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Abstract A novel device, called quantum sensor, has been
conceived to measure the mass of a single ion with ulti-
mate accuracy and unprecedented sensitivity while the ion is
stored and cooled in a trap. The quantum sensor consists of
a single calcium ion as sensor, which is laser cooled to mK
temperatures and stored in a second trap connected to the
trap for the ion under study by a common endcap. The cy-
clotron motion of the ion under investigation is transformed
into axial motion along the magnetic field lines and cou-
pled to the sensor ion by the image current induced in the
common endcap. The axial motion of the sensor ion in turn
is monitored spatially resolved by its fluorescence light. In
this way the detection of phonons can be upgraded to a de-
tection of photons. This device will allow one to overcome
recent limitations in high-precision mass spectrometry.

1 Introduction: physics motivation

Mass spectrometry is one of the most important, essential
and basic techniques in modern science. This is because the
mass of a fundamental particle is a fundamental property
of the particle itself, or, in a composite quantum mechan-
ical system such as an atom, the mass is the sum of the
masses of all its building blocks minus the binding energy
between those constituents. The binding energy, which can
be determined by measuring the mass of the composite sys-
tem as well as those of its building blocks, reflects all phys-
ical forces acting in such a quantum system: These are the
strong, electromagnetic and weak forces.
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High-precision mass spectrometry by means of Penning
traps is a very active field of research at radioactive beam
facilities as well as university laboratories (see e.g. [1, 2]).
The current applied techniques, however, do enable to ac-
cess especial and very attractive physics cases which require
a mass spectrometer of highest performance. Example of
these cases are: (a) the determination of the nuclear masses
and in this way of the binding energies of superheavy ele-
ments in order to test nuclear theories in extreme conditions
and to assign the proton number Z to the isotopes and super-
heavy elements synthesized by hot fusion, and (b) accurate
measurement of the Q g-value of the decay of 187Re — 18705
for a determination of the mass of the electron antineutrino
as aimed at by the MARE I campaign.

1.1 The masses of superheavy elements

Superheavy elements (SHEs) are exotic quantum mechani-
cal systems made of large numbers of protons and neutrons
which owe their stability due to subtle contributions by pair-
ing and shell effects to the binding energy. Production, ex-
istence, half-life and decay properties depend very critically
on this energy and have therefore to be determined with high
accuracy. Once experimentally known, these results provide
stringent tests for nuclear models and mass formulas which
in turn predict the location of proton and neutron shell clo-
sures. A number of nuclear models predict a so-called is-
land of stability at the magic numbers Z =~ 120 and N ~ 184
whereby the exact Z for the shell closure is unsure [3].
SHE:s are produced in fusion reactions and are connected
in some cases by a-chains to the backbone of known iso-
topes, or one element in this decay chain might decay by fis-
sion (see e.g. Refs. [4-7]). In the latter case a link is missing
to the backbone of known isotopes and elements, and the
proton number of these isotopes cannot be unambiguously
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identified. Accurate mass measurements of these elements
will provide stringent arguments for a correct assignment of
the superheavy elements to an atomic number Z. For this
purpose, an absolute mass accuracy of the order of some
10 keV is sufficient. This corresponds to a relative uncer-
tainty of 10~7 now in reach by state-of-the-art mass spec-
trometry using Penning traps.

Up to very recently, direct mass measurements were
limited to isotopes of elements not heavier than uranium.
A breakthrough was the measurement of the nobelium (Z =
102) isotopes 2°2:233:254No produced with cross sections of
2 ub (= 2 ions/s), 1 ub (= 1 ion/s) and 0.5 pb (=~ 0.5 ions/s),
respectively, performed by the SHIPTRAP Collaboration at
the heavy ion accelerator UNILAC and the velocity filter
SHIP at GSI in Darmstadt, [8]. The mass uncertainties range
from 13 keV for 23*No to 31 keV for 22No [9]. These re-
sults represent the very first direct mass measurement above
uranium and improve the knowledge of many masses of
neighboring isotopes up to darmstadtium (Z = 110) due to
a manifold of links. Subsequent mass measurements on the
Z =103 isotope >°Lr, produced with a rate of 1-2 ions per
minute, sets basically the limit of the time-of-flight (TOF)
technique [1, 10] currently in use. The extremely low pro-
duction rate for superheavy nuclei ranging from about 1 to
10 pb (one ion per few days) for 114 < Z < 118 [7, 11], is
a real hurdle which can be overcome by a completely new
approach.

1.2 The mass of the electron antineutrino

The observation of neutrino oscillations implies a non-zero
neutrino mass (m(v,) # 0) [12]. So far, the experiments aim-
ing at directly measuring the mass of the electron antineu-
trino only succeeded to set an upper limit. The present limit
of this mass is m(v,) < 2 eV (at 95% C.L.) [13]. This num-
ber is the outcome of the analysis of two experiments, one in
Troitsk [14], and the other at the University of Mainz [15].
They investigated the tritium S-decay using electrostatic re-
tardation spectrometers and analyzed the energy region near
the endpoint energy of the S-decay spectrum [13].

