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Abstract
HIGHLIGHTS

e Deuteron induced reactions on natural titanium up to 34 MeV.
e Monitor reactions database (CRP TAEA).
e Experimental values determined using the stacked-foil technique.

e Comparison with the TALYS code version 1.6.

ABSTRACT

Experimental cross sections for deuteron induced nuclear reactions on nat-
ural titanium were measured, using the stacked-foil technique and gamma
spectrometry, up to 34 MeV with beams provided by the ARRONAX cy-
clotron. The experimental cross section values were monitored using the
natTi(d,x)*V reaction, recommended by the TAEA. The excitation functions
for " Ti(d,x)*m464748S¢ are presented and compared with the existing ones
and with the TALYS 1.6 code calculations using default parameters. Our
experimental values are in good agreement with data found in the literature.
TALYS 1.6 is not able to give a good estimation of the production cross sec-
tions investigated in this work. These production cross sections of scandium
isotopes fit on the new Coordinated Research Project (CRP) launched by
the International Atomic Energy Agency (IAEA) to expand the database of
monitor reactions.
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1. Introduction

In the field of the production of medical radionuclides for diagnosis and
therapy, it is important to be able to obtain always the same product quality.
It is then necessary to keep control on the production of impurities during
the irradiation. One key is to precisely know the production cross section,
as a function of the incident particle energy, of all radionuclides produced in
the target.

At the ARRONAX cyclotron (Haddad et al.,2008), the cross sections
of different radionuclides for - and « targeted radionuclide therapy have
been measured (Duchemin et al., 2015 a, Duchemin et al, 2015 b) using the
stacked-foil technique (Blessing et al., 1995), which consists in the irradiation
of a group of thin foils, and gamma spectrometry activity measurements.
As sometimes deuteron beams give higher cross section values than proton
beams on a same target (Guertin et al., 2014), we have focused some of our
studies on the possible use of this projectile in the frame of the production
of radionuclides for medical applications.

During our experiments, several stacks devoted to the determination of
the production cross section of radioisotopes of medical interest as *%9Re
(Duchemin et al., 2015 a), ?*°Pa (Duchemin et al., 2015 b) and '*Tb, were
irradiated. Behind each target foil, titanium foils were included as monitor
foils in order to take advantage of the excitation function of "*Ti(d,x)*V
reaction which is well known and described (Tdrkanyi et al., 2001) in our
energy range (up to 34 MeV). From the irradiation of titanium by deuterons
several scandium isotopes can be produced and their production cross sec-
tions have been extracted.

Among these isotopes, some of them are used for medical applications as
4m/9Sc (Huclier-Markai et al., 2011), “7Sc (Majkowska-Pilip and Bilewicz,
2011) and the generator system *4Ti/*9Sc (Pruszynski et al., 2010). In
addition, titanium is increasingly used for nuclear, chemical, biomedical and
aerospace applications due to its appropriate properties describe in the paper
of Ravi Shankar et al., published in 2013. A good knowledge of the material
activation due to its irradiation is then of great interest on these fields.

In addition, the International Atomic Energy Agency (IAEA) has ini-
tiated in 2012 a new Coordinated Research Project (CRP) to expand the
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database of monitor reactions (Capote et al., 2012-2016). "*Ti(d,x)**Sc is
one of the reaction identified by this project due to the *°Sc long half-life and
its easily detectable gamma rays. Some other scandium isotopes may also be
of interest as exposed in the following sections of this article.

