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Abstract: Several experiments on the study of the electron
neutrino mass are based on high-statistics measurements
of the energy spectrum following electron capture of the
radionuclide ®*Ho. They rely on the availability of large,
radiochemically pure samples of 'Ho. Here, we describe
the production, separation, characterization, and sample
production within the Electron Capture in Holmium-163
(ECHo) project. '*Ho has been produced by thermal neu-
tron activation of enriched, prepurified “Er targets in
the high flux reactor of the Institut Laue-Langevin, Gre-
noble, France, in irradiations lasting up to 54 days. Irra-
diated targets were chemically processed by means of
extraction chromatography, which allowed separating the
formed Ho from the '*Er target-material and from the main
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byproducts "°Tm and "*Tm, which are co-produced in GBq
amounts. Decontamination factors of >500 for Er and of
>10° for Tm and yields of 3.6-10" and 1.2-10' atoms of
1©Ho were obtained, corresponding to a recovery yield of
95 % of Ho in the chemical separation. The Ho-fraction
was characterized by means of y-ray spectrometry, Induc-
tively-Coupled-Plasma Mass Spectrometry (ICP-MS), Reso-
nance Ionization Mass Spectrometry (RIMS) and Neutron
Activation Analysis (NAA). In this process, the thermal
neutron capture cross section of *Ho was measured to
O 0163 to HoA64m — (23£3) b and Oli0163 to Hot64g (156+9) b for
the formation of the two isomers of **Ho. Specific samples
were produced for further purification by mass separation
to isolate 'Ho from the Ho-isotope mixture, as needed for
obtaining the energy spectrum within ECHo. The partial
efficiency for this second separation step is (32+5) %.

Keywords: Neutrino mass determination, !*Ho,
neutron activation, lanthanide separation, extraction
chromatography.

1 Introduction

The determination of the neutrino masses is one of the
major challenges of contemporary particle physics. Dif-
ferent approaches are followed to push the boundaries of
achievable sensitivity. Among them, experiments explor-
ing the beta decay and electron capture processes of suit-
able nuclides promise to provide model-independent
information on the electron (anti)-neutrino mass value.
The electron capture in holmium-163 experiment, ECHo
[1-3], is designed to investigate the electron neutrino
mass in the sub-eV/c? range. This can be achieved by the
analysis of the calorimetrically measured energy spec-
trum following the electron capture (EC) process of '*Ho.
This is an artificial radionuclide with a half-life T , of

1/2

(4570 +50) a [4]. It decays by EC with a very low Q-value to
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the ground-state of *Dy. Production of '®Ho is achieved
via different pathways. More specifically, these include
reactor production by irradiating enriched '“Er targets,
or accelerator production using light-particle induced
reactions on suitable targets. Different collaborations
aiming to develop sensitive experiments based on **Ho
have chosen different production pathways [5]. Besides
the need for separating Ho from a wealth of neighboring
elements, including the target material, a specific aspect
of all these experiments is the separation of ®*Ho from
long-lived '**"Ho (T1/2= 1200 a [6], B~/y-emitter), the pres-
ence of which severely disturbs the electron neutrino
mass determination. The different production pathways
feature different intrinsic '®Ho/***"Ho ratios. According
to the results obtained in [7], an accelerator-based pro-
duction pathway appears more favorable in this respect.
Reactor-based approaches, however, benefit from larger
projectile fluxes and cross sections as well as the often
better availability of reactor irradiation time. The ECHo
collaboration has thus focused on this pathway so far,
while evaluation of the accelerator pathway is continued
in more detail [1, 8] in parallel. After production, high-
performance chemical separation of the **Ho from the
target material is required. Interesting processes have
been already developed in the case of accelerator pro-
duction using Dy targets [9]. Recent work on the separa-
tion of Ho from Er has been performed in the context of
a re-measurement of the **™Ho half-life [10]. Separation
of *¢¢Ho from reactor-irradiated Dy targets is described
in [11, 12].

Here, we present the production of milligram amounts
of '®Ho via neutron-irradiation of Er samples enriched in
162Ey in the high-flux reactor at the Institut Laue-Langevin
(ILL), Grenoble, France, and the development of a high-
performance chemical separation procedure for the
produced **Ho from the massive Er targets as well as co-
produced contaminants (most importantly GBq amounts
of 7071 Tm),

The energy spectrum following EC decay in **Ho
will be measured by embedding the **Ho in metal-
lic magnetic calorimeters (MMCs) [13], which exhibit
optimum performance for the task at hand. The prepara-
tion of the required, isotopically pure samples by mass
separation of the Ho samples and the implantation into
the MMCs is described in [14]. Separate samples have
been prepared for high-precision measurements of the
Q,. value of *Ho using Penning-Trap Mass Spectro-
metry (PTMS) [15] to provide a value independent of
that evaluated from the energy spectrum, and the cor-
responding measurement of the Q.. value was recently
performed [16].
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2 Experimental

2.1 Prepurification of erbium target material
and neutron irradiation

Neutron activation of stable nuclides generally induces
(n,y) nuclear reactions, which lead to a more neutron-rich
isotope of the same element. In many cases, this isotope is
radioactive and undergoes [3-decay to the isobaric nuclide
of the next heavier element. Notable exceptions occur for
neutron-deficient nuclides like ’Er or '**Er, whose (n,Y)
products are still neutron-deficient and thus undergo B*/
EC-decay to the isobaric nuclide of the adjacent lighter
element, i.e. Ho in the case of Er.

Lower-Z (Z<68) nuclides are otherwise most domi-
nantly produced only in rather unimportant side-
reactions occurring with small probability, involving
charged-particle emission following neutron-irradiation.
In contrast, higher-Z nuclides are abundantly produced
as byproducts during neutron irradiation. Overall, this
resultsin the fact that most impurities lead to nuclides with
higher Z, while the target isotope '®’Er yields the lower-Z
product *Ho. In this context it is noteworthy to mention
that commercially available Er samples typically contain
trace amounts of impurities, including other lanthanides.
Therefore, our strategy for the production of radiochemi-
cally pure Ho samples includes the removal of elements
with Z below that of Er prior to irradiation, during which
these would lead to the production of further undesired
byproducts. At the same time, such a prepurification also
minimizes the formation of 1*"Ho by reduction of the trace
amounts of **Dy and **Ho present in the commercially
available enriched *’Er. Removal of above-target lantha-
nide impurities prior to irradiation is less critical as many
above-target radionuclides will be produced from the Er
target, and further because the elements above Ho will be
removed anyway after irradiation along with the Er target
element. In the same way, the elimination of impurities
of strongly-activating elements as Sc, Co, Eu, Ta, and Ir,
leading to neutron-capture products having rather long
half-lives is additionally very important to minimize the
dose rate of the irradiated sample.

