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Abstract

This thesis concerns one of the few low energy experimental e�orts aiming to

test Quantum Electrodynamics. The experiment MIR (Motion Induced Radi-

ation) studies the quantum vacuum in the presence of accelerated boundaries.

According to Quantum Electrodynamics, a non-uniformly accelerated mirror

in vacuum feels a friction force due to the interaction with the vacuum pho-

tons. As a consequence, real photons are produced in the process, which is

known as dynamical Casimir e�ect. The radiated energy is emitted at the

expense of the mechanical energy of the mirror. The e�ect has never been ob-

served experimentally, since it is very feeble. Only recently a few experimental

approaches have been proposed.

The theory of the dynamical Casimir e�ect has been treated extensively in

literature [1�5]. According to the models proposed, for harmonic oscillations

the e�ect is proportional to the oscillation frequency. As all the papers refer to

frequencies of the order of a gigahertz, it is not possible to tackle the problem of

obtaining a moving boundary with a purely mechanical approach, for example

employing piezoelectric transducers or acoustic excitations, due to the large

amount of energy required to keep a massive object in motion.

A solution to this problem was proposed at the end of the 80's [6] and has

been adopted in the MIR experiment. In this framework the moving boundary

is a semiconductor slab that switches periodically from complete transparency

to total re�ection when illuminated by a train of laser pulses. In this way one

obtains a time variable mirror which mimics a physical oscillation, without the
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burden of overcoming the inertia of the mirror.

Even so, the number of photons expected is extremely small. The MIR

experimental strategy to enhance the photon production is to have the mirror

as the wall of a resonating cavity. In this case, if the repetition rate of the laser

is about twice a resonance frequency of the cavity, a parametric ampli�cation

process occurs, resulting in an enhancement of the number of photons by a fac-

tor which depends on the Q-value of the cavity. To this end, superconducting

cavities are employed in the experiment. A theoretical model describing these

phenomena in our apparatus has been recently developed by V. Dodonov [7�9].

In the following an outline of the thesis is given.

In the �rst chapter a theoretical overview of the dynamical Casimir e�ect is

given. The expression for the mean number of photons produced in the appa-

ratus is obtained and a theoretical model that takes into account dissipative

e�ects is discussed in the last part of the chapter. A principal scheme of the

experiment is also presented.

The second chapter describes the laser source developed by the Pavia group

[10] of the MIR collaboration, and the improvements done on it. The laser

operates around 800 nm and delivers 8-ps pulses with a repetition rate of

4.7 GHz. The �nal stage of the laser outputs trains of 2000 pulses and a total

energy of about 40 mJ. The pulse repetition rate is about twice the resonance

frequency of the microwave cavity and it has to be �nely tuned in order to

satisfy the parametric ampli�cation condition. A feedback system has been

developed to stabilize the repetition rate of the laser, obtaining a long term

variation below 150 Hz, a value much smaller than the 5 kHz required by

the linewidth of the cavity. The same system allows to vary the repetition

rate in an interval of ± 0.8 MHz. In order to improve the reliability of the

system and the energy output, the Main Oscillator and the Optical Parametric

Oscillator have been rebuilt from scratch; a pulse shaper has been developed

and implemented in order to compensate for amplitude distortions introduced

by the ampli�cation stages of the laser.
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In the third chapter the microwave cavity and the detection electronics

are introduced. The original scheme employing a rectangular cavity has soon

been abandoned for a cylindrical reentrant cavity having identical resonance

frequency and Q-value. This con�guration requires about ten times less laser

energy to modulate the re�ectivity of the semiconductor. Three cavities of

di�erent materials have been fabricated: a normal conducting copper cavity

used at liquid nitrogen temperature (Q = 3 · 104), a superconducting niobium

cavity to be cooled at 4 K (Q = 5 · 105) and a MgB2 high temperature su-

perconducting cavity. To increase the tuning range between the laser source

and the microwave cavity, a sapphire rod is inserted into the cavity, inducing

a resonance frequency shift proportional to the crystal volume intercepted by

the cavity; the tuning range obtained is 18 MHz. The cavity is equipped with

a critically coupled antenna and a weakly coupled antenna. The latter is used

to inject energy into the cavity, while the former one outputs a signal which

is fed to a low noise cryogenic ampli�er, is further ampli�ed at room temper-

ature and then sent to a super heterodyne electronic chain. The receiver has

been characterized at liquid helium temperature: an equivalent input noise of

(2.0 ± 0.2) × 10−22 W/Hz has been found. This corresponds to a sensitiv-

ity of approximately one hundred photons in the microwave range, enough to

measure the expected signal from the quantum vacuum photons [11].

