. 1) for production of 1617p(cum) (di-
rect, through '®*Gd(d,n) and decay of '!Gd produced by
10Gd(d,p)'%'Gd) to illustrate the agreement of the theo-
retical and experimental data for further discussion. The
agreement is acceptable for ALICE-D and EMPIRE-D.
The TALYS results are still too low, although the 2012
values are 10% higher than 2011 values. More detailed
discussion on the contributing reactions and on the ap-
plication of '®!'Th can be found in the previous work
(Tarkanyi et al., [2013).

4.1.2. Activation cross-sections for production of '°Tb
(T1p=723d)

The '°Tb is produced directly through the '°°Gd(d,2n)
reaction. Fig. 2 illustrates the prediction capability of the
theoretical codes including our ALICE-D and EMPIRE-
D results. There are significant differences between the
not adjusted theoretical results. There is no difference be-
tween TENDL-2011 and TENDL-2012. More detailed
discussion was reported in (Tarkanyi et al., [2013)).

4.1.3. Activation cross-sections for production of
6T b(tot) (T1/2=5.35 d)

We have measured the production cross-section of the
ground state of the '"Th (Fig. 3) after the decay of
the isomeric states (1! Th, IT: 100 %, Ty;» = 3 h and
16m2Tp, IT: 100 %, T}, = 24.4 h). All theoretical results
follow the shape of the experimental excitation function.



Table 1: Main experimental parameters

Incident particle

Deuteron

Deuteron

Method

Stacked foil

Stacked foil

Target composition

MATGd (83.9 um)

NATGd (83.9 um)

Al (98 um) Sc (105 im)
Ti (11 pm) Al (27 pm)
Number of Gd targetfoils 9 20

Accelerator CGR 560 cyclotron of Vrije Universiteit Brus- Cyclone 90 cyclotron of the UniversitCatholique in
sels. Louvain la Neuve (LLN)

Nominal energy 21 MeV 50 MeV

Irradiation time 110 min 42 min

Beam current (in Faraday) 60 nA 115 nA

Monitor reaction, [recommended values]

NATTi(d x)V reaction (Tarkanyi et al|[2001) |
(re-measured over the whole energy range)

Al(d,x)“" Na reaction (Tarkanyi et al.||2001)

(re-measured over the whole energy range)

Monitor target and thickness ATy 11 ym N
detector HpGe HpGe
Chemical separation no no
g-spectra measurements 2 series 3 series
Cooling times 1.5-4.6 h, 2.2-53h,
260-269 h 20- 27h,
197 -227h

Table 2: Main parameters and methods of the data evaluation (with references)

Parameter Method

Reference

Gamma spectra evaluation Genie 2000, Forgamma

(Canberra 2000} Szckely|| 1985)

Determination of beam intensity Faraday cup (preliminary)

Fitted monitor reaction (final)

(Tarkanyi et al|| 1991)

Decay data (see Table 3) NUDAT 2.6

(Kinsey et al.||1997)

Reaction Q-values(see Table 3)

Q-value calculator

(Pritychenko and Sonzogni, 2003)

Determination of beam energy “Andersen (preliminary)

Fitted monitor reaction (final)

(Andersen and Ziegler|{1977)
(Tarkanyi et al.||1991)

Uncertainty of energy

tor reaction)

Cumulative effects of possible uncertainties
(nominal energy, target thickness, energy straggling, correction to moni-

Cross-sections Isotopic and cross-sections

Uncertainty of cross-sections
beam-current (7%)

beam-loss corrections (max. 1.5%)
target thickness (1%)

detector efficiency (5-7%)

photo peak area determination and
counting statistics (1-20 %)

sum in quadrature of all individual contributions

(International-B f-Weights-and
1993)

Yield Physical yield

(Bonardi||1987)

The EMPIRE-D results are significantly overestimating
the experimental values (similar to the previous reaction).

4.1.4. Activation cross-sections for production of >>Th
(T1/2=5.32 d)

According to Fig. 4 the ALICE-D and EMPIRE-D sig-
nificantly overestimate the experimental data, while the
TENDL results (nearly identical for 2011 and 2012) are
in good accordance.

