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„Qu(antum) bit“

0 1

(Classical) binary digit (bit)

What is a quantum bit?

DRAM
NEW : Superposition & entanglement

Bloch sphere
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Quantum information processing
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Classical vs. quantum information processing
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Quantum circuit

Quantum logic circuit

measurement
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Types of qubits Modified from Science 354, 1090 (2016) 
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Comparison of key metrics (March 2022)

O… optical qubit, metastable lvl.
HF… hyperfine qubit, ground states
* … in the absence of collisions

Superconducting circuits Trapped ions

Relaxation time (T1) 15 – 100 μs 1 s (O) infinite* (HF)

Phase coherence (T2*) 20 – 100 μs 500 ms (O) 50 s (HF)

Single qubit gates 3x 10-3 – 10-4 10-6 (fid: 99.9999%)

Gate speed 15 ns 12 μs

Two-qubit gates 98.1% - 99.3% (Google)
89.3% - 99.5%(IBM)

10-3 (fid: 99.9%)

Gate speed 10 – 43 ns 1.6 μs / 30-100 μs 

Readout fidelity 93.1 – 99.3% 99+% (99.99%)

scalability Medium (size of C and dist) Hard (complexity, optics+electonics)

Comment Inhomogeneous perf. Homogeniety, but difficult to control

Coherence times in μs
T1 T2

min max avg min max avg

IBM Q Kolkata 27 9.86 239.52 126.1
4

11.52 167.8
7

78.64

Google Sycamore 11 21 15 - - 19

All ions are the same

No variation
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Coherence times

P. Krantz, et al., Applied Physics Reviews 6, 021318 (2019).
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Decoherence processes

P. Krantz, et al., Applied Physics Reviews 6, 021318 (2019).



Ion trap qubits 
A workhorse for Quantum Information

IQOQI Innsbruck, Austria

218 µm

University of Sydney, 
Australia



Quantum jumps (1952)

“[...] we never experiment with just one electron or 
atom or (small) molecule. In thought-experiments we 
sometimes assume that we do; this invariably entails 
ridiculous consequences [...]” 

Schrödinger, E. - Are There Quantum Jumps? Part II. 
The British Journal for the Philosophy of Science 3, 233–242 (1952). 

Im
ag

e:
 h

ttp
s:

//
w

w
w.

ap
s.o

rg
/



Thought-experiments become reality (1975/1980)
à Cooling of atoms with light
D. J. Wineland and H. Dehmelt, Bull. Am. Phys. Soc. 20, 637 (1975)
T. W. Hänsch and A. L. Schawlow, Opt. Commun. 13, 68 (1975)

More: 
physics.aps.org/story/v21/st11

http://dx.doi.org/10.1016/0030-4018(75)90159-5


Hans Dehmelt
Experiments with an isolated subatomic particle at rest
Rev. Mod. Phys. 62, 525 (1990)



Ramsey zones of 3.75 m. With it, we realized a fractional
accuracy of 0:9! 10"13 (Wineland et al., 1976). At that time,
the Division was more service oriented, with very little basic
research. Fortunately my group leader, Helmut Hellwig, had a
progressive view of the Division’s future and was able to
obtain NBS support to initiate laser-cooling experiments.
That support, along with some seed money from the Office
of Naval Research (ONR), enabled us to start a project on
laser cooling in the fall of 1977. With Robert Drullinger (a
local laser expert) and Fred Walls, we chose to use 24Mgþ

because of its simple electronic structure and Penning traps,
because of our prior experience with them. This was a very
exciting time, being able to work on a project of our choosing,
and by the spring of 1978, we had obtained our first cooling
results (Wineland, Drullinger, and Walls, 1978). In our ex-
periments we observed currents in the trap electrodes induced
by the ions’ thermal motion and hence had a direct measure-
ment of the ions’ temperature. Meanwhile, Peter Toschek’s
group in Heidelberg (joined by Dehmelt, who was on sab-
batical) was working toward the same goal, using Baþ ions
confined in an rf-Paul trap. They, with colleagues Werner
Neuhauser and Martin Hohenstatt, also observed the cooling
at about the same time (Neuhauser et al., 1978), through the
increased trapping lifetime of ions. In a near coincidence,
although there was no contact between the groups, the manu-
scripts were received by Physical Review Letters within one
day of each other (Peter Toschek’s group ‘‘won’’ by one
day!). The cooling observed in both experiments is typically
called Doppler cooling, where the oscillation frequency of the
ions’ motion is less than the linewidth of the cooling tran-
sition. Theoretical groups were becoming interested in the
cooling, and some of the earlier work is discussed in
Letokhov, Minogin, and Pavlik (1977), Kazantsev (1978),
and Stenholm (1986).

