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Determination of the 7°Ge Double Beta Decay Q Value
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The Q value of the "°Ge double beta decay has been determined by measuring the masses of "°Ge and
76Se in a Penning trap using neon- and fluorinelike ions. The obtained masses are 75.921402758(96) u
and 75.919213795(81) u, respectively. The systematic errors of these two determinations are nearly
equal, and therefore, the remaining systematic uncertainty of the Q value is drastically reduced. A Q
value of 2039.006(50) keV was obtained improving the accuracy of the accepted value by a factor of 6.
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The standard model with its many adjustable parameters
has proven to be valid with an unexpectedly high preci-
sion. Many experiments have been designed in the search
for a violation of this model, which if successful, may
open the door to new physics. Double beta decay with-
out emission of neutrinos would be such a violation. Al-
ready in the 1960s physicists were aware of the possibility
to study the double beta decay of °Ge due to the attrac-
tive feature that a high purity germanium (HPGe) single
crystal is a combined source and detector. These pioneer
experiments were hampered by the fact that the isotopic
abundance of °Ge is only 7.8%. Furthermore, the natural
background, in particular from muons, makes conclusive
measurements almost impossible in conventional laborato-
ries. Two improvements were, therefore, essential: a very
efficient shielding of the experiment and an enrichment of
76Ge. As an example, the experiment of the Heidelberg-
Moscow Collaboration [1] in the Gran Sasso tunnel fulfills
these requirements. The rock amount corresponds to about
3700 m of water and the enriched abundance being 86%.
In the (O B B8) decay the electrons would appear as a peak
at a position given by the Q value of the reaction.

In order to set a reliable limit for the (OB 8) decay
mode it is important to know the Q value very accurately.
There are two measurements by the Manitoba group on the
Q value of the double beta decay of 7°Ge using a classical
mass spectrometer [2]. The first measurement [3] gave a Q
value of 2040.71(52) keV while a later improved measure-
ment (less impurities) [4] gave a value of 2 038.56(32) keV.
These values were obtained by comparing singly charged
ions of germanium and selenium chlorides and by varying
the isotopes as to get mass doublet measurements. Since
the uncertainties of the two measurements do not over-
lap, the Q value has sometimes been questioned. In pre-
cision physics experience has demonstrated that it is risky
to rely upon the result from only one experiment. Since
Penning traps are able to deliver 1 or 2 orders of magni-
tude more accurate results we were motivated to check the
measurements of the Manitoba group.
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PACS numbers: 21.10.Dr, 23.40.Bw, 27.50.+e, 32.10.Bi

Our measurements are based on ion cyclotron frequency
measurements. An ion with mass m and charge ge trapped
in a Penning trap and moving perpendicular to a magnetic
field B has a cyclotron frequency » given by

1 geB
= o T (1)
T m
A frequency increase improves the mass resolving power
since
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One way to increase the frequency is to use a higher mag-
netic field (4.7 T in our case) but even more efficient is to
use highly charged ions (HCI). These are supplied by the
electron beam ion source (EBIS) CRYSIS at the Manne
Siegbahn Laboratory and delivered to the SMILETRAP
mass spectrometer [5]. CRYSIS is connected to an iso-
tope separator that can deliver mass selected singly charged
ions of practically all elements. The natural abundance of
76Ge and "5Se are 7.8% and 9.0%, respectively. The highly
charged ions are produced by injecting singly charged ions
from a plasma source (CHORDIS). Singly charged ger-
manium ions were produced by xenon sputtering of pure
germanium, whereas for selenium the ion source oven was
loaded with metallic selenium. An isotopically pure beam
is achieved using a magnet before injection into CRYSIS
where the charge state was increased by electron bombard-
ment. Once every second a pulse of highly charged ions
(typically 10® charges) was released and transported to a
90° magnet where charge selection was performed. The
highly charged ions were first stopped in a retardation trap
and then sent to a precision trap where the cyclotron fre-
quencies are measured. These frequencies are determined
by exciting the ion motion with a quadrupole rf field. By
scanning the frequency and measuring the ion flight time
to the detector it is possible to detect a resonance appear-
ing as a flight time minimum and therefore to measure the
cyclotron frequency [5,6]. In the experiment we are using
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an excitation time of 1 sec, which results in a resonance
width close to 1 Hz, since it is a Fourier limited process.

In order to eliminate the B dependence we measure
alternatively in a time of 1.5 min the cyclotron frequen-
cies of both the highly charged ion and a reference ion.
The molecular H," ion, which can be produced by rest
gas electron-impact ionization, has been used as mass
reference.

