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Abstract. GeMPI, a highly sensitive germanium gamma spectrometeratadl at the Gran Sasso
underground laboratory is described. Its complete crysgsem and shield was made from highly
selected low activity materials. Radon suppression, alsagisample insertion is achieved by an air-
lock system combined with an airtight steel casing atailne shield, which is pressurised with
nitrogen gas. The achieved background level in combinatiorawiihge sample capacity of up to 15 |
around the 2.2 kg Ge-crystal allows measuring concentratibttsee gamma active chain members
down to 10" g/g of U/Th equivalent (12.8Bg/kg ***U, 4.06 uBg/kg ***Th) and 10 g/g of K (31
uBa/kg “°K). This is demonstrated with some key measurementsielling materials as Cu and Pb.
Cosmogenic production rates for 8 radioisotopes have beemmietd in exposed Cu as to range
from 50 uBg/kg for *°Sc to 2.1 mBg/kg fof°Co. A possible further background reduction in Ge-
spectrometry by operating naked crystals in liquid nitnagediscussed.

1. Introduction

A Ge-spectrometer (called GeMPI) designed for measursna¢theuBqg/kg level sensitivity
level is operated at the underground laboratory LNGS (tzabo Nazionali del Gran Sasso)
near L'Aquila/ltaly since 1997. First preliminary resuled background and sample
measurements have been published in [1]. Primarily the spaster is used for material
screening (radio-purity) measurements in connection wieh ghlar neutrino experiment
BOREXINO [2,3] and more recently for the double beta gaeogeriment GERDA [4]. Its
high sensitivity makes the spectrometer also very stgted for environmental studies, as
e.g. in measurements of activation products from accideetdron exposures [5]. Special
attention in the construction of the spectrometer wasetéelto achieve low background rates
at the lines of the primordial decay chaffy and®**Th and of*°K, the most prominent
contaminants.

The BOREXINO experiment [2, 3] aims to measure lowgyneaolar neutrinos in real time
by elastic neutrino-electron scattering. The monogater neutrinos fromBe at 862 keV are
of most interest. The experiment, located also in BN@Il use 300 t of liquid scintillator to
detect the scattered electrons. Since they are pracimdistinguishable from other ionising
events produced by natural radioactivity at the same enersdsemely high radio-purity
standards must be met to detect the very low ratefeidens of events per day in the 100 t
fiducial volume. For example, the central liquid sdiator needs to contain less than about
10 nBg/kg of the U/Th decay-chain activities and about 0@kuBof*°K. The radio-purity
requirements of the neighbouring construction materiedsralaxed by 3 to 6 orders of
magnitude, depending on their location within the detectiois dorresponds to the sensitivity
range of the spectrometer under discussion and also paftlpther low-level Ge-
spectrometers [3]. Since the tolerable contaminativel lat these locations is defined y
activity, Ge-spectroscopy is the ideal screening tool. dsecof the natural decay chains
interest is focused on the most gamma active progéHieb? ‘Bi (***U-chain) and“*®Ac,
212ppP12B;, 2°%T| (#*2Th-chain). The high resolution spectroscopy with itscspéinformation
gives Ge-spectroscopy an almost visualising ability andhus superior to other screening
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methods which measure only atomic concentrations asire.igass spectrometry, atomic
adsorption, x-ray excitation or neutron activatiomn€erning the U/Th decay chains, these
techniques are only applicable to the parent nuclides, whehaaely in equilibrium with
their gamma active progenies in chemically processedrootisn materials. Moreover Ge-
spectroscopy is able, within certain limits, to obsetegiations from secular equilibrium in
the U/Th series. This is important, e.g. in the afsde®?*Raf**Th sub-chain, where the time
for noticeable changes in activity ratios can occur witihie lifetime of an experiment. In
addition the measurement can mostly be performed mnadastructive way without labour
intensive sample pre-treatment.

The "°Ge double beta decay experiment GERDA [4] will use alnimse Ge-crystals
immersed in liquid nitrogen or liquid argon. Germanium iSolad in thepp active 76 and
thus the source and the detector are the same device. glfthe faidio-pure cryogenic liquid
serves as the innermost shield against external radetias coolant (first proposed in [6]).
Compared to conventional detector mountings with séwdaalding layers, which carry
surface and bulk contamination, very little materialegded to hold and contact the crystals.
Together with other suppression methods a background redwdtiovo to three orders of
magnitude seems possible in comparison to the presently sensitive’®Ge double beta
decay experiment Heidelberg-Moscow (HDM) [7]. Howevererewith material savings by
almost four orders of magnitude in mass, radio-purity inig/kg range will be required to
reach the envisioned background. Consequently, material sggeanileast at the GeMPI
level will be needed.