To us, the cooling of course provided a start toward
improving clocks and in 1985, working with John
Bollinger, John Prestage, and Wayne Itano, we demonstrated
the first clock that utilized laser cooling (Bollinger et al.,
1985). But as physicists, we were excited by just the cooling
process itself. So, in addition to clock applications, it would
eventually lead to reaching and controlling the lowest quan-
tized levels of motion for a trapped particle (below).

III. CONTROLLING THE QUANTUM LEVELS OF
INDIVIDUAL TRAPPED IONS

One of the obvious next steps was to isolate single ions. In
addition to the aesthetic appeal of this, as for single electrons,
the systematic errors in spectroscopy would be smallest in
this case (Dehmelt, 1982). By observing steps in the ion laser
fluorescence, the Heidelberg group was able to isolate Baþ

single ions (Neuhauser et al., 1980). With Wayne Itano, we
subsequently used this fluorescence ‘‘steps’’ method to ob-
serve single 24Mgþ ions (Wineland and Itano, 1981). The
Heidelberg group also made photographs of a single ion, and
because of its relatively long fluorescence wavelength
(493 nm), with a magnifier, a single Baþ ion can be observed
with the human eye!

In NIST single-ion experiments we chose to focus on Hgþ

because for frequency-standard applications, 199Hgþ has a

relatively high ground-state hyperfine clock transition
frequency of 40.5 GHz (Major and Werth, 1973; Cutler,
Giffard, and McGuire, 1982; Prestage, Dick, and Maleki,
1991) and also a narrow 2S1=2-

2D5=2 optical transition

[!ð2D5=2Þ ’ 86 ms], which could potentially be used as an

optical frequency standard (Bender et al., 1976). Although
optical pumping of 199Hgþ could be achieved with radiation
from isotopically selected Hgþ fluorescence lamps (Major
and Werth, 1973; Cutler, Giffard, and McGuire, 1982;
Prestage, Dick, and Maleki, 1991), laser excitation was
made difficult because of the short (194 nm) wavelength
required. Jim Bergquist in our group, with colleagues
Hamid Hemmati and Wayne Itano, first developed the re-
quired source by sum-frequency mixing a doubled Arþ laser
at 515 nm with 792 nm from a dye laser in a potassium
pentaborate crystal (Hemmati, Bergquist, and Itano, 1983).
We used an rf trap with a simple ring-and-end-cap structure
shown in Fig. 1, similar to that used by the Heidelberg group.

By the mid-1980s ion trappers were able to directly
address one of Schrödinger’s questions, which formed the
title for his publication ‘‘Are there quantum jumps?’’
(Schrödinger, 1952a, 1952b). Three similar demonstrations
were made in 1986 (Bergquist et al., 1986; Nagourney,
Sandberg, and Dehmelt, 1986; Sauter et al., 1986; Blatt and
Zoller, 1988); for brevity, we describe the experiment of
Bergquist et al. Referring to Fig. 1, a nearly harmonic binding
potential called a pseudopotential (Paul, 1990) is formed by
applying an rf potential between the ring electrode and the
end-cap electrodes (held in common). The relevant optical
energy levels of aHgþ ion are indicated in the upper left-hand
part of the figure. The 2S1=2 ! 2P1=2 electric-dipole transition

[" ¼ 194 nm, !ð2P1=2Þ ’ 2:9 ns] was used for Doppler laser

cooling. If continuously applied, a steady fluorescence from
the ion would be observed and could be used to produce
images of the ion. If 2S1=2 ! 2D5=2 resonance radiation were
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FIG. 1 (color). Schematic of the trap for singleHgþ ion studies. An
rf potential is applied between the ring electrode and end-cap elec-
trodes (which are in common), forming an rf ‘‘pseudopotential’’ for
the ion. The relevant Hgþ energy levels are indicated, including the
narrow 2S1=2 ! 2D5=2 ‘‘optical clock’’ transition. The data in the

upper right-hand part of the figure show the number of 194 nm
fluorescence photons detected in 10 ms detection bins vs time when
both transitions are excited simultaneously (Bergquist et al., 1986).
Absence of detected counts indicates that the ion is in the 2D5=2 state.