2. Materials and methods

2.1. Ezxperimental set-up and data measurements

At the ARRONAX cyclotron (Haddad et al., 2008), the cross section
measurements are made using the stacked-foil method (Duchemin et al., 2015
a, Blessing et al., 1995) which consists in the irradiation of a set of thin
foils, grouped as patterns. Each pattern contains a target to produce the
isotopes of interest, a monitor foil to have information on the beam flux
through the use of a reference reaction recommended by the International
Atomic Energy Agency and a degrader to change the incident beam energy
which comes in the other target foils. In this work, scandium isotopes are
produced on natural abundance titanium foils provided by GoodFellow, with
a chemical purity x of 99.6 %. These titanium foils were included as monitor
foils in several stacks. Twenty stacks were irradiated, containing one to
nine titanium foils in each, depending on the experiment. These stacks were
devoted to the determination of the production cross section of radioisotopes
of medical interest as '%%Re (Duchemin et al., 2015 a), 2°Pa (Duchemin et
al., 2015 b) and '*Tb. Each foil has been weighed before irradiation using an
accurate scale (+/-10 = g) and scanned to precisely determine its area. From
these values and assuming that the thickness is homogenous over the whole
surface, the thickness is deduced. In average the thickness of the titanium
foils is 9.87 um with a standard deviation of 0.16 ym, and a mean uncertainty
on the thickness of 0.06 yum. The ARRONAX cyclotron can deliver protons
up to 70 MeV, deuterons up to 34 MeV and alphas with an energy of 67.4
MeV (Haddad et al., 2008). The deuteron beam energy uncertainty is +/-
0.25 MeV, as specified by the cyclotron provider, using simulations. The
beam line is closed using a 75 pm thick kapton foil which makes a barrier
between the air in the vault and the vacuum in the line. The stacks were
located about 7 cm downstream in air. The energy through each thin foil was
determined in the middle of the thickness of the foil using the SRIM software
(Ziegler et al., 2010). Energy loss in the kapton foil and air were taken into
account. All along the stack, depending on the number of foils, the energy
uncertainty calculated using the SRIM software increases up to 1.2 MeV



due to straggling and initial beam spread. Several stacks were irradiated
with different incident energy in order to minimize this energy dispersion
and cover the energy range from 34 MeV down to 6 MeV, which corresponds
to the whole energy range of interest. Typical irradiations were carried out
with a mean beam intensity of 107.5 nA (with a standard deviation of 44.9
nA) during 30 minutes. For all the experiments, the recommended cross
section of the "*Ti(d,x)*V reaction (Téarkdnyi et al., 2001) is used to measure
the particle flux. A Faraday cup was placed after the stack to control the
intensity during the irradiation. The activity measurements in each foils were
performed using a high purity germanium detector from Canberra (France)
with low background lead and copper shielding, passing through a quality
control once a week. All foils were counted twice. After one evening and night
of decay (around 14 hours), the first activity measurements were performed
for a duration of one hour and the second ones were performed for a minimum
of 24 hours (one day) and up to 60 hours (during the week-end), after three
weeks, waiting for the complete decay of Scandium-48. Indeed, **Sc (T, 2=
43.67 (9) hours) has common gamma lines with the radioisotope of reference,
Vanadium-48 (T o= 15.9735 (25) days). Nuclear data associated to **V are
summarized in Table 1.

Table 1: Vanadium-48 half-life and main v rays (National Nuclear Data Center)
Radioisotope ~ Ty/o(days) E,(keV)  I1,(%)

By 15.9735 (25) 944.130 7.870 (7)

983.525  99.98 (4)

1312.106  98.2 (3)

Gamma spectra were recorded in a suitable geometry calibrated in energy
and efficiency with standard °7%°Co and '®?Eu gamma sources from LEA-
CERCA (France). The full widths at half maximum were 1.04 keV at 122
keV (°7Co v ray) and 1.97 keV at 1332 keV (®°Co 7 ray). Samples were
placed at a height of 19 cm from the detector in order to reduce the dead
time and the effect of sum peaks. The dead time during the counting was
always kept below 10 %. The activity values of the produced radionuclides
were derived from the spectra and the nuclear decay data given in Tables 1
and 2, using the FitzPeaks Gamma Analysis and Calibration Software (JF
Computing Services).



2.2. Cross section calculation
Production cross section values can be determined from the activation
formula in Eq. (1) using the appropriate projectile flux ®.

Act - A
0= - (1)
X-P-Ny-p-ef-(1—eH)

In this equation, the production cross section o of a radioisotope depends
on its measured activity reported to the end of irradiation (Act), its decay
constant (), the target thickness (ey), its atomic number (A), its density (p)
and its chemical purity (x), the irradiation duration (t) and the projectile
flux ().

In this work, the scandium isotopes and the *®V monitor are produced
in the same foils, and receive the same flux. It is then easier to use the
relative equation (2) in which the knowledge of the projectile flux is no longer
necessary, thanks to the measured activity of **V and its recommended cross
section. In this equation, the prime parameters are associated to **V while
the others relate to scandium isotopes.