The fourth chapter describes the study and the realization of the semi-

conductor samples: to match the speci�cations required by the experiment,

the carrier mobility must be high (∼ 104 cm2/V s) and the recombination

time short (∼ 10 ps). Irradiation of commercial semi-insulating GaAs samples

(µ ≈ 104 cm2/V · s and τ ≈ 1 ns) with heavy ions is used to shorten the

recombination time of the carriers in the semiconductor. It is known that this

procedure does not a�ect carrier mobility. The optimal �uence has been found

to be around 5 · 1010 ions/cm2. An optical pump- terahertz probe technique

is employed for the measurement of the recombination time of the irradiated

samples.
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In the �fth chapter the preliminary measurements on the complete system

are described. A �rst issue is the experimental determination of the cavity

frequency shift induced by laser illumination. The results are in good agree-

ment with the simulations performed using a �nite element software and also

demonstrate that the number of carriers generated in the semiconductor are

su�cient to create an e�ective plasma mirror for microwave radiation. A sec-

ond task is to test the parametric ampli�cation mechanism. Measurements

performed at liquid nitrogen temperature show features which could represent

the onset of a parametric ampli�cation e�ect. The cavity is pre-charged with

an RF pulse and the laser is switched on as soon as the decay of the �eld

begins after the end of the pulse. One always observes that when the laser is

injected in the cavity the RF �eld decay due to the �nite lifetime of the cavity

is accentuated, as a consequence of the interaction of the electric �eld with the

carriers created in the semiconductor. However, in a few samples, a frequency

interval exists in which one �nds a signi�cant increase in the amplitude of the

RF signal compared with what happens at all the other frequencies. Even if

an enhancement of the signal is never observed, the position of the �resonance

peak� and its width seem to be in reasonable agreement with the predictions of

the theoretical model and the numerical estimations of Prof. Dodonov. These

indications lead us to consider this behavior as a hint of the onset of paramet-

ric ampli�cation, even if more investigation will be surely needed before being

able to speak of a �rst observation.

In the last chapter further improvements in the setup, that could lead to

the observation of a full parametric ampli�cation e�ect, are discussed. Sub-

stituting the semiconductor with a composite structure could reduce the dis-

sipative e�ects in the non illuminated part of the semiconductor and at the

same time could increase the cavity resonance frequency shift � and in this

way the parametric ampli�cation gain of the system. An antire�ective coating

on the front surface of the semiconductor should also be implemented. Finally,

a full control of the shape of the pulses would render the choice of the cor-
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rect semiconductor less critical � while possibly increasing the ampli�cation

gain [12].

Riassunto

Questa tesi riguarda uno dei pochi esperimenti di bassa energia dedicati allo

studio dell'Elettrodinamica Quantistica. L'esperimento MIR (Motion Induced

Radiation) studia il vuoto quantistico in presenza di condizioni al contorno

accelerate. Secondo l'Elettrodinamica Quantistica, uno specchio non uniforme-

mente accelerato nel vuoto risente di una forza di attrito dovuta all'interazione

con i fotoni del vuoto. In conseguenza di ciò in questo processo, noto come

e�etto Casimir dinamico, vi è produzione di fotoni reali. L'energia irradiata

viene emessa a scapito dell'energia meccanica dello specchio.

L'e�etto è molto debole e non è mai stato osservato sperimentalmente.

Solo di recente sono stati proposti alcuni approcci sperimentali, mentre gli

aspetti teorici sono stati trattati ampiamente in letteratura [1�5]. Secondo i

modelli proposti, nel caso di oscillazioni armoniche l'e�etto è proporzionale alla

frequenza di oscillazione. Poiché tutti gli articoli fanno riferimento a frequenze

dell'ordine di un gigahertz, con un approccio puramente meccanico, ad esempio

impiegando trasduttori piezoelettrici o eccitazioni acustiche, non è possibile

risolvere il problema di ottenere uno specchio in movimento a causa della

grande quantità di energia richiesta per mantenere un oggetto massivo in moto.

Una soluzione a questo problema è stata proposta alla �ne degli anni '80 [6]

ed è stata adottata nell'esperimento MIR. L'idea è che la parete in movimento

possa essere sostituita da un lastra di semiconduttore che periodicamente passa

da uno stato di totale trasparenza ad uno di alta ri�ettività, per illuminazione

da parte di un treno di impulsi laser. In tal modo è possibile ottenere un

specchio variabile nel tempo che riproduce una oscillazione �sica, senza la

necessità di superare l'inerzia dello specchio.

Anche in questo caso tuttavia, il numero di fotoni previsto è estremamente
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ridotto. La strategia sperimentale di MIR per aumentare la produzione di

fotoni è quella di utilizzare lo specchio variabile come parete di una cavità

risonante. Se la frequenza di ripetizione del laser è circa due volte la frequenza

di risonanza della cavità, si veri�ca un processo di ampli�cazione parametrica,

con un conseguente aumento del numero di fotoni prodotti. Poiché questo

incremento dipende dal Q-valore della cavità, nell'esperimento vengono impie-

gate cavità superconduttrici. Un modello teorico del nostro esperimento è

stato recentemente sviluppato da V. Dodonov [7�9].

