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Dear Board,
I apply to the Julian Schwinger Foundation to obtain funding to sponsor a grad-
uate student research project.
The proposed activity agrees with the requirements of the JSF, belonging to the
field of the “energy concentrating phenomena”. Besides, the aim of the presented
experiment is the detection of the dynamical Casimir effect, a subject which in-
terested Prof J. Schwinger during the nineties, as proved by the papers published:

1. Schwinger J. Casimir light: the source.
Proc Natl Acad Sci U S A. 1993 Mar 15 ;90(6) 21052106

2. Schwinger J. Casimir light: a glimpse.
Proc Natl Acad Sci U S A. 1993 Feb 1;90(3)958959

3. Schwinger J. Casimir energy for dielectrics.
Proc Natl Acad Sci U S A. 1992 May 1;89(9) 40914093

The student should develop a system to lock a high frequency repetition rate
laser to the frequency of resonance of a microwave cavity; to describe the role
of the student in the experimental context, I describe in detail also the overall
experiment in section 2. The background of the experiment is described in section
1. A possible scheme to be developed and tested by the student is presented in
section 3.

I might expect that in less than one year the frequency locking system could be
ready, this is the reason why I ask a grant of 20.000 $ to pay for 9 months the
graduate student.

1. background of the experiment

The experiment falls on the general framework of the study of quantum vacuum,
a subject that has gained importance in the last decade following precise exper-
imental results in the measurement of the Casimir effect. The Casimir effect
studies the modification of the vacuum energy due to fixed boundaries. Only one
accurate measurement of this effect was done using the original Casimir config-
uration of two parallel plane metallic surfaces. This has been performed in our
group in 20021.

1G.Bressi, G.Carugno, R.Onofrio, and G.Ruoso. “Measurement of the Casimir force between
parallel metallic surfaces”, Phys. Rev. Lett., 88 041804, 2002
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A more general issue is the study of the quantum vacuum with moving boundary
conditions, allowing investigation of unsolved problems in quantum electrody-
namics, cosmology and general relativity. The so-called dynamical Casimir effect
should occur when the motion of the boundaries is performed with non-constant
acceleration, giving rise to dissipative phenomena, i. e. to photon production
from the vacuum. 2 A primary objective of this project is the experimental
verification of this phenomenon of dissipation effect due to the friction of the
vacuum3 In principle the effect is possible also for a single mirror oscillating in
the sea of vacuum fluctuations, but the predicted number of photons produced
is immeasurably small for nonrelativistic mirror trajectories. Nonetheless there
is an experimental configuration which should allow production of an observable
number of photons: the mirror becomes the wall of a cavity and it oscillates at a
frequency which is twice the resonance frequency of the cavity itself (parametric
resonance condition). Through this mechanism, the number of produced photons
should grow exponentially inside the cavity.
In the case of a harmonically oscillating boundary in parametric resonance the
variation over time of the frequency of resonance of the cavity is:

ω(t) = ω0[1 + 2ε sin(Ωt)] Ω = 2ω0

where ω0 is the unperturbed field eigenfrequency, ε = dL
L0

is the relative amplitude
of the oscillation and Ω is the frequency of the wall vibrations.
Recent theoretical works agree on the fact that in this case the increase of the
number of photons inside the cavity should be exponential and a general expres-
sion is

N = sinh2(ω0εT)

where T is the duration of the vibration of the wall.
The number of full cycles is n = ΩT/2π = ω0T/π, so the previous expression can
be written as follows:

N = sinh2(nπε)

It is now evident that the number of photons inside the cavity depends on the
product between the number of oscillations performed by the moving boundary
and a displacement parameter ε, which measures the wall displacement ampli-
tude.
The inherent instability present in the shown expression (one could think that
the number of produced photons would be sufficient, for large oscillation times
T, to melt the cavity), is removed in recent papers4 with different approaches.
The quantum nature of the dynamical Casimir effect, added to the complexity of
our experimental approach, that will be described in the following section, require
a specific theoretical study, whereas the previous expressions for the number of
photons produced are obtained in cavities with perfectly conducting walls. Sev-
eral theoretical papers have recently analysed the problem of photon generation

2S. A. Fulling and P. C. W. Davies “Radiation from a moving mirror in two-dimensional
space-time Conformal anomaly”, Proc. R. Soc. London A, 348 393–414, 1976.