Figure 1 shows the main steps involved in the produc-
tion and chemical isolation procedure for *Ho. An initial
amount of 46 mg Er in the chemical form of {*Er}Er,0,
(Oak Ridge National Laboratory, Tennessee, USA) with the
Er isotope distribution of (20.4 £+ 0.1) % '¢Er, (3.91£+0.05) %
164Er, (33.5+0.1) % '°Er, (176 +0.1) % '¥Er, (173+0.1) %
168Ey, and (7.29 £ 0.1) % Er was dissolved in concentrated
nitric acid (65 %, Suprapur, VWR, Darmstadt, Germany).
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Figure 1: Block diagram showing the production and isolation strategy of *Ho.

After evaporation to dryness the residue was redissolved
in MilliQ-water (18.2 MQ - cm, Millipore water purification
system, Milli-Q-Biocel, Millipore AG, Zug, Switzerland)
and loaded onto a 9 mm diameter - 300 mm length cation
exchange column (GE Healthcare Europe GmbH, Glatt-
brugg, Switzerland), filled with a strongly acidic, macropo-
rous cation exchange resin in its NH,*-form. Elution was
performed with 0.1 M o-hydroxy isobutyric acid (c-HIBA,
Sigma Aldrich, Steinheim, Germany) solution, adjusted
with concentrated ammonia (25 %, Suprapur, VWR, Darm-
stadt, Germany) to pH=5 prior to use. The eluate was col-
lected in 10 mL fractions. Relevant fractions for Er, which
were identified in a prior test separation of neutron-acti-
vated Er (natural isotopic composition) via the 308-keV
v line of "Er (analyzed by y-ray spectrometry using a
high purity germanium detector EURISYS Mesures, EGC
06-185-R operated with Interwinner 5.0 software, Baechli
instruments, Affoltern am Albis, Switzerland), as well as
the unpurified starting material were analyzed by induc-
tively-coupled plasma optical emission spectroscopy
(ICP-0ES) for Sc, Co, Eu, Gd, Th, Dy, Ho, Ta, and Ir. Their
presence would result in relatively long-lived radioactive
byproducts produced with high yields in neutron irradia-
tions. The purified Er fractions were acidified with con-
centrated nitric acid (65 %, Suprapur) and loaded onto a
cation exchange column (5 mm diameter - 180 mm length,
H*form). The column was rinsed with MilliQ-water and

1 M nitric acid. Afterwards the Er was stripped with 4 M
nitric acid. The obtained Er solution was evaporated to
dryness and redissolved in MilliQ-water. Two irradiation
targets of 6.7 mg and 30 mg Er were prepared by evapo-
ration of aliquots of this solution in quartz ampoules
(suprasil, Heraeus, Kleinostheim, Germany), which were
subsequently sealed for irradiation.

The quartz ampoules were irradiated in the high flux
reactor of Institut Laue-Langevin (Grenoble, France) at
(unperturbed) thermal neutron fluxes of =1.4-10® cm2-s™
(6.7 mg target) for 3.9 days and =1.3-10” cm2-s™ (30 mg
target) for 53.7 days.

2.2 Isolation of holmium from the irradiated
erbium targets

2.2.1 Production of tracers **¢Ho and *Er

Tracers of **Ho (without **"Ho) and "'Er were produced by
neutron activation of 10 mg "Dy und 1 mg "*Er at the spal-
lation neutron source SINQ of Paul Scherrer Institut (Vil-
ligen, Switzerland) (cf. Figure 1). No carrier added (n.c.a.)
66Ho was isolated from the irradiated "Dy target in a two
step separation procedure: the target was dissolved in 0.1 M
nitric acid and afterwards loaded onto an extraction chro-
matographic column (10 mm diameter, ca. 250 mm length),
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filled with LN resin (Triskem, Bruz, France). The elution of
the column was performed with 1 M nitric acid applying
a flow rate of 0.5 mL/min and the eluate was collected in
10 mL fractions, which were analyzed by y-ray spectrometry
for their **Dy and ®Ho content. Dy containing fractions
were unified, evaporated to dryness and redissolved in
0.1 M nitric acid. The process was repeated in the same way
for the isolation of '®*Ho formed in the decay of *Dy.

The Er-tracer obtained from the activated "™*Er was
dissolved in 0.1 M nitric acid after its production.

2.2.2 Chemical isolation of Ho

The irradiated “’Er targets were processed following a
4-months cooling period after irradiation. The quartz
ampoules containing the neutron irradiated *’Er were
crushed and their content was dissolved in 0.1 M nitric
acid. The tracers of n.c.a. **Ho and "Er were added (cf.
Figure 1) to enable the monitoring of the distribution of
Ho and Er in the later separation process by y-ray spectro-
metry. The mixture was loaded onto the same chromato-
graphic column, which has been used for the previously
described Ho-tracer isolation. The elution of the column
and the collection of the fractions was done in an analo-
gous way as the separation of the "Dy target, but applying
2 M instead of 1 M nitric acid. The fractions were analyzed
by y-ray spectrometry (using the above mentioned detec-
tor) for their *Ho, "'Er, and "°Tm activities.

Exclusively the Ho containing fractions isolated from
the same target were unified and evaporated to dryness.
The residue after evaporation was surveyed for radioac-
tive impurities by y-ray spectrometry using the germanium
detector system specified in Section 2.1, and afterwards
dissolved in 1 mL (Ho isolated from 6.7 mg Er-target) or
5 mL (Ho from 30 mg Er-target) MilliQ-water. Small ali-
quots of these samples were employed for the Penning-
trap mass measurements of *Ho as reported in [15, 16].

The Er fractions were unified separately and are avail-
able as starting material for a new neutron irradiation at
ILL for '®*Ho production (cf. Figure 1).

2.3 Characterization of the isolated
holmium samples

To perform a more detailed analysis of the obtained Ho
samples, including the determination of the stable iso-
topes content (especially Ho and Dy), further analytical
techniques have been applied.

