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Characterization of carrier-envelope
phase-sensitive photocurrent injection

in a semiconductor
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We characterize the manner in which the carrier-envelope phase of ultrashort pulses can control quantum in-
terference of injected photocurrents in low-temperature-grown gallium arsenide. We verify the predicted lin-
ear and square-root dependences of the generated current on the average optical powers of the low (n) and high
(2n) frequency wings of a pulse spectrum, respectively. When scanning the time delay between these two col-
ors, the signal amplitude exhibits a temporal width of 72 fs. The generated signal behaves as an ideal current
source for loads below ;100 kV. This behavior allows us to increase the signal detection bandwidth from 25
kHz with a voltage amplifier to 830 kHz by use of a transimpedance amplifier; higher bandwidths are possible.
We discuss how transimpedance amplification could also enable the quantum-interference photocurrent signal
to be measured by use of materials with longer carrier lifetimes, such as intrinsic GaAs. © 2005 Optical So-
ciety of America
OCIS codes: 120.5050, 190.5970, 320.7100.
1. INTRODUCTION
The advent of ultrafast mode-locked lasers has enabled
the generation of highly repetitive optical pulse trains
with pulse durations that are comparable to the optical
carrier period. For such few-cycle pulses, a variety of
physical processes become sensitive to the phase of the
carrier wave relative to the peak of the pulse envelope
(carrier-envelope phase fCE).1 Without active stabiliza-
tion, fCE wanders uncontrolled from one pulse to the next
because of fluctuations in the difference between the
group and the phase velocities within the mode-locked la-
ser cavity.1 Researchers have actively stabilized the time
evolution of fCE so that it changes from pulse to pulse in
a controlled manner and at a prescribed frequency called
the carrier-envelope offset frequency ( f0).2–4

The most common technique currently used to stabilize
f0 is n-to-2n self-referencing.3–5 This technique involves
frequency doubling the low-frequency wing (n) of the
pulse spectrum and optically mixing it with the high-
frequency wing (2n) of the pulse spectrum. The resulting
rf beat note between these two optical fields relative to a
stable oscillator is used as feedback in a phase-locked loop
to stabilize f0 of the laser. This method requires a pulse
spectrum that spans a factor of 2 in frequency (an octave-
spanning spectrum). Although octave spectra have re-
cently been generated directly from Ti:sapphire
oscillators,6,7 spectral broadening in nonlinear optical fi-
ber is typically required to generate sufficient light at the
two harmonic frequencies.8

The immediate effect of stabilizing f0 was realized in
the frequency domain where the spectral composition of
the stabilized pulse train can be used to link microwave
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and optical frequency standards and to provide stable op-
tical frequency references.9–12 More recently, f0 stabili-
zation has assisted in investigating physical processes
that are sensitive to fCE . With amplified pulses, Paulus
et al. showed that the direction of emitted photoelectrons
from photoionized krypton gas can depend on fCE .13

When using phase-stabilized pulses, the researchers were
able to use this above-threshold ionization technique to
reproducibly measure and control fCE itself, rather than
just its evolution.14 This achievement represented a sig-
nificant step in the characterization of optical pulses and
also led to the first direct observation of the Gouy effect on
the carrier-envelope phase.15 In related work, research-
ers have shown that coherent soft-x-ray (high harmonic)
generation from amplified pulses that is due to the ioniza-
tion of gases can also display fCE dependence.16,17 Using
unamplified but shorter duration pulses, Apolonski et al.
and Dombi et al. investigated the sensitivity of
multiphoton-induced photoelectron emission from gold
surfaces to fCE .18,19 With improved signal strength, this
solid-state measurement technique appears attractive for
direct measurement and stabilization of fCE itself.

Processes in semiconductors that are sensitive to fCE
have also been investigated. Researchers have predicted
and recently observed sensitivity in GaAs to fCE that is
due to interference between Rabi sidebands in the carrier-
wave Rabi flopping regime.20–23 Mücke et al. also
showed that the spectral broadening and second har-
monic generation required to generate a heterodyne beat
note by means of the standard n-to-2n technique can be
performed within a single ZnO crystal.24 More recently,
the same group attained sufficient signal strength from
2005 Optical Society of America
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this ZnO system to stabilize f0 .25 This achievement ap-
pears promising for simplification of the stabilization ap-
paratus.