There are at present in the world two large collaborations
working to improve the accuracy in the determination of the
mass of the electron antineutrino: the KArlsruhe TRItium
Neutrino experiment (KATRIN) and the Micro-calorimeter
Array for a Rhenium Experiment (MARE). KATRIN is in
the final stage of construction to continue studying the 8-
decay spectrum of tritium (77,2 = 12.3 y, Eg = 18.5 keV)
using a larger electrostatic retardation spectrometer as com-
pared to the one used at Mainz. It is aiming at improving
the limit by an order of magnitude to < 0.2 eV (see e.g.
Ref. [16]). MARE is conceived to study the decay of '8"Re
(T1p =412 x 10° y, Eg = 2.5 keV) [17] using cryogenic
calorimeters. The lower Q-value compared to KATRIN is
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an advantage in order to achieve a similar accuracy as KA-
TRIN. Preceding experiments to MARE were MANU [17]
and MIBETA [18]. The former yielded an upper limit of
m(ve) < 26 eV using a crystal of 1.5 mg of metallic rhe-
nium cooled down to 60 mK with an activity of 1 Bq. The
second approach consisted of an array of 10 AgReOy crys-
tals, each 300 pg, which has resulted in m (v,) < 15 eV. With
further improvements planned, MARE will be realized in
two steps: MARE I aims at an accuracy of 2 eV and the goal
of MARE 11 is 0.2 eV [19, 20].

Mass measurements of the pairs 3H—>He and
187Re-1370s play an important role because they provide
stringent constraints. The direct mass determination of the
electron antineutrino in the KATRIN and in the MARE ex-
periment relies on a very accurate determination of the shape
of the S-spectrum near the endpoint where it is sensitive to
the neutrino mass. Setting the neutrino mass to zero and
extrapolating the B-spectrum to zero intensity, the extrapo-
lated endpoint energy must coincide with the Q-value de-
termined by mass spectrometry. In the case of '8’Re and
18705, masses have to be measured using a new approach
in order to achieve the accuracy needed for the proposed
investigations.

2 Present status in Penning trap mass spectrometry

The Penning trap is the most suitable and most advanced de-
vice to perform high-precision mass measurements. In this
device the ions are confined by the combination of a strong
homogeneous magnetic field, provided by a superconduct-
ing solenoid, and a quadrupole electrostatic field [1, 21].
The electric field is originated by applying DC potentials to
one ring and two endcap electrodes made with hyperbolical
shapes as shown schematically in Fig. 1. In order to con-
fine particles with positive polarity, the potential difference
between endcaps and ring electrode (U in Fig. 1) must be
positive. The motion of the ion in a Penning trap can be de-
scribed as the superposition of three independent motions,

Ring

End cap

Fig. 1 Sketch of the hyperbolical Penning trap. Equipotential lines are
indicated which are hyperboloids of revolution
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one in the axial direction, and two in the radial plane. The
axial motion has a characteristic frequency

1 qU

V, = —,] —=,
727V md?
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where m is the mass of the ion, g the electric charge, and d
a parameter which describes trap dimensions by
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The motions in the radial plane, named as modified-cyclotron
and magnetron, respectively, have the characteristic frequen-
cies
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where v, is the cyclotron frequency of an ion moving in a
magnetic field with strength B. The cyclotron frequency is
related to the mass-to-charge ratio of the ion by
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In the ideal Penning trap one finds
Ve =i 4 v, )

while in the real Penning trap and, for very precise cyclotron
frequencies determinations (§v, < 10_9), the invariance the-
orem holds [21] given by

V2 =02 +v2 02 (0)

The mass of the trapped ion is determined from the cy-
clotron frequency which is obtained from the characteristics
frequencies using (5) or (6). Two techniques are currently
applied [1]:

— Detection by the time-of-flight technique (TOF tech-
nique). This technique is destructive and requires at least
several tens of detected ions.

— Detection by image currents induced by the orbiting ion in
the trap electrodes. This technique is non-destructive and
a single ion is sufficient to perform a mass determination
at cryogenic temperature.

The TOF technique determines the mass of an ion by
measuring the time required by an ion, ejected out of the
Penning trap, to reach an ion detector placed outside the
magnetic field of the superconducting magnet [22]. This
TOF is measured as a function of the applied radiofrequency
(vrF). About 50-100 ejected ions have to be observed in or-
der to create a spectrum with sufficient statistics. The appli-
cation of this technique to SHEs is completely out of ques-
tion, since the production cross sections drop to =~ 10 pb,

corresponding to about 1 ion produced per 2 days as recently
observed at GSI [7]. The TOF technique can neither be ap-
plied to study the decay '8’Re —'870s, since it can pro-
vide mass determinations with relative uncertainties rang-
ing commonly from 10~7 to 10~°, and in exceptional cases
(when dealing with highly charged ions) down to 10710,
which still is not sufficient.