For Inductively-Coupled-Plasma Mass Spectrometry
(ICP-MS) analysis aliquots of 100 uL solution of Ho
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isolated from the 6.7 mg Er-target or 5 uL solution of Ho
isolated from the 30 mg Er-target were added to 900 uL
and 995 uL MilliQ-water, respectively. These samples were
further diluted by 4 % nitric acid by factors of 1000 and
8196, respectively. Ir was added as internal standard to
100 ppb concentration in the solutions. The measurement
was performed using an ICP-MS 7500ce (Agilent Technol-
ogies, Santa Clara, USA). The absolute concentrations of
165Ho (calibration curve done with stable Ho) as well as the
isobar ratios from 157 u to 174 u and 193 u (Ir standard)
were determined. Additionally, a sample of the 4 % nitric
acid used for dilution was analyzed in the same way as
background measurement. The results were corrected by
subtraction of this background.

Resonant Ionization Mass Spectrometry (RIMS) was
applied for analysis of the isotope ratios of Dy in both
samples. The RISIKO mass separator at the Institut fiir
Physik, Johannes Gutenberg-Universitit Mainz [14, 17]
was employed. Aliquots also of 10 uL. were evaporated to
dryness on Zr foil pieces (Alfa Aesar, Karlsruhe, Germany,
5 mm -5 mm large, 0.025 mm thickness). Some metallic Y
(more than 10 times the amount of the sample) was sput-
tered from a massive Y foil (Goodfellow, Bad Nauheim,
Germany, 25 mm - 25 mm large, 0.125 mm thickness, 99 %
purity with respect to the content of the remaining rare
earth elements) over the evaporated sample aliquots on
the Zr foils by use of pulsed laser deposition in an external
vacuum chamber. After finishing the sputtering procedure
the samples sputtered with Y were immediately trans-
ferred into the RISIKO ion source after venting the vacuum
chamber with argon in order to minimize the contact of the
Y metal with the ambient air. The tantalum ion source of
the RISIKO facility was resistively heated by a current of
about 170 A to a temperature in the range of 1300-1600 K.
Ionization specific to the single element Dy was accom-
plished by the use of a dedicated resonant three stage laser
excitation scheme based on laser radiation of 404.71 nm,
802.72 nm, and 837.66 nm wavelength [18]. Obtained ions
were extracted from the ion source by applying a high
voltage of 30 kV, followed by mass separation in a homog-
enous electromagnetic 60° sector field of 0.43 T. The
detection of the ions is achieved by a Faraday cup where
secondary electrons are suppressed by a repeller electrode
and measurement of the resulting current by a picoam-
peremeter (Keithley 617, Tektronix UK Ltd., Berkshire, UK).
Mass spectra were recorded by varying the field strength
of the magnet in the range corresponding to collect ions
of masses from 159 u to 167 u in the focal plane. After nor-
malization to the temporal evolution of the total ion beam
intensity, the Dy isotopic composition was determined this
way. Additionally a background measurement of a blank

Brought to you by | Lib4RI Eawag-Empa
Authenticated
Download Date | 2/17/20 2:22 PM



DE GRUYTER

Zr foil sputtered with an equal amount of Y without any
sample had been performed in order to check the potential
introduction of Dy-isotopes from these materials. As given
in Section 3.3, no stable Dy-ion beam resulted.

Neutron activation analysis (NAA) was applied to
determine the absolute content of **Dy. For this, aliquots
also of 10 uL of the solutions described at the end of Section
2.2 were evaporated to dryness in small polyethylene (PE)-
capsules and then irradiated in the carousel irradiation
position of the TRIGA Mainz research reactor at a thermal
neutron flux of about 7-10" cm-s™ for 60 min. Simulta-
neously, two 3.2 mg and 4.0 mg pieces of Al-Au wire (Ortec
GmbH, Munich, Germany) containing 0.1124 % Au were
irradiated in separate PE-capsules placed at the bottom
and top of the two stacked sample capsules for neutron
flux determination. Subsequently, the aliquots of both
solutions and the Al-Au wire pieces were measured repeat-
edly by y-ray spectrometry using a high purity germanium
detector (Canberra GX7020, relative efficiency >70 %) in
the range of 15 min to 3 days after the end of irradiation.

2.4 Magnetic isotope separation for
isolation of *Ho from chemically
purified Ho fractions

The *Ho samples obtained after the chemical separa-
tion described in Section 2.2 contain minor amounts of
lémHo as the sole radioactive contaminant of concern for
ECHo. For its removal, magnetic isotope separation is
applied, which is suitable to suppress this contaminant
sufficiently well. Therefore, samples obtained after the
procedure described in Section 2.2 were used as source
for subsequent laser resonance ionization and magnetic
isotope separation [19]. Besides the primary purpose of
removal of 1*mHo, this step also enabled a reduction of the
%Ho content (important to avoid significant changes in
heat capacity of the MMCs). As one of the main applica-
tions of radiochemically pure '*Ho for ECHo involves the
preparation of samples fully embedded in the MMCs, the
mass separation step simultaneously enabled the direct
implantation of the ®*Ho ions into the ECHo MMCs [14].
The RISIKO and the General Purpose Separator (GPS) at
CERN-ISOLDE [20] were tested and applied for this process
of separation and implantation. Samples of the mixture of
18Ho, '®Ho and **"Ho were prepared on Ti foil pieces (Alfa
Aesar, Karlsruhe, Germany, 5 mm - 5 mm large, 0.0127 mm
thickness for mass separation at RISIKO; Goodfellow,
Bad Nauheim, Germany, 10 mm - 10 mm large, 0.0125 mm
thickness for use at ISOLDE) in the procedure as follows: A
hemispherically-shaped depression was pressed into the
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center of the foils and it was afterwards filled with 1-20 pL
of solution, which is described at the end of Section 2.2,
followed by evaporation at 80 °C. Accordingly, samples
with a '®Ho content in the order of 10* to 10'® atoms were
inserted into ovens connected to the ion sources of the
mass separators. Additionally, ®*Ho samples containing
a known amount of *Ho (either 10" or 10" atoms) were
prepared for measurements of the ionization- and trans-
mission-efficiency of RISIKO for Ho [14].

For separation using the GPS, the 1®*Ho was ionized by
the ISOLDE RILIS [21] using an ionization scheme specifi-
cally investigated for this experiment. A three-step RILIS
ionization scheme of (A, A,, A,) =[406 nm, 623 nm, 532 nm
(not resonant)] [22] was applied, resulting in an enhance-
ment factor of 55 compared to surface ionization alone.
Details of the optimization and adaptation of the RISIKO
mass separator regarding the laser ionization process, the
ion source lay-out and a final post-focalization stage will
be given elsewhere.