The mass of the ion is then deduced from the observed
frequency ratios (Table I):

no_ quma
v qamy
where the highly charged ion and the reference ion are
denoted with subscripts 1 and 2, respectively. It should
be noted that the observable is a frequency ratio. This
means that if the two ion species are subject to the same
experimental procedure the systematic errors cancel to a
great extent. To deduce the mass of the neutral atom one
has to correct for the mass g;m, of the missing electrons
and their atomic binding energies Ep:

R = 3)
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As a consistency check two charge states of 7°Ge and
76Se were measured. We have chosen to use 7°Ge??*-237*
and 70Se?**-25T gince these ions are Ne-like and F-like,
for which it is possible to calculate the electron binding
energies within a 20 eV uncertainty [7]. The binding
energies used in this work are 7934.47 and 10111.27 eV
for 7°GeZ2*-23*. 10070.76 eV and 12607.84 eV for
768¢24+25*  The mass of H,  can be calculated very
accurately from the proton mass [8], the hydrogen ion-
ization energy, the molecular binding energy of H,", and
the average molecular vibrational energy [9]. The value
2.01510149703(27) u has been used here.

The size and limits of possible systematic errors have
been investigated using highly charged ions of '>C, N,
160, 20Ne, 28Si, “°Ar, and singly charged H*, H,", H5"
all with accurately known masses. The analysis of these
measurements reveals the presence of four main systematic
errors. The first one is a shift that depends on the kinetic
energy of the ion motion, thus being a relativistic effect.
The second one is a change of the observed frequency that
depends on the number of simultaneously stored ions in
the trap. A third effect is a shift depending on the g/A

4

TABLE 1. The observed frequency ratios with statistical un-
certainties. (HCI: highly charged ion).

v(HCI)/v(H,") Statistical uncertainty
Ton [X 1077] [ppb]
76Ge22* 584015503.986 0.71
76Ge23+ 610566057.511 1.02
76524+ 637135385.121 0.50
76525+ 663 687 465.636 0.54
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ratio of the observed ion. Finally, it has been observed
that the presence of a large amount of contaminant ions in
the trap can produce a large shift of the resonance.

Relativistic mass increase.—We do not cool the ions,
but rely on a sequence of selection procedures and a
technique to measure the kinetic energies [5]. The initial,
intermediate, and final kinetic energies are determined by
a retardation technique. The average kinetic energies are
<1.5 eV per charge implying a relativistic mass increase
lower than 0.5 ppb for 7°Se>*. Since the measurement
always is a comparison between the frequencies of two
species, the relativistic mass increase for the involved
species partly cancels, and we obtain net corrections
smaller than 0.2 ppb. As a very conservative estimate
of the relative uncertainty of the average kinetic energy
determination, we use 50% of the correction but not less
than 0.1 ppb.

Ion number dependence.—In the off-line analysis we
are able to determine how many ions were trapped at a
given time. By constructing resonances built on different
numbers of ions we are able to conclude that the observed
frequency is reduced by an amount proportional to the
total charge stored in the trap during observation. From
a large number of high statistics runs we can draw the
following conclusions. For singly charged ions this effect
is 0.127(14) ppb per observed charge, while for highly
charged ions (g > 20) the observed effect is reduced to
—0.016(10) ppb per observed charge. The difference
between these two sets of data is at least partly (maybe
fully) explained by the differences in detection efficiency.
Data from singly charged ions contain more nondetected
ions, thus the effect per observed charge is larger. As a
consequence, in the analysis we use data with only 1 and
2 ions simultaneously stored in the trap for highly charged
ions, while for H2+ we use 1 to 3 ions. The resulting cor-
rections to the observed frequency of the highly charged
ion are close to —0.30 ppb. However, this effect is again
partly compensated by the number dependence correction
of Hy" which ranges from —0.22 to —0.25 ppb. There-
fore the net corrections are smaller than 0.05 ppb.
Nevertheless, as a conservative estimate we, at present,
adopt a 0.25 ppb uncertainty for the number dependence
correction.

q/A effect.—In the analysis of all our measurements,
involving highly charged ions with well-known masses
(see above) and H," ions we cannot exclude that the ob-
served H," mass depends on the ¢/A ratio of the highly
charged ion. For a ¢/A ratio difference of 0.2 ("°Ge** —
H,"), the effect corresponds to —1.03(43) ppb. How-
ever, a test measurement using H2Jr and H3+ (g/A differ-
ence = 0.17) gave a result of +0.2(5) ppb, indicating a
smaller (possibly zero) dependence. At present, we choose
not to perform the correction, but await the accumulation
of further data. However, as a conservative estimate of
this possible uncertainty we take the larger value as the
uncertainty.
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TABLE II. Individual systematic uncertainties (the uncertainties are summed quadratically).
Uncertainty 76G622+ 76G623+ 7GSeZ4+ 7GSC2S+
Reference mass 0.14 0.14 0.14 0.14
Electron binding energies 0.26 0.26 0.26 0.26
Average vibrational energy (H,") 0.10 0.10 0.10 0.10
Relativistic mass 0.10 0.10 0.10 0.10
Ion number dependence 0.25 0.25 0.25 0.25
q/A asymmetry 1.03 0.97 0.88 0.84
Contaminant ions 0.30 0.30 0.30 0.30
Magnetic field drift* 0.06 0.06 0.01 0.01
Total systematic uncertainties 1.15 1.09 1.02 0.98