2. The low-level Ge-spectrometer GeM PI
2.1 Design criteria

Experience collected with earlier Ge-spectrometer syst8] and with the detectors of the
HDM experiment [7] resulted in the following design anaefor the construction of GeMPI:

A — Ge-crystal

minimize cosmic ray exposure by fast processing aftare zeefining and by surface
transportation and by shielding under several meter ofr\egtévalent whenever feasible.
crystal size optimised for high counting efficiency imihelli type geometry

B — Cryostat system next to the crystal

made only from screened materials with a radio-purigllbelow the mBg/kg level,

where possible use of NOSV grade coppstiored underground (minimum 15 m w.e.) shortly
after electrolysis and between machining steps

electron beam welding, no soldering, crimping of contawetal sealing for joints

electro-polishing of metals respectively acid cleaningligbarts under clean room conditions

assembly of detector under clean room conditions

! copper of 99.9975 % purity, produced by Norddeutsche Affinesimbtirg, Germany
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C — Shield

large sample volume around detector for high sensitofigpecific activity

innermost layer copper (same as above), acid cleaned etaerwith 6 Bg/kg”**Pb (acid
cleaned) and subsequent Pb layers with incred51Rg-concentration

fully airtight steel box around shield, pressurised witlogien gas for protection against Rn

air lock system for sample insertion to keep Rn and pdaitie contamination out

storage space in box to allow the decay of plated oyprBgeny of Rn itself (dissolved or
adsorbed) before the sample is placed into the megsuosition

insertion possibility for calibration sources

2.2 The cryostat system

The concept of the cryostat system was elaboratedose collaboration with Canberra
Semiconductors N.V., Olen, Belgium. FIG. 1 depicts assection of the found solution.

. screw I—[— | spider
cooling finger 2

Cu braid FET

source pipe

FIG. 1 Cross-section of the cryostat of GeMPI.

In the U-type mounting the isolating vacuum is commornhe dewar (left to FIG. 1, not
shown) and the cryostat. Normally it is maintained mlatular sieve as pumping adsorbent
embedded in aluminised Mylar foil next to the cool innadlwf the dewar. In our case the
Ra-rich molecular sieve was replaced by IBAfiRa charcoal made of coconut shells. The
reason for this precaution is, that in temperature sythe crystal and its holder stays longer
cool during the warming up phase than the rest of the systethaf?’Rn emanated from the
warmed up adsorbent might freeze out onto the cool padshais concentrates the final
decay product'®b close to or on the crystal.

On the left side of Fig.1 the crystal is mounted inirssulation can made from VESPEL
surrounded by a holder made from Cu. Also the part whicls tixe holder to the warm part
of the cryostat, normally called spider, as welklzes insulation around the signal contact is
made from VESPEL The Field Effect Transistor (FET) part of the elesico(provided by
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Canberra) is mounted on a thin Cu plate (connected tootblefinger) underneath a piece of
low activity lead (< 0.2 mBq/kg*°Plf). The lead shields the residual activity of the FET uni
against the crystal, although the FET, the hardpapepladseand all other parts of this unit
have been checked in larger quantities to assure theradlity being below 10 mBg/kg.
Only here a special solder made from low activity lead wsed in combination with a
special selected flux liquid - much lower in potassiutmthize normally used colophon,
whereas all other wire-connections are crimped witlsi@aves. The screws indicated on the
right side are made out of steel originating from atP#&rld War battle ship. A later
measurement with the higher sensitivity of GeMPI ldised &?°Ra and?®*Th contamination
of 150uBqg/kg and 46QuBqg/kg of that steel in contrast to upper limit findings pr@GeMPI
construction (see also section 3.3). The Cu cover aamdrthe holder is sealed to the bottom
part by a lead O-ring made from the same low activitgt Emabove.

All parts of the cryostat (shown in FIG. 1) have beethned at the workshop of the MPI-K
under great care to avoid cross contamination. Eletigam welding was applied to form the
lower left part of the cryostat from single piecesl 4o connect it to the tube around the
cooling finger. This tube, the cooling finger as well as alept@u parts, around the crystal
(except the brafticonnecting the cooling finger and the holder) have beenic&ed from a
special order of NOSV grade copper (99.9975 % purity, from Norddeeit Affinerie;
Hamburg, Germany). Within a few days after the electi®lylsis copper was processed
(melted, cast and warm formed) and placed underground, rirat former ice cave of a
brewery at Heidelberg and later in the low-level labmmaof the MPI-K. The latter is
covered by about 15 m w.e. concrete and rock soil whiestimated to reduce cosmogenic
activation via spallation reactions by roughly a factorA8o during the machining phase the
Cu was placed underground during longer breaks.

