DE GRUYTER

Radiochim. Acta 2017; 105(10): 801-811

Stephan Heinitz*, Emilio A. Maugeri, Dorothea Schumann, Rugard Dressler, Niko Kivel,
Carlos Guerrero, Ullrich Koster, Moshe Tessler, Michael Paul, Shlomi Halfon and

the n_TOF Collaboration?

Production, separation and target preparation
of 'Tm and *’Pm for neutron cross section

measurements

DOI 10.1515/ract-2016-2728
Received November 8, 2016; accepted March 6, 2017; published
online April 14, 2017

Abstract: The knowledge of the neutron capture cross sec-
tions of s-process branching point isotopes represents a
basic requirement for the understanding of star evolution.
Since such branching point isotopes are by definition
radioactive, the measurement of their cross sections from
thermal to stellar energies becomes a challenging task.
Considerable amounts of material have to be produced,
representing a significant radioactive hazard. We report
here on the production and separation of 3.5 mg "'Tm
from 240 mg "°Er,0, and 72 ug *’Pm from 100 mg “*Nd,0,
irradiated at the ILL high flux reactor. Thin targets were
prepared with high chemical and radioisotopic purity
suitable for neutron capture measurements at n_TOF
CERN and the SARAF-LILiT facility.

Keywords: Lanthanide separation, "'Tm, “Pm, radioac-
tive target, neutron capture cross section.

1 Introduction

The origin of all elements heavier than Li relies on pro-
cesses occurring during stellar evolution. Depending
on the physical parameters describing a star, several
processes of nuclear synthesis have been postulated to
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account for the abundance of elements in the Universe [1].
For massive stars in the asymptotic giant branch (AGB)
stage, the main synthesis pathway is represented by the
so-called s-process, where mainly elements heavier than
Fe are produced by a series of neutron captures and sub-
sequent B-decays close to the stability line. In order to
understand the nature of this process, the knowledge of
neutron cross sections at stellar energies for all involved
isotopes is mandatory. This is especially important for
those isotopes, where neutron capture and B-decay
compete, since here a branching towards a higher or
lower neutron number becomes possible. This circum-
stance is illustrated in Figure 1, where the production
and destruction pathway for nuclides with mass number
A=147 and A=171 is shown. The scientific community
has issued a list of the 21 most important of such branch-
ing point isotopes, where a measurement of the neutron
capture cross section is of great significance ([2] - see
especially table 3).

Since all branching point isotopes are radioactive,
their production, handling and measurement represent
a challenging endeavor. Thus, only two of the above
mentioned 21 radioactive nuclides have been success-
fully measured at neutron time-of-flight facilities so far
— 1Sm [3] and ®Ni [4, 5]. The isotope "'Tm had already
been subjected to investigations at the LANSCE time-
of-flight facility at Los Alamos, USA [6, 7]. However,
the investigators reported difficulties of poor counting
statistics and high background, which they attributed
to an unexpectedly high content of stable *Tm in their
final target. Their experimental activities on "'Tm have
been recently resumed [8, 9]. Nevertheless, no success-
ful measurement of the cross section of ’Pm or "'Tm in
the range from thermal to stellar neutron energies was
reported until now. So far, experimental information
for the (n, y) cross sections of “Pm and "'Tm was only
obtained by neutron activation in a quasi-stellar spec-
trum at 25 keV [6, 10].

In this paper, we report on the separation of **Tm and
“Pm and the target production containing these isotopes.
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Both prepared targets were measured at the n_TOF CERN
facility in 2014 and 2015 and reliable cross section data
were obtained for both isotopes for the first time. Addi-
tionally, a measurement of the corresponding Maxwellian
average cross section was performed with the same targets
at the LiLiT Soreq Applied Research Accelerator Facility
(SARAF), Israel, in 2016 [11].

Cross section measurements demand high chemical
and radioisotopic purity of the investigated isotope, since
any interfering contaminant might deteriorate the quality
of measured data. In order to obtain the desired radio-
isotope ‘Z*N in non-carrier-added form, neutron capture
of a precursor seed ;N towards ZiN with subsequent
B~-decay is required. The material under irradiation needs
a high enrichment grade and should be low in contamina-
tion for high production yields avoiding undesired side-
products. Such a production pathway ensures very high
isotopic purity of the desired material. Thus, the isotopes
of “Pm and "Tm are most conveniently produced by
neutron irradiation of “¢Nd and "°Er in a high flux reactor,
in analogy to the s-process depicted in Figure 1. After decay
of ZﬁN , theirradiation results in a mixture of the isotopes

7N, /N and ZﬁN , and a sophisticated chemical separa-

tion of the final product from macroscopic amounts of the
irradiated material is mandatory.