Here we characterize a quantum-interference process
in semiconductors that is sensitive to fCE of ultrashort
pulses. Illumination of a direct-gap semiconductor ordi-
narily generates little or no net current because absorp-
tion of photons occurs symmetrically in momentum space.
In other words, carriers are generated with equal prob-
ability in any two opposite directions, resulting in no net
carrier flow. However, theoretical and experimental
studies have shown that quantum interference between
one- and two-photon absorption can disrupt this symme-
try and lead to a net current.26–29 The relative phase of
the light fields that drive the one- and two-photon pro-
cesses dictates the direction and magnitude of the result-
ing current. Contrary to most discrete-level atomic sys-
tems, both one- and two-photon transitions are allowed
between the same initial and final states in a semiconduc-
tor because the Bloch states are not eigenstates of parity.

The asymmetry in the momentum-space carrier distri-
bution arises from the fact that the two-photon transition
probability from the valence to the conduction band is odd
in momentum, and the single-photon transition probabil-
ity is even. The overall carrier-generation probability is
given by the modulus squared of the sum of these two
transition probabilities, which yields an interference
cross term that is odd in momentum. Therefore, when
the relative phase of the light fields causes destructive in-
terference for negative momentum, it causes constructive
interference for positive momentum. The resulting
momentum-space carrier imbalance produces a measur-
able current.

As illustrated conceptually in Fig. 1, this quantum-
interference control (QIC) effect has been studied using
two harmonically related pulse trains to drive the one-
and two-photon processes in low-temperature-grown gal-
lium arsenide (LT-GaAs).26–29 More recently the effect
was predicted and observed to be sensitive to fCE of a
single-pulse train in the same material.30,31 As can be
seen in Fig. 1, this sensitivity occurs because the one- and
two-photon absorption pathways can be established by
the spectral wings of a single octave-spanning pulse.
Here, we provide an experimental analysis of the single-

Fig. 1. Conceptual schematic showing quantum interference be-
tween one- and two-photon absorption in a direct-gap semicon-
ductor. The two interfering absorption pathways can be driven
by two harmonically related pulses or by the spectral wings of a
single octave-spanning pulse. The interference can cause an im-
balance in the otherwise symmetric carrier-population distribu-
tion in momentum space (represented by ovals), resulting in a
net flow of carriers. The direction and magnitude of the result-
ing photocurrent are sensitive to the carrier-envelope phase for
the single-pulse case.
pulse QIC phenomenon in LT-GaAs. We extend existing
theoretical work for comparison with our measurements.

A number of related coherent control experiments that
involve quantum interference between one- and two-
photon absorption pathways in semiconductors, as well as
in atomic and molecular systems, have been explored by
use of harmonically related pairs of pulse trains. For ex-
ample, quantum interference has been used to control
spin currents in semiconductors, photodissociation in the
HD1 molecule, and photoelectron yield in both atoms and
molecules.29,32–38 These processes should also be sensi-
tive to the carrier-envelope phase of octave-spanning
pulses.

2. THEORY
We consider an ultrashort pulse incident on a direct-gap
semiconductor between two metal electrodes (for current
collection). In the time domain, the complex electric field
of the pulse, whose polarization direction is across the
electrodes, is described by

E~t ! 5 E0~t !exp@2i~2pnCt 1 fCE!#, (1)

where E0(t) is the pulse envelope function, nC is the car-
rier frequency, and fCE is the carrier-envelope phase.1

We assume that the spectral content of this pulse is suf-
ficiently broad to excite both one- and two-photon absorp-
tion in the semiconductor, as shown in Fig. 1. In the fre-
quency domain, the pulse is described by

Ê~n! 5 bÊ0~n! ^ d ~n 2 nC!cexp~2ifCE!

5 Ê0~n 2 nC!exp~2ifCE!

5 @Ên~n! 1 Ê2n~n!#exp~2ifCE!, (2)

where Ê0(n) is the Fourier transform of E0(t). We split
the original pulse spectrum @Ê0(n 2 nC)# into the por-
tions below @Ên(n) 5 Ê0(n 2 nC)u(nC 2 n)# and above
@Ê2n(n) 5 Ê0(n 2 nC)u(n 2 nC)# the carrier frequency,
where u(x) is the Heaviside step function.39 We desig-
nate En(t) and E2n(t) to represent the time-domain enve-
lopes of these two spectral portions of the pulse. In the
experiment, we have the ability to adjust the optical
power and time delay of the two spectral regions indepen-
dently. Equation (2) shows that fCE is common to all fre-
quency components of the pulse.