The hot forming by forging or rolling converts the coarsgstalline structure of the cast Cu
in a much finer, less porous structure with a density ofouB.92 g/cm (about 8.7 g/cth
before). Thus the material becomes better suiteddbicate mechanical machining, for high
vacuum applications and also for acid cleaning. Acid tharemto pores of the cast material
is difficult to remove. If in addition the acid solomi is not radio-pure, as e.g. in electro-
polishing solutions, contamination may result from residaesining in the pores.

The finished parts of the cryostat have been cleaned/daionised HKO/alcohol) at the
MPI-K in a clean room hood (class 100) and the componeots &opper were electro-
polished with subsequent ultrasonic cleaning, passivation #ah coom packing at a
company. The assembly of the cryostat was performed at Cemli@en under clean room
conditions. The p-type high purity germanium crystal pravitly Canberra was shipped
before from the United States to Belgium via boatomder to minimise cosmogenic
activation. Only after the conversion to a diode (2.2dgyea volume, @ 77.5 mm x 88.5 mm,
relative efficiency 102 %) and successful testing tast cryostat at Olen, the direct cladding
parts, insulation can and holder, were machined at Heidetbematch the size. During the
production phase of the low-level cryostat the crysta$ placed underground in HADES
close to Olen. Immediately after the transfer of ttrgstal into its final cryostat system and
the positive performance test, the detector was trarezspado the low-level laboratory at
Heidelberg.

Here first background tests were performed in a provissimald made of 15 cm lead and
one large cosmic veto detector (multiwire proportiarfe@mber) placed on top. The measured
background spectrum is shown below (section.3.1) in cosguarvith the starting

background obtained at the much deeper Gran Sasso labo@dbbyation measurements of

2 analysed by M. Wojcik, Institute of Physics, Jagelloniaivetsity, Cracow, Poland

% small piece taken from a large roll screened to bie+ure

* GCE-Druva, Eppelheim, Germany

® Underground Research Facility (URF) operated by SEK/Gluclear Research centre at Mol, Belgium
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the spectrometer have been carried out with variouscses under different geometry and the
detector was scanned horizontally and axially with calted sources to create a data base for
Monte Carlo simulations [9, 10] based on the code GEANT (CERN Program Library).

2.3 The shield and radon protection system

In FIG. 2 different views of the GeMPI spectrometer sttewn. The shield consists (from

inside) of 5 cm NOSV Cu, 5 cm of Pb with 6 Bg&gPH, 10 cm Pb with about 20 Bg/kg

2% and 5 cm Pb with about 130 Bg/kfPh. The shield rests on a 5 cm thick slap of
borated (10 % by weight) polyethylene, to keep the optiorcdmpleting a neutron shield by

later addition of plates on the other sides.

. sample

i | storage/handling
: : compar tment
: : glove openings (

movable
table

source
insertion |C
system

FIG. 2: Cross-sections and outside views of the GEMPI spectrometer (see text)

The top shield layers of Cu and Pb, with the same sequeamne vertically split into two
asymmetric halves which can be moved sideways by thef aldle bearings along the frame,
indicated in the middle picture, so that the full sampleamber (effective space -
250x250x238 mrhminus @ 94 x 106 mm detector space) is accessible fromeabo

A vacuum tight steel casing encloses the shield as paheofadon protection system. The
other part is the (trapezoidal) sample storage/handlingpagtment mounted on top with the
air lock box connected to it. This box has two doors. 3esmp be measured are first placed
inside the air lock box with the inner door still closE@xt the volume between the two doors
is flushed with nitrogen gas, then the inner door is openethéyaid of gloves (round
openings) from inside the sample storage/handling compattamd the sample is placed on a
movable table. There is also such a table in the el box which can be moved through the
opened inner door into the glove box compartment to fearseavy loads. Here a small
pulley can lift the sample to place it either on theer table or to lower it into the sample
chamber.

Normally the sample rests in the low Rn nitrogen gathefglove box until the plated out
222Rn and®®Rn progenies or attached/dissol?8%Rn have decayed, before the two top Cu/Pb
lids are slid aside and the sample is replaced againsortimer one. Experience teaches us
that this is important to assure the peak count raté§mi#*‘Bi respectively of*PbFo°T]

® PLOMBUM, Cracow, Poland
" measured by W. Kolb, PTB Braunschweig, Germany (1987)



with their highy-abundance being interpreted %&Ra respectively’?*Th concentrations.
Moreover, the precious counting time is thus more affelst used.