Di seguito viene dato un sommario della tesi.

Nel primo capitolo sono descritti gli aspetti teorici dell'e�etto Casimir di-

namico. Viene ricavata l'espressione per il numero medio di fotoni prodotti

nell'apparato sperimentale e, nell'ultima parte del capitolo, viene discusso un

modello teorico degli e�etti dissipativi. E' anche presentato uno schema di

principio dell'esperimento.

Il secondo capitolo descrive la sorgente laser sviluppata dal gruppo di Pavia

[10] all'interno della collaborazione MIR, ed i miglioramenti ad essa apportati.

Il laser emette nel vicino infrarosso, a circa 800 nm e fornisce impulsi da 8-ps

ad una frequenza di ripetizione di 4.7 GHz. Lo stadio �nale del laser produce

treni di 2000 impulsi con una energia totale di circa 40 mJ. La frequenza di

ripetizione degli impulsi è circa il doppio della frequenza di risonanza della

cavità a microonde e deve essere �nemente regolata in modo da soddisfare

la condizione di ampli�cazione parametrica. Un sistema di feedback è stato

sviluppato per stabilizzare la frequenza di ripetizione del laser, ottenendo una

variazione a lungo termine di meno di 150 Hz, valore nettamente inferiore ai

5 kHz richiesti dalla larghezza di riga della cavità. Lo stesso sistema consente

di variare la frequenza di ripetizione in un intervallo di ± 0.8 MHz. Per

aumentare l'a�dabilità del sistema e l'energia prodotta, l'oscillatore principale

e l'oscillatore parametrico sono stati riprogettati; inoltre è stato sviluppato e

realizzato un sistema di controllo per compensare le distorsioni in ampiezza

introdotte dagli stadi di ampli�cazione del laser.
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Nel terzo capitolo sono descritte la cavità a microonde e l'elettronica di

rivelazione. Lo schema sperimentale originario che impiegava una cavità ret-

tangolare è stato presto abbandonato a favore di una cavità cilindrica rien-

trante avente stessa frequenza di risonanza e Q-valore. Questa con�gurazione

richiede circa dieci volte meno energia laser per modulare la ri�ettività del

semiconduttore. Sono state realizzate tre cavità di diversi materiali: una nor-

malconduttiva di rame utilizzata all'azoto liquido (Q = 3 · 104), una supercon-

duttrice di niobio per misure a 4 K (Q = 5 · 105) e un'altra cavità di MgB2,

superconduttrice ad alta temperatura. Per aumentare l'intervallo di accorda-

bilità tra la sorgente laser e la cavità a microonde, una sbarretta di za�ro può

essere inserita nella cavità, inducendo uno spostamento della frequenza di riso-

nanza proporzionale al volume di cristallo intercettato dalla cavità; l'intervallo

di accordabilità ottenuto è di 18 MHz. La cavità è dotata di un'antenna

criticamente accoppiata e un'antenna debolmente accoppiata. Quest'ultima è

utilizzata per iniettare energia nella cavità, mentre la prima riceve i segnali

che vengono poi inviati ad un ampli�catore criogenico a basso rumore, ul-

teriormente ampli�cati a temperatura ambiente e successivamente inviati ad

una catena elettronica supereterodina. Il ricevitore è stato caratterizzato alla

temperatura dell'elio liquido: la sensibilità trovata ((2.0±0.2)×10−22 W/Hz)

corrisponde ad un segnale di circa un centinaio di fotoni nella banda delle

microonde, su�ciente per misurare il segnale previsto dai fotoni del vuoto

quantistico [11].

Il quarto capitolo descrive lo studio e la realizzazione dei campioni di semi-

conduttore: per soddisfare le richieste speci�che dell'esperimento, la mobilità

dei portatori deve essere alta (∼ 104 cm2/V s) e il tempo di ricombinazione

breve (∼ 10 ps). L'irraggiamento di campioni commerciali di GaAs semi-

isolante (µ ≈ 104 cm2/V s e τ ≈ 1 ns) con ioni pesanti viene utilizzato per

diminuire il tempo di ricombinazione dei portatori nel semiconduttore. É noto

che questa procedura non riduce la mobilità dei portatori. La �uenza ottimale

è risultata essere di circa 5 · 1010 ioni/cm2. Una tecnica di �optical pump�
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terahertz� probe è impiegata per la misura del tempo di ricombinazione dei

campioni irraggiati.