To model the quantum-interference effect that occurs in
a semiconductor that is due to this pulse, we draw from
and extend previous theoretical work based on two-pulse
QIC experiments, where two distinct but coherently re-
lated pulses at frequencies n and 2n are focused onto a
semiconductor.28 First, we rewrite Eq. (3) from Ref. 28
with slightly altered notation:

J̇~t ! 5 2hCEn
2~t 2 td!E2n~t !sin~2fn 2 f2n! 2 J~t !/tC ,

(3)

where J(t) is the net photocurrent density generated.
The field components En(t) and E2n(t) have phases given
by fn and f2n , respectively. The phenomenological cur-
rent relaxation time tC is due to carrier momentum relax-
ation (;200 fs). The factor hC differs from u(he,h)xxxxu in
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Ref. 28 because we do not assume monochromatic illumi-
nation at n and 2n. Calculation of hC for extended spec-
tra is complicated and requires numerous integrals over
frequency to account for such concerns as the frequency
dependence of the current-injection tensor element and
the spectral overlap of all the different frequency combi-
nations that can contribute to the generated photocurrent
(not just n and 2n).40 We therefore defer calculation of hC
to a future publication. We neglect chirp despite the fact
that it is present. We also neglect imperfect spatial over-
lap despite the fact that the spectral wings of our pulses
exhibit similar spot sizes rather than the desired similar
confocal parameters. We are concerned with comparing
the qualitative behavior of a circuit model that involves
the solution to Eq. (3) with the qualitative behavior of our
experiment.

To facilitate solving Eq. (3), we first assume that the
pulse durations of the contributing electric-field compo-
nents at n and 2n are short compared to tC . This as-
sumption is based on experimental measurements that
we present in Section 4. When solving Eq. (3), this as-
sumption allows us to neglect current decay during the
pulse duration, yielding

J~t ! 5 25/2hC~m0 /e0!3/4nnn2n
1/2InI2n

1/2hT~td!

3 sin~2fn 2 f2n!exp~2t/tC!, (4)

where the pulses arrive at t 5 0 for no delay, nn and n2n

are refractive indices (assumed constant over the spectral
regions that contribute to QIC), and In and I2n are the
peak irradiances of the two spectral components in the
semiconductor (averaged over the absorption depth).
The unitless temporal overlap integral,

hT~td! 5

E
2`

`

uEn~t 2 td!u2uE2n~t !udt

E
2`

`

uEn~t !u2uE2n~t !udt

, (5)

accounts for different arrival times of the two contribut-
ing spectral components of the pulse.

We now consider the effect of a repetitive train of opti-
cal pulses that results in a repetitive train of current
pulses. First, because the current decays rapidly com-
pared with the temporal pulse separation T, we assume
that the current generated by one pulse does not contrib-
ute to the next. Furthermore, the detection bandwidth
for the metal-semiconductor-metal (MSM) structure and
the measurement device is low compared with the pulse
repetition rate. Our measurement is therefore sensitive
only to the integrated (average) current generated, and
we were not able to resolve the separation between indi-
vidual pulses temporally. With these assumptions, Eq.
(4) becomes

^J~t !& 5 25/2hC~m0 /e0!3/4nnn2n
1/2InI2n

1/2hT~td!

3 sin~2fn 2 f2n!tC /T. (6)

We retain the time dependence of the current density in
Eq. (6) because the argument of the sine can vary slowly
in time compared with all other characteristic times in
the experiment. Specifically, Eq. (2) shows that fCE is
common to all frequency components of the pulse, there-
fore fn 5 f2n 5 fCE . Thus the sensitivity of the QIC
current to the carrier-envelope phase is evident in Eq. (6).
However, without active stabilization, fCE wanders un-
controlled from pulse to pulse because of perturbations
within the laser cavity. We assume that the time evolu-
tion of fCE is actively stabilized to a constant frequency
such that1

fCE~t ! 5 2pf0t 1 f0 , (7)

where f0 is an arbitrary phase offset and f0 is the carrier-
envelope offset frequency. This condition is routinely
achieved in the laboratory.