In order to fulfil this task, several approaches have
been reported in literature. The separation of lanthanides
was achieved by fractional crystallization [12], liquid-
liquid extraction [13] and ion chromatography. The latter
relies frequently on the use of standard cation exchange
resins with organic acids as complexing agents. This
method is most commonly used to achieve a sophisticated
separation of neighboring lanthanides and actinides [9,
14-18). Another approach is the use of the lanthanide spe-
cific exchange resin from TRISKEM, France, where a step-
wise elution of the lanthanides is performed with mineral
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acids such as HNO,. We have chosen a two-step chroma-

tographic separation scheme involving a strong cationic

exchange resin AMINEX (Bio-Rad, USA) followed by the
lanthanide specific LN resin. The use of the former for the
first separation has the following advantages:

— this high capacity cation exchanger allows the separa-
tion from large amounts of feed material up to 100 mg

— the separation performance of the AMINEX resin is
substantially superior to similar cation exchange res-
ins (e. g. Dowex AG 50 x 8) [19] using 2-hydroxy-isobu-
turic acid (o-HIBA) as complexing agent [20]

— the separation allows to elute the microscopic
amounts of the product prior to the macroscopic
amount of the educt, which significantly reduces con-
tamination issues due to tailing effects [21]

The advantage to use the LN resin in the second separa-

tion step is three-fold:
the complexing agent a-HIBA may easily be stripped
off from this column
the resin is commonly used for the separation of lan-
thanides for small amounts of material, thus even
further increasing the separation efficiency from
neighboring lanthanides

— the elution profile is inverse to that of the AMINEX
resin. This circumstance allows separating con-
taminants still present in the product after the first
separation

Especially the last named point represents a crucial advan-
tage for performing a two-step separation scheme involv-
ing the AMINEX and the LN resin. Elements that have
higher affinity towards the mobile phase and thus elute
before the desired lanthanide, might be prone to tailing
effects (e. g. Sc*, Ti**, Fe**, Zr*, Nb>* Hf*) hence contami-
nating the later eluted product [22]. These elements have

7vp | (Y ["'Yb | (n,Y) |'2Yb “7Sm | (n,y) |™*8Sm
stable stable stable 10" a 106 a
B P B B B
180T | (n,7) | 17°Tm (n,y) m | (Y |72 147pm (n,y) 148ppp
stable 128d 19a 2.65d 26a #talssa
;3- B‘ [s-
O8Er 1 (nY) | Er [ (Y |7oEr | (n,y) |17TEF MoNg [ (NY) [TNd | (0, 7) |148Ng
stable 9.4d stable 7.5h stable 11d stable
Figure 1: Production and destruction pathways during the stellar s-process for nuclides with mass number A=171and A=147.
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either higher ionic charge or smaller atomic radius than
the lanthanides, thus forming stronger complexes with
o-HIBA [23]. This property, on the contrary, delays their
elution on the LN resin compared to lanthanides due to
stronger affinity towards the stationary phase [24]. In
analogy, elements with smaller ionic charge or larger
ionic radius than the lanthanides (e. g. alkali and alkaline
earth metals, transition metals) tend to be retained on the
cation exchange resin. It has been shown that the elution
of Mn?, Co?* and Ni** from the resin with o-HIBA might
coincide with the desired lanthanide element [25]. Never-
theless, these elements have low affinity towards the LN
resin. Thus, even if there is a contamination by a certain
unwanted stable or radioactive element after the first sep-
aration, a second separation involving an inverse elution
sequence assures a clean product.

2 Experimental

2.1 Isotope production

The isotopes "'Tm and “Pm were produced by thermal
neutron irradiation at the high flux reactor of Institut
Laue-Langevin (ILL), Grenoble, France. °Er,0, enriched
to 98.1% and “¢Nd,O, enriched to 98.8 % were purchased
from Eurisotop, France. The isotopic composition and
impurity content as stated by the supplier are given in
Table 1.