3 Results and discussion

3.1 Prepurification of the erbium target
and irradiation

According to the results of the ICP-OES analysis, the initial
46 mg of '’Er-enriched Er contained 0.83 ug of Eu, 82 ug of
Dy, and less than 11 ug of Ho, whereas contents of all other
elements analyzed for were below the limit of quantifica-
tion. Chemical purification of this portion of enriched %*Er
material by cation exchange chromatography resulted in
the 10 mL fractions given in Table 1. Fractions 6 to 13 were

Table 1: Results of ICP-OES measurement of relevant fractions of
162Er-enriched Er after chemical separation.

Fraction no. Elution-time Dy (ug) Ho (ug) Er (ug)
6 50-60 min - - 2105
7 60-70 min - - 3794
8 70-80 min - - 7252
9 80-90 min - - 8793
10 90-100 min - 2 9777
11 100-110 min 2 10,422
12 110-120 min 92 - 1397
13 120-130 min - - 2
Q.L.2 - 0.5 2 0.5

Fractions 6-11 were used for the neutron-irradiation at ILL Grenoble.
Q. L., Quantification limit. Values below the quantification limits
were obtained for Sc (0.5 pug), Co (10 ug), Eu (0.2 ug), Gd 2 ug),

Tb (2 ug), Ta (2 ug), Ir (3 ug).
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analyzed for all the chemical elements mentioned in the
footnote of Table 1; fractions 6 to 11 were used for the
erbium targets. The separation provided thus a total yield
of 92 %.

About 97 % of the Dy contained in the Er as obtained
from the supplier were removed by the purification pro-
cedure. Concerning the Ho content, no strict quantitative
statements are possible as the content is close to the quan-
tification limit; furthermore, the distribution follows that
of Er, which might reflect some interference of the at least
4000-fold higher Er concentration.

During irradiation of the Er with thermal neutrons
18Ky, decaying by EC with a half-life of 75 min to **Ho, is
formed by neutron capture of '?Er. The number of '*Ho
atoms N, produced within an irradiation of the duration
t can be calculated using eq. 1.

;\‘ _GlszE['q’"l }\’
163Er+0163Er.¢_ G162Er.¢+6'53H0‘¢ e +( '53H0+G'63H0‘¢_6'62Er‘¢).e

DE GRUYTER

since they are based on the “unperturbed” neutron flux.
Self-attenuation by the sample and its encapsulation will
reduce the effective (“perturbed”) flux. Initially the self-
attenuation in the target is dominated by the ’Er content
that is, however, reduced over time through burnup.
These results show that the amount of stable Ho formed
during the irradiation due to neutron capture on *“Er
exceeds the amount of Ho, which may have been present
after chemical separation due to incomplete Ho removal.

3.2 Isolation of holmium from the irradiated
targets

After the cooling period of four months, the activity of
the irradiated Er-targets was dominated by up to GBq

’()‘ 163, T O163 '¢)'tl

lesHO = N‘“Ero 'GlezEr ¢ 63,
[(}\’163}3[ + G‘“Er : q)_ GlezEr : q)) (}\'szI + G‘“Er : q)_ (7\'1631_10 + G‘“Ho ) ¢)) ..
_()L163 1o 0163 Ho'q))'tl :|
_(7\'163]3r +0163Er 'q)_clszEr q))e
(7\‘163H0 + G‘“Ho : q)_ G‘GZEr : ¢)i|
where NmE is the number of “’Er atoms at the start of amounts of the relatively long-lived side-products "°Tm

the irradiatiroon, ¢ the thermal neutron flux, 7‘1 the decay
constant of isotope i, ¢, the thermal neutron capture cross
section of isotope i, and t, the duration of the neutron
irradiation.

There are no reliable data available for the neutron
capture cross sections of '®Er and **Ho. Thus, values of
0 barn were used for initial estimates of the '*Ho content
after irradiation. This approach corresponds to neglecting
the double-neutron capture to **Er as well as the product
burn-up of **Ho. In an analogous way, the production of
®Ho from the neutron capture on *Er, the latter being
present with an isotopic abundance of (3.91+0.05) % in
the Er targets, can be estimated with results as given in
Table 2. Note that these values tend to be overestimated

Table 2: Calculated ***Ho and **Ho content (atom numbers) after
irradiation.

Nuclide 6.7 mg Er target 30 mg Er target
(atoms) (atoms)
163Ho (from '62Er) 4.4-101 2.5-101®
16540 (from *6“Er) 5.7-10% 2.8-10Y
165Ho (initially present)? 6.9-10% 3.1-10%
(1.9 ug) (8.5ug)

2Assuming no loss of Ho in chemical prepurification, cf. Section 3.1.

(T1/2:128.6 days) and "'Tm (Tl/2:1.92 a), which were pro-
duced from ¥Er [(17.6 £ 0.1) % isotopic abundance in the
target], "*®Er [(17.3 + 0.1) %] and "°Er [(7.29 £ 0.05) %]. Initial
y-ray spectrometric analysis of the irradiated ampoules
prior to further processing resulted in values of 3.6 MBq
7°Tm and 35.5 MBq "'Tm for the 6.7 mg target and 3.3 GBq
Tm and 2.5 GBq "'Tm for the 30 mg target at the end of
bombardment (EOB). These unwanted Tm byproducts as
well as the excess of remaining Er needed to be separated
from the produced Ho.

Short-lived, y-emitting radioisotopes of Ho and Er
were added to enable the monitoring of the Ho and Er
distribution by y-ray spectrometry during chemical sepa-
ration. Suitable tracers are °Ho (T1/2:26.80 h) and "Er
(T1/2=7-52 h), since they have suitable y lines and are
short-lived enough for their complete decay after the sep-
aration, before the further use of Ho [for Electromagnetic
Mass (EM) separation and implantation] and Er (for a new
neutron irradiation cycle). **Ho was used in n.c.a. quality
to avoid introduction of additional 'Ho and '**™Ho, as
would happen with neutron activated **Ho tracer. As
shown in Figure 1, the **Ho had been prepared from a
neutron irradiated "Dy target in two separation steps
and added to the solution of the irradiated targets prior to
the Ho isolation (cf. Figure 1). About 250 kBq of **Ho and
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Figure 2: Elution profile of the 30 mg Er-target separation,
performed by extraction chromatography at room temperature
applying a flow rate of ~0.5 mL/min of eluate.