Now, using ^I(t)& 5 ^J(t)&S, where S is the cross-
sectional area of the current flow,28 the effective average
photocurrent generated is given by

^I~t !& 5 I0 sin~2pf0t 1 f0!, (8)

where

I0 5 25/2hC~m0 /e0!3/4nnn2n
1/2InI2n

1/2hT~td!StC /T. (9)

We use Eq. (8) as the current source in the circuit shown
in Fig. 2, which differs in appearance from that given in
Ref. 28. The only physical difference between the two
circuits is that here the illuminated resistance measured
across the MSM structure, or RMSM , always remains
large relative to the load resistance (RL). This allows us
to neglect the time and irradiance dependence of RMSM .
The capacitance of the MSM structure is given by CMSM ,
whereas that of the load is given by CL .

The signal we measure, ^V(t)&, is an oscillating voltage
at frequency f0 that is due to the oscillating current
source. Using the circuit shown in Fig. 2, we solve for
the measured voltage amplitude at that frequency, which
yields

^V~ f0!& 5 I0R@1 1 ~2pf0RC !2#21/2, (10)

where R 5 (1/RMSM 1 1/RL)21 and C 5 CMSM 1 CL are
the total resistance and capacitance of the combined cir-
cuit, respectively. In the experiment, we either mea-
sured the oscillating voltage amplitude I0R and its phase
f0 by lock-in detection at f0 or observed just the ampli-
tude on a rf spectrum analyzer.

3. APPARATUS
The experimental setup used for these single-pulse QIC
studies is shown in Fig. 3. We used a train of ;10-fs
pulses from a mode-locked Ti:sapphire laser with a rep-
etition rate of 93 MHz, a center wavelength near 840 nm,

Fig. 2. Circuit diagram used to model the behavior of the QIC
signal. The diagram shows the effective components of the
MSM structure and the measurement device.
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and an average power of 400–500 mW. The light from
this laser was split into two portions: one for f0 stabili-
zation by use of a standard n-to-2n interferometer3,4 and
one for measurement of the QIC signal at f0 . We spec-
trally broadened both portions in 4-cm lengths of micro-
structure optical fiber8 to produce sufficient light at the
harmonically related optical frequencies n (1064 nm) and
2n (532 nm). We sent the first portion to a n-to-2n inter-
ferometer, where we detected and phase locked f0 to the
frequency of a stable rf synthesizer.

With f0 of the laser stabilized, we directed the second
portion of light through a prism pair to spread the optical
spectrum spatially. We reflected this dispersed light off
two separate mirrors to make it possible to adjust the
temporal delay between the n and the 2n spectral compo-
nents. We then focused the light (;10-mm beam diam-
eter for each color) onto the LT-GaAs sample in the semi-
conductor region between two gold electrodes separated
by 30 mm. As in the two-pulse QIC studies, we used LT-
GaAs to reduce the carrier lifetime to ;500 fs, thereby
minimizing the current shunting effect of RMSM during
illumination.28 Details of the sample and electrode
structure are given in Ref. 30. We amplified the signal
and utilized lock-in detection at the stabilized offset fre-
quency f0 . We also observed the beat note at f0 on a rf
spectrum analyzer. Using this setup, we explored the

Fig. 3. Experimental setup used for single-pulse QIC studies.
The n-to-2n interferometer was used to stabilize f0 by use of a
feedback loop. A prism pair and split mirror were used to adjust
the time delay between the light at frequencies n and 2n. The
light was focused onto a 30-mm semiconductor gap between two
metal strip-line electrodes. MS, microstructure fiber.

Fig. 4. QIC signal amplitude as a function of the average optical
power at frequencies n (circles) and 2n (squares). The solid
curves represent fits to the linear and square-root dependences
that were predicted in Section 2.
dependence of the measured QIC signal amplitude on
average optical power, temporal overlap, load impedance,
and stabilization frequency.