Nel quinto capitolo vengono descritte le misure preliminari sul sistema com-

pleto. Una prima questione è la determinazione sperimentale dello sposta-

mento della frequenza della cavità indotto dall'illuminazione laser. I risultati

sono in buon accordo con le simulazioni e�ettuate con un programma ad ele-

menti �niti e dimostrano, inoltre, che il numero dei portatori generati nel

semiconduttore è su�ciente a creare uno specchio �e�cace� per la radiazione

a microonde. Un secondo obiettivo è quello di veri�care il meccanismo di

ampli�cazione parametrica. Le misure e�ettuate alla temperatura dell'azoto

liquido mostrano caratteristiche che potrebbero segnalare l'insorgenza di un

e�etto di ampli�cazione parametrica. La cavità è precaricata con un impulso

RF e il laser viene acceso non appena il decadimento del campo inizia dopo la

�ne dell'impulso. Si osserva sempre che, quando il laser viene iniettato nella

cavità, il decadimento del campo RF dovuto alla dissipazione in cavità, è ac-

centuato come conseguenza dell'interazione del campo elettrico con i portatori

creati nel semiconduttore. Tuttavia, in alcuni campioni, esiste un intervallo di

frequenze in cui si rileva un aumento signi�cativo dell'ampiezza del segnale RF

rispetto a ciò che accade a tutte le altre frequenze. Anche se un incremento

del segnale non è mai osservato, la posizione del �picco� di risonanza e la sua

larghezza sembrano essere in ragionevole accordo con le predizioni del modello

teorico e le stime numeriche del Prof. Dodonov. Queste indicazioni ci portano

a considerare questo comportamento come un indizio della comparsa di un

e�etto di ampli�cazione parametrica, anche se una indagine più approfondita

è sicuramente necessaria prima che si possa parlare di una prima osservazione

del fenomeno.

Nell'ultimo capitolo sono proposti ulteriori miglioramenti all'apparato che

potrebbero portare all'osservazione certa dell'e�etto di ampli�cazione para-

metrica. Sostituire il semiconduttore con una struttura composita potrebbe

ridurre gli e�etti dissipativi nella parte non illuminata del semiconduttore e, al
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tempo stesso, potrebbe aumentare lo spostamento della frequenza di risonanza

della cavità � e in questo modo il guadagno di ampli�cazione parametrica del

sistema. Inoltre, dovrebbe essere realizzato un rivestimento antiri�esso sulla

super�cie del semiconduttore. Ottenere, in�ne, un pieno controllo della forma

degli impulsi potrebbe rendere la scelta del semiconduttore corretto meno cri-

tica e allo stesso tempo aumentare il guadagno di ampli�cazione [12].
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Chapter 1

Theory

The subject of the present work is the quantum vacuum, a concept completely

di�erent from the common understanding of the term �vacuum�. Let's consider

a bounded volume in which no material particles are present; in order to con-

sider it empty one has also to cool its temperature to absolute zero in order to

eliminate the blackbody radiation. However, in this con�guration irreducible

quantum �uctuations of the �elds are still present. These �uctuations, usually

called zero point �uctuations, correspond to a mean energy of 1
2
~ω for each

mode of the �eld of frequency ω. This vacuum energy term is not a simple

additive constant without physical meaning, many peculiar phenomena are

related to this aspect of vacuum: examples of this are vacuum birefringence,

Lamb shift, anomalous magnetic moment of the electron and Casimir e�ect.

Even the process of spontaneous emission, in which an isolated atom placed

in vacuum emits photons passing from an high energy level to its fundamental

state, is due to the interaction of the atom with the zero point �uctuations.

This generates the natural width of the spectral lines. In the �nal level, the

atom is still coupled to the vacuum and this coupling is accompanied by e�ects

such as Lamb shifts of the absorption frequency.

When two atoms are coupled to the same vacuum �uctuations, the in-

teraction of the atoms with the �eld �uctuations induces an attractive force

1
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between them, called the Van der Waals force. This force, which plays an

important role in physical chemistry, was interpreted in terms of quantum

physics around 1930 by London. While studying this phenomenon, Casimir

discovered in 1948 that a force is exerted also between two mirrors placed in

vacuum. The vacuum �uctuations are modi�ed by the appearance of a cavity,

their energy depending on the distance between the two mirrors. One can say

that the vacuum exerts a force that attracts each mirror towards the other.

Although relatively small, the Casimir force is now measured with good accu-

racy [13, 14]. Another way to interpret the Casimir e�ect is to consider that

a mirror in vacuum re�ects the vacuum quantum �uctuations and therefore

experiences a force related to radiation pressure. Between two mirrors forming

a Fabry-Perot cavity, this force is precisely the Casimir force.

The radiation pressure of the vacuum has also observable consequences on

a mirror moving in vacuum with non uniform acceleration, where it causes a

reaction force that tends to oppose the motion of the mirror [15]. The radiation

pressure of vacuum �uctuations is itself a �uctuating quantity. Every mirror

is therefore subject to �uctuations in force, with a zero mean value when it

is alone and motionless in the vacuum. When the mirror moves through the

vacuum, the balance of the �uctuations on both sides of the mirror can be non

zero. This is not the case of the motion with constant velocity, as can be easily

understood by invoking Lorentz invariance. It can also be shown that, due to

the symmetry of the electromagnetic vacuum, the force is zero also in the case

of a motion with constant acceleration [15]. The force appears only when the

mirror is subject to a non uniform acceleration, as in the case of a harmonic

motion. In this case the mirror is subject to an average force opposing its

movement. Thus, when a mirror is oscillating in vacuum, the reaction force

of radiation tends to dampen its movement. For energy conservation, photons

are emitted in vacuum. This radiation marks the interplay between vacuum

�uctuations and mechanical motion. The dynamical Casimir e�ect (DCE),

also known in the literature as nonstationary or nonadiabatic Casimir e�ect,
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consists precisely in the generation of photons from quantum vacuum in the

presence of large, non uniform, accelerations of boundaries.