4.1.5. Activation cross-sections for production of "*"2Tb
(T12=22.7 h)

The '*Tb has three, long-lived isomeric states. The

cross-sections for direct production of the higher lying

isomer (T, =227 h, J* =77, & + " 982 %, IT
1.8 % to the *"!'ThH (Ekstrm and Firestone, 1999)) are
shown in Fig. 5 in comparison with the theoretical result
of EMPIRE-D and ALICE-D. No data are available in the
TENDL libraries for production of this isomeric state.

4.1.6. Activation cross-sections for production of ™ Tb
(T1)2=9.4 h)

The cross-section of the second (lower-lying) isomeric
state (9.4 h, J* = 37, &* + B* +78.2 %, IT 21.8 % to
154¢Th (Ekstrm and Firestonel [1999)) is shown in Fig. 6.
It should be noted that there are new data for the half-life
(9.994 h (Rastrepinal 2009), but it is not validated, there-
fore we used Tj/;= 9.4 h. The *"!Th is produced both
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Figure 1: Experimental and theoretical excitation functions of the
a1 Gd(d,x)1%1 Th reaction

directly and from the decay of '**"2Th. The contribution
from the decay of *"2Th was corrected. The correction
was small taking into account the low cross-sections and
the low amount of the internal transition. The excitation
function is shown in Fig 6 in comparison with the the-
ory. The experimental data are significantly higher than
the theoretical results. During our EMPIRE-D calcula-
tion some problems arose with the level scheme of '>*T'b.
There are no experimental data for the low-lying levels
around the isomeric states. As such, the scheme used in
calculations is artificial and based on the systematics of
levels of the neighboring nuclei.

4.1.7. Activation cross-sections for production of
4% Thb(ml+) (T1,=21.5h )

By using the late spectra we can deduce cumulative
cross-sections for production of the ground state after the
complete decay of the >*"!Th (Fig. 7). The contribution
of the decay of 3*"2Tb to the production of the ground
state is negligibly small compared to the direct produc-
tion and to the contribution from the first isomeric state.
The experimental data are systematically higher than the
results of the EMPIRE-D. No data exist in the TENDL
libraries for the isomeric states, only for the total produc-
tion.
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Figure 2: Experimental and theoretical excitation function of the
" Gd(d,2n)'0Tb reaction

4.1.8. Activation cross-sections for production of >3 Tb
(T1)2=2.344d)

The agreement with the TENDL results is good (Fig.
8). There are large differences in the absolute values of
the predictions by ALICE-D and EMPIRE-D at energies
above 30 MeV.

4.1.9. Activation cross-sections for production of >Tb
(m+)( T1p=17.5h)

The excitation function was measured after the decay
of the short-lived isomeric state (4.2 min, IT: 78.8 %).
The agreement with the TENDL library results (Fig. 9) is
good, while ALICE-D and EMPIRE-D strongly overesti-
mate again above 40 MeV.

4.1.10. Activation cross-sections for production of "' Th
(m+) (T1,=17.609 h)

The measured excitation function contains the contri-
bution from the decay of the short-lived isomeric state (25
s, IT: 93.4 %). Above 35 MeV all theoretical predictions
overestimate the experimental values (Fig. 10).

4.1.11. Activation cross-sections for production of °Gd
(T1/2=18.479 h)

There are two maxima in the measured excitation func-

tion of "™ Gd(d,x)"*°Gd (Fig. 11). The first comes from
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Figure 3: Experimental and theoretical excitation function of the
" Gd(d,x)!**Tb(m+) reaction

the 158Gd(d,p)lngd reaction and the second from nu-
clear reactions on '99Gd, namely from 160Gd(d,p2n)159Ga’
and from the 5~-decay of '*’ Eu (18.1 min), produced via
160Gd(d,2pn)">° Eu reaction. The TENDL data signifi-
cantly underestimate the '>3Gd(d,p)'*°Gd reaction, while
by ALICE-D and EMPIRE-D (where in the D-versions
the (d,p) reaction is enhanced) the higher energy peak is
lower than the experiment and the TENDL value.