4. RESULTS
A. Optical Power
A previous publication demonstrated the sensitivity of the
semiconductor to static shifts in fCE .31 To substantiate
the claim that this phase dependence is due to the QIC
process, we first studied how the QIC signal amplitude
depends on the average optical powers at frequencies n
and 2n. We inserted a rotary variable attenuator into
one color at a time directly before the split mirror shown
in Fig. 3. Figure 4 shows the QIC signal amplitude mea-
sured on the lock-in amplifier as a function of the infrared
(1064 nm, bottom axis, circles) and visible (532 nm, top
axis, squares) average optical power. The error bars rep-
resent the standard deviation from ten measurements
taken at each power level. The solid curves represent fits
to linear and square-root behavior for frequencies n and
2n, respectively. These qualitative dependences were ob-
served in previous two-pulse studies30 and were predicted
in Eqs. (9) and (10) from Section 2 (note that average op-
tical power is proportional to irradiance). To estimate
the optical power at the sample, we monitored a small re-
flection from one of the prisms after attenuation. We
calibrated the detected power with spectral filters and an
optical powermeter at the position of the sample, but the
spectral portions of the light that actually contributed to
the QIC signal were not determined for these measure-
ments.

The measured results are clearly consistent with the
predicted power dependences from Section 2. Such
simple dependences are possible only if the MSM gap re-
sistance remains much greater than the load resistance
so that optically induced resistance change can be ne-
glected. The power-dependence measurements strongly
support the claim that the fCE sensitivity is due to QIC.
The largest signal that we measured throughout all our
studies corresponded to a current of 490 pA.

B. Temporal Overlap
We next measured the dependence of the QIC signal on
time delay td between the two colors at the sample. To
do this we monitored the lock-in voltage while scanning
one of the two retroreflection mirrors (shown in Fig. 3)
with a motorized stage. Figure 5 shows the measured
signal as a function of time delay. Each data point rep-
resents an average of five measured QIC signal ampli-
tudes. The solid curve represents low-pass fast-Fourier-
transform filtering of the measured data.

The QIC signal displays a temporal width of 72 fs.
This information is useful for practical purposes when
searching for the QIC signal, but it also allows us to esti-
mate the temporal durations of the contributing spectral
portions of the pulse. If, for simplicity, we assume iden-
tical Gaussian temporal pulse profiles for the two colors,
Eq. (5) can be used to verify that a field full width at half-
maximum of ;60 fs will produce the measured width of
hT(td). The field widths yield a current pulse excitation
of ;35 fs for td 5 0 and provide a basis for our assump-
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tion in Section 2 that the pulse width is short compared to
the current decay time (;200 fs). Also, by using the field
width to calculate the Fourier transform-limited spectral
width of the pulse spectral regions, we can infer that the
contributing spectrum is likely less than 8 nm for the 2n
portion. This result suggests that chirp could limit that
portion of the available (;25-nm) spectral wings that is
used to generate the QIC signal.

Of related interest are the ripples to the right of the
main peak in Fig. 5. Such behavior is typically a signa-
ture of third-order dispersion in cross correlation.41 The
inferred spectral width and the ripple both suggest that
increased signal strength could be possible with improved
dispersion compensation after optimization of the length
of microstructure fiber, the prism separation, and the
prism insertion shown in Fig. 3.

C. Electrical Characterization of the Source
Because the load impedance of our preamplifier (;100
kV) was significantly smaller than the MSM shunt resis-
tance during illumination (;1 MV), we investigated our
suspicion that the QIC signal could best be modeled as a
constant current source rather than a constant voltage
source. We decreased the input load resistance of the
voltage preamplifier directly after the QIC sample and
monitored the QIC amplitude under the condition
2pf0RC ! 1. For an ideal voltage source, the voltage
across the load resistor should remain constant; for an
ideal current source, the current should remain constant
through the load resistor. In the latter case, the voltage
should change in direct proportion to the change in load
resistance. Figure 6 shows the measured relative signal
amplitude as a function of the load impedance relative to
89 kV. The solid line represents the unity slope (direct
linear proportionality). The data show direct proportion-
ality between the measured voltage and the load resis-
tance, indicating that the QIC signal behaves like a con-
stant current source for loads below ;100 kV.