One pellet of "Er,0, weighing 238.2 mg and two of
1Nd,0, weighing in total 98.2 mg were produced using a
hydraulic press, Portman Instruments, Switzerland. Each
pellet was then encapsulated in air into a high purity
quartz ampoule provided by WISAG AG, Switzerland,
which was sealed by a flame torch. These ampoules were

Table 1: Isotopic composition of Er and Nd as provided by the
supplier.

Isotope? Rel. abundance (%) Isotope® Rel. abundance (%)
162Fy 0.01 2Nd 0.18
164Ey 0.03 1Nd 0.14
166Ey 0.54 144Nd 0.32
167Er 0.38 45Nd 0.24
168EY 0.94 146Nd 98.80
170Ey 98.10 148N d 0.24

15ONd 0.08

Impurities as stated by the supplier, ppm:
aTm - 400, Gd - 400, Ca - 250, Ce - 160, Dy - 100, Yb — 90, Sm - 40.
5Pb - 46, Cu—-4,Er-2,Gd -2, La, Lu<10.
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then irradiated at ILL for a period of 53.75 days with an
average neutron flux of 8 x10" n cm=s™. An analytic cal-
culation using published cross sections was performed to
estimate the nuclide inventory. After a cooling period of
approximately 1.5 years, the samples were shipped to PSI
where they underwent chemical processing.

2.2 Measurement techniques
2.2.1 ICP-MS

The determination of the isotopic composition as well
as the concentration of "Tm and “Pm in the respective
sample was performed by inductively coupled plasma -
mass spectrometry (ICP-MS). Two sector-field-based mass
spectrometers (Neptune and Element 2, Thermo Fisher
Scientific, Bremen, Germany) were used. Both systems
were operated in low-resolution mode and wet plasma
conditions. All measurement solutions were prepared
from high purity nitric acid and water in polymer vessels.
After the determination of the isotopic composition, the
concentration of the "'Tm sample was determined by the
isotope dilution method while the concentration of “’Pm
was quantified by standard addition. Standard solutions
bearing 10 mg/L of Tm, Yb and Sm (ESI, Omaha, NE, USA)
were used. Each of the prepared measurement solutions
was measured four times.

In this work, the uncertainties are stated as combined
standard uncertainties with a coverage factor of k = 1 and
are estimated according to the “guide to the expression of
uncertainty in measurement” (GUM).

2.2.2 y-Ray spectrometry

v-Ray spectrometric measurements at PSI were performed
using a calibrated HPGe detector from Canberra GmbH,
Germany. The Genie2000 software, Canberra, was used
to evaluate the recorded spectra. Each sample was meas-
ured for at least 10 min to provide a statistical uncertainty
below 1% for the peak area of interest.

The final targets of "'Tm and “’Pm were measured at
SARAF, Israel, at a distance of 777 cm and 50 cm, respec-
tively, with a coaxial HPGe ORTEC GMX25-83 detector
having 25 % relative efficiency and a 0.5 mm thin Be-win-
dow suitable for low energy y-ray spectrometry. All targets
and sources were enclosed in Al containers as used for
experiments at LiLiT with an Al thickness of 1 mm facing
the target. An efficiency calibration of the HPGe detector
was made at relevant energies using the following set of
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nuclides — ?Na, *Co, *°Co, %Y, **Ba, *’Cs, “?Eu, “*Eu and
21Am, The detector efficiency was determined to be con-
stant in the energy range between 40 keV and 140 keV.

For the determination of the total activity of " Tm, the
66.73 keV y-line with 0.143 % emission probability ([26], no
uncertainty stated) was used. The detector was calibrated
against a 2?Am source (408 kBq*1.7 % on the 01.06.1976,
by The Radiochemical Centre, Amersham, UK) at 100 cm
and 137 cm positioned in an Al container identical to that
of Tm. A correction for the scaling of efficiency with
distance was applied and checked by the *'Am measure-
ments at both distances. In addition, a correction for the
attenuation in Al and in air was made for "'Tm and 2Am
counting.

For “Pm, the 121.22 keV line having an emission
probability of 2.85x 10~ with 3.9 % uncertainty [27] was
analysed with the same detector additionally placing
2 cm of Pb between source and detector [11]. The detector
shielded in this kind was calibrated using a ¥Co source
(378.1 kBq +1% on the 01.11.2011, by Eckert&Ziegler, USA)
at the same distance as the *’Pm target. Owing to almost
equal y-ray energies and same distances in Al, Pb and in
air, no correction was needed for the ¥Co calibration.