4.1.12. Activation cross-sections for production of
153Gd(cum)(T1,=240.4 d)

The measured excitation function of '3Gd (240.4 d)
(Fig. 12) was deduced from spectra measured nearly 10
days after EOB, i.e. after five half-lives of the parent
153Tb (2.34 d). In these measuring conditions only around
3% from the decay of '*Th was missing. The missing
part was corrected on the basis of the measured cross-
section of 3Th. The three codes result in acceptable pre-
dictions.

4.1.13. Activation cross-sections for production of °'Gd
(T12=123.9 d)

The cumulative cross-sections include the complete de-

cay of ! Th (17.609 h) (Fig. 13). The results of the model

calculations generally run together in the investigated en-
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Figure 4: Experimental and theoretical excitation function of the
" Gd(d,x)'5 Th reaction

ergy range, but they more or less overestimate the experi-
mental values.

4.1.14. Activation cross-sections for production of "°Eu
(T12=15.19d)

In the investigated energy range '"Eu is produced
mostly via (d,axn) reactions. The contribution from the
parent 156Sm (9.4 h, §7) is small due to the low cross-
sections expected for the (d,3pxn) reactions (Fig. 14).

4.2. Integral yields

From fits to our experimental excitation functions thick
target physical yields (instantaneous short irradiation)
were calculated. The integral yields are shown in Fig.
15-16 in comparison with the directly measured data
(Dmitriev et all [1982] [1989). The agreement with the
existing experimental values for '3Th and '9Tb is ac-
ceptable (Fig. 15).

5. Comparison of the production routes of the >*Gd

153Gd (240.4 d) emits two low-energy photons with en-
ergies of 97.43 keV and 103.18 keV respectively, which
are optimal to penetrate through the body, expose the pa-
tient only to limited dose and can be detected with stan-
dard imaging technology. The '>3Gd is used in nuclear
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Figure 5: Experimental and theoretical excitation function of the
a1 Gd(d,x) 42T p reaction

medicine for attenuation corrections by means of addi-
tional y-transmission measurements (Van Laere et al.,
2000), for determination of the bone mineral content
(Smith et al.l [1983), for labeling gadolinium-based con-
trast agent (Wadas et al., 2010) as well as for localizing
sentinel lymph nodes (Liu et al [2013)). The long-lived
radionuclide '>*Gd can be produced via various nuclear
reactions. Taking into account the long half-life, the tradi-
tional way is using parallel production by neutron induced
reactions at research reactors. A few neutron induced pro-
duction routes were previously investigated and reported
in the literature:

° ISIEM(H,’y)lSZEM 152 Gd(l’l, ,y)153Gd (?)

e 52Gd(n,y) on highly enriched '">Gd (Case et al.,
1969)

e °Dy(n,a)">3Gd reaction (?)

The first two methods result in carrier added product, but
by using high flux reactors and long irradiations the spe-
cific activity can be rather high. The (n,e) reaction (Q =
8.006 MeV) results in no-carrier added product, but the
yield is also low. There are various production routes us-
ing charged particle accelerators for production of no car-
rier added '33Gd:
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Figure 6: Experimental and theoretical excitation function of the
" Gd(d,x) ¥ Th reaction

e Spallation reactions using mass separators (Beyer|
and Ruthl [2003)

o Low energy light ion induced reactions

By using light ion induced reactions the '33Gd (240.4
d) can be produced directly or through the decay of the
153Th (2.34 d). The most important direct and indirect
reactions, together with the possible disturbing reactions
are collected in Table 6. For the '3Eu(p,n)'3Gd and
153 E1(d,2n)">3Gd nuclear reactions experimental excita-
tion functions are available (West et al., |[1993)). For other
reactions the TALYS data from the TENDL-2012 library
are presented. For comparison, the predictive force of
the TENDL data is satisfactory (see also Fig. 12), tak-
ing into account the resulted large differences in the pro-
duction yields of the different production routes. The
153 Eu(p,n) and "33 Eu(d,2n) reactions result in direct pro-
duction. After irradiation the Gd can be separated from
the target. In the case of >*Gd(p,2n)'>3Th —'5° Gd,
154Gd(d,3n)153Tb 153 Gd, lSlEu(a, ,211)153Tb 153
Gd and P'Eu(®He,n)">3Th — 153 Gd routes the produc-
tion is indirect, the produced '>3Th must be separated at
the end of the irradiation from the Gd or Eu target to as-
sure no carrier added final product. The excitation func-
tions are shown on Fig. 17. In all cases, from the point of
view of radionuclidic purity, the production of the ' Gd
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Figure 7: Experimental and theoretical excitation function of the
" Gd(d,x)'>*$Tb (m1+) reaction