1.1 Particle Generation from quantum vacuum

Particle generation, and in particular photon generation from vacuum �uctu-

ations of the electromagnetic �eld, has been the subject of several theoretical

studies in the last decades [16�20]. Processes responsible for particle creation

from the quantum vacuum state had already been predicted in the �rst years

of 1970 by Moore [16], who showed that an ideal boundary moving in vacuum

could induce production of photons. He concluded, however, that the e�ect

would be extremely small if the velocity of the boundary was much less than

the speed of light. Later, a possible enhancement of the e�ect under appropri-

ate conditions of resonance between �eld modes and oscillations of boundaries

was discussed by Sarkar [21]. The �rst numerical evaluations were performed

under unrealistic condition for the chosen amplitude of oscillation, that was

many orders of magnitude larger than any practically achievable, and used

approximate perturbative approaches that are usually invalid under resonance

conditions.

More precise and realistic calculations were performed only a decade later

by Dodonov [22] and Jaekel et al. [4]: it was shown that a signi�cant amount

of photons can be created from vacuum in high Q-value cavities with time-

dependent parameters. In particular, parametric ampli�cation of quantum

�uctuations of the electromagnetic �eld occurs if the boundaries of the cavity

perform oscillations at a frequency which is close to twice the cavity eigenfre-

quency.

In this latter case, the main factor determining the possible rate of the

photon production is the amplitude ∆ω of the modulation of the cavity eigen-

frequency mode. The main experimental challenge is to achieve large values of

∆ω in cavities with eigenfrequencies of the order of gigahertz, value dictated
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by the necessity to work with cavities of reasonable sizes, not exceeding a few

centimeters.

1.2 Theoretical models

1.2.1 Harmonic oscillations

Field quantization in Quantum Electrodynamics (QED) states that the elec-

tromagnetic �eld behaves as a set of harmonic oscillators. Mathematically this

assumption is expressed by writing the Hamiltonian operator of the free �eld

in a cavity as:

H0 =
∞∑
i=1

~ωn
(
â†nân +

1

2

)
(1.1)

where ân is the annihilation operator for the �eld mode with frequency ωn.

To include the interaction between the �eld and the physical world we must

add an operator H1(t) to the hamiltonian H0 [23]. Since the coupling between

�eld and matter is usually weak, H1(t) can be expanded in series of powers

of the annihilation and creation operators. In the second-order terms of this

expansion, the products of the operators â†n, ân and their hermitian conjugated

are present with time-dependent coe�cients. These are the terms that describe

time-dependent variations of the eigenfrequencies of the system [23].

Interactions can arise due to changes of the cavity geometry or of the

electromagnetic properties of the medium �lling the cavity. Changes of one of

these parameters also result in �eld excitations due to ampli�cation of �zero-

point� �uctuations.

1.2.2 Mean number of photons

Consider the simple case of a single harmonic quantum oscillator, representing

a �eld mode, with a time-dependent frequency term [24]. The theory of the
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quantum nonstationary harmonic oscillators, initially developed by Husimi in

1953 [25], states that all dynamical properties of a quantum oscillator can be

obtained solving the classical equation of motion:

ε̈+ ω2(t)ε = 0 (1.2)

If ω(t) = ωi for t < 0 and ω(t) = ωf for t > tf , then the information on the

state of the quantum oscillator at t > tf is included in the complex coe�cients

ρ± of the asymptotic form of the solution of eq. (1.2):

ε(t > tf ) = ω
−1/2
f [ρ−e

−iωf t + ρ+e
iωf t] (1.3)

originated from ε(t < 0) = ω
− 1

2
1 e−iωit.

For an initial thermal state of temperature Θ the mean number of quanta

at t > tf equals [25�27]:

〈N〉 ≡ â†â = G

( |ε̇|2 + ω2
f |ε|2

4ωf
− 1

2

)
= G

R

T
(1.4)

where G = coth[~ωi/(2kBΘ)], R ≡ |ρ+ρ−| and T ≡ 1 − R = |ρ−|−2. In

particular the quantities R and T can be interpreted as energy re�ection and

transmission coe�cients from an e�ective �potential barrier� given by the func-

tion ω2(t) [28].