‘ X' - Act-A-pl-e(1 —e @
X-Act - A pef(l —e N

In the present case, where both radioisotopes are produced in the same

foil, the production cross section is a function of the recommended **V cross

section, the ¥V activity and scandium activity, only. The investigated scan-
dium cross section can be calculated following the Eq. 3.

/
O =0

, Act-(1- et 3)
Act' - (1 — e M)
The cross section uncertainty is estimated with a propagation error cal-

culation. Since all the parameters of equation (3) are independent, the total
error is expressed as a quadratic form (Eq. (4)).

Ao (A L (DA 2 L (DA 2 n

o o’ Act Act!
The main error sources come from the recommended cross section o’
(around 12%), #mA4647Sc activity (up to 12%), *®Sc activity (up to 20%)

and ®V activity (less than 2%). The contribution of the uncertainty on the
irradiation time is not significant and has been neglected.

g =0




2.3. Comparison with the TALYS 1.6 code

In this work, all the experimental cross section values are compared with
the latest version (1.6) of the TALYS code released in December, 2013 (Kon-
ing and Rochman, 2012). TALYS is a nuclear reaction program to simulate
reaction induced by light particles on nuclei heavier than carbon. It incor-
porates many theoretical models to predict observables including theoretical
cross section values as a function of the incident particle energy (from 1 keV
to 1 GeV). Parameters are associated to these models in the input file. A
combination of parameters that better describes the whole set of data avail-
able for all projectiles, targets and incident energies have been defined by the
authors and put as default in the code. This way, the code can be launched
with minimum information in the input file: the projectile type and its inci-
dent energy, the target type and its mass. The experimental data obtained in
this work are compared to TALYS with default parameters (named TALY'S
1.6 Default in the graphs).

3. Results

The following data on scandium radioisotopes come from the analysis
of monitor titanium foils used in experiments devoted to the measure of
the production cross section of radioisotopes of medical interest (Duchemin
et al., 2015 a, Duchemin et al., 2015 b). All the experiments were, then,
optimized to get a precise measurement of these radio-isotopes of medical
interest and several hours of cooling time were needed. This leads us to loose
informations on #3449Sc isotopes produced in the titanium monitor foils, both
suitable for peptide radiolabelling for PET (Severin et al., 2013), which have
short half-lives (less than 4 hours).

3.1. Production of **™Sc

The **™Sc has a half-life of Ty, = 58.6 (1) h. It decays by Electron
Capture (EC) process (1.20 (7) %) to *'Ca (stable) by emitting three v rays
of 1001.83 (1.20%), 1126.06 (1.20%) and 1157.00 keV (1.20%).

It decays by Internal Transition (IT), at 98.80 (7) %, to its short-live
ground state #9Sc (T, = 3.97 (4) h) by emitting an intense ~ ray at 271.13
keV (Table 2). The high branching ratio of this gamma line is used to
extract the 4™Sc production cross section plotted in Figure 1. Our values
are presented as full circles. These results are compared with data from the
literature (Khandaker et al., 2013; Gagnon et al., 2010; Hermanne et al.,
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Figure 1: Experimental cross section of "*Ti(d,x)*™Sc

2000; Takacs et al., 1997) and the TALYS 1.6 code calculations (Koning and
Rochman, 2012).

A good agreement with the previous experiments is observed up to 25
MeV. From 25 MeV, only A. Hermanne et al., 2000, obtained results and our
data permit to confirm it, taking into account the uncertainties on both data
set. The TALYS code gives satisfactory results for the lower energy part but
underestimates the cross section above 25 MeV.

4“mQe can be a good candidate for monitor reaction due to its half-life
higher than 2 days and its easily detectable gamma line which facilitates the
activity measurement.

3.2. Cumulative production of *°Se

46Sc has a ground state *69Sc and a metastable state 4™Sc . 46™Sc, with
a very short half-life (T, = 18.75 (4) s), decays by IT (100 %) to *%Sc
by emitting an intense v ray of 142.528 keV. The half-life of the 4™Sc is
so short, that, at the time of the activity measurements, all the “¢™Sc has
decayed into 4%9Sc. It follows that we have been able to measure only the
cumulative cross section 4¢"*+9Sc. The 4%9Sc gamma lines used to determine
the 4%9Sc activity are summarized in Table 2. The cross section results are
collected in Table 3 and represented in Figure 2 with data from literature.