2.2.3 Liquid scintillation counting

A Tri-Carb CA2110 scintillation counter, Packard, USA, was
used for liquid scintillation counting measurements. Ali-
quots of the "'Tm sample were mixed with 10 mL of Aqua-
Safe 500 Plus, provided by Zinsser Analytics, Germany,
and measured for 60 min with automatic background
subtraction.

Cherenkov measurements were performed with
the same counter by mixing aliquots of the Tm solution
with 10 mL of H,0. Deionized water with a resistivity
>18 MQ cm was provided by an in-house deionized water
purification system using Barnstead E-pure Ultrapure
Water Purification Systems, Thermo Fisher Scientific,
USA. For the determination of the "°Tm Cherenkov count-
ing efficiency, 0.1 mg of '“Tm was irradiated at the PSI
neutron activation facility to produce approx. 250 kBq
°Tm. The irradiated material was dissolved in 0.5 mL of
0.01 M HNO, and Cherenkov and LSC solutions contain-
ing 10, 40 and 100 pL of the "°Tm solution were prepared
by mixing with 10 mL H,0 and 10 mL Aquasafe 500 Plus,
respectively. The absence of interfering radioactive impu-
rities was checked using y-ray spectrometry. A re-meas-
urement of all solutions was performed after 167 days to
ensure the stability of the solutions and consistency of
the detection efficiency.
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2.3 Isotope separation

To avoid any health hazards by radioactivity due to dust
formation, the ampules were crushed in a sealed poly-
ethylene tube by a mechanical squeezer operated in a
hotcell. The tube was then introduced into a dissolution
apparatus, where 5 mL of hot 7 M HNO,, Sigma Aldrich,
Switzerland, from a heated 10 mL V-vial was pumped into
the tube. A graphical representation of the experimental
apparatus is given in Figure 2. Afterwards the solution was
pumped back into the V-vial, whereas a micro-pore filter
within the tube assured that no glass residue is transferred
with the solution. The back-and-forth pumping opera-
tions were repeated at least 15 times until a complete dis-
solution of the pellets was visually confirmed. The glass
residues were then washed three times with 1 mL of H,0.

The acidic solution containing the dissolved lantha-
nides was then evaporated to near-dryness by blowing
nitrogen over the heated solution overnight. After addi-
tion of 5 mL H,O the solution was pumped from the V-vial
into a 50 mL Pyrex glass flask with subsequent washing of
the V-vial, the glass residues and the tubes with another
45 mL of H,0. The pH of the combined solution, approx.
50 mL in volume, was adjusted to pH=4 with diluted
ammonia.

In order to qualitatively observe and quantify the
elution of the lanthanides, y-ray spectrometry as described
in Section 2.2 was applied. In order to monitor the elution
of these elements during separation, y-active tracers were
produced at PSI by neutron activation. Before every sep-
aration of Tm from Er, 1.0 mg of inactive 170Er(NO3)3 had
been irradiated with 10® n cm s for 3600 s to produce
'"Er, which was immediately dissolved in 1 mL H,0 and
transferred into the stock solution. For the separation of
“Pm, 2.5 mg of inactive “*Nd O, was placed in a quartz
ampoule, sealed with a flame-torch and irradiated for 5
days with 4x10® n cm™ s to produce *’Nd two months
prior to use. After irradiation, the Nd oxide was dissolved
in 4 M HNO,, the solution evaporated, the residue re-dis-
solved in 2 mL of H,0 and added to the Nd stock solution.

The separation of lanthanides was performed on a
strong cation exchange resin Aminex HPX87H, 9 um par-
ticle size, 1.77 Meq H*/g, provided by Bio-Rad Laboratories,
USA. The resin was transferred into a glass column with
dimensions of 1 cm diameter and 25 cm length. Prior to any
separation, the resin was thoroughly washed with 4 M TRA-
CEPUR HNO, provided by Sigma Aldrich, Switzerland, and
then transformed into the NH,* form using 1M NH,NO, until
a near neutral pH of the effluent was reached. The initial
solutions of "'Tm and “’Pm were pumped via a peristaltic
pump ISM834C provided by Ismatec, Switzerland, onto the
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1. Heated V-vial containing HNO,

2. PE tube containing crushed ampoule
3. 50 mL Pyrex flask

4. Valve

5. Peristaltic pump

6. Separation column

o-HIBA/H,O feed

Elution 4.