3R. Golestanian and M. Kardar. “Mechanical response of vacuum”, Phys. Rev. Lett., 78,
1997

4Y. N. Srivastava, A. Widom, S. Sivasubramanian and M. P. Ganesh, “Dynamical Casimir
effect instabilities”, Phys. Rev. A, 74 p. 32101, 2006; V. V. Dodonov and A. V. Dodonov,
“The nonstationary Casimir effect in a cavity with periodical time-dependent conductivity of a
semiconductor mirror”, J. Phys. A, 39, pp. 6271–6281, 2006.
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in our experimental scheme5 and they all agree on the fact that a few thousand
photons can be generated in our apparatus, even if the theoretical results are
obtained in different theoretical frameworks.

2. detailed description of the experiment

Generation of photons from the vacuum should take place when one of the walls
of a high quality factor cavity oscillates at high frequency, exactly twice the res-
onance frequency of the cavity.
It is possible to demonstrate that a rapid change of the dielectric properties of a
crystal can be considered equivalent to a sudden acceleration and some authors6

have proposed different schemes to detect the dynamical Casimir effect, that are
based on this principle. The idea underlying the proposed experiment evolves
from these proposals, with periodical modulation of the dielectric constant of a
semiconductor slab covering one wall of a superconducting cavity.
In our experimental scheme we shall simulate a mirror motion by changing the
reflectivity of a composite mirror. The mirror consists of a niobium supercon-
ducting cavity wall with a semiconductor wafer fixed on the inner side (see Figure
1 part (a)).
The semiconductor reflectivity is driven by irradiation from laser light, with pho-
ton energy corresponding to the semiconductor energy gap, so that it can switch
from completely transparent to completely reflective for microwaves.
At cryogenic temperatures the semiconductor is in fact an insulator and the cav-
ity is long L, but as soon as a laser pulse shines uniformly on it, a plasma of
carriers is produced on its surface. The quasi-metallic wall that is formed in
position L−D, where D is the thickness of the slab, causes a shift of the cavity
fundamental frequency ν0.
By sending a train of laser pulses we get a mirror oscillating from position L−D
to position L at the same frequency. An advantage of this method is that the
amplitude of oscillation can be made of the order of a few millimetres, compared
to about 1 nm obtainable by mechanical oscillations.
The method described leads to a layout as represented in Figure 1 part (b). The
laser pulses are guided into the cavity via an optical fibre. The total energy per
train of pulses is limited, so must be the number of available pulses, which will
be between 103 and 104 pulses for each train.
Using a train of laser pulses with repetition rate twice the resonance frequency
of the cavity, the parametric resonance condition is satisfied (see Figure 2). The
repetition rate limits the time in which the semiconductor relaxes to the ground
state, which cannot be larger than a few tens of picoseconds. In particular, the-

5M. Uhlmann, G. Plunien, R. Schützhold, and G. Soff, “Resonant cavity photon creation via
the dynamical Casimir effect”, Phys. Rev. Lett.,93, pp. 193601–4, 2004;
V. V. Dodonov and A. V. Dodonov, “QED effects in a cavity with a time-dependent thin
semiconductor slab excited by laser pulses”, J. Phys B, 39, pp. S749–S766, 2006;
M. Crocce, D. A. R. Dalvit, and F. D. Mazzitelli, “Quantum electromagnetic field in a three-
dimensional oscillating cavity”, Phys. Rev. A, 66, 2002;
M. Crocce, D. A. R. Dalvit, F. C. Lombardo, and F. D. Mazzitelli, “Model for resonant photon
creation in a cavity with time-dependent conductivity”, Phys. Rev. A, 70, pp. 033811–6, 2004.

6E. Yablonovitch, “Accelerating reference frame for electromagnetic waves in a rapidly grow-
ing plasma: Unruh-Davies-Fulling-Dewitt radiation and the nonadiabatic Casimir effect”, Phys.
Rev. Lett., 62, 1989;
Y. E. Lozovik, V. G. Tsvetus, and E. A. Vinogradov, “Parametric excitation of vacuum by use
of femtosecond laser pulses”, Physica Scripta, 52, pp. 184–190, 1995.
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Figure 1: (a) Mirror effective motion: a composite mirror changes its reflection proper-
ties under laser illumination, and the microwave reflecting surface switches its position
between L and L − D accordingly. (b) Arrangement of the composite mirror in a mi-
crowave resonant cavity.