46Sc is proposed as new monitor reaction by the TAEA (Capote et al.,
2012-2016) because of its relatively high cross section and its long half-life
(T1/2 = 83.79 (4) d). The Figure 2 shows that the “*Sc production cross



(o]
o

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
r . X Takacs (1997) norm.

E natTi(d,x)*6Sc © K.Gagnon (2010)

<& M.U.Khandaker (2013)
A A.Hermanne (2000)

o S.Takacs (2007)

<& A.Hermanne (2014)

® This work
—TALYS 1.6 Default
----- TALYS 1.6 Adj.

Cross section (mb)
N w oy ($2] D ~
o o o o o o

=
o
T

0 5 10 15 20 25 30 35 40 45 50
Deuteron energy (MeV)

o

Figure 2: Experimental cross section of "**Ti(d,x)*Sc

section has a maximum around 38 mbarn at 12 MeV for the lower energy
part. This value is confirmed by several experiments including this work and
the recent results of Khandaker et al., 2013 and Hermanne et al., 2014. Our
experimental data come confirm the values of Hermanne et al., 2000, from
25 MeV, taking into account the uncertainties on the cross section values for
both data set. The TALYS code doesn’t permits to have a good estimation
of the 6Sc production cross section up to 35 MeV. From this energy, TALYS
results follow the only one experimental data set available, published by
Hermanne et al., 2000.

3.3. Production of 4" Sc

47Sc has a half-life of Typ = 3.3492 (6) d. It decays by (- process at
100% to “"Ti (stable) emitting an intense vy ray at 159.377 keV (cf. Table 2).
This + line is used to derive the *"Sc activity from the 7 spectra. The cross
section values are plotted in Figure 3.

Up to 23 MeV, the results coming from all experiments are in good agree-
ment. For these energies, the TALYS results are able to reproduce the ex-
perimental ones. Above 23 MeV, the results of this work confirm the data
set published by Hermanne et al.,; 2000 and show that the TALY'S code over-
estimates the cross section.

47Sc, in addition to be a good candidate to monitor reactions, is particu-
larly promising for 8- targeted therapy (Majkowska-Pilip and Bilewicz, 2011).
The #"Sc production cross section is higher with deuterons than with protons
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Figure 3: Experimental cross section of "*Ti(d,x)*"Sc

(Michel et al., 1978). But, in both case, the irradiation of a natural titanium
foil leads to the production of the long half-life contaminant : “6Sc. Looking
at the threshold values summarized in Table 2, #"Sc can be produced without
46Sc using a °°T1i target irradiated by deuteron between 5 and 15 MeV. Based
on TALYS 1.6, the cross section of the reaction *°Ti(d,a+n)*"Sc is around
30 mb at 15 MeV.

3.4. Production of *8Sc

18Sc, with a half-life of Ty /5 = 43.67 (9) h, decays to **Ti (stable) by S-
at 100%. It emits three 7 lines with a branching ratio higher than 97 % at
983.526, 1037.522 and 1312.120 keV, and a v line with a lower intensity at
175.361 keV (7.48 (10) %). In Table 2, only two gamma lines are summarized
which correspond to those used to determine the “®Sc activity. The reason
is that *8V (T;, = 15.9735 (25) d) is also produced in the titanium target
and emits two 7y lines at 983.526 and 1312.120 keV which makes interferences
with #*Sc gamma lines. The #8Sc production cross section is represented in
Figure 4.