The whole Rn protection system is continuously flushesligiit over-pressure with nitrogen
gas from standard 50 | gas cylinders. It is directed ires#imple chamber below the detector
through a thin Teflon tube, so that the outward diredma prevents Rn from diffusing in.
The system with all its joints is sealed by the ai@eafing material made from polyurethane,
which was tested to have a low permeability for Rn [11jvalt as a low Rn emanation rate
[12]. For the gloves butyl rubber was chosen for timesgeasons. However, due to their large
area and small thickness additional measures had bdemmtma keep Rn permeation into the
sample area low. When not in use the gloves aredobbek into their fixing tube and both
ends of that tube are closed by lids with O-ring seallagalve mounted on the outer lid
avoids overpressure built up during the closing proceduretwadids strongly reduce the
direct airborne Rn transfer by permeation through tleveglmaterial, but also help to
minimise the accumulation of Rn between the glawe the inner lid, which at the moment of
the next opening is released into the interigahinosphere.

There are two possibilities to insert calibration sesr The main one uses a 1 mm diameter
encapsulated®Eu source welded to a flexible wire, with which it can behea through a
thin Teflon tube near to the detector bottom. A motoradrispinning wheel outside the shield
carries the source between the calibration positi@ehth@ outside-shielded position. For Rn
protection the end of the Teflon tube is closed and thedb the spinning machine can be
flushed with N. The other (Fig.2 - source insertion system) uses diocation of a strong
well type magnet and a thin counter rod magnet fixedftexible wire carrying a°Fe/**Ba
source. They are separated by a Cu/Teflon tube, whiclsfamextension of the cryostat tube
(Fig.1 - source pipe). The Teflon tube guides the souragyalee cool finger through the
signal contact into the well of the crystal. Here #imost wall-less p-contact surface allows
extending the calibration energy range into the Xreygme. Unfortunately the latter method
turned out to be unpractical since the stiffness of thile ¢ube turned out to be much higher
at low temperature than at room temperature during theftination test before the cryostat
assembly was completed. The risk that the source gatkdal in the bend part of the tube
under the crystal holder does not allow pushing it acrospoiis.

3 Measurements
3.1 Background measurements

After a few months of testing at the low-level laliorg at Heidelberg, the shield was
disassembled and GeMP!I (FIG. 2) was installed [10] amtiiebbhckground counting facily
of the Gran Sasso underground laboratory LNGS. At tluasien all parts have been cleaned
once more. Already at Heidelberg the heavy Cu platéseoihner chamber have been washed
with diluted nitric acid, rinsed with distilled water andcked for shipping. The lead bricks
were cleaned directly before installation, thosetfa inner layers with a mixture of acetic
acid/HO, and deionized water, the outer ones with alcohol. rClesom clothing was
obligatory during the set-up phase of GeMPI.

The about 3800 m w. e. rock shielding above the laboratmlyces the muons flux by 6
orders of magnitude compared to sea level, so that theiccentribution to the background
should be negligible compared to Heidelberg, where onlytabdactor of 3 is effective by
the 15 m w. e. overburden. The integral background ratemasdiately lower by more than
two orders of magnitude compared to Heidelberg and continudestgased with time due to
the decay of cosmogenic radionuclides, maiiGo, *Co in Cu and Ge>*Zn in Ge. After

8 C. Arpesella is thanked for help and for hosting GeMPhatfacility under her responsibility during the
installation phase
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about 2 years it slowly leveled off to about 0.04 cpm @@&Y30 keV), roughly 2 to 3 times
lower than at start. This factor would have been muwlyelr without all the shielding
measures before the cryostat assembly and the preooititiat Heidelberg. In FIG. 3
spectra are compared which have been measured at Heidellstriglded and with the
provisional shielded of about 15 cm Pb and one veto detecttop and at Gran Sasso with
the full shield. The latter background spectrum represenysa rather weak statistic of about
60 d counting time, collected between sample measurerdantyy the first 1.5 years of
operation at LNGS. A reduction of about 5 orders of magnitadepared to the unshielded
mode at Heidelberg seems to be almost independent ogyenaéreast up to the Compton
edge of the 2.615 MeV°®TI line. The shielded measurements at Heidelberg and at Gr
Sasso differ by more than two orders of magnitude. Atshshielded measurement at Gran
Sasso yielded a comparable continuous level as at Heigelaly lower by factors 2 to 5
depending on energy. This is mainly due to a lower corat@n of primordial radionuclides
at LNGS and less to the difference in muon flux. Thatmoution of muons to the total
unshielded count rate of 8100 cpm (100-2690 KeV) at Heidelbergow iékb.
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FIG. 3 Background spectra of GeMPI at Heidelberg and Gran Sasso (left) and in comparison
with other detectors from CELLAR® laboratories (right), taken from [ 13]

On the right part of FIG. 3 the GeMPI background (lowsstctrum, this time with 101 d
statistic, collected after about 3 years at LNGS) asngared with the background of
(shielded) low level detectors from other European undergrounoraories [13] co-

operating in CELLAR.