(120 d) and consequently also its parent 1> Th (17.609 h)
should be eliminated, which gives an upper limit for the
energy of the bombarding beam (see the energy windows
in Table 6). The comparison of the productivity for dif-
ferent charged particle induced reaction shows that in the
case of direct production the deuterons are more favorable
(a factor of 3, see Table 6). The energy windows were
chosen in such a way that the production and target prepa-
ration is optimal, based on the cross-sections, thresholds
of the disturbing reactions and also on experimental ex-
periences. In the case of indirect production however,
the protons are slightly more favorable. The yield of the
alpha-particle induced reaction is significantly less than
that of the deuteron induced reactions. The yield of the
3He route is negligible ( max=1.5 mb, Y = 104 MBq/C).
The indirect proton and deuteron yields are comparable,
the proton irradiation yields 20% more '*Gd, and it must
also be mentioned that less accelerators can provide 30
MeV deuteron energy. There are many other factors deter-
mining the final competitivity of the different production
routes:

e Taking into account the long half-life of *Gd, long
irradiations are necessary to produce reasonable ac-
tivities, which is straightforward in the case of direct
reactions. Using the indirect route the half-life of the
153Tp limits the length of a single irradiation. More-
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Figure 8: Experimental and theoretical excitation function of the
a1 Gd(d,x)' 3 Th reaction

over, the repeated separation causes losses in the ex-
pensive enriched target material

e The price of the highly enriched '3Eu is signifi-
cantly lower compared to that of highly enriched
15454

e In general, cyclotrons have significantly lower beam
intensities for d-, « - and 3He-particle beams com-
pared to protons

There are other important factors, when one compares
with the production routes at research reactors.

e The long half-life requires long irradiations. The
most economical way of it is simultaneous parasitic
irradiation (dividing the beam), which in case of low
and medium energy cyclotrons is not a simple task
(cooling problems, target construction, etc.), but in
the case of reactors it is an everyday practice

o The cross-sections of the (n,y) reactions are signif-
icantly higher compared to the charged particle in-
duced reactions

e In case of neutrons large mass targets can be used,
without beam stopping and cooling problems
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Figure 9: Experimental and theoretical excitation function of the
" Gd(d,x)'>2Th (m+) reaction

By summarizing the above mentioned factors, it can be
concluded that it is very difficult to compete with the re-
actor production. The charged particle routes can only be
used for production of small amounts for research pur-
poses.

6. Summary and conclusions

This work was performed in the frame of the system-
atic study of activation cross-sections for applications
and for development of the nuclear reaction model
codes. In this study experimental cross-sections for the
natGd(d,Xn)161,160,156(m+),154,1541711,154m2,153,152(m+),151(m+)Tb’
"t Gd(d,xn)P>31IGd  and  "Gd(d,x)"°Eu  nuclear
reactions were measured up to 50 MeV. Comparison of
the experimental and theoretical results calculated by the
ALICE-D EMPIRE-D and TALYS codes shows that still
significant disagreements between the theoretical predic-
tions and the existing experimental data. The empirical
improvement of the deuteron breakup description, which
was a serious problem by the original EMPIRE and
ALICE codes by describing deuteron induced reactions,
has improved the predictions in the EMPIRE-D and
ALICE-D codes. Among the studied reaction products
1617h and '3*Gd are of importance for nuclear medicine.
In order to prepare a carrier free ''Th end product the
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Figure 10: Experimental and theoretical excitation function of the
" Gd(d,x)'>1 Th (m+) reaction