The separation was monitored by tracing **Ho, Y*Er, and ¥°Tm with
y-ray spectrometry. No Er above detection limit was found in the last
Ho-containing fraction, and no Ho above detection limit in the first
Er-containing fraction.

400 kBq "Er were added to each of the irradiated targets
before the chemical separation.

Figure 2 shows the elution profile of the column chro-
matographic separation of the 30 mg Er-target, which
evidences successful separation of the three adjacent
lanthanides Ho, Er and Tm. The desired Ho was obtained
within 30 mL of the eluate (from 50 mL to 80 mL elution
volume). A Ho recovery yield of 95.4 % was achieved for
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the 30 mg Er-target. The last Ho fraction was directly fol-
lowed by the first Er fraction. No Er-activity was detected
in the Ho fraction and no Ho-activity in the Er-fractions.
A more detailed analysis (see Section 3.3) quantified the
remaining amount of Er (from all stable Er isotopes) in the
Ho fraction after its isolation from the irradiated target to
about one eighth of the produced **Ho, whereas *'7*'Tm
were present in amounts lower than our detection limit.
The decontamination factors achieved in the separation
were experimentally determined to 560+70 for Er and
>2.3-10° for Tm (based on the evaluation of "°Tm). Isola-
tion of Ho from the 6.7 mg Er-target was performed in the
same way, and a recovery of 99.4 % was achieved. In con-
trast to the separation of the 30 mg Er-target, no remain-
ing Er was found, not even via a more detailed analysis
(see Section 3.3) of the Ho sample.

3.3 Characterization of the isolated
holmium samples

The'®Ho does not emit any y radiation, in contrast to
the relevant irradiation byproducts, which have easily
detectable ylines of sufficient intensity. Analysis via y-ray
spectrometry is therefore an excellent method for obtain-
ing information about the presence of such y-ray emitting
byproducts in the produced '**Ho. In the ideal case of '*Ho
being the sole radionuclide in the sample, a completely
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Figure 3: Spectrum from y-ray spectrometry (real counting time 603 s) of the residue from the evaporation of the unified Ho-containing

fractions which were obtained by processing of the 30 mg Er target.
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flat y-ray spectrum without any peaks above background
would result. The obtained y-ray spectrum of Ho isolated
from the 30 mg Er target is shown in Figure 3.

All lines prominently visible in the spectrum origi-
nate from '**"Ho, which passed the chemical separation
procedure along with *Ho. Quantitative analysis revealed
activities of (16.0 £1.3) Bq '**™Ho (Ho from the 6.7 mg target)
and (7.0%0.4) kBq **"Ho (Ho from the 30 mg target). No
evidence for the presence of "Tm was found; from the
absence of counts above background at the energy of 84
keV (i.e., the position of the main peak of 7°Tm), an activ-
ity of *Tm of <7 kBq follows.

The contents of species in the mass range of 157-174 u
(i.e. including *Ho) were quantified with ICP-MS. The
content of Ho was calibrated for stable *Ho. The content
of "Ho in the whole Ho preparations was determined
to (4.53+0.07)-10"® atoms (Ho from 6.7 mg target) and
(6.29+0.78) - 10" atoms (Ho from 30 mg target).

In a next step, the isobar ratios were determined. The
results given as percentage in Table 3.

All nuclides, which are stable or have sufficiently long
half-lives to still be present in the Ho preparations at the
time of the ICP-MS measurement (performed ~980 days
after the chemical separation), are therefore given in the
second column of Table 3. The observed isobar ratios
show that in the mass region 157-174 u (lanthanides from
Gd to Lu) the mass 163 u is clearly the major constituent in
both samples. Since this method cannot resolve the very

Table 3: Results of the ICP-MS measurements of the examined
isobars, given as percentages of the samples.

Mass (u) Nuclide(s) Ho fraction of the Ho fraction of the

6.7 mg target (%) 30 mg target (%)
157 157Gd —a 0.051+0.39
158 158Gd, 158Dy —a -2
159 T - -
160 160Gd, 6°Dy 0.01+0.04 0.11+0.33
161 161Dy 0.03+£0.05 -2
162 162Dy, 162Fy 0.11+£0.06 2.17£0.86
163 3y, 13Ho 88.62+0.50 57.45+2.53
164 164Dy, 164F} 0.07+£0.06 1.06+0.68
165 165Ho 11.10+0.46 29.17+£0.91
166 166m, 165Ey 0.02+0.04 3.7240.56
167 167Ey - 0.31+£0.33
168 168y, 168Yh 0.01+£0.03 4.89+0.97
169 169Tm 0.01+0.02 =
170 170Fy, 170T, 170Yh —a 0.83+0.59
171 71T, 171Yh - 0.16+£0.20
172 172y —a 0.06+£0.29
173 173Yh 0.01+£0.02 0.02+0.29
174 174Yh, 174Hf 0.01+£0.03 -2

3Value below or equal to background.
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minor mass difference between isobars, only information
about the sum of all isobars of a certain mass number, but
no information on the contribution of isobars from differ-
ent elements is obtained.

The Ho-fraction isolated from the 6.7 mg Er target
contains almost exclusively species of mass 163 u (about
89 %) and mass 165 u (about 11 %). The latter mass is
entirely ascribed to '®Ho, as this is the only stable or long-
lived mass 165 u isobar. The signals from the neighboring
masses 162 u and 164 u accounting for less than 0.2 % of
the total mass might originate from Dy impurities or might
be due to a neighbor-mass effect of the huge mass 163 u
signal. An origin due to *Er and *Er from the target,
which might have remained in the Ho after the chemical
isolation, is ruled out, since *°Er and '*®Er were more abun-
dant in the Er target used, but are not present. The results
of all other examined masses are below the range of uncer-
tainty or equal to or below the background measurement.

In the Ho sample isolated from the 30 mg target, the
most abundant isobars are again at mass 163 u (**Dy and
18Hop) with about 57 %, followed by the one at 165 u with
nearly 30 %, which is '®Ho. Additionally, the masses 162 u,
164 u, 166 u, 168 u, and 170 u contribute between about 0.8
% and 5 % for each isobar (cf. Table 3). These are attributed
to the stable Er-isotopes from the irradiation target, which
have remained in the Ho fraction. To confirm this, the iso-
topic composition of the Er obtained from the post-irra-
diation chemical separation was determined in separate
ICP-MS measurements. The results agree well with those of
the isotopic composition of Er in the Ho fraction, cf. Table 4.