The overburden of this laboratories varies from alnzesb (ARC-S and upper spectrum),
110 m w. e. (VKTA-R), 500 m w. e.(JRC-IRMM) to 3800 m w.(ENGS). In [13] it is
recognized that the normalized integral counting ratd@fshown spectra decreases only up
to about 500 m w. e. in accordance with the growing aveddn and than levels off.
Consequently, the background contribution from residual auntdion becomes dominant in
relation to that of cosmic muons beyond that depth. @tde holds for GeMPI, but the
difference in FIG. 3 reflects the higher radio-puritgtthas been achieved with GeMPI.

In Table | background information is given for the mostirmant lines of the primordial
decay chains U/Th, oK and of **'Cs (antropogenic)®°Co (cosmogenic) as well as the
integrated background between 100 and 2730 keV. For GeMPI thepé&anevaluated from
a measuring time of 101 days. They are compared with thessumed in the individual
detectors of HDM [14, 15], representing together a statidtclose to 50 kg y and thus with
the highest statistic ever measured in low-level Getepsmopy. Also here an improvement is

® Collaboration of Eiropean bw-level Underground Lizoratories, see e.g. www.ptb.de/org/6/63/udo/cellar.html
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recognized at least for tfé°Ra sub-chain lines. The count ratesfi¢, ®°Co and*®*'Cs are
comparable to those of the cleanest HDM detectors.dlffexence in the total background
count rate between GeMPl and the HDM detectors mayiafpartreflect the higher
contribution from the two neutrino RR-decay of the isoté@e, which is higher enriched in
the HDM detectors (~68 % versus 7.44 % in natural Ge-detdi#ter&eMPI). On the other
side the HDM experiment had a complete neutron shieldndraletectors # 1 2 3 5 and a
cosmic veto shield for all detectors. However, thtefaresulted in a reduction of only about
0.5 % [16] and the effect of the neutron shield was estitntb be also only in the sub %
range [17].

Table I: Background count rates for the main primordialslinfer “°K, **'Cs, ®®Co and
integrated over the energy range 100 - 2730 keV for GeMPlrendHDM detectors (line
background from [14], integral from [15]).

peak (integral) background count rate

[kg*y7]
energy [keV] chain/nuclide GeMPI HD-M detectors 1-5
352 “UPh <24 112 — 177
609 238 /219B; <25 90 — 137
583 2327208 <21 18 — 42
2615 232Th /208 18+ 5 11 - 22
1461 40K 86+ 12 74 — 291
662 Bics 57+ 27 41 - 914
1173 ®co 43+ 10 46 — 71
1332 ®co 35+ 8 36 —54
100 — 2730 6840+ 110 11400 — 18700

3.2 Choice of optimal sample size

The units applied so far - counts (kg keV* @nd counts (kg ) - are useful for background
comparisons. More relevant for the sensitivity in $pectroscopy is the specific activity A
[Ba/kg] that can be detected after a certain measuring. tBesides the background B
(average from both sides of the peak) it takes into atcabarcounting efficiencyy for the
sample with the mass M. In first approximation, by aetthg any proportional factors it can
be expressed as:

A =B (gy M 1), if the peak background is zero

A= (B +tb+tc%)"?(em M1)?, if the peak background rate b is not negligible
with:

em = efficiency for the sample with the mass M

t = measuring time of the sample

Op = statistical error of the peak background rate, sed alge 1.

The producky M increases until self-adsorption within the sampleolbges dominant. Some
orientation is available from the 1/e thickness fer iighest energy of interest, in our case the
2.615 MeV line of°®TI. For example, it is 234 mm; 33.4 mm, 29.6 mm; 20.7 mm fdema
iron, copper, lead respectively. With this information @sdnomic considerations we have
designed the minimal distance between the detector andrter Cu wall to be about 78 mm

8



on the sides and 132 mm on top (238 mm maximal sample resglg from the detector).
The Marinelli type geometry results in an effectivéuvoe of close to 15 | since the detector-
cap is cylindrical and the sample chamber quadratic in sexg®n. If affordable, the sample
chamber is always completely filled, even though the gaisensitivity for dense materials
like Pb is only minor, but the reliability for the backgnal correction in data evaluation is
higher. Uncertainties of minor background differencesvbenh the empty and the full
chamber, not only from higher radio-impurities in the chamwall, but also from Rn
concentration variation$ in the nitrogen purging gas are thus minimised. For GeMPI
extensive background measurements showed indication of thideprs but the statistic
significance is of course always limited to a few %.