10Gd(n, )'®'Gd?'%'Th route is more productive than
10Gd(d,n)'' Th+ 1°Gd(d,p)''Gd —'®' Th (Tarkanyi
et al |2013). According to our comparison of production
routes of carrier free '>°Gd (this work) the deuteron
induced reactions on Eu and Gd are competitive with
proton induced reactions in special cases concerning to
yields, but because of the availability of the required
deuteron energy and intensity, the proton induced reaction
is more favorable.
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Table 3: Decay characteristic and contributing reactions for production of 161,160,156(n+),154,154m1,154m2,153,152, 1517 159,153,151 Gq, SRy

Nuclide Half-life Ey(keV) T, (%) Contributing reaction Qvalue
Decay mode (keV)
T6Trry, 6.89d 25.65135 232 T60Gd(d,n) 45843
100 % 4891533 17.0 160G(d,p) 161 Gal61 b 3410.83
57.1917 1.79
74.56669 102
T80y, 723d 86.7877 132 T60Gd(d,2n) 311231
1100 % 197.0341 518
215.6452 402
298.57 83 26.1
879.378 30.1
962.311 9.81
966.166 25.1
1177.954 14.9
56 535d 88.97 18.0 T55Ga(d,n) 3085.25
£ 100 % 199.19 410 156 Gd.2n) -5451.1
262.54 538 157 Ga(d.am) -11810.96
296.49 45 158 -19748.35
356.38 136 o daan -33143.03
42234 8.0 Gd(d,6n)
534.29 67
1065.11 10.8
1154.07 10.4
1159.03 72
122244 31
1421.67 122
551 532d 86.55 320 52 Ga(dn) 2608.53
100 % 105.318 25.1 155Gd(d,2n) 438267
123.23 265 156 Ga(d 3n) -1;3;3,?
161. 276 157 -18722.9
163.28 444 s 266603
180.08 75 Gd(d.5n) -40055.0
340.67 118 160Ga(d,7n)
367.36 148
154mIry, 94h 518011 6.1 T54Ga(d,2n) -6556.6%
et+bt (78.2 %) 540.18 20 155Gd(d,3n) -12991.8*
IT(21.8 %) 649.564 10.9 156Ga(d.4n) 2152817
873.190 9.2 1570 278880
996,262 8.6 | 55 d@am -35825.4%
1004.725 10.9 >*Gd(d,6n) -49220.1*
160Gg(d,3n)
154m2y, 227h 123.071 43 T52Gd(d.2n) -6556.6"
225.94 26.8 155Gd(d,3n) -12991.8*
et+bt (982 %) 346.643 69 156 G(d,4n) -21528.1%
IT (1.8 %) 1004.725 7.1 157 Gata sm) 27888.0*
1419.81 46 155 dd, -35825.4%
Gd(d,6n) -49220.1%
160Gd(d,8n)
[EUTTY 215h 123.07 26 52 Ga(d,2n) -6556.6
£ 100 % 247.94 1.7 155Gd(d,3n) -12991.8
ggg.w ;.4 156 Ga(d.dn) -gl;gs,(l)
41 18 157 27888,
704.90 48 speoa 35825.4
722.12 77 Gd(d.,6n) -49220.1
87321 53 160Gd(d,8n)
996.24 49
1274.436 105
129131 69
1531 234d 102.255 6.4 52Gd(d,n) 1671.05
£100 % 109.758 68 154Gd(d,3n) -13470.62
;72.3[2) 2.3 155 Ga(d.dn) - ; 9902,36
12, 10 2844221
249,55 233 1 Z:Gd“”"’ -34802.07
Gd(d.6n) -42739.46
138 Ga(d,7n)
52y 17.5h 271.08 8.6 152Gd(,2n) -6996.9
£ 100 % 344.28 65 154 Gd(d 4n) 221386
411.08 41 155 Gad.5n) 28573.8
586.29 94 15 371102
764.88 29 . Sgﬁd(d'(’“) -43470.0
778.86 5.8 Gd(d,7n)
974.1 3.1
1109.2 27
1299.11 215
5Ty 17.609 h 108.088 243 152Gd(d,3n) “14161.58
a: 0.0095 180.186 115 154Gd(d,5n) -29303.27
(0.0095 %) 251.863 263 155 Ga(d.6n) -35738.5
£:99.9905 % 287357 283 156 Ga(d.7n) -44274.85
395.444 108 L5704, -50634.71
443.879 10.8 Gd(d.8n)
479.357 154
587.46 156
616.561 104
731.227 7.7
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Table 3: Table 3 cont.