Er is missing, because it has been extensively
burned up during the long irradiation duration due to its
high thermal neutron capture cross section of ca. 650 barn
[23]. The relative content at 164 u with respect to the other
masses due to Er isotopes is higher in the Ho fraction than
in the separate analysis of the Er fraction. This is due to the
presence of some *“Dy, which was formed in the neutron

Table 4: Results of the ICP-MS measurements of the isobars that
contain a stable Er-isotope.

Mass (u) Nuclide(s) Ho fraction of the  Er fraction of the

30 mg target (%) 30 mg target (%)
162 162Dy, 162F¢ 17.1 17
164 164Dy, 164Er 8.4 4
166 166mHo, 166Er 29.4 31
167 167Er - 2
168 168Ey, 168Y] 38.6 39
170 170Ey, 170Tm, 17%Yh 6.5 7

The values are normalized to the sum of all these isobars equaling
100 %.
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capture of the product nuclide **Ho, as was confirmed in
the later stages of the analysis (cf. Table 7). For all other
analyzed masses, the findings do not exceed the levels of
the background measurement or are lower than the range
of uncertainty of the measurements.

Combination of the quantitative results for '®Ho and
the isobaric ratios given in Table 3 lead to the absolute
atom numbers of the contribution on mass 163 u (**Dy and
16Ho). These were determined to (3.62+0.16) - 10'® atoms
on mass 163 u (Ho fraction from the 6.7 mg target) and
(1.24£0.17) - 10" atoms of mass 163 u (Ho fraction from the
30 mg target).

The ICP-MS technique does not allow to differentiate
between the desired product nuclide '®Ho and impuri-
ties of **Dy. To this end, RIMS was additionally applied,
which combines elemental-specific ionization induced by
resonant multi-step laser excitation with magnetic mass
separation. It is thus an excellent method to obtain precise
isotope ratios of a given chemical element. For these meas-
urements, which were carried out at the RISIKO mass sepa-
rator, avoiding (or at least minimizing) surface ionization
on hot parts of the ion source, was key, as this kind of ioni-
zation is not element specific among the rare earth metals.
This condition was ensured by keeping the ion source
temperature low enough to prevent significant contribu-
tions from surface ionization, but high enough to facilitate
thermal decomposition of the lanthanide nitrate (hydrate)
to the lanthanide oxide, followed by reduction of the lan-
thanide oxide to the metal, and finally sublimation of at
least parts of the solid lanthanide metal under the high
vacuum conditions. This yielded a stable ion beam formed
almost exclusively by resonant laser ionization. A sputtered
Y layer served as an agent for the reduction of the lantha-
nide oxide at the comparatively low temperatures. Infor-
mation on the contribution from surface ionization was
obtained by monitoring the 165 u mass signal. As there is
no stable Dy-isotope on this isobar, but sufficient amounts
of Ho (see Table 3) for unspecific surface ionization in
both samples, the appearance (and magnitude) of a 165 u
signal in the mass scan would be precisely indicating any

Table 5: Isotopic distribution (in %) of the Dy content in the Ho
samples obtained via RIMS.

Dy-isotope Natural  Ho fraction ofthe  Ho fraction of the

abundance 6.7 mgtarget (%) 30 mg target (%)
160Dy 2.329 1.6+0.1 0.5+0.2
161Dy 18.889 13.5+0.6 4.2+0.8
162Dy 25.475 29.9+0.5 8.0+0.8
163Dy 24.896 29.9+0.3 14.1+0.6
164Dy 28.260 25.1+0.9 73.5+2.2

H. Dorrer et al., Pure *Ho for the ECHo-project = 543

contribution from surface ionization. However, this was
found to be of negligible influence on the results of the Dy
isotopic distribution in both Ho samples.

These numbers show different distributions of the
stable Dy isotopes in both analyzed aliquots, which also
significantly differ from the abundances in natural Dy
(cf. Table 5). While perhaps surprising at first glance, this
can be understood by considering the different history of
these Dy-isotopes.

First, some Dy of unknown isotopic distribution
remained in the Er targets after the prepurification (see
Section 3.1) and might have ended up in the Ho fraction.
Since the material underwent isotopic enrichment (aimed
at 1%Er), the isotopic composition also of the Dy impurities
might differ from the natural abundance. Secondly, during
the irradiation the isotopic ratios were changed as isotopes
having a comparatively high neutron capture cross section
like **Dy (2650 b) and *Dy (600 b) were burned up to a
larger extent than others with lower cross sections. The
content of the latter ones might rather have increased due
to formation through neutron capture of the neighboring
lighter isotope. At all steps of handling described above
there always was the possibility of having introduced
some impurities of Dy of natural isotopic composition. If
this had happened before irradiation the isotopic distribu-
tion was changed, otherwise not. For verification of the
absence of any input of Dy through the materials applied
for the RIMS measurement (i.e. the Zr foil and the sput-
tered metallic Y) background measurements with blanks
of these materials were performed. Obtaining stable beams
of Dy-ions with enough intensity for measurement was
impossible from these samples. Therefore, the Zr foil and
the sputtered Y layer can be excluded as further significant
source of Dy in the RIMS measurement. Additionally, Dy
was continuously produced from the decay of '®*Ho (about
0.04 % of the initially obtained *Ho were thus converted
into Dy during the 980 days period) and '**Dy had been
formed during the irradiation from the product burn up of
'“Ho through neutron capture to '*“Ho (T, ,=29 min, 40 %
B~ decay, 60 % EC decay) and the following EC decay.

Based on these facts, the isotope content of Dy in the
Ho fraction isolated from the 6.7 mg Er target can be sup-
posed to be mainly due to an impurity, which was already
present in the Er target. The initial Dy isotopic distribution
underwent some changes during irradiation. Addition of
18Dy and **Dy occurred through the above described pro-
cesses of the decay and burn up of product nuclide *Ho.
In contrast to this, Dy in the Ho fraction isolated from
the 30 mg Er target was predominantly consisting of the
isotope Dy and only to a much lower extent of *Dy,
whereas the other Dy isotopes were only present in minor
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shares. Therefore, Dy was mostly originating from burn up
of '®Ho and at much lower level from decay of already pro-
duced ®*Ho. Impurities of Dy in the target or introduced
during the processing procedure played only a marginal
role as Dy sources in this sample.