3.3 Some key sample measurements

Copper, lead, iron, and Teflon® are very common mateusgsl for shielding or construction
of rare event rate detectors in neutrino, double bata, in dark matter experiments.
Measurements of these materials performed with Gek®ilted in the data given in Table II.

For the Low Background Facility of the LENS solar newtr@xperiment [19] Cu was used as
inner shielding material. Cosmic activation could be kept by a close co-ordination of the
Cu producer, the company to roll it and that of the finathmning. Out of this production line
two sets of Cu plates (33 mm thick) have been prepareil ittd the sample chamber of
GeMPI. Old ships iron of a First World War battle shipswesed since many years for
different purpose of low-level projects including therfedtion of the screws for the HDM
detectors and for GeMPI (FIG. 1). A roll of stainlesses$ foil (0.125 mm thick) was
purchased in course of emanation studies for the BORBEXdkperiment. Two lead samples
(of DowRun- and Boliden quality according to the supplierGoslar) have been investigated
for the GERDA experiment [4] and one lead sample nfemta ancient roman lead [20] for
the cryogenic double beta decay experiment CUORE [21]. Tharrdead was measured in
form of two open-end cylinders and a top platé ¢ylinder: @i=106mm; @a=159mm;
h=76.5mm; 2° cylinder: @i=106mm; Pa=162mm, h=36mm; top plate @=176mm h=30mm)
A roll of Teflon foil (0.5 mm thick; @i=98mm; @a=206mm; B30mm) was measured for
general interest. This roll was also investigated by thenation method at Heidelberg [12]
for ?*Ra surface contamination, respectively fi8Ra supported emanation of the bulk
material [22].

As mentioned in the introduction we used the most pronilees of the daughter nuclides
2pp, 21Bj and ?'Pb, %°*T| to determine the concentrations %fRa and®®Th, since in all
samples Rn emanation can be neglected. Also foofdfiis is ruled out by the measured
emanation rate of 0.26 mBg/kg?*Rn for the complete roll [22], which scales to about
< 23uBg/kg by taking into account thé*Rn diffusion properties for Teflon. The
efficiencies have been estimated from Monte Carlakitions [1] based on the code GEANT
3.21 (CERN Program Library). Uncertainties of the satiohs have been tested with
calibration muckups to be below 5 %. Concentratiorfé%b in lead have been evaluated via
the 803.1 keV line of'%o. The high radio-purity level found in Pb and Cu maketh b
shielding material well suited for rare event experiraghut especially for GERDA [4]. It is
assumed that the low concentration?6RRa and®?®Th is generally valid for good lead

10 variations in“?Rn concentrations between about 2@¥/m® and 3 mBg/mhave been measured in standard
bottled nitrogen with clear indication 6t°Ra contamination in the cylinder from which the higttivity has
been extracted [18 ]

11 7uzel G., private communication, calculation basecheasurements of the diffusion coefficient and of the
solubility by Mueller W. Master thesis, University oéidelberg (1978)
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qualities and after further verification may be alsp deectrolytic Cu. The highe®'Bi and
®Co concentrations in the Pb of DowRun quality mightlbe to a contamination introduced
at the company during the cutting of the recess in thesptiatit around the detector. For the
Boliden lead quality the cutting was done at the workshdpPdtwith the usual care to avoid
cross contamination.

Table II: Measured radionuclide concentrations in typsteélding materials and in Teflon®.
Uncertainties with coverage factor k = 2; upper limitsa@geision thresholds, both according
to [23]. The time denotes the live time of the measurémen

material  weight time specific activity [uBg/kg]
kgl [d] | “*Ra(U) “*Th(Th) “OK various

lead (DowRun) 144.6 101]7 <29 <22 440+ 140 98 + 24°°'Bi; 180 + 20°°Co,
(2.7 +0.4)x10*°Pb

lead (Boliden) 1443 75.0 <46 <31 460+ 170 <13%"Bi: < 11%°Co;
(2.3 +0.4)x16%%Pb

lead (Romatf) 221  37.2| <45 <72 <270 <19%Bi: <25%C0:< 1.3 16 2%

copper (LENS) 125.0 100|7 <16 <19 <88 <10%Co

stainless steel foil 38.1  80.1| 600 +200200 +100 1800 + 600 18000 + 1006°Co

old ships iron 47.29 424 150+40 460140 1000 +400 230 +40*Mn; < 18%Co:;
<30"'Cs;< 20%Co

Teflon 1235 209 <160 <160 1500 + 240 <70%¥Cs

It is astonishing that’K is lower in the ancient roman lead than in moderd.lédso for the
LC2 lead (about 0.4 mBg/KgPb) used in the HDM experimenf® concentration of about
(0.31 £ 0.3) mBg/kg was found by neutron activation [24].