With the second method and using the endcaps for detec-
tion, the current induced by one ion can be written as

21,z

Linduced =0.8 - g - s )

2z0

where 27 is the distance between the endcaps (Fig. 1) and
z is the displacement of the ion in the axial direction from
the trap center. The factor 0.8 accounts for the hyperbolical
shapes of the endcaps. Since this current is small (= fA),
amplification is required but this will also increase the signal
due to electronic noise. At room temperature, at least 100
ions must be stored simultaneously in the trap in order to
obtain a signal above noise level. This technique is referred
to as Fourier Transform Ion Cyclotron Resonance (FT-ICR)
or Fourier Transform Mass Spectrometry (FT-MS) [23, 24].
It is also excluded for mass measurements of superheavy
elements due to the extremely low production rate and of the
pair '87Re—!370s because of the required accuracy: already
two ions stored in the trap generate frequency shifts due to
their Coulomb interaction. Therefore, either because of yield
or because of accuracy, the mass measurements addressed in
this publication must be carried out using one ion at a time
in the trap.

There are worldwide two Penning trap mass spectrom-
eters in operation which are designed to measure the mass
of a single stable isotope with ultimate accuracy: the one
developed at the University of Washington (UW-PTMS) by
Van Dyck et al. [25], now at the Max-Planck Institute for
Nuclear Physics in Heidelberg in the division of Blaum [26],
and the one developed at MIT by Pritchard et al. [27] which
was relocated in 2004 at FSU in Florida and is now operated
with on-going success by the group of Myers [28].

Using the UW-PTMS, an uncertainty of 10 ppt has been
accomplished for 1©0%* [25]. The MIT group even reported
frequency ratio with an uncertainty of 7 ppt on the doublet
CH'-N™ [27]. Both mass spectrometers operate at the tem-
perature of liquid helium and apply resistive cooling, though
the mass of the single ion is obtained using different strate-
gies. The group at the University of Washington measured
the cyclotron frequency of the ion of interest and the ref-
erence ion sequentially. The determination of v, is carried
out by observing a shift in the axial frequency v,. The MIT
group developed a technique, which they called ion balance,
using two ions simultaneously stored in the trap. The group
at FSU uses the same spectrometer and two ions simultane-
ously stored in the trap but a technique previously developed
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by Gabrielse et al. [29]. v is determined by measuring the
cyclotron phase versus time using the so-called PNP (Pulse
aNd Phase) technique (for more details see Refs. [30-32]).

There are two possibilities to detect the induced image
current, either using a tuned LC circuit [33], or a tuned su-
perconducting quantum interference device (SQUID) [34]
in resonance with the trapped ion. Resonance means that the
oscillation frequency of the trapped ion to be measured must
be identical to the one of the equivalent circuit consisting of
an inductance L from the coil and a capacitance C due to
the electrodes. If the axial motion of the ion is in resonance
with the LC circuit, 27v, = 1 /\/ﬁ, an amplification is
obtained. This amplification is represented by the so-called
é-value yielding an effective impedance Z = é /QRmvC).
The voltage signal S is the product lipduced * Z, With Iipduced
as given in (7). The signal-to-noise ratio is given by

s v | O (=
N_O.Sﬁ'CI'\/; \/QJQTC <210>’ v

where kp is the Boltzmann constant, Av the spectral band-
width, and T the temperature of the circuit, all these fac-
tors coming from the Johnson noise N. For a tank circuit
cooled by liquid helium, the final temperature of the ion in
the trap will be 4 K. As in (7), z is the axial oscillation am-
plitude. Using a single ion in a Penning trap, the maximum
value of z/z¢ and therefore the maximum axial energy of
the ion is limited, either by the size of the trap, or, if high-
accuracy must be reached, by the maximum tolerable inho-
mogeneities and imperfections of the field the ion can feel
when moving out of the trap center. Since the cyclotron mo-
tion will be detected through the induced image current in
the endcap electrodes after conversion to axial motion, it is
important to find a detection technique which allows reduc-
ing the radius of the cyclotron orbit and thus the axial oscil-
lation amplitude.

3 The quantum sensor: a new concept in mass
spectrometry

The quantum sensor will allow to overcome the current lim-
itations in mass spectrometry by reducing considerably the
ratio z/zo. A kind of quantum sensor was discussed theoret-
ically by Heinzen and Wineland 20 years ago [35] but has
not been realized up to now. It is a novel technique for cool-
ing, detection and mass spectrometry of a single ion. The
basic idea is to separate functions and to make the action
of radiofrequency detectable in the optical regime: By using
laser spectroscopic detection instead of electronic detection
of image charges, the sensitivity will be enhanced and fre-
quency shifts minimized.
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The mass measurement takes place using a system con-
sisting of two adjacent traps in the same homogeneous re-
gion of the superconducting solenoid: the measurement trap
confining the ion of interest for which the mass should be
determined and the sensor trap which confines a sensor ion
suited for laser cooling. *°Ca™ will be used as sensor ion
(this will be discussed in more detail in Sect. 4). The mea-
surement procedure consists of six steps shown sequentially
in Fig. 2:

1. The sensor ion is laser cooled to the Doppler limit
(Tiimit &~ 80 uK). This corresponds to a kinetic energy
of 10 neV which is approximately 25 quanta of energy
(hv;). The cooling can be monitored either by a CCD
camera or by a photomultiplier. The cooling time for the
ion to reach the Doppler limit is in the order of millisec-
ond. The ion under investigation and the sensor ion are
not coupled.

2. The ion of interest is injected parallel to the magnetic
field lines and captured in the first trap. The traps remain
uncoupled and there is no damping on the motion of the
ion of interest.