Nuclide Hall-life Ey(keV) L% Contributing reaction Qvalue
Decay mode (keV)
T59Ga 18.479h 363.5430 11.78 T58Gd(d.p) 3718.644
1100 % 160Gad p2n) -9676.04
159y decay
153Ga 240.4d 97.43100 29.0 T52Gd(d.p) 4022394
£ 100 % 103.18012 211 154Ga(d p2n) 111193
155 Ga(d.n3 -17554.53
1ol (d,p3n) -26090.88
s Gd(d,pdn) -32450.74
57Gd(d,psn) -40388.13
158 Gd(d,pén)
I5TGa 123.9d 153.60 6.2 152Gd(d.p2n) -10814.23
£ 100 % 174.70 296 154 G(d pin) 25955.91
a: 0.8E-6 % 243.29 56 155 32391.15
55Gd(d,ps
156 (dpSn) 40927.5
. 57G“("«P(‘“) -47287.36
Gd(d,p7n) -55224.75
158 Gd(d.psn) X
160Gd(d,p10n)
56 Eu 15.19d 646.29 6.3 156 Ga(d,2p) -3891.35
1100 % 72347 54 157 Gad.2pn) -10251.21
811.77 9.7 158 -18188.6
1079.16 46 | GOGd(d'sz") 31583.28
1153.67 68 Gd(d,2p4n)
1154.08 47
123071 8.0
1242.42 6.6

The Q-values refer to formation of the ground state and are obtained fromthe Q-value calculation tool of Pritychenko et al. (Pritychenko and

Sonzogni, 2003). When complex particles are emitted instead of individual protons and neutrons the Q-values have to be decreased by the
respective binding energies of the compound particles: np-d, +2.2 MeV; 2np-t, +8.48 MeV; n2p->He, +7.72 MeV; 2n2p-a, +28.30 MeV.

*In case of *"!'Tb and '>*"2Tb the Table 3 includes Q values of the ground state, because level energies of the isomeric states are not known.

Table 4: Experimental cross-sections of " Gd(d,xn)!61-160,156(n+),155,154¢,154m1,154m2,153,152(m+), 151 n+)Th reactions

E +AE Cross-section(o)+Ad
(MeV) (mb)