The stainless steel has unusual low concentratioffSRd and®?®Th (see e.g. [3]) but rather
high®°Co content. The old ships iron is even loweffiRa, and only slightly higher iff°Th.
However the contribution of this material from whicle tscrews of GeMPI (see section 2.2)
have been fabricated to the background of GeMPI is noigitdgl The decision for the use
of this material was based on a measurement with & desasitive Ge-spectrometer at
Heidelberg, which resulted only in upper limits at the mBoékepl.

Teflon® proved to be rather free 6f°Ra and®®*Th impurity, but*K is unusually high
compared to a measurement on the same batch of Te#beriah with neutron activation
analysi$®. The preliminary result of 0.7mB{K/kg (22 ppb K) is in the same ballpark as that
of other NAA of K in Teflori*. Also earlier Ge-measurements of smaller more bsémples
of Teflon by the authors did not show indications'®f contamination above the sensitivity
level of a few mBg/kg. An explanation could be that -aidk substance was placed on the
surface during the foil forming process, which was removetiensample preparation (acid
cleaning etc.) procedure for NAA. Further investigations atanned to solve the
contradiction between theray and the neutron activation analy#ipart from the suspected
local surface contamination 6fCo and®*’Bi on the DowRun lead and of tH& on the
Teflon foil there is no indication of surface contaation for the other investigated samples,
even though only wipe cleaning with alcohol soaked papeappised in case of the lead and
copper sample preparation after machining. Their surfaE® @srresponds to about 1.6 m
and 1.1 M The steel roll and the Teflon® roll were measuredelivered except for outer
surface wipe cleaning. Rust from the old ships iron pl@beut 45 mm thick) was removed
with diluted nitric acid.

125 sample of this lead (see also [20]) has been mebfsurtne experiment CUORE [21]
13 Cattadori C., private communication;
14 piepke A., private communication
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3.4 Cosmogenic production ratesin copper

One set of the two identical produced Cu plate samplesewaosed for 270 days at a hall of
LNGS (altitude 1038 m a.s.l., latitude 42° 27° N) under arrayed roof thickness of about
20 g/cni. The 33 mm thick slabs were placed side by side as a $ygleon a pallet during
the exposure.

The average total coumate (100 — 2730 keV) of the activated sample at end of cguntin
(106.2 days after the end of the exposure) was 44%.3ampared to the 41.2'dbof the
normal background listed in Tab. I.

Table IV lists the evaluated specific activity for 9 icadiclides from the spectrum measured
over 103 days that has been scaled to saturation. Tinatsat activity corresponds to the
cosmogenic production rates. Also the following upper linfds the primordials were
obtained for this set of copper plates35 puBg/kg “°Ra; < 20 uBg/kg ?®Th; < 110 uBg/kg
%K. They are well in agreement with the result of tiexposed set (Table I1).

Table Il Cosmogenic production rates (saturation actiwityCu, Uncertainties according to
[23] with coverage factor k = 1.

radionuclide half-life saturation activity [uBg/kg]

*°Co 77.31d 230 + 30
*Co 271.83d 1800 + 400
*8Co 70.86 d 1650 + 90
®Co 527y 2100 + 190
>Mn 312.15d 215+ 21
*Fe 44.5d 455 + 120
3¢ 83.79y 53 +18
48y 15.97d 110 + 40

The cosmogenic radionuclides are typical products of atall reactions, since at least 4
nucleons and up to 18 nucleons have to be emitted afteetieon or the proton interacted
with ®Cu. ®°Co reaches with a production rate of 2.1 mBg/kg the higlastation activity
and thus strongly exceeds the activity of any otheroradpurity listed in Table Il for Cu.
This demonstrates the importance of limiting the cosraic exposure if Cu is used as
construction material for rare event experiments.n@mgenic production rates deduced from
a reconstruction of not well documented sea level exposf Cu used for the HDM
experiment [8] yielded similar results: 1 mBg&§o; 1.7 mBg/kg®Co; 1 mBg/kg’’Co and
0.35 mBg/kg>*Mn. The®Co activity in the unexposed set of Cu plates was uridétecat a
limit of 10 uBqg/kg (Table II) and thus indicates a sea level expostitess than about 14
days. In Fe the production rate fMn is even higher than in Cu [8], therefore it wad stil
detectable in the old ships iron (Table I1), although thimge was resting for marmjivin
half lives at a shielded position in the floor of the déd#hberg low-level laboratory. No
activation was detectable in the lead samples, whicheber have not been exposed by
purpose for a longer period. There were also no indicatiynearlier investigations of the
authors, however performed at a lower sensitivitylleve