)

Washing and

S—, o
4

adjustment
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N,/H,0 feed

Figure 2: Experimental scheme for dissolution and separation of irradiated Er and Nd samples.

column to achieve a loading of approx. 50 mg of either Er or
Nd. The column was then washed with 20 mL of H,0.

The elution of the lanthanides was performed at
room temperature using increasing concentrations of o-
HIBA. Solutions ranging from 0.05 M up to 1 M o-HIBA
at pH=4.40 were prepared by dissolving the correspond-
ing mass of the organic acid provided by Fluka, Switzer-
land, in 1 L of deionized H,0. The pH was adjusted with
ammonia solution using a S20 SevenEasy™ pH-meter,
Mettler-Toledo, Switzerland. For the elution of Tm the
o-HIBA concentration was 0.075 M, while for the elution
of Pm the concentration was 0.25 M. The flow rate was
adjusted to 0.5 mL/min and fractions containing 10 mL of
solution were collected in 20 mL PE-vials and immediately
measured via y-ray spectrometry. The activity in the efflu-
ent passing through a thin tube connected to the bottom
of the column was continuously monitored with an end-
window GM counter. In order to subsequently elute all
radioisotopes present on the column, a steady increase in
o-HIBA concentration to 1 M was maintained until there
was no detectable activity staying on the column. After
each separation, the column was washed with 4 M HNO,
and 1 M NH,NO, to be prepared for the next separation.
In total, five subsequent separations were performed for
"Tm, while ”Pm was separated in two runs.

All fractions containing radiochemically pure "*Tm or
“Pm were combined and the solutions acidified with V4
the volume of 1 M HNO,. The solutions were then loaded

on a 20 cm long, 1 cm dia. column filled with LN resin,
100 um—-200 pm particle size, provided by Triskem Inter-
national, France. During loading of the column, no break-
through of the radioisotope was observed. After washing
with 100 mL of 0.1 M HNO,, the elution of "'Tm was per-
formed with 3 M HNO,, TRACEPUR grade, Sigma-Aldrich,
Switzerland. For the elution of “Pm, 0.25 M HNO, of the
same HNO, grade was used.

After merging the eluted fractions, an aliquot of
450 uL weighing 451 mg was taken from 20.038 g of the
"Tm solution to be measured by ICP-MS. The aliquot was
then diluted 1:100 using distilled water and used for meas-
urements involving y-ray spectrometry, liquid scintillation
counting and ICP-MS. Similarly, a 50 uL aliquot weighing
49.1 mg was taken from 22.1837 g of the ”Pm solution and
was measured by ICP-MS.

In addition, samples of the eluted fractions of radio-
chemically pure Yb/Sm and Er/Nd were collected for the
determination of their isotopic composition via ICP-MS.

2.4 Target preparation

The method of choice for the preparation of radioactive
targets for n_TOF CERN was molecular plating. Target
preparation was identical for "'Tm and “’Pm. The puri-
fied radioisotope solutions were evaporated in a thor-
oughly cleaned quartz beaker under a nitrogen stream.
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The evaporated residue containing the radioactive isotope
was re-dissolved in 100 uL of 0.01 M HNO, and 2 mL of
2-propanol, provided by Sigma-Aldrich, Switzerland, was
added. Half of this solution was then transferred into the
molecular plating cell and further 9 mL of 2-propanol were
added. The deposition cell consisted of a Pt wire anode
inserted in a 50 mL machined polyvinylidene fluoride
(PVDF) vessel with a Cu cathode at its bottom. The mole-
cular plating was performed for 1 h applying a voltage of
350 V at currents ranging from 10 mA to 30 mA. Two 5
um thick Al foils obtained from Robert Victor Neher AG,
Switzerland, with a diameter of 27 mm were used as depo-
sition substrate. After deposition, the solution from the
deposition cell was transferred into the initial evaporation
vial to be mixed with the second half of the material. The
first foil with the deposit was removed from the deposition
cell, dried and a second deposition was done with the rest
of the material as described above. After drying, both foils
were prepared for the final target assembly.