3. The two ions are coupled via the common endcap and
by making their axial frequencies equal. This can be
achieved by tuning the DC potential applied to the ring
electrode with the endcaps connected to ground. The
common endcap is connected to ground through a large
resistor R when the axial motions of the two ions are
coupled in order to cool the ion of interest. Side-band
coupling will cool the radial motion.

4. The cyclotron motion of the ion of interest is excited by
applying an external radiofrequency field (vg ) while the
two ions are not coupled. Applying a quadrupole field at
VRF = V¢ [22] or a dipole field at vgr = vy [25] results
in an energy gain and an increase of the cyclotron ra-
dius (7).

5. The cyclotron motion is converted into axial motion by a
m-pulse and the two ions are coupled. The laser is OFF
so that there is an energy transfer from the ion of interest
to the sensor ion.

6. After energy transfer, the laser is ON again. The time to
achieve maximum fluorescence is recorded.

The measurement procedure is repeated for different ra-
diofrequencies vgp, either around v, or around v;. The
feasibility of this method lies on the coupling of the ion of
interest and the sensor ion, and thereafter on the cooling of
the sensor ion using the laser beam.

3.1 Coupling the ion of interest and the sensor ion by
image currents

The two traps sketched in Fig. 2, and by this the two ions, are
coupled by tuning the axial frequency of the investigated ion
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1) Cooling of sensor ion

¢

2) Trapping ion of interest

-Qée!ﬁ

3) Cooling ion of interest

EB
—_

4) Excitation of cyclotron motion

| ‘J@&d

5) Conversion and energy
exchange

- ‘ég-!ﬁ

6) Measurement of fluorescence

Fig. 2 Measurement sequence for the quantum sensor: The ion of in-
terest is stored in the trap on the left, while the sensor ion is stored in
the one on the right. The laser beam is represented by the light-blue
arrow (color version): (1) The sensor ion is laser cooled to sub-mK
temperatures; (2) the ion of interest is injected into the measurement
trap; (3) the axial motion of the ion of interest is coupled to the sensor
ion and cooled; (4) a radiofrequency field at vgr = v, or vRF = v is
applied to the ion of interest to excite the cyclotron motion; (5) the ra-

to that of the sensor ion. In order to avoid the current flowing
to ground, the resistor R must be larger than the impedance
Z =1/(Q2nv,;)C, with C being the total capacitance which
is the sum of the capacitance of the central endcap electrode
to all other electrodes and to the shield. Considering an axial
frequency of v, = 100 kHz and a capacitance C = 1 pF, the
impedance results in 1.6 M. For these conditions, a resis-
tor with large resistance R ~ 100 M2 (available in small
chips), might be used. The time constant of the resulting
RC-circuit is 100 ps, which is a factor of 10 larger than the
axial oscillation period at v, = 100 kHz.

Cooling is accomplished by laser cooling the sensor ion
after the axial frequencies for the investigated ion and the
sensor one are identical. This will take several seconds ac-
cording to [35]

tex = 22v,C/Lion Loyt » 9)

where C is the total capacitance defined above, Lj,, and
L¢,+ are the inductances of the equivalent circuit for the ion

dial motion of the ion of interest is converted into axial motion and the
laser beam is blocked so that energy exchange takes place between the
two ions; (6) the laser is on again to observe the fluorescence. A switch
(indicated in light grey color) is connected in parallel to a resistor with
large resistance R. It will be closed while the ions are not coupled and
open when they are coupled after tuning their axial oscillation frequen-
cies. In such a way the endcaps are connected to ground through the
resistor in order to minimize the current flowing to ground

of interest and the Ca™ ion, respectively. These inductances
are given in generic form by
L=m(z0/aq)’, (10)
where m is the mass of the ion, zg is the distance from the
trap center to the electrode in the axial direction (as shown in
Fig. 1), « is a factor for correction due to the trap geometry
(~ 0.8), and ¢ the electric charge. The other degrees of free-
dom can be cooled by sideband coupling at the sum and dif-
ference frequencies of the respective eigenfrequencies. For a
trap capacity of 1 pF, a trap dimension of zo = 0.5 mm, and
an axial frequency of 100 kHz, the time for cooling via cou-
pling to the laser-cooled ion will be 8 s. This time is exactly
fex, the time to exchange the amplitudes of the measurement
ion and the sensor ion, as given in (9) [35]. The sensor ion
is laser cooled and, if the laser is ON, its amplitude will not
increase, only the amplitude of the ion of interest will be re-
duced. Faster cooling time can be achieved if the ion under
study has a higher charge state.

@ Springer



1036

D. Rodriguez

Table 1 Time for cooling and/or energy exchange (f.x) for different
ion pairs calculated according to (9). zo = 0.5 mm, C =1 pF, and v, =
100 kHz. For further discussions see text

Ton-pair fex Av, Applied AVpc
(s) (mHz) DC voltage (mV)
(mV)
I+ 40Ca+ 1.3 380 8.2 1.9 x 1077
40Ca+-40Cat 8 62 328 4.0 x 1077
187Re+40Cat 17 29 1532 8.9 x 1077
20ppt40Cat 20 24 2048 9.8 x 1077

Table 1 shows the time to exchange the amplitudes of the
ion of interest and the sensor ion #.x for different ion pairs
following (9). The corresponding amplitude of the DC volt-
age, frequency width and the required stability of the DC
power supply are also shown. Note that the stability of the
power supply must be very high in order to exchange the en-
ergy between the two ions. Currently, there are power sup-
plies which fulfill this requirement, for example Ref. [36].