The values of this work are in good agreement with the literature data.
However, the TALYS code results show a peak between 20 and 25 MeV which
is not visible in the experimental data.
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4. Conclusion

Experimental cross sections for the "*Ti(d,x)#4m464748S¢ reactions, up to
34 MeV, have been extracted. The values were obtained from titanium foils
included as monitor foils in stacked-foil experiments performed to obtain data
on radioisotopes of medical interest such as !8¢Re (Duchemin et al., 2015
a), 2**Pa (Duchemin et al., 2015 b) and '*Tb. The cross sections have been
determined relative to the recommended "*Ti(d,x)*V monitor reaction. Our
data sets have been compared with data available in the literature and are in
good agreement. Our results permit to confirm the trend made by the only
one data set available in the literature from 25 MeV, published by Hermanne
et al., 2000. The "*Ti(d,x)%Sc reaction is particularly interesting since the
TAEA want to include it as a new monitor reaction (Capote et al., 2012-
2016). The "*Ti(d,x)*™47Sc reactions can also be considered as reference,
as their production cross sections are well described. In addition, their half-
live and gamma emissions permit to determine their activity, with a good
accuracy. The TALYS 1.6 code using default models is not able to reproduce
the experimental values for the investigated "*Ti(d,x) reactions, especially
from 25 MeV.
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Table 2: Produced scandium radioisotopes parameters (Ekstrm and Firestone, 2004) and
Q-value extracted from the National Nuclear Data Center.

Radioisotope T/ E,(keV) L, (%) Contributing reactions Q value
Hnge 586 ()b 271.13  86.7 (3) BTi(d, ) 1.40
46Ti(d,n+>He) -16.18

4674(d,2d) 119.45

16Ti(d, 2n+2p) -23.90

4Ti(d,n+«) -4.48

Ti(d,2n+3He) 125.06

18Ti(d, 204+-0) 16.11

YTi(d,n+a) -24.25

163 83.79 (4) d  889.277  99.984 (1) 167i(d, 2p) -3.81
1120.545  99.987 (1) 47Ti(d,3He) 4.97

4Ti(d,n+2p) -12.69

BTi(d,a) 3.98

48T4(d,n+*He) -16.60

187T4(d,2d) 19.87

1Ti(d,2n+2p) 124.32

Ti(d,n+a) -4.16

4974(d,2n+>He) -24.74

50Ti(d,2n+a) 115.10

7S¢ 3.3492 (6) d  159.377  68.3 (4) TTi(d,2p) -2.04
17T5(d,He) 15.95

BTi(d,n+2p) -13.67

9Ti(d,a) 6.48

497i(d,n+He) -14.09

9Ti(d,2n+2p) 21.81

9Ti(d,n+a) -4.46

0Ti(d,2n+3He) -25.03

158G, 43.67 (9)h 175361  7.48 (9) 48Ti(d,2p) -5.43
1037.599  97.6 (5) 497Ti(d,*He) -5.85

Ti(d,n+2p) -13.57

0Ti(d,a) 3.78

50T (d,n+He) 16.79

50Ti(d,2n+2p) 24,51
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Table 3: Experimental cross section values for "*Ti(d,x)*4m46:47:48G¢ reactions