Two 6 um Mylar® polyester film foils provided by
DuPont Teijin Films, UK, were glued on two glass-fiber
reinforced plastic rings (d_,=60 mm, d,_=50 mm) rep-
resenting the target frame. The Al foils containing the
radioisotope were centrally positioned on one such frame
face-to-face with the active deposit pointing inwards. The
second frame was then placed above the stack and both
Mylar® foils were glued circularly to each other by pressing
them together with a Cu ring, 40 mm in diameter, heated
to 120 °C. As such, the sandwich-like structure represented
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a closed source containing the radioisotope suitable for
n_TOF experiments. All operations were performed in a
sealed, inflatable AtmosBag provided by Sigma Aldrich,
Switzerland, to avoid any contamination issues. The dose
rate at 10 cm distance was 1.5 mSv/h for the "'Tm target and
20 uSv/h for the “’Pm target.

In order to assess the deposition efficiency, the
remaining solution containing non-deposited "'Tm and
“Pm in 2-propanol was evaporated to dryness and 10 mL
0f0.01 MHNO, was added. An aliquot was taken from each
solution for the determination of the deposition efficiency
using y-ray spectrometry, liquid scintillation and ICP-MS.

3 Results

3.1 Separation performance

Measurements via y-ray spectrometry of the initial solu-
tions revealed the presence of the following radioisotopes
in the sample of "Er: “Sc, ¢°Co, ®Zn, "™In, “Sm, “*Eu,
15Gd, 16°Th, $"Ho, 7o'"'Tm, *’Ir. The sample of “*Nd con-
tall’led 46Sc’ GOCO’ SSZn, llomAg’ 139Ce, 147Pm’ 14SSm’ 154/155Eu’
10Th and 7"'Tm. The elution profile for one of the five sub-
sequent separations of 7'Tm from Er is given in Figure 3.
Evidently, substantial amounts of other radiotracers were
present in the irradiated sample and could successfully
be separated by ion chromatography. Each separation run

a-HIBA conc.: 0.05M 0.075M 0.1M 02mM 0.3 M 0.5M 1
100 — .
|L'.<_<Yb Zn GDCO
1r,o.|_b
I»‘sﬁmHO
80 < l l
. "Tm
19
—_ Sl
% 60 <
c 16
71
2 . Sc "Er
[+
E
- 40 -
2
=
i} /’
20
-
- \
04—t 77T+t
0 2 4 6 M0 12 14 16 18 20 22 24 26 28 30 32

Fraction number

Figure 3: Separation profile of 7*Tm on the Aminex HPX87H cation resin. The gradual elution of different radioisotopes with increasing

o-HIBA concentration is shown.
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Figure 4: Separation profile of ’Pm on the Aminex HPX87H cation resin. The gradual elution of different radioisotopes with increasing

o-HIBA concentration is shown.

gave a very similar elution profile, hence no degradation
of the column performance was observed. The separation
profile for Pm is given in Figure 4. It is noteworthy that
the elution of ®Zn coincided with the one for “’Pm. The
second separation involving the LN resin allowed separat-
ing the unwanted activity of ®Zn, which was eluted using
0.01 M HNO, without any breakthrough of ’Pm before its
elution with 0.25 HNO,. "'Tm was eluted with 3 M HNO,
and small amounts of “°Sc remained on the column.

The characterization of the isotopic composition of
the Tm sample after separation as well as the correspond-
ing Yb and Er fraction is given in Table 2. As can be seen,
the major signal contributions in the final Tm sample stem
from mass 169, 170 and 171; signals at other masses were

Table 2: Isotopic composition of the final Tm product and the eluted
element fractions of Yb and Er measured by ICP-MS.

Mass (m/q) Rel. isotopic abundance in fraction (%)
Tm Yb Er
168 1x1073 < 1.41
169 2.03 <
170 0.06 1.73 98.02
171 97.91 90.70 <
172 < 2.70 <
173 8x10™* 4.67 <

Values denoted by “<” were below the detection limit of the

spectrometer.

close to the detection limit of the spectrometer. Because
isobaric interferences are not distinguishable by ICP-MS,
a careful assignment of the measured signals has to be
undertaken.