It is important to mention that #.x depends quadratically
on 7o as can be inferred from (9) and (10). In the calcula-
tions presented here, zg = 0.5 mm which is small compared
with the MPIK/UW-PTMS (zg = 2.29 mm) or with the MIT-
PTMS at FSU (zgp = 6 mm). The small size is not a problem
provided that the ratio z/zo needed for the measurement us-
ing the quantum sensor is smaller than the one in the experi-
ments using electronic detection. The limit to reduce further
the trap size will be given by the ratio z/zp.

The analytical solution of the coupled differential equa-
tions of the two ions, each of them represented by a capaci-
tor and an inductance, has been given in Ref. [35]. Figure 3
shows the simulated evolution of the amplitude of the sensor
ion and the ion of interest after they are coupled. The initial
amplitude for the sensor ion is 1 um while that for the ion of
interest is 50 pm corresponding to a ratio z/z9 = 0.1. Note
that in this process no additional heating has been taken into
account. Recent studies of heating rates due to stochastic
field fluctuations at the electrodes or by collisions have been
presented in Ref. [37] (experiment) and in Ref. [38] (theo-
retical model), indicating that, for a 25MgJr ion, the heating
rate after Doppler cooling and switching OFF the laser beam
is about 650 quanta/s. Thus, after 8 s the axial energy will be
about 2 neV which is still below the expected energy gain.
Furthermore, these experiments were performed in a Paul
trap and not in a Penning trap where an RF driving field is
absent.

3.2 Laser cooling of the sensor ion

Laser cooling of the sensor ion in one dimension can be
achieved by directing a laser beam in one direction. The
other degrees of freedom can be cooled by side-band cou-
pling [39]. After energy transfer from the ion of interest to
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Fig. 3 Evolution of the amplitude of the sensor ion (light grey curve)
and the ion of interest (black curve) versus time after they are coupled
in the axial direction. The sensor ion has been laser cooled (z &~ 1 um
at ¢ = 0) while the ion of interest moves with an axial oscillation ampli-
tude of 50 um. For both ions the initial conditions are: maximum am-
plitude and zero velocity. The common frequency is 100 kHz (= v;)
and the frequency exchange is 1/(2fex). By changing the initial con-
ditions to solve the equations, the evolution of the amplitude can be
observed for different phases

the sensor ion (only axial direction is considered), the lat-
ter is cooled again. Here, a laser beam with sharp focus on
the center of the sensor-ion trap is proposed for cooling. Fo-
calization to a very small spot is possible by using a mi-
croscope objective. There are microscope objectives for the
wavelength interval from 355 to 532 nm with a numerical
aperture of 0.23, which can provide a spot size as small as
2 um (at A =397 nm). With such spot size, the laser beam
interacts with the sensor ion only when this crosses the cen-
ter of the trap. The force due to the laser field on an ion can
be represented by (see e.g. [40])

F = hKR, (11)

where h K is the momentum transfer from the photon to the
ion, and R is the scattering rate given by
s/2

R=T- _ (12)
145+ (28est/ )2

Here I' is the decay rate of the cooling transition, Jegr is the
effective laser detuning given by eff = w — wp — k - v, and
s is the saturation parameter

Iy
s=1 13)
with
her I

sat = o3 (14)
The equation of motion for the axial direction
£ 4wl = L&9 (15)

m



A quantum sensor for high-performance mass spectrometry

1037

10°

—o—c=1um
—e—5=10um
o =20 um

10 20 30 40 50 60

z (um)

Fig. 4 Time needed to reduce the oscillation amplitude of a 4°Ca™
ion to that of the waist of the laser beam versus initial amplitude along
z. Equation (16) has been solved numerically using a fourth-order
Runge—Kutta method. For these calculations the following parame-
ters were used: s = 140 (corresponding to Iy = 10 mW/mm? and
Iy = 68 p.W/mmz), m=40,d=1mm, v, =100 kHzand A =12

(where F(z,z) is the force taking into account the depen-
dence on z due the Gaussian profile of the laser beam
(flr) = e?! 2"2) [41] and the dependence on the velocity
Z by the term eg) results in

. 2 r S‘ezz/ZUz
Itwz=—-" oy — (16
2m 1456?27 4 (2(A—k3)/T)

This equation has been solved numerically using a
fourth-order Runge—Kutta method. The results of the time
needed to reduce the amplitude of the ion motion to be
within the waist of the laser beam around the center of the
trap are shown in Fig. 4 for different diameters of the laser
beam (o = 1, 10 and 20 wm). In order to obtain these re-
sults, k has been considered in the same direction as v while
in the real case (Fig. 2) there should be an angle very close
to 90° and therefore kv = kv cos «. Including this angle into
the calculations, the time to decrease the amplitude of the
oscillation of the ion motion to that of the beam waist is ex-
pected to be larger. Once the oscillation amplitude of the ion
is within the beam waist, the maximum fluorescence will be
observed within a few milliseconds. The time from 7y (laser
ON) to ¢ (maximum fluorescence) will vary depending on
the initial ion oscillation amplitude and therefore on the ini-
tial ion energy.