Thanks to the RIMS results, the Dy isotope ratios were
now known, though not yet their absolute amounts. This,
however, is needed for the 163 u isobar differentiation
between ®*Ho and **Dy. To get information on the abso-
lute atom numbers of all examined Dy isotopes, it was
sufficient to determine this for one Dy isotope. The values
of the other isotopes can be calculated from the obtained
isotope ratios. Neutron activation analysis (NAA) offers
the possibility to easily specify the absolute atom number
of *Dy. This nuclide undergoes thermal neutron capture
with high cross section to Dy (T1/2:2.33 h), which can
then be measured by y-ray spectrometry. Additionally it
gives also results for other potentially existent elements if
they are accessible by this analytical method.

For correct quantification of the particular isotopes
knowledge of the thermal neutron flux during the acti-
vation is indispensable. Therefore standard samples of
known amounts of gold were co-irradiated and afterwards
analyzed by y-ray spectrometry. Neutron flux values of
(8.48+0.17) - 10" cm™?- s at the bottom and (8.59 + 0.15) - 10"
cm?-s™ at the top of the stacked samples were evaluated.
The thermal neutron flux which the samples were exposed
tois assumed to be the average, as the samples were located
between the irradiation positions of the gold standards,
i.e. (8.54+0.11) - 10" cm™-s™.. This value has been used for
further evaluation of the NAA results.

The y-ray spectra of irradiated aliquots of the Ho
samples showed the activation products *Na, *Dy, **Ho,
’Ho, and "'Er (besides **"Ho, which was present already
in the original samples). From these, the contents of stable
(or long lived) impurities of #Na, *“Dy, 'Ho, '**"Ho, and
FEr as given in Table 6 were evaluated.

The results show a rather large amount of stable sodium
to be present in the samples. This is probably a contamina-
tion from the glass container, in which the solution has

Table 6: Number of atoms of detected nuclides in the whole
samples as resulted from the NAA.

Nuclide Ho fraction of the Ho fraction of the
6.7 mg target (atoms) 30 mg target (atoms)

2Na (1.1+0.1)-10® (3.5+0.2)-10%®

164Dy (2.5+£0.2)-10 (6.3£0.3)-10%

165Ho (5.3+0.2)-10%® (7.7+0.3)- 107

166mH o (1.4+0.3)-102 (3.5+0.2)-10%

170y - (1.5+0.3)-10%

DE GRUYTER

been stored since its production. It will, however, be quanti-
tatively eliminated in the subsequent mass separation step
and is hence of no concern. The content of /Dy is more than
a factor of 100 smaller than the ®*Ho content or the sum of
the 163 u isobar. The *Ho contents determined via NAA
are about 15 % (Ho from 6.7 mg Er target) and about 25 %
(Ho from 30 mg Er target) higher than those determined via
ICP-MS. This could be due to an epithermal neutron com-
ponent present in the neutron spectrum used in the NAA
leading to more efficient activation of **Ho compared to that
of 7Au, due to differences in epithermal to thermal activa-
tion cross section ratios for the two reactions. The neutron
capture cross section value of ®Ho and 7Au used for the
calculations are for a purely thermal neutron spectrum. Due
to the high thermal neutron capture cross section of **"Ho
of 3100 barn and therefore the high sensitivity of NAA, the
long-lived radionuclide **"Ho, contained in comparatively
small amounts, was also found via the detection of ’Ho in
both of the aliquots. The contents of **"Ho as determined
via NAA are in good agreement with those obtained via y-ray
spectrometry (see above at the beginning of this section).
Remains of the Er target due to incomplete separation
which are visible via the activation of "Er in NAA, were only
located in the Ho fraction from the 30 mg target, whereas no
evidence of Er was measured in Ho from the 6.7 mg Er target.
Further, no hints for the presence of stable or long-lived Tm
isotopes in either sample were seen.

In addition to the mentioned nuclides *Na, Dy,
1Ho, *’Ho, and "'Er, activities of (46.8+6.3) kBq *“"Ho
(T, =37 min) and (390+15) kBq ***¢Ho (T, =29 min) were
formed during the neutron activation in the aliquot of Ho
from the 6.7 mg Er target as well as (17.0 +2.4) kBq '*"Ho
and (138.3%5.2) kBq '*“¢Ho in the aliquot of Ho from the
30 mg Er target. The production of both isomers of *“Ho
can be described by eq. (2)-(4):

( ’}‘mumHo'tl )
Ale«mHD = NmzHO : szHO‘)lsAmHo ! ¢ \1-e (2)
AIB%HO(direct activation) =
( ‘7‘1eugH0'tl )
N 193Ho ’ 61531{04)161@}[0 ’ q) 1 —€ (3)
A g, (indirect activation) =N PEL
’xmam 4 ’xle«g 4
7\'1614g e - 7\’164m ) N
Ho Ho
o1+ X o (4)
Tomyy - 16ty
where N is the number of '®Ho atoms, ¢ the thermal

1630

neutron flux, A, the decay constant of isotope i, and t,
the duration of the neutron activation. ¢ is the

1631 164mpyo
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thermal neutron capture cross section of *Ho to *“"Ho,
and o, g, the thermal neutron capture cross section
of '®*Ho to **¢Ho.

Equation (2) gives the activity of **"Ho at the end of
bombardment (EOB), which has been formed by neutron
capture of *Ho with thermal neutron capture cross
section O i - Analogous to this, eq. (3) leads to the
activity of ***sHo at EOB, which has been directly produced
from ®*Ho with the thermal neutron capture cross section

ooy, - 11 €G- (4) 'sHo has been formed as the meta-
stable state isomer *“"Ho (with thermal neutron capture
cross section Gmmo_ﬂ“"‘ao)’ but already decayed to **¢Ho
during the neutron activation. The total activity of *¢Ho
at EOB is thus the sum of eq. (3) and (4). Equations (2)—(4)
do neither consider the target burn-up of ‘*Ho during the
neutron irradiation, which is insignificant (less than 1 %
deviation up to O, . +OC. . =0, >310°D
under the applied irradiation conditions), nor the negligi-
ble decay of '*Ho in the time frame of activation, cooling,
and measurement due to the comparatively very long half-
life. Also, neutron capture of **™*¢Ho, which is insignifi-
cant under these conditions, is neglected.