Since no '®Yb could be detected by y-ray spectrometry
in the final product, the contribution at mass 169 is only
attributed to stable Tm. The signal contributions to mass
168 and 173 may not originate from the respective Tm iso-
topes, since neither **Tm nor *Tm could be detected by
y-ray spectrometry. Thus, these signals are attributed
to the stable contaminants “®Er and Yb, respectively.
According to the measured isotopic composition of Yb
and Er in the final Tm product given in Table 2, the relative
contribution of these two contaminants to the Tm signal
at masses 170 and 171 was calculated. While "*Yb contrib-
utes to 0.016 % of signals at mass 171, the signal at mass
170 originates from three different isobars: the impurities
of "°Yb and "°Er as well as the radioactive isotope 7°Tm.
Based on data from Cherenkov counting and ICP-MS, the
contribution of the last named Tm isotope to mass 170 is
approx. 85 %, while the rest is mainly attributed to "°Er,
resulting in a maximum content of Yb of 170 ppm and of Er
of 70 ppm in the final "'Tm product. The higher abundance
of *Yb compared to ?Yb is noteworthy, giving some argu-
ment to suggest a high burn-up rate in the A=172 mass
region.

Table 3 denotes the relative isotopic abundances
measured in the collected fractions of Pm, Sm and Nd.
The data given for the final Pm sample indicates a product
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Table 3: Isotopic composition of the final Pm product and the
eluted element fractions of Sm and Nd; measured by ICP-MS.

Mass (m/q) Rel. isotopic abundance in fraction (%)

Pm Sm Nd
145 < 0.01 0.21
146 0.10 0.31 98.74
147 99.45 60.96 <
148 7.1x1073 13.78 0.32
149 < 1.57 <
150 6.1x1073 16.87 0.10

of high isotopic purity. Minor contaminations are observ-
able at masses 146, 148 and 150. The signal at mass 146
is attributed solely to a “*Nd impurity, since only roughly
100 Bq of “Pm could be detected by y-ray spectrometry
in the final product. Signal contributions at mass 148
and 150 are attributed to the corresponding Sm isotopes.
According to numbers given in Table 3, the total Nd and
Sm content in the final *’Pm product was derived to be
1050 and 440 ppm, respectively.

3.2 Deposition performance

The final deposition efficiency for the 'Tm target was deter-
mined to be 93.6+0.4 %, which represents the mean value
of four independent measurements of aliquots taken before
and after molecular plating with ICP-MS, y-ray spectro-
metry, LSC and Cherenkov counting. The total amount
of Tm isotopes produced by irradiation was in excellent
agreement with activation estimations done with thermal
neutron capture cross sections reported in literature.

The deposition efficiency for the “Pm target was
determined to be 50.2+2.4 % according to y-ray spectro-
metry, that is significantly lower than was achieved for
molecular plating of "'Tm. The reason for such a behav-
iour is hard to assess, since no test depositions could be
performed for Pm as was the case for Tm, due to the lack of
a stable Pm isotope. Presumably, the much lower quantity
of Pm was more sensitive to relevant plating parameters,
e. g. the applied voltage or deposition current.

The final evaluation of the total amount of ’Pm pro-
duced during irradiation revealed that only 60 % of the
material was obtained compared to the calculated predic-
tion. A possible reason for this discrepancy is the higher
burnup of produced “Nd during irradiation compared
to theory. The activation estimate was performed with a
“Nd(n, v)“®Nd cross section of 49 b, while a recent evalu-
ation indicates that this value is a factor of five higher [28].

DE GRUYTER

3.3 Target characterization

The total amount of Tm and Pm deposited on each pair of
Al backings is summarized in Tables 4 and 5. Due to possi-
ble material loss during target assembly, the total amount
of “Pm and "'Tm was determined based on the y-ray
spectrometric analysis of both final targets performed at
SARAF on the 24.11.2016. All data refer back to the date of
the final separation on the LN resin, which was 01.11.2014
in case of "'Tm and 07.05.2015 in case of ’Pm, using their
reported half-lives of 1.92(1) a [26] and 2.6234(4) a [27],
respectively. Additionally taking into account data given
in Tables 2 and 3, the decontamination factor for Tm from
Er is calculated to be at least 7 x10°, while it is 5x10° for
the Nd/Pm pair.

Due to the '*®*Er(n, y) reaction occurring during irradia-
tion, there is always stable *Tm present, which by sub-
sequent neutron capture also yields °Tm. The Cherenkov
counting technique was able to determine the content of
Tm despite the much higher activity of "'Tm present,
since the latter isotope is not detectable by this technique.
The measurement yielded a total activity of 400 MBq of
Tm in the target, which is in good agreement to data
given in Table 4. The uncertainty estimation stems from
tension between Cherenkov data and the upper limit

Table 4: Main isotope content of the *Tm target on the reference
date 01.11.2014.