The measured production rates are useful to study and tdst oadculations for cosmogenic
production, an issue of growing importance for upcomingeaeat experiments.
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4 Future developments

The high statistics spectrum of the HDM R[3 experimast been modelled by Monte Carlo
simulations in order to localize the residual contamamatin the cryostat systems of the
individual detectors [14, 17]. This method is exploiting tHéeetknt degrees of attenuation for
y-ray emissions of different energies from differematerials and different locations in the
experimental set up. The result of this analysis amtleeanes [15, 25] is that the most
probable location of the primordial activities is thepper of the detector cryostats. In
Table V the thus deduced concentrations are comparecetmelasured ones of the same
NOSV copper quality with GeMPI. The most plausible explianaof the large spread in
primordial concentrations among the HDM cryostats #radr much higher contamination
(one exception 2%°Th in ANG 2) with respect to the measured bulk matdsiahat the
activity is surface correlated. The model for the satiah was based on the assumption that
the activity is homogeneously distributed. A variatiorsumface cleanliness is also plausible
from the fact that different people have assembled thi! ldEtectors over a period of 4 years
under not always identical conditions.

Table IV Contamination in Cu according to Monte Carddcalation for the HDM detectors
[17] and measured with GeMPI.

location of copper activity [uBg/kg]

Cu of cryostat Nr. “Ra  “°Th K
ANG 1 168+ 8 84+7 236+61
ANG 2 91+4 103 78+ 22
ANG 3 105+5 84+5 927+ 46
ANG 4 115+ 3 87+4 199+4
ANG 5 100+ 4 26+4 1632+ 49

Cu measured with GeMPI < 16 <19 <88

A clear indication follows also from count rate \aions by about a factor 30 of tAiePo a-
peak observed in the high energy spectra of the 5 detddidfs The location of this
contamination must be the area around the core or sinte only there alphas are not
shielded by inactive layers of the Ge crystal.

From these findings it is obvious that a strong reductiosudace and mass of the several
layers of cladding material around the crystal (see E)@ay open the possibility for further
background reduction. This idea [6] is now being realized enGERDA experiment [4], a
further development of a former proposal [26, 27].

The basic design is to contact and hold the Ge-ceystilh a minimum of highly radio-pure
material, to deploy them in liquid nitrogen or liquid argen €ooling and to shield them
against external radiation in a deep underground locdtibas been demonstrated that liquid
nitrogen can be made highly radio-pure [28, 29]. The high meal@roperty of the liquid
gases allows installing a larger array of Ge-diodesanmpact way with only little distance
to each other. GERDA aims to reduce the background iertbegy region around thezQ
value of °Ge at 2.039 MeV by two to three orders of magnitude comparedhat has been
reached in HDM [16]. It is hoped that the same reductimtof can be obtained also for the
whole energy range from 50 — 2800 keV. A further prerequssitieat cosmogenic activation
of the crystals from sea level exposure needs morteatdinan achieved so far.
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If once cryogenic liquid type Ge-spectroscopy is establisaetyrther step in screening
sensitivity would be reachable, may be even down tmBtgkg range. Limitations will arise
from the increasing measuring periods needed to arriveetl @®unting statistics from such
low activity concentrations, if not compensated by largemple masses and multi-Ge
detector arrays. Therefore, an application in lifeesces seems to be rather limited, except
may be for some very special key measurements. For éxasopmogenic activation of
materials exposed at surface or shallow depth could lokasseacer for their residence time.
Copper samples of about 100 g could be sufficient to meassreogenic radio-nuclides with
different half-lives (see Table IV). Gamma-active ocagbtopes produced by accidental
neutron exposures could be an issue in radiation pratectio

5 Conclusions

It could be demonstrated that underground low-level germanpettremetry can reach a
sensitivity level in the range of 18Bqg/kg, corresponding to about 10g/g *%U/***Th and
about 10’ g/g K. This has been achieved by a combination of backgnmehdttion, mainly
as a result of extensive material screening of thetcaction materials and a favourable large
sample capacity. Some key measurements of materajgently used in rare event projects
as copper and lead are helpful for the design of upcosanognd generation experiments. To
overcome the relative slow sample throughput due tdothg counting time there are two
additional GeMPI type Ge spectrometers under constryatibwhich one is already in the
testing phase at LNGS [30].
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