For a monotonic function ω(t), the e�ective re�ection coe�cient cannot

exceed the value given by the Fresnel formula for the instantaneous jump of

the frequency R ≤ (ωi − ωf )
2/(ωi + ωf )

2, as demonstrated by Visser [28].

In the same paper it is also shown that if the frequency varies due to the

change of the cavity characteristic dimension L, then (for a small variation

∆L) one obtains an estimation of the maximum possible number of created

photons Nmax ∼ (∆L/L)2 [28]. Do to the fact that the number of quanta is an

adiabatic invariant, photons cannot be created in a slow process. This means
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that variations must be fast and with a duration of the order of the period

of the �eld oscillations. Although faster motions do not result in a signi�cant

increase of the number of photons, which is limited by the total change of

frequency. From this consideration we can obtain another expression for the

number of photons Nmax ∼ (v/c)2, where v is the characteristic velocity of

the boundary and c the speed of light. Consequently, the DCE is described

as a relativistic e�ect of the second order, so the expected number of created

photons in a single mode is much less than unity for monotonic nonrelativistic

motions.

The e�ective re�ection coe�cient can be made as close to unity as desired

in the case of periodic variations of parameters satisfying some resonance con-

ditions. This is the basis of the proposals of using the parametric ampli�cation

e�ect in experiments on the dynamical Casimir e�ect [4, 22]. In the case of

a harmonically oscillating boundary in parametric resonance the variation of

frequency over time is:

ω(t) = ω0[1 + 2ε sin(Ωt)] Ω = 2ω0 (1.5)

where ω0 is the unperturbed �eld eigenfrequency, ε = ∆L/L the relative am-

plitude of the oscillation and Ω is the frequency of the wall vibrations.

From eq. (1.4) the mean number of photons created becomes [29]:

〈N〉 = sinh2(ω0εt) = sinh2

(
Ωεt

2

)
(1.6)

The number of full cycles is n = Ωt/2π = ω0t/π so expression 1.6 can be

written as follows:

〈N〉 = sinh2(nπε) (1.7)

It is now clear from eq. (1.7) that the number of photons produced is

proportional to the product between the number of oscillations performed

by the moving boundary and the relative displacement ε. An similar trend
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Figure 1.1: Parametric ampli�cation of a pendulum. The amplitude of oscillation is

ampli�ed raising and lowering the mass M .

of exponential growth has been also obtained by other authors in di�erent

theoretical frameworks [30,31].

Formula eq. (1.6) results in the possibility to produce an unphysically large

number of photons; however this problem has been solved by Srivastava in [32],

which considers a saturation regime resulting from higher order analysis of the

dynamical Casimir e�ect.

1.2.3 Parametric ampli�cation

The idea of amplifying vacuum photons using an external excitation relies on

the well known principle that an oscillatory motion can be ampli�ed by exter-

nal forces. This idea is commonly employed in radioastronomy and satellite

communication, where the signals of interest are very weak compared to the

electronic noise generated in the detection stages. An increase in the ampli-

tude of an oscillatory motion is possible through the periodic variation of one

of the parameters of the system; an example of this behaviour is a pendulum

(see Fig. 1.1) in which the position of a moving mass is changed at a frequency

that is twice the natural frequency ω =
√
g/l of oscillation.

Ampli�cation takes place if the mass M is raised a small distance ∆l when

in the vertical position and lowered by the same distance ∆l in the extreme
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R
C L

Figure 1.2: RLC circuit: example of a parametric oscillator.

displacement point of its �natural� trajectory.

The phase of the external force F is very important; for instance if the

mass M is lowered when the pendulum is in vertical position, the oscillations

of the pendulum will dampen rather than grow.

When the variation in the position of mass M is too small, nothing hap-

pens; instead when the excursion is large the pendulum spontaneously starts

to swing. The amplitude of oscillations grows exponentially in time and is

proportional to the quality factor of the system Q.

The RLC circuit shown in Fig. 1.2 is another example of a parametric

ampli�er. If a current is oscillating in the circuit and the capacitance C is

varied at twice the resonant frequency, for example changing the plate sepa-

ration in the capacitor, energy can be fed to the system. As in the case of

the pendulum, the phase is very important: to obtain an ampli�cation the

separation between the plates of the capacitor must be increased when the

attractive force reaches its maximum value and decreased when the charge on

the plates is around zero. The total capacitance of the system can be written

as sum of a constant capacitor C0 and of a time variable capacitor:

C(t) = C0 + C1 cos(2ω0t+ φ)

where ω0 is the resonance frequency of the unperturbed circuit. The voltage

and current oscillations grow exponentially when the capacitance is excited at

the correct frequency and with the proper phase.
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1.3 Experimental approach

In section 1.2.2 was shown that generation of photons from the vacuum via

the dynamical Casimir e�ect requires the oscillation, at high frequency and

with a large displacement, of one of the walls of a high quality factor cavity.

From the experimental point of view, non trivial di�culties arise due to the

large amount of energy that is necessary to mechanically move a macroscopic

object at high frequencies.