*A new magnetic field stabilization system has been implemented for the selenium measurement.

Contaminant ions.—Finally, contaminant ions can be
injected from the ion source or created in charge exchange
processes in the trap system. The second possibility ap-
pears to be much more likely. In the case of 2C®" it was
found that a 30% *He”* contamination gives rise to a shift
of 6 ppb. The pressure in the precision and the retarda-
tion trap has been measured to be <7.5 X 10~ 2 mbar and
<107'° mbar, respectively. Therefore we estimate that the
time-average contaminant rate is <3%. On the other hand,
we consider events with only 1 and 2 highly charged ions
stored in the trap. Since contaminant influence of the ob-
servations requires at least two ions, half of the measure-
ments are not affected by this effect. Consequently, we
assume the systematic uncertainty due to contaminant ions
to be <0.3 ppb.

Other uncertainties.—The influence of the uncertainty
in the electron mass on the mass of an ion is <107!? and
can be ignored at the current level of precision. The uncer-
tainty due to varying magnetic field can be estimated from
the observed magnetic field drift and the time between the
measurement of the two ion species. In all runs this un-
certainty is well below 0.1 ppb.

Each charge state corresponds to about 15 h of data ac-
quisition. The different runs were obtained under identical
experimental conditions. As can be seen in Table I the
statistical uncertainty varies from 0.50 to 1.02 ppb, while
the total systematic uncertainties are below 1.15 ppb
(Table II). This relatively large uncertainty originates

TABLE III.

from comparisons between two relatively different species:
a singly charged light ion (¢/A = 0.5, H,") and a highly
charged heavy ion (g/A ~ 0.31, Ge?*"237Se24+:251),
However, in the (Q-value determination the systematic
uncertainties due to H," cancel out and we are left with
uncertainties in two very similar species both with the
same mass and similar charge states. Thus the systematic
uncertainties cancel to a high degree.

From the observed ratios and the known reference mass
it is possible to use Egs. (3) and (4) to extract the neutral
76Ge and 7°Se masses. In Table III the corrected neutral
masses, both total and as obtained for the individual charge
state, are presented. Note that none of the corrections are
larger than the systematic uncertainties attributed to the
corresponding measurement.

In conclusion, we obtained the following masses:
M(75Ge) = 75.921402758(96) u and  M(7%Se) =
75.919213795(81) u.  These values should be com-
pared to the previous determinations [10], M(7°Ge) =
75.9214027(16) u and M(7%Se) = 75.919214 1(16) u.
Our mass values are 17-fold improvements of the previ-
ously best known mass values of these species.

Using the conversion factor lu=
931.494013(37) MeV [11] we obtain a Q value of
2039.006(50) keV by subtracting the two mass values.
The systematic uncertainties in the masses of the two
ion species are very similar. Therefore, the uncertainty
in the Q value is drastically reduced. Our Q value

Corrected mass of "°Ge and 7°Se determined using two different charge states. The total uncertainty on the mass

determination is the quadratic sum of the statistical and systematic uncertainties.

Corrected mass

Statistical uncertainty Systematic uncertainty

[u] [ppbl [ppb]
Mass of °Ge from 7°Ge?** 75.921402791 670 0.71 1.15
Mass of °Ge from 7°Ge®™ 75.921 402 688 798 1.02 1.09
Weighted average (total uncertainty 75.921402758(96)
Mass of 7°Se from 70Se?** 75.919213 800480 0.50 1.02
Mass of 7°Se from 70Se® ™ 75.919213789 104 0.54 0.98
Weighted average (total uncertainty) 75.919213795(81)
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FIG. 1. ®Ge double beta decay Q-value determinations.
(1) Deduced from Audi er al [10]; (2) Ellis et al [3];
(3) Hykawy et al. [4]; (4) this work.

determination confirms the last Manitoba determination
2038.56(32) keV [4] but is a sixfold accuracy improve-
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ment (see Fig. 1) that may be useful for future ex-
periments with higher detector resolution. Thus the new
Q value can be used with great confidence in the search
for neutrinoless double beta decay.
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