Considering that the cooling transition in 4°Ca* has a
decay rate of I" = 20.7 MHz, a number of approximately
103 photons/s is expected. About 10* photons/s will be ob-
served due to the detection solid angle and the quantum ef-
ficiency of the photomultiplier or CCD camera. Within a
time interval for the observation of the fluorescence of about
10 ms, 100 photons can be detected. The resolution in am-
plitude of the axial motion is better than 5 um as shown in

Table 2 Time needed to reduce the oscillation amplitude of a 4°Ca*t
ion to the waist of the laser beam for different initial amplitudes z.
The laser beam has a Gaussian profile (o = 10 um). The ratio z/z¢
considering zo = 0.5 mm, the kinetic energy for the ion and the cor-
responding cyclotron radius considering a 7 T magnetic field, are
also listed. For this magnetic field strength, v, = 2684046.36 Hz and
vy =2682182.19 Hz

2o (um) z/20 r+ (um) E (meV) Time (ms)
20 0.04 0.8 0.03 1.3

25 0.05 1.0 0.05 4.6

30 0.06 1.2 0.07 16.1

35 0.07 13 0.1 50.4

40 0.08 L5 0.13 129

45 0.09 1.7 0.17 274

50 0.1 1.9 0.2 511

55 0.11 2.1 0.25 870

Fig. 4. Table 2 shows the time for several initial axial oscil-
lation amplitudes presented in Fig. 4 together with their cor-
responding kinetic energies and cyclotron radii. As shown
in the table, very small amplitudes in the cyclotron motion
are already sufficient to observe different times which result
in better resolution (compared to the axial motion). Further-
more, the small amplitude ratio z/z¢ will ensure that the ion
of interest will not move far from the trap center and will be
less affected by trap imperfections.

This method of measuring time to reach the maximum
fluorescence becomes more sensitive in terms of detection
compared with a measurement of the Doppler shift used for
ion clouds by scanning a laser below resonance (see e.g. [42]
and references therein). In the latter case, many ions are
stored simultaneously in the trap and the number of detected
photons is several orders of magnitude larger. This will al-
low the measurement of the fluorescence distribution and
obtaining the ion cloud temperature. For a single ion one
can observe the fluorescence after cooling (10* photons per
second are expected to be detected) and get the final tem-
perature of the ion but this temperature will be the same
regardless the initial ion energy. The information it can be
used is also the measurement of the time it takes to reach
the maximum fluorescence. If the ion beam does not have a
strong focus, this time will be shorter compared to the case
proposed in this paper. However, the resolution in reach can
be experimentally investigated using different intensities of
the laser-cooling beam.

An improvement of the sensitivity obtained using the
method proposed in this paper relies on the possibility to
reduce further the energy of the sensor ion by cooling below
the Doppler limit. This might be possible by using a standing
wave pattern generated with two laser beams propagating in
opposite directions orthogonally polarized with respect to
each other. The way to generate such beams will be simi-
lar to the way used in magneto-optical traps but now only
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one direction is needed. This cooling has been proposed al-
ready for ions [43]. The method does not require additional
lasers and therefore can be easily implemented within the
proposed setup.

3.3 Principle of mass measurement with the sensor ion

In order to determine the mass of the ion using conven-
tional techniques, the ion must gain energy from either a
quadrupole field with vgpr = v, (TOF technique) or from
a dipole field with vgr = v; (induced image-current tech-
nique). This energy gain must be now detected through the
sensor ion in step 5 of the measurement procedure (Fig. 2).
The detection, as explained in the previous section will be
based on the measurement of the time needed by the sensor
ion to be laser cooled after it has undergone energy exchange
with the ion of interest.

A single mass measurement is carried out by sweeping
the frequency around v, or vy . Therefore the steps from 3 to
6 in Fig. 2 must be repeated around v, or vy in order to ob-
tain the linewidth of the resonance. Excitation, conversion to
axial motion, and energy transfer from the ion of interest to
the sensor ion originates an increase of the axial oscillation
amplitude of the sensor ion. This amplitude will be larger
at vpr = v, (quadrupolar excitation) or vgr = vy (dipolar
excitation) and this will be detected, since time as shown in
Fig. 4, will be longer. This time for a**Ca* ionina 7 T mag-
netic field was listed for several radial energies in Table 2.
For quadrupole excitation, the radial kinetic energy varies
around v, [22]. For dipole excitation, the relative variation
in v, also depends on the radial kinetic energy [25]. The de-
tection of an electronic current or by using a micro-channel
plate detector is now substituted by a measurement of the
cooling time of the sensor ion after this has gained energy
from the ion of interest previously excited.