To evaluate the order of magnitude of the energy and the mechanical power

required, let's consider a wall of a resonant cavity oscillating with frequency

ν = 2 GHz and amplitude δx = 10 nm. The maximum kinetic energy of the

wall is Ek = 1
2
m (2π · ν)2 δx2, that is dissipated in a time scale of the order of

T = π
2ω

= 1
4ν
. Using realistic values for the mass density ρ = 3 · 103 kg/m3

and the dimensions of the oscillating wall 3 cm x 3 cm x 0.1 mm, the required

power can be as large as P = Ek/T = 4ν · Ek = 1.7 · 108 W.

It is true that using a resonator with a mechanical quality factor Qm, this

power can be reduced of a few orders of magnitude. Experimental values Qm

as high as 103 (Q · ν ∼ 1012) have been obtained using piezoelectric transduc-

ers [33]. However in this case the maximum displacement achievable is small

(δx < 1 nm) and limited to small surfaces. Acoustical excitation could be

a possible alternative but it is technically di�cult and, moreover, has severe

limitations on the maximal velocity of the boundary. This value cannot exceed

a few percent of sound velocity in the material, otherwise the material will be

destroyed due to huge internal deformations [34].

One has to conclude that a mechanical approach is not feasible. How-

ever, what is really needed to create photons from the quantum vacuum is

the possibility to change the resonance frequency in a periodical way. This

can be achieved not only by changing the geometry, but also by varying the

electric properties of the walls or of some medium inside the cavity. This is the

idea at the basis of MIR experimental scheme: a semiconductor slab switches

periodically from complete transparency to total re�ection when illuminated



10 CHAPTER 1. THEORY

by a train of laser pulses; in this way a time variable mirror which mimics a

physical oscillation is obtained, without the burden of overcoming the inertia

of the mirror.

1.3.1 The MIR experimental scheme

The idea of using rapid variations of the refractive index of materials was

formulated in 1989 by Yablonovitch [6], who suggested that fast changes in the

electric properties of semiconductors could be achieved through illumination

with short laser pulses. Similar ideas were discussed also by Man'ko [24] and

Grishchuk et al. [19]. In another work, published in 1995 by Lozovik [35], the

parametric excitation of electromagnetic waves in a cavity was proposed; a

periodical modulation of the dielectric constant of a semiconductor slab was

obtained irradiating a semiconductor �lm with femtosecond laser pulses.

Figure 1.3: The dielectric properties of a semiconductor wafer �xed on one side of the

microwave superconducting cavity are modulated in time by laser pulses. An e�ective

motion from position L to position L-D is achieved through illumination of the semiconductor

surface.

In our setup a semiconductor wafer is �xed on one side of a microwave
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superconducting cavity (Fig. 1.3) to simulate the motion of a mirror. At cryo-

genic temperatures the semiconductor is transparent to microwave radiation

(so the e�ective cavity length is L), but when a laser pulse of appropriate

wavelength, corresponding to the semiconductor energy band gap, illuminates

uniformly the surface of the semiconductor, carriers are created and the surface

becomes re�ective (shortening the cavity length to L−D). If the interval be-

tween pulses exceeds the recombination time of carriers in the semiconductor,

a highly conducting layer will periodically appear and disappear on the surface

of the slab. This can be interpreted as a periodical displacement of the bound-

ary. By sending a train of laser pulses at a given frequency, we obtain a mirror

oscillating at the same frequency. This experimental approach not only re-

quires less energy than the mechanical one but also ensures a larger amplitude

of oscillation, determined by the thickness D ∼ 1 mm of the semiconductor

slab, compared to the about 1 nm obtainable by mechanical oscillations.

The thickness of the photo-excited conducting layer nearby the surface of

the semiconductor slab is given mainly by the absorption coe�cient α of the

laser radiation and is of the order of a few micrometers (depending on the laser

wavelength), being much smaller than the thickness of the slab itself. Laser

pulses with energy density of about 10 µJ/cm2 create a highly conducting layer

with a carrier concentration exceeding 1017 cm−3 [36].

1.4 MIR apparatus

The layout of the experimental apparatus is shown in Fig. 1.4.

A microwave superconducting niobium cavity with resonance frequency of

about 2.3 GHz is held at cryogenic temperature inside a liquid helium cryostat.

The cavity hosts a GaAs slab (mobility µ = 104 cm2/V s and recombination

time τ ∼ 10 ps), whose surface is illuminated by a pulsed laser source. Laser

light enters the cavity through a small aperture and illuminates uniformly the

surface of the semiconductor.
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Figure 1.4: Detailed experimental setup. The four main parts that constitute the appara-

tus are shown: the superconducting niobium cavity, a semiconductor slab attached on one

side of this cavity, the laser system and the electronic detection chain.