Since thermal neutron capture cross sections of
'“Ho to both states in **Ho, o, ., and o, .
are unknown, but the activities of **"Ho and !**sHo
were experimentally determined in our experiments,
it is possible to obtain the values for S and
O s Inserting of the data and solving these
equations lead to SI— =(22.6+3.2)b and
ooy, = (195:0£10.0) b for **Ho from the 6.7 mg

Er target as well as o© HHMHD=(24.2i4.8)b and

164m,

164gH° M

163,

ooy, = (160.1£24.6) b for **Ho from the 30 mg Er

target. From these values the thermal neutron capture cross
section of Ho was evaluated to S =(23%£3)b
and G, .. =(156+9) b for the formation of the two
isomers of *“Ho.

Applying the values of S 23b and
O iy oy, = 196 b as cross sections for the product
burn-up in eq. (1), the irradiation yield for '*Ho that was
estimated in Section 3.1 (cf. Table 2) reduces from 4.4 - 10
atoms **Ho to 4.2-10% atoms '®Ho for the 6.7 mg Er-target
and from 2.4 - 10*® atoms **Ho to 1.4 - 10'® atoms ®*Ho for the
30 mg Er target. These data are closer to the experimentally
obtained yields of (3.64+0.16) - 10" atoms ®*Ho (6.7 mg Er
target) and (1.30+0.18) - 10" atoms '®*Ho (30 mg Er target).
The residual discrepancies are easily accounted for by the
difference of perturbed and unperturbed neutron flux.

Combining the data obtained from the different ana-
lytical methods allows for a comprehensive characteriza-
tion of both Ho-samples. These final results are given in
Table 7.
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Table 7: Number of atoms in the total Ho samples obtained from the
combination of the results from all analytical techniques.

Nuclide (atoms) Share* (%) Analytical technique(s)
Ho fraction of the 6.7 mg target

ZNa (1.1£0.1)-10% - NAA

160Dy (1.6£0.2)-10*2 0.004 RIMS, NAA

161Dy (1.3£0.2)-10* 0.032 RIMS, NAA

162Dy (3.0+0.3)-10% 0.074  RIMS, NAA

163Dy (3.0£0.3)-10% 0.074  RIMS, NAA

164Dy (2.5+0.2)-10% 0.062 NAA

163Ho (3.6+0.2)-10%¢ 89.000 ICP-MS, RIMS, NAA

165Ho (4.5+£0.1)-10% 11.000 ICP-MS

166mHo (8.7£0.7)- 10" 0.002  y-ray spectrometry
Ho fraction of the 30 mg target

ZNa (3.5£0.2)- 10 -  NAA

160Dy (4.3£1.8)-10* 0.002 RIMS, NAA

161Dy (3.6+0.8)-10% 0.018 RIMS, NAA

162Dy (6.9+0.8)-10% 0.034  RIMS, NAA

163Dy (1.2+0.1)- 10" 0.059 RIMS, NAA

164Dy (6.3+0.3)-10%" 0.310 NAA

163Ho (1.2£0.2)-10% 59.000 ICP-MS, RIMS, NAA

165Ho (6.3£0.8)- 10" 31.000 ICP-MS

166mHo (3.8£0.3)-10* 0.019  y-ray spectrometry

162Er (3.4%0.7)-10% 1.700 NAA, ICP-MS

164Ey (8.7+1.7)-10% 0.430 NAA, ICP-MS

166Ey (6.2+1.2)-10% 3.000 NAA, ICP-MS

167Er (4.2£0.8)-10% 0.210  NAA, ICP-MS

168E (7.5£1.5)-10% 3.700 NAA, ICP-MS

170E (1.5+0.3)-10%¢ 0.740 NAA

2Normalized to the total content in the mass region around A=163,
i.e. without considering 2>Na, which is easily quantitatively removed
in the mass separation step.

The desired product nuclide !*Ho is the main compo-
nent in both samples, with the exception of large amounts
of stable sodium. The isobaric Dy-isotope Dy contrib-
utes a share of only (0.08 £0.01) % (Ho from the 6.7 mg Er
target) and (0.10 £ 0.02) % (Ho from the 30 mg Er target) to
the 163 u isobar and is thus insignificant in both samples.

3.4 Magnetic isotope separation for
isolation of *Ho from chemically
purified Ho fractions

As follows from Table 7, the atom ratios of '*™Ho:'®*Ho varies
for individual samples, and reaches a value of <4 - 10*in the
sample with the higher concentration. To comply with the
requirements of maximum concentrations of 5-107® in the
current phase and 5-107 in the next phase of the ECHo
project (cf. Section 8.4 in [1]), further suppression by an
additional factor of at least 310~ is thus necessary. This
was achieved by applying magnetic isotope separation at

Brought to you by | Lib4RI Eawag-Empa
Authenticated
Download Date | 2/17/20 2:22 PM



546 —— H.Dorrer etal., Pure *3Ho for the ECHo-project

RISIKO and at the GPS/CERN-ISOLDE. Using the prepared
samples of stable Ho, the ionization- and transmission-effi-
ciency of the resonant laser ionization at the RISIKO mass
separator has been determined to be (32+5) % for Ho [14].
First implantations of '®Ho into ECHo MMC detectors have
been performed at RISIKO [1].

By utilizing a sample of 1.2-10"“ atoms **Ho a sepa-
ration run was performed at the GPS of ISOLDE, which
resulted in implantation of about 4 - 10'° atoms ®Ho into
each of the 32 MMC pixels of one detector chip. It has been
used for test measurements, obtained results are pub-
lished in [3].

4 Conclusion

The strategy for the production of radiochemically pure
1©Ho samples has been described. This involves target pre-
purification, neutron irradiation, as well as post irradia-
tion target processing. Samples of >10' atoms of '*Ho have
been isolated, sufficient for the current stages of the ECHo
project. By performing a similar production sequence, but
starting with moderately larger samples of more highly
enriched *Er, samples on the order of 10¥ atoms can be
obtained, as needed for the next phase of the ECHo project.
The Ho samples obtained by chemical separation were
characterized by various analytical methods, i.e. ICP-MS,
RIMS, and NAA, which verified the suitability of the final
samples for their use within the current and future stages
of the ECHo-project. The only radioactive impurity that
was identified in the chemically isolated Ho samples was
leemHo, present at levels of <4 -10* with respect to *Ho
(cf. Table 7). For its further suppression, magnetic mass
separation is applied, providing an additional separation
factor on the order of 10, leading to samples of the purity
as required for the ECHo project [1, 14]. This last separa-
tion step also serves for the ion-implantation of '**Ho into
the ECHo MMCs used for the neutrino mass determination
within the ECHo-project.
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