Energy (MeV) o #™Sc (mb) o *%Sc (mb) o 4"Sc (mb) o Sc (mb)
33.44 £ 0.28  19.75 £ 229 2797 £ 3.25 34.75 £4.02 9.15 £+ 1.10
33.34 £ 0.30  18.72 £ 240 26.90 + 3.32 31.68 £ 3.84 9.00 &£ 1.90
33.19 £ 0.30  19.17 £ 2.21  26.61 + 3.07 32.76 £ 3.77 9.28 + 1.10
3239+ 035 1734 +£2.04 2594 + 3.02 30.87 + 3.61 8.96 £+ 1.12
32.64 £0.32 1725 £ 2.13 29.39 £4.01 30.00 &+ 3.69 9.22 + 1.16
3196 £ 0.35  16.54 £ 1.92 25.00 £ 290 29.14 £ 3.37 8.92 £+ 1.06
31.34 £ 0.38 1547 £ 1.81 25.69 + 3.00 28.54 + 3.33 9.09 £+ 1.12
30.14 £ 0.28  13.81 £ 1.74 23.20 + 3.35 26.58 £ 3.33 9.28 + 1.18
2991 £0.42 10.89 4+ 1.48 24.42 4+ 3.47 23.03 £ 2.87 &8.89 £ 1.93
2988 £ 0.30 13.86 = 1.66 25.45 £ 3.01 26.87 &£ 3.16 9.27 £ 1.30
28.69 + 0.44 991 £ 1.22 26.36 &+ 3.17 22.94 £ 2.67 9.30 £ 1.24
27.71 £ 0.51 738 £ 086 2493 £3.39 19.96 £ 2.29 9.06 £ 1.07
26.32 £+ 0.52 433 £0.54 26.21 &£ 5.23 17.52 £ 2.05 9.22 £ 1.13
26.14 £ 0.41 5.64 = 0.73  26.56 £ 3.06 18.97 + 2.22 9.69 £ 1.34
26.09 + 0.52 3.65 £ 0.51 25.03 & 3.34 14.57 +1.84 837 £ 1.17
24.24 £+ 0.54 3.45 4+ 051 2742 4+ 3.60 13.70 £1.71 840 £ 1.18
24.17 £ 0.48 3.59 £0.55 2613 +£3.14 1469 +£1.79 836 £ 1.31
22.88 £+ 0.62 3.06 £ 037 2430 £2.76 10.81 = 1.25 7.49 £ 0.89
21.82 £ 0.64 3.06 £ 043 24.07 &£ 3.67 834 +£1.04 551 +£0.78
21.01 £+ 0.32 275+ 033 23.73+£292 7.20+085 491 +£0.59
20.69 £ 0.67 295 £035 2411 £264 818+£091 5.63 £ 0.65
20.68 £ 0.66 3.06 £041 2769 £ 3.26 8.14 £0.97 5.69 £ 0.76
19.61 £ 0.60 296 +£ 052 2474 +£3.19 8.00+ 111 493+£1.05
19.09 £ 0.39 258 £ 0.33 26.53 £3.40 5.72+0.72 3.46 £ 0.45
18.45 + 0.34 251 +£043 2879 £3.97 6.02+ 086 3.91 £ 0.67
18.17 £ 0.65 2.72 £0.38 25.46 £ 3.27 6.74 £0.87 4.38 £+ 0.61
16.30 + 0.44 256 £0.36 3445 £395 452053 2.24 £ 0.58
16.16 + 0.40 236 £ 043 3577 £5.27 453+ 0.73 2.28 £0.51
16.03 £+ 0.73 228 +0.29 26.73 £4.70 5.07 £0.60 2.90 £ 0.40
15.95 £ 0.29 247+ 030 3441 £4.31 488 +0.58 2.23 £ 0.27
14.82 £ 0.35 213 £0.25 3325 £382 396046 1.88 £ 0.26
14.36 & 0.40  37.26 £4.26 3.71 £+ 0.84
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Table 4: Experimental cross section values for "*Ti(d,x)*4m46:4748G¢ reactions

Energy (MeV) o #™Sc (mb) o *%Sc (mb) ¢ *"Sc (mb) o #¥Sc (mb)
13.75 £+ 0.83 1.84 £0.23 3324 £3.68 3.76 £0.44 1.75 £0.25
13.60 + 0.48 1.91 £0.35 4390 £5.28 3.46 £ 0.55 1.77 £0.42
13.00 + 0.44 1.74 £0.72 4151 £ 454 3.15 £ 0.45
12.07 £ 0.48 1.44 +£0.16 39.31 £4.37 289 4+ 0.32 1.35 £ 0.17
11.50 £+ 0.51 1.35 £ 0.35 4088 £4.56 2.64 £ 0.35
11.11 + 0.95 0.99 £0.14 3202 +£3.59 242 +£0.30 1.23 &£ 0.20
10.60 + 0.64 35.75 £ 4.13
10.04 £+ 0.60 0.59 £0.12 40.07 £ 298 1.42 £ 0.14
8.96 + 0.57 0.57 £0.07 2394 + 251 1.24 £0.13 0.69 &+ 0.10
8.80 £ 0.62 0.87 £ 0.09 30.45 4+ 3.18 1.96 &£ 0.20 0.98 £ 0.11
8.45 £ 0.65 0.83 £0.17 27.85 +£2.08 191 £0.27 1.06 £ 0.39
7.86 + 1.16 0.25 £0.04 21.08+ 236 0.72+£0.10 0.34 & 0.06
6.20 + 0.77 0.14 £0.03 948 +£1.23 0.46 £ 0.06
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