4 Choice of °Ca as sensor ion

The ion used in the sensor trap should have a simple level
scheme with optical transitions easily accessible by com-
mercially available laser systems. Furthermore, it should
have a mass not too light in order to avoid the operation
at high harmonics. The *°Ca™ ion is here a good compro-
mise: It is of middle mass, avoids, as even-even nucleus, the
complication of very many hyperfine Zeeman levels, and re-
quires cw lasers which are readily available easy-to-handle
diode lasers. The calcium ion has been studied extensively
for quantum computation [44] and frequency standard de-
velopment [45] in a Paul trap by the Innsbruck group of
R. Blatt, for development of a frequency standard [46] by
a group at Osaka University (also using a Paul trap), and, in
a Penning trap, also for quantum information processing and
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Fig. 5 Atomic level of aCa™ ion in a 7 T magnetic field. Only the lev-
els needed for Doppler cooling are shown. See text for further details

ion crystallization [39] by R.C. Thompson et al. at Imperial
College, London. It is important to underline that these ex-
periments are more complicated since they need to perform
side-band cooling using the transition 4251, — 32Ds)»
(&~ 1 s half-life) at & = 729 nm after Doppler cooling, which
is the only cooling mechanism proposed for the quantum
sensor. The used of a standing wave pattern mentioned in
Sect. 3.2 does not require extra lasers.

The level scheme of Ca™ for Doppler cooling in a 7 T
magnetic field is shown in Fig. 5. Investigations carried
out by the group at Imperial College have shown electron
shelving induced due to the magnetic field. They have ob-
served spontaneous decay from 4p? P 2= 3d’*Ds 2 with
a branching ratio relative to the decay 4 P2P1 2= 2528 2
of 4.2 x 10~7 B? (B given in Tesla) [47]. For the proposed
magnetic field of 7 T, this becomes significant and therefore
a re-pumping laser at A = 854 nm is needed. Furthermore
due to the Zeeman splitting up to six more frequencies have
to be generated around this transition.

5 Planned pilot setup at the University of Granada

Cooling an ion in one trap by coupling this motion to a laser-
cooled ion in a second trap has not been realized up to now.
From the calculations presented in Ref. [35] and in this pa-
per, this cooling scheme seems feasible. The setup proposed
to be realized at the University of Granada is shown in Fig. 6.
It should enable to perform the mass measurements on the
187Re~1870s pair at Granada and to allow the preparation of
the mass measurements planned on superheavy elements at
GSI. It consists of the following four main components:

1. An ion source to deliver the ions of an isotope such as
rhenium or osmium, as pure ion beam. For this purpose,
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we will use a system already operational at the Uni-
versity of Granada [48]. It consists of a Nd:YAG laser
for laser desorption and ionization, a time-of-flight mass
spectrometer, and ion detectors.

. A Penning trap mass spectrometer. The planned mass
spectrometer is very similar to SHIPTRAP realized some
time ago by the author and co-workers at GSI [49]. Using
the time-of-flight technique [22] SHIPTRAP has been
successfully applied since its construction to measure
the masses of many isotopes up to those of lawrencium
[10]. It comprises a linear He-gas-filled radiofrequency
quadrupole (RFQ) cooler and buncher [50] for accumu-
lation, cooling and bunched ejection of the ions deliv-
ered by the ion source and a superconducting solenoid
housing two Penning traps, a so-called purification trap
for isobaric separation of the injected ion bunch and a
so-called measurement trap which allows for isomeric
separation and the mass measurement [51]. Note that
blueprints from the SHIPTRAP facility are already avail-
able [52] and that mass measurements with 10~% accu-
racy can be performed at Granada on stable isotopes im-
mediately after duplicating the GSI system and applying
the TOF technique. The superconducting magnet will be
identical to the one used at SHIPTRAP. This device pro-
duces two homogeneous magnetic field regions: an area
with 1 ppm/cm® homogeneity for the purification trap
and another one with 0.1 ppm/cm? for the measurement
trap. This trap will later be substituted by the quantum
sensor trap once this device is tested and operational.

Laser system for laser cooling (and pumping) of
40Ca* ion (Doppler cooling)

Fig. 6 Sketch of the quantum sensor setup for highly sensitive and extremely accurate mass measurements as planned at the University of Granada

3. A test bench for the quantum sensor. It enables to study
the concept of the quantum sensor (the laser-cooling pro-
cess and the detection scheme by fluorescence) indepen-
dent from building up, testing and performing TOF mass
measurements by use of the Penning traps. This proto-
type of the quantum sensor will be operated as Paul trap.
The test bench will also serve to study the heating of the
stored ion after switching OFF the lasers. The heating
rate measured under these conditions will be larger as
compared to the heating rate in a Penning trap without
RF field.

4. A laser system comprising two diode lasers with A =
397 nm and A = 866 nm which has been already de-
livered by the company TOPTICA (DL 100 /PRO DE-
SIGN) including the associated equipment. When mov-
ing the quantum sensor from the test bench to the super-
conducting magnet (dotted line in Fig. 6), the number of
lasers has to be multiplied by a factor of 2 (for the transi-
tions at A = 397 nm) and by a factor of 4 (for the transi-
tions at A = 866 nm) due to the large Zeeman splittings.