Isotope 71Tm 170Tm 169Tm
Atoms 1.23x10¥ 7.4x 1070 2.59x 10"
Activity (Bq) 1.40x 1012 4.6x10° -
Mass (ug) 3480 1.9 72.7
Uncertainty (%) 2.4 20 3

Numbers given in italic are calculated according to the activity
measurement of ¥Tm.

aDetermined by y-ray spectrometry at SARAF. °Calculated according
to ICP-MS atomic ratios.

Table 5: Main isotope content of the *’Pm target on the reference
date 07.05.2015.

Isotope 47Pm 146Nd 147Sm
Atoms 2.96x 10" 3.1x10% 1.3x 10"
Activity (Bq) 2.48x10% - -
Mass (ug) 72.2 0.08 0.03
Uncertainty (%) 4.3 12 35

Numbers given in italic are calculated according to the activity
measurement of *’Pm.

aDetermined by y-ray spectrometry at SARAF. *Calculated according
to ICP-MS atomic ratios.
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determined by y-ray spectrometry. The Cherenkov detec-
tion efficiency for the "°Tm isotope was determined using
scintillation counting to be 14.95+0.15%, in agreement
with theoretical data [29].

The corresponding spectrum of the "Tm target is
shown in Figure 5 together with the *'Am calibration.

The characterization of the “Pm target is given in
Table 5. On the reference date 07.05.2015, the target had
a Pm activity of 2.48 GBq. It also contains the isotopes
of 143,144, 146,148, 148mPm - with “8mPm having the highest activ-
ity of roughly 3 kBq on the separation date — which cor-
responds, by atom number, to well below 10" atoms or
<1 ppm for each of the listed Pm isotopes. The only major
contaminant is **Pm, originating from decay of its mother
“Sm that is produced during irradiation of Sm impuri-
ties, namely the *Sm isotope. The assessment of the total
activity of *Sm after chemical purification revealed that
approx. 80 kBq of **Pm should have been formed by “*Sm
decay during the cooling period of the irradiated sample.
This corresponds to roughly 100 ppm of “*Pm in the final
“Pm target. The corresponding y-ray spectrum of the
“7Pm target together with the used *’Co calibration source
is given in Figure 6.

The final assembly for the "'Tm target delivered to
n_TOF CERN is given in Figure 7. A similar target was pre-
pared in the case of “”Pm. Both targets were measured in
2014 and 2015 immediately on arrival in order to minimize
the contribution of the ingrowing daughter nuclides of
Yh and “Sm, respectively. The data of these measure-
ments are currently being analysed and first results are
published in [30].
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Figure 5: Recorded y-ray spectra for (a) the ?!Am calibration source
and (b) the 'Tm target showing their respective y-ray emission
peaks at 59.5 and 66.7 keV measured at SARAF on 24.11.2016.
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Figure 6: Recorded y-ray spectra for (a) the *Co calibration source
and (b) the ’Pm target with their respective emission lines of 122.1
and 121.2 keV, respectively; measured at SARAF on 24.11.2016.

Figure 7: The final arrangement of the *Tm target provided to
n_TOF CERN.

4 Summary

We have successfully separated 140 GBq "'Tm and 2.5 GBq
“Pm from hundreds of milligrams of irradiated, enriched
lanthanide seed materials. Two suitable targets contain-
ing the separated radioisotopes were successfully pre-
pared by molecular plating and provided to n_TOF CERN
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and to the SARAF-LILiT facility for neutron cross-section
measurements.

The combination of two different consecutive separa-
tion columns has proven to be a very powerful technique
to achieve high decontamination factors from neighbor-
ing lanthanides. For the Tm/Er pair we achieved a decon-
tamination factor of 7 x 10° while for the Pm/Nd pair it was
5x10°. The final products had a high isotopic and chemi-
cal purity.

This separation procedure might be adopted for
further lanthanide separations required for radioactive
targets of high purity involving, for example *Ho and
5Eu. These separations are a prerequisite for the feasi-
bility of future neutron TOF measurements on unstable
branching point isotopes for astrophysical research.
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