David J. Wineland: Nobel Lecture: Superposition, entanglement, . . . 1105

Rev. Mod. Phys., Vol. 85, No. 3, July–September 2013

D. Wineland Rev. Mod. Phys. 85, 1103 (2013).

Quantum jumps
Dehmelt PRL 56, 2797 (1986)
Blatt, Toscheck PRL 57, 1696 (1986)
Wineland PRL 57, 1699 (1986)

Ramsey zones of 3.75 m. With it, we realized a fractional
accuracy of 0:9! 10"13 (Wineland et al., 1976). At that time,
the Division was more service oriented, with very little basic
research. Fortunately my group leader, Helmut Hellwig, had a
progressive view of the Division’s future and was able to
obtain NBS support to initiate laser-cooling experiments.
That support, along with some seed money from the Office
of Naval Research (ONR), enabled us to start a project on
laser cooling in the fall of 1977. With Robert Drullinger (a
local laser expert) and Fred Walls, we chose to use 24Mgþ

because of its simple electronic structure and Penning traps,
because of our prior experience with them. This was a very
exciting time, being able to work on a project of our choosing,
and by the spring of 1978, we had obtained our first cooling
results (Wineland, Drullinger, and Walls, 1978). In our ex-
periments we observed currents in the trap electrodes induced
by the ions’ thermal motion and hence had a direct measure-
ment of the ions’ temperature. Meanwhile, Peter Toschek’s
group in Heidelberg (joined by Dehmelt, who was on sab-
batical) was working toward the same goal, using Baþ ions
confined in an rf-Paul trap. They, with colleagues Werner
Neuhauser and Martin Hohenstatt, also observed the cooling
at about the same time (Neuhauser et al., 1978), through the
increased trapping lifetime of ions. In a near coincidence,
although there was no contact between the groups, the manu-
scripts were received by Physical Review Letters within one
day of each other (Peter Toschek’s group ‘‘won’’ by one
day!). The cooling observed in both experiments is typically
called Doppler cooling, where the oscillation frequency of the
ions’ motion is less than the linewidth of the cooling tran-
sition. Theoretical groups were becoming interested in the
cooling, and some of the earlier work is discussed in
Letokhov, Minogin, and Pavlik (1977), Kazantsev (1978),
and Stenholm (1986).

To us, the cooling of course provided a start toward
improving clocks and in 1985, working with John
Bollinger, John Prestage, and Wayne Itano, we demonstrated
the first clock that utilized laser cooling (Bollinger et al.,
1985). But as physicists, we were excited by just the cooling
process itself. So, in addition to clock applications, it would
eventually lead to reaching and controlling the lowest quan-
tized levels of motion for a trapped particle (below).
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INDIVIDUAL TRAPPED IONS

One of the obvious next steps was to isolate single ions. In
addition to the aesthetic appeal of this, as for single electrons,
the systematic errors in spectroscopy would be smallest in
this case (Dehmelt, 1982). By observing steps in the ion laser
fluorescence, the Heidelberg group was able to isolate Baþ

single ions (Neuhauser et al., 1980). With Wayne Itano, we
subsequently used this fluorescence ‘‘steps’’ method to ob-
serve single 24Mgþ ions (Wineland and Itano, 1981). The
Heidelberg group also made photographs of a single ion, and
because of its relatively long fluorescence wavelength
(493 nm), with a magnifier, a single Baþ ion can be observed
with the human eye!

In NIST single-ion experiments we chose to focus on Hgþ

because for frequency-standard applications, 199Hgþ has a

relatively high ground-state hyperfine clock transition
frequency of 40.5 GHz (Major and Werth, 1973; Cutler,
Giffard, and McGuire, 1982; Prestage, Dick, and Maleki,
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[!ð2D5=2Þ ’ 86 ms], which could potentially be used as an

optical frequency standard (Bender et al., 1976). Although
optical pumping of 199Hgþ could be achieved with radiation
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and Werth, 1973; Cutler, Giffard, and McGuire, 1982;
Prestage, Dick, and Maleki, 1991), laser excitation was
made difficult because of the short (194 nm) wavelength
required. Jim Bergquist in our group, with colleagues
Hamid Hemmati and Wayne Itano, first developed the re-
quired source by sum-frequency mixing a doubled Arþ laser
at 515 nm with 792 nm from a dye laser in a potassium
pentaborate crystal (Hemmati, Bergquist, and Itano, 1983).
We used an rf trap with a simple ring-and-end-cap structure
shown in Fig. 1, similar to that used by the Heidelberg group.