Challenges of the quantum sensor concept are the small
dimensions of the trap system (diameter ~ 1 mm), the sta-
bility of the applied potentials (= 100-200 nV), and an op-
timized coupling of the two traps. Micromachinery will be
applied and power supplies with extreme stability must be
used which are commercially available [36]. The coupling
of the ions through the endcaps is also challenging as they
cannot be electrically floating. This can be solved by having
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a large resistor to ground in parallel with a radiofrequency
switch as mentioned in Sect. 3.1.

6 Planned experiments and outlook

The applicability of the quantum sensor to the measure-
ments performed at SHIPTRAP is based on the modulation
of the radial energy as a function of a radiofrequency vgFr
around v, which is the excitation scheme using the TOF
technique [22]. With the quantum sensor, however, the de-
tection of the time-of-flight using the micro-channel plate is
substituted by the measurement of the time to achieve flu-
orescence. Figure 7 shows the time needed to decrease the
amplitude of the ion motion to that of the laser beam at the
waist as a function of vgp for a Ca™ ion in a 7 T magnetic
field for two different diameters of the laser beam. The con-
version from radial energy to time is done after applying a
polynomial fit to the data listed in Table 2 (columns 4 and 5).

The curve in Fig. 7 can be built up using about 10 data
points. For each point one needs to follow the procedure
shown in Fig. 2, taking a few tens of seconds. Therefore, a
complete measurement would take around & 5 min which
allows a comfortable investigation of the isotopes decay-
ing by fission at the end of the «-decay chain of elements
Z =114, 116, and 117 [for example 2"°Db (T} > = 3.4 h)]
[7,53].

The masses of '8’Re and '370s will be carried out also
using the same system (Fig. 6). In this respect it is clear from
the results shown in Fig. 7 and in Table 2 that the masses of
Re and Os can be accomplished, however the relative mass
uncertainty for the neutrino mass problem needs to be 2—
3 orders of magnitude better than the one delivered by the
TOF technique. The two possibilities previously described
are the technique used by Van Dyck et al. [25] and the de-
termination of the phase of the ion motion as pursued by
Pritchard et al. [27].

The method by Van Dyck et al. is based on the mea-
surement of §v, /v, as a function of v, following the equa-
tion [25]

E
—3Csa? ) =5, 17
406) aU (17)

Sv. [ Byd?
v, \ B

Using the data in Table 2, E./qU = 0.4 for z = 50 um. For
the pair Ca™—Ca™, the axial frequency must be stable within
60 mHz in order to get coupling of the two ions. Thus for
an axial frequency of about 100 kHz, 8v,/v, =6 x 10~/
(Table 1). In order to observe the frequency shift by observ-
ing the shortest time to get fluorescence (no coupling), the
term in parentheses in (17) must be larger than 1.5 x 107° at
VRF = V4. Therefore B2d2/B > 3Csa? + 1.5 x 107°. The
time to observe fluorescence will be a minimum provided
C4 < —1.2 x 1073, By changing the sign of C4 one can get
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Fig. 7 Time to reduce the amplitude of the ion motion to that of the
laser at the beam waist versus frequency of an applied RF field around
ve. Upper panel: o = 10 um; lower panel: o = 20 um. The ion is
Ca™ and the magnetic field is 7 T. The maximum energy of the ion is
235 eV (axial amplitude of 50 wm)

the curve in opposite way (for vgr < vy, C4 > 1.2 x 1079).
This can be done using the guard rings of the measurement
trap with a precision of |Cy4| &~ 1073 [54]. The measurement
in this way is expected to be highly sensitive. Note that to
get 10 ppt accuracy by using (6) one needs to measure the
axial frequency with less than 0.5 ppb (less than 2 mHz).
The detection of §v, /v, as a function of v, is affected
by systematic effects which have been presented in detail
in Ref. [25]. There are several systematic shifts which are
depending on the energy of the ion in the trap and are ex-
pected to be reduced as this new method allows for better
cooling of the ion and does need only very small radial oscil-
lation amplitudes for detection. The other systematic shifts
might depend on how well one can determine the axial and
modified-cyclotron frequencies using the quantum sensor.
The method developed by Pritchard et al., of detecting
the phase of the cyclotron frequency can be considered here
after looking to Fig. 8, where the evolution of the amplitude
of the sensor ion is shown starting the coupling at different
initial phases of the ion of interest and the sensor ion. As ob-
served from the figure, it is possible to observe differences
in the temporal evolution of the amplitude due to the initial
phase. In this figure the phase difference between the two
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Fig. 8 Evolution of the amplitude of the sensor ion versus time after
coupling to the ion of interest. The difference between the two curves
are the initial conditions: black: maximum amplitude and zero veloc-
ity; light grey: zero amplitude and maximum velocity. The difference
between the time to get the first maxima is more than 1 second

curves is 7 /2. This opens up new possibilities in the deter-
mination of the cyclotron frequency by detecting the phase
versus evolution time and fitting the data point by a least
squares method. One can fix a time than might be for ex-
ample the first expected maximum of the amplitude when
the initial phase is zero (maximum amplitude and zero ve-
locity). This can be defined as the time #y to switch ON the
laser after energy exchange for all the measurements. The
time ¢ needed to observed the maximum fluorescence will
then vary with the phase of the ion motion when the ions are
coupled.
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