Figure 2: Parametric resonance condition in the proposed experiment.

oretical studies7 suggest that in the present cavity geometry the optimal recom-
bination time of the semiconductor is approximately 20 ps. Besides, to minimise
dissipation effects in the cavity, the mobility has to be as high as possible; usually
a short carrier lifetime in a semiconducting material almost always implies low
mobility, however there are classes of semiconductors in which these two prop-
erties are met. For example, gallium arsenide grown at low temperature (LTG
GaAs) or semi insulating gallium arsenide (SI GaAs) irradiated with particles.
The laser beam is coupled to the cavity through an optical fiber and right before
the cavity entrance a combination of small lenses (see Figure 3) guarantees uni-
form illumination of the semiconductor.

The three main parts of the experiment are shown in figure 4: the cryogenic part
at 5 K which includes the cavity, the loop antenna to detect the signal connected
to the first amplifier through a directional coupler; the laser to create the plasma

7V. V. Dodonov and A. V. Dodonov “QED effects in a cavity with a time-dependent thin
semiconductor slab excited by laser pulses” J. Phys. B, 39 S749–S766, 2006.
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Figure 3: Schematic layout of the uniform illumination system (proportions have been
changed). Out of the fiber the beam undergoes multiple scatterings inside the optical
guide in BK7 and shaping to match surface ab is obtained with three cilindrical lenses.
X,Y refer to the axis of the lens relative to the propagation direction.

and the optics components to send the train of laser pulses inside the cryostat; the
system to lock the frequency of the cavity to the laser repetition frequency. The
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Figure 4: The three main parts of the experiment: the cryostat, the laser and
the frequency locked loop.

receiver, shown in Figure 5, allows amplification, filtering and frequency down
conversion of the signal. Its first segment consists of a cryogenic GaAs HMFET
amplifier kept during operation at liquid nitrogen temperature.
The signal is then processed and acquired with a fast ADC for off-line analysis.
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Figure 5: Picture and scheme of the receiver chain. The first mixer shifts rf power from
the TE101 resonant frequency to an intermediate frequency range centered at 10.7 MHz.
The mixer is followed by an amplifier with bandwidth 1-100 MHz and 33.5 dB gain. A
crystal bandpass filter suppresses noise outside a 30 kHz bandwidth, centred on the 10.7
MHz intermediate frequency.
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Figure 6: Feedback circuit to lock the cavity to the laser. The proportional integral
(PI) circuit, put in evidence by the dashed circle, has still to be developed.

3. research activity of the candidate student

In this section I devise the possible scheme the student will develop and test,
even if I am confident that it could still be improved. We have seen that the laser
repetition rate is determined by the geometry of the cavity through the fulfillment
of the parametric resonance condition: if the cavity frequency of resonance is 2.5
GHz, the laser repetition rate has to be 5 GHz.
In Figure 6 the phase-locked loop that will maintain the laser at the resonance
frequency of the cavity to fulfill the parametric resonance condition is shown. Part
of the laser beam is deflected through a beam splitter BS towards a photodiode
PD, whose output is used to measure the pulses rate frep. The signal from the
photodiode, after being amplified, becomes the RF input of a double balanced
mixer, which produces a voltage proportional to the difference in phases between
the reference signal LO and the laser output. The reference signal LO is the
frequency to which the laser has to be locked and comes from a signal generator
set to the resonance frequency of the cavity, which is fixed when the critical
coupling condition between the loop and the cavity is met.
When the frequencies RF and LO are equal, the IF output is a DC signal, whose
amplitude depends on the phase difference between the two input signals and
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provides the signal error, to be fed to the proportional integral (PI) feedback
control. In the circuit it will be possible to act directly on the piezoelectric
(PZT) extension summing a DC voltage; in this way position of the curved mirror
bonded to the piezo surface will be controlled and correspondingly the laser rate,
set by the length of the cavity.
Part of this equipment is already available in our laboratory, further components
would be suggested by the student himself and acquired during his experimental
activity, which is expected to last at least nine months.
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