D. Detection Bandwidth
With increased signal amplitude, we could eventually be
able to use the QIC signal to stabilize, rather than just
measure, f0 of the laser. To test the applicability of the
QIC method for this purpose, we measured the detection
bandwidth. We adjusted the reference frequency to

Fig. 5. QIC signal amplitude as a function of the time delay be-
tween the two-pulse components near frequencies n and 2n. The
solid curve represents the low-pass-filtered version of the mea-
sured data. FFT, fast Fourier transform.
which f0 was stabilized, monitored changes in the QIC
signal peak power on a rf spectrum analyzer, and used a
voltage amplifier (gain of 53) following the QIC sample.
The results are shown as squares in Fig. 7. The solid
curve in Fig. 7 represents the prediction from Eq. (10) by
use of the measured values of R 5 89 kV and C
5 74 pF. Experimental agreement with the simple

theory is clear, with both frequency dependences showing
a 23-dB corner at 25 kHz. The MSM structure contrib-
uted only a small amount to both R (RMSM 5 800 kV illu-
minated) and C (CMSM 5 1 –2 pF, measured without illu-
mination) in this configuration. The largest
contributions came from the input impedance of the volt-
age amplifier and the capacitance of a shielded connecting
cable. By decreasing the load resistance into the voltage
amplifier, we were able to extend the detection bandwidth
to higher frequencies at the expense of signal gain (not
shown).

The large shunt resistance allowed us to improve the
signal detection bandwidth through transimpedance am-
plification. The measured QIC signal as a function of
stabilization frequency with a transimpedance preamp-
lifier is also shown in Fig. 7. With a transimpedance
gain of 106 V/A (1-MV feedback resistor), we obtained an
output voltage of ;1/5 of that by using the voltage ampli-
fier, as expected, but we increased the bandwidth to 830
kHz and slightly improved the signal-to-noise ratio. The

Fig. 6. Relative QIC signal voltage as a function of the load re-
sistance relative to 89 kV. The solid line represents the unity
slope that is expected from an ideal current source.

Fig. 7. QIC signal power as a function of the stabilized carrier-
envelope offset frequency. The squares (circles) represent data
taken with a voltage (transimpedance) amplifier following the
QIC sample. The curves represent the predicted behavior from
Section 2. CST , stray capacitance.
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dotted curve in Fig. 7 shows the predicted behavior of the
signal with the transimpedance amplifier. We attribute
the discrepancy between this curve and the measured
data to small stray capacitance in parallel with the large
feedback resistor of the amplifier. The dashed curve in
Fig. 7 shows the predicted behavior when we include a
stray capacitance of just 0.2 pF. We anticipate that im-
proved amplifier design will increase the detection band-
width, but the measured bandwidth is already sufficient
for f0 stabilization.

Transimpedance amplification could also enable the
measurement of QIC signals by use of materials with
longer carrier lifetimes, such as intrinsic gallium ars-
enide. In the past, researchers used materials grown at
low temperatures, which results in short lifetimes, to en-
sure that the load impedance of the measurement device
remained well below RMSM during illumination. How-
ever, our estimates indicate that RMSM for intrinsic GaAs
can remain above the input resistance of a transimped-
ance amplifier if properly designed. This finding could
lead to the exploration of QIC in materials that cannot be
grown at low temperatures.

E. Additional Observations
By translating the sample through a beam focus, we also
measured the nearly 180 ° phase shift in the QIC signal
that is due to the Gouy effect.42 The overall magnitude
of the phase shift was consistent for all the measure-
ments; however the symmetry of the shift relative to the
minimum waist position and the rate of the shift with
axial position were not simple and deviated significantly
from the Gouy theory. We plan to publish thorough in-
vestigations of the Gouy effect in this system in a future
publication.

5. CONCLUSIONS
We have investigated the sensitivity of injected photocur-
rents in low-temperature-grown GaAs to the carrier-
envelope phase of ultrashort laser pulses. The observed
optical power dependences of the signal were consistent
with quantum interference between one- and two-photon
absorption. A temporal overlap width of 72 fs suggested
that less than 8 nm of spectrum at 2n contributes to the
measured signal. After identifying the signal as a cur-
rent source for loads under ;100 kV, we improved the de-
tection bandwidth from 25 to 830 kHz through transim-
pedance amplification. The low input impedance of such
amplifiers could enable the observation of QIC of injected
photocurrents in materials with longer carrier lifetimes.
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fer, T. W. Hänsch, and F. Krausz, ‘‘Observation of light-
phase-sensitive photoemission from a metal,’’ Phys. Rev.
Lett. 92, 073902 (2004).

19. P. Dombi, A. Apolonski, Ch. Lemell, G. G. Paulus, M. Kake-
hata, R. Holzwarth, Th. Udem, K. Torizuka, J. Burgdörfer,
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