T61 Th(cum) 16011, 156Tb(m+) 1551y, 15481y 154mTry, 154m2y, 1531y, ]52Tb(m+) 15T Tb(m+)
5.4 0.6 4.1 0.7 11.3 1.4 1.4 0.3 0.6 0.3 0.1 0.05
8.4 0.5 139 16 303 33 33.1 4.0 32.8 4.1 0.6 0.1 1.8 0.2 2.6 0.4
10.9 0.5 234 27 435 48 106.6 12 90.5 159 0.8 0.1 8.6 0.9 13.0 1.5
13.0 0.4 200 23 531 58 144.1 16 139 22 0.9 0.1 15.4 1.7 234 2.6 0.11 0.016
135 0.9 223 24 553 61 155.7 17 120 13 15.1 52
14.9 0.4 144 17 346 38 180.1 20 140 19 1.9 0.2 27.6 3.0 42.5 4.7 0.73 0.087
16.6 04 141 18 268 30 246.9 27 193 26 3.8 0.4 61.8 6.7 102 11 3.7 0.5 1.4 0.2 0.29 0.08
18.3 0.3 132 18 191 22 252.7 28 195 26 6.8 0.8 93.9 10.2 138 15 8.0 1.0 1.7 0.2 0.38 0.18
19.4 0.8 193 21 197 23 244.3 26 252 27 7.1 0.8 110 12 157 17 10.9 1.2
19.8 0.3 116 21 144 17 236.8 26 211 28 9.1 1.0 118 13 174 19 133 1.5 1.6 0.2 0.17 0.04
21.9 0.7 160 17 147 20 243.2 26 403 44 11.5 1.3 154 17 207 23 20.5 2.2
24.2 0.7 147 16 132 18 244.4 26 329 36 14.4 1.6 169 18 210 23 30.7 34
26.4 0.7 112 40 106 16 279.6 30 365 40 14.5 1.6 159 17 241 26 534 5.8
28.4 0.6 104 11 108 17 313.1 34 360 39 18.3 2.0 189 21 271 30 911 9.9
30.4 0.6 105 11 109 17 330.4 36 334 36 19.8 2.2 225 24 253 28 121 13 1.3 0.5
32.2 0.6 80 15 337.2 37 324 35 268 35 146 16 5.9 0.7 0.64 0.24
34.0 0.5 100 18 330.6 36 328 36 23.7 2.6 241 26 315 35 152 16 10.8 1.2
35.7 0.5 83.4 9 74.2 19.1 298.2 32 334 36 26.3 2.9 261 28 310 34 165 18 17.8 2.0
37.4 0.5 723 29 724 13.6 263.7 29 351 38 28.6 3.1 283 31 319 35 180 20 29.9 33
39.0 0.5 65.8 14.2 226.9 25 361 39 27.1 3.0 279 30 313 34 186 20 43.4 4.7 4.8 0.6
40.5 04 77. 8.3 48.7 12.4 203.6 22 366 40 30.5 33 303 33 323 36 215 23 57.1 6.2
42.1 0.4 45.4 11.5 192.7 21 376 41 26.2 2.9 252 27 306 34 204 22 66.8 73 7.6 1.0
43.6 0.4 522 10.1 192.6 21 372 40 25.0 2.7 249 27 298 33 214 23 74.8 8.1 11.6 1.4
45.0 0.4 66.1 36.9 57.5 14.8 202.8 22 367 40 26.7 2.9 264 29 274 30 232 25 82.1 8.9 16.7 1.9
46.4 0.3 76.1 15.8 52.2 6.3 207.0 22 332 36 25.2 2.8 249 27 283 31 227 25 84.0 9.1 21.7 2.4
47.8 0.3 529 13.0 226.3 25 320 35 24.1 2.6 226 24 307 34 213 23 96.3 10.4 30.2 33
49.2 0.3 49.6 8.4 230.6 25 285 31 26.5 2.9 252 27 286 31 232 25 98.2 10.6 34.6 3.8
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Table 5: Experimental cross-sections of " Gd(d,x) 15133151 Gd and "Gd(d,x)'5°Eu reactions

E+AE Cross-section(@) Ao
(MeV) (mb)
9G4 5364 B3TGq T565,

54 06 737 0.49

84 05 %55 78

100 05 70.0 76

130 04 635 69

135 09 610 66

149 04 5738 63

166 04 787 53

183 03 I3 75

194 03 139 73

198 03 392 i3 174 076

319 07 18 79 593 73

23 0.7 182 53

264 07 532 53 708 93

4 06 626 63 127 6

304 06 678 74 191 2

) 06 704 75 727 9 705 0.78

340 05 681 75 303 39

357 05 6.2 73 756 33

374 05 702 77 343 4 187 058

39.0 05 721 79 293 37

305 04 673 74 315 30 709 0,69

[oX] 04 65.0 71 356 5

36 04 611 6.7 293 37 93 5 329 065

750 04 614 63 398 51 172 23 354 078

364 03 567 62 ) 57 193 35 62 035

478 03 521 57 774 60 358 57

792 03 521 57 363 59 739 53 349 054

Table 6: Main light ion induced reactions for direct and indirect production of the '3Gd
Reaction Encrgy range (MeV) Yield Disturbing reaction Threshold
(MBg/C) (MeV)

153 Eu(p.n)[53Gd 16-6 52 53 Bu(p,3m 15T Gd 16.2
153Bu(d,2n) 53 Gd 19-7 188 153 Eu(a.4m15TGd 18.6
54 Ga(p.2m) 33 Tb— 153Gd 27-12 651 T52Gd(p.4n) 15T Th 273
157 Ga(a,3m 53 10— 133Gd 30-15 567 533 Gad,5m 5T o 29.7
5T Bu(e,2m 153 10— 133Gd 34-19 31 I5TEu(04n) 3T T 33.8
I5TEy3He,n) 153 Tb— 193Gd 13-0 10-4 5Ty 3He 3m) T Th 12.6
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