By the mid-1980s ion trappers were able to directly
address one of Schrödinger’s questions, which formed the
title for his publication ‘‘Are there quantum jumps?’’
(Schrödinger, 1952a, 1952b). Three similar demonstrations
were made in 1986 (Bergquist et al., 1986; Nagourney,
Sandberg, and Dehmelt, 1986; Sauter et al., 1986; Blatt and
Zoller, 1988); for brevity, we describe the experiment of
Bergquist et al. Referring to Fig. 1, a nearly harmonic binding
potential called a pseudopotential (Paul, 1990) is formed by
applying an rf potential between the ring electrode and the
end-cap electrodes (held in common). The relevant optical
energy levels of aHgþ ion are indicated in the upper left-hand
part of the figure. The 2S1=2 ! 2P1=2 electric-dipole transition

[" ¼ 194 nm, !ð2P1=2Þ ’ 2:9 ns] was used for Doppler laser

cooling. If continuously applied, a steady fluorescence from
the ion would be observed and could be used to produce
images of the ion. If 2S1=2 ! 2D5=2 resonance radiation were
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FIG. 1 (color). Schematic of the trap for singleHgþ ion studies. An
rf potential is applied between the ring electrode and end-cap elec-
trodes (which are in common), forming an rf ‘‘pseudopotential’’ for
the ion. The relevant Hgþ energy levels are indicated, including the
narrow 2S1=2 ! 2D5=2 ‘‘optical clock’’ transition. The data in the

upper right-hand part of the figure show the number of 194 nm
fluorescence photons detected in 10 ms detection bins vs time when
both transitions are excited simultaneously (Bergquist et al., 1986).
Absence of detected counts indicates that the ion is in the 2D5=2 state.

David J. Wineland: Nobel Lecture: Superposition, entanglement, . . . 1105

Rev. Mod. Phys., Vol. 85, No. 3, July–September 2013

Single ions
PRA 22, 1137 (1980)
Phys. Lett. 82A, 75 (1981)
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Time standards / clocks

171Yb+

hyperfine levels
Rainer Blatt (1983)

Fisk, P. T. H (1997) @ 
NMI Lindfield

(most accurate clock in 
the world for a few 

weeks!)

Reduce motion

Go up in Q 
(linewidth/frequency)

Optical atomic 
clocks

GHz à THz

2018 NPL UK (Cs atoms)
5.4 × 10−13 at 1 s
4.0 × 10−16 at 20d

http://hyperphysics.phy-astr.gsu.edu
Images: NPL1955

171Yb+ F-state 
(3 year lifetime)

Accuracy: 3.0 × 10−18 

PTB Germany
PRL 116, 063001 (2016)

Accuracy: 9.4 x 10-19

NIST USA
PRL 123, 033201 (2019).
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Which elements are good for storing quantum bits?

Photoionization



Be

Mg

Sr

Ba

Yb

Ca

Hg

Cd

Singly-charged ions appropriate for 
quantum information processing

Photo
ionization



Ions with optical transition to metastable level: 40Ca+,88Sr+,172Yb+

Ions with hyperfine structure: 9Be+, 25Mg+, 43Ca+,111Cd+,171Yb+… 

qubit manipulation requires
ultrastable laser

P1/2 D5/2

t =1s

S1/2

40Ca+

P1/2

S1/2

D5/2

Doppler
cooling Sideband

cooling

metastable

Types of trapped ion quantum bits  

optical
transition

stable

“optical qubit”

hyperfine
ground states

detection

detection

“hyperfine qubit”

qubit manipulation with
microwaves or lasers (Raman transitions)

| i | i+ (43Ca+)

electron spin nuclear spin

| i | i+ (40Ca+)

electron orbital
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Encoding and reading out a qubit in an ion

x
y

z

P1/2

S1/2

D5/2

“Electron shelving”
Dehmelt, H. G. (1982).
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Measurement of expectation values / error bar

x

p/2 -pulse

y

z
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Quantum Projection Noise

QPN: Itano, W. M. et al., Physical Review A 47, 3554–3570 (1993). 
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Trapping ions – two different types of ion traps

Hans Dehmelt Wolfgang Paul

Paul trapPenning trap

static fields dynamic fields

H. Dehmelt, Rev. Mod. Phys. 62, 525 (1990). W. Paul, Rev. Mod. Phys. 62, 531–540 (1990).

"for the development of the ion trap technique"

Nobel Prize in Physics 1989
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Paul traps over the years

+

rring ~ 1.2mm

Innsbruck, 1995

Innsbruck, 2000

Innsbruck, 2012
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Ion loading and laser cooling

Photo
ionization

Ca Ca+

D. J. Wineland and W. M. Itano, Phys Today 40, 34 (1987).
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Doppler cooling

Doppler

cooling

Wineland, D. J. & Itano, W. M. - Laser cooling of atoms. Physical Review A 20, 1521–1540 (1979). 



Image: Rainer BlattFirst quantum byte (Innsbruck, 2005)
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