The laser source is tuned in the near infrared (800 nm) and modulated in

amplitude at a frequency that is about twice the cavity resonance frequency

allowing, in this way, a parametric ampli�cation of the signal produced in

the cavity. The repetition rate of the laser source is maintained stable by a

feedback system.

Microwave power inside the cavity is detected through a critically coupled

inductive loop. This antenna is connected by a transmission line to a low

noise detection chain: the signal is ampli�ed by a cryogenic ampli�er and then

processed by a superheterodyne receiver.
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1.5 Experimental model

A complete model of the experimental apparatus was developed by V. Dodonov

[7�9], taking into account all the parameters of the MIR experiment. To cor-

rectly model the semiconductor mirror in the MIR experiment one has to

consider the fact that the laser pulses create pairs of real carriers in the semi-

conductor, which change mainly the imaginary part ε2 ≡ 4πσ/ω of the complex

dielectric permittivity ε = ε1 +iε2. As a consequence, the `instantaneous' time-

dependent resonance frequency becomes complex-valued function Ω = ω− iγ.
This means the appearance of inevitable intrinsic losses inside the semicon-

ductor slab, which must be considered and carefully evaluated, since they can

signi�cantly deteriorate the parametric ampli�cation.

1.5.1 Dissipation

Quantum e�ects caused by a the time dependence of the properties of thin

slab inside resonant cavity have been studied by several authors [30,37]. How-

ever, only very simple models of the media were considered in those papers:

lossless homogeneous dielectrics with time-dependent permittivity [37], ideal

dielectrics or ideal conductors suddenly removed from the cavity. All those

models, as well as the estimations of the photon generations rate based on

the simple formula (1.6), do not take into account inevitable losses inside the

semiconductor slab during the excitation-recombination process. This is the

immediate consequence of the fact that the dielectric permittivity ε of the

semiconductor medium is a complex function: ε = ε1 + iε2, where ε2 = 2σ/f0.

σ being the conductivity and f0 the frequency. Good conductors have ε2 ∼ 108

at microwave frequencies. Although ε2 is negligibly small in the non-excited

semiconductor at low temperatures, it rapidly and continuously grows up to

values of the order of 105 − 106 during the laser pulse, returning to zero after

the recombination time. So it is necessary to take into account the internal

dissipation in the slab, which means that one has to generalize the solution of
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equation (1.2) to the case of damped quantum nonstationary oscillator:

ε̈+ 2γ(t)ε̇+ ω2(t)ε = 0 (1.8)

where γ(t) is a time dependant damping coe�cient. The theoretical analysis

is based on the assumption, made in section 1.2.1, that the phenomena can

be understood in the framework of the simple model of a quantum harmonic

oscillator (with a time dependent frequency) describing a mode of the electro-

magnetic �eld in a cavity. The main theoretical problem is how to take into

account the e�ects of dissipation, whose strength rapidly varies with time.

This can be done , at least in the �rst approximation, in the framework of the

following Heisenberg�Langevin equations for the operators x̂(t) and p̂(t) [8],

describing the two quadrature components of the �eld mode:

dx̂/dt = p̂− γx(t)x̂+ F̂x(t), (1.9)

dp̂/dt = −γp(t)p̂− ω2(t)x̂+ F̂p(t). (1.10)

Two noncommuting noise operators F̂x(t) and F̂p(t) (with zero mean values)

are introduced to preserve the canonical commutator [x̂(t), p̂(t)] = i. 1

It was shown by Dalvit et al. [5] that dissipative e�ects can be reduced

to non-local terms of the type
∫ t
−∞ γ̃(t; s)p̂(s)ds. In the MIR experiment the

duration of the dissipative e�ects is determined by the duration of the laser

pulses Tlaser and by the recombination time τ of carriers created inside the

semiconductor. Both these parameters are much smaller than the period of

free oscillations of the selected �eld mode T0. The main contribution to the

integral over s is given by the interval t− s . τ , since γ̃(t; s) ≈ 0 if t− s� τ

(because the concentration of carriers which cause the dissipation is negligible

for t − s � τ). In addition, the variations of the frequency ω(t) from the

initial and �nal values are also very small. This means that the function p̂(s)

1The actual form of these operators is not relevant for the current analysis. The amplitude

of quantum �uctuations is much smaller than the classical signal studied here.
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practically does not change during the interval t − s . τ , so that its value

inside the integral can be replaced approximately by p̂(t). Therefore one can

write ∫ t

−∞
γ̃(t; s)p̂(s)ds ≈ p̂(t)

∫ t

−∞
γ̃(t; s)ds = p̂(t)γ(t),

thus obtaining the local equations (1.9) and (1.10).

The damping coe�cients γx(t) and γp(t) should be deduced from some mi-

croscopic model, taking into account the interaction of the �eld mode with

electron�hole pairs inside the semiconductor slab, the coupling of electrons

and holes with phonons or other quasiparticles and the time dependence of

the number of carriers, which disappear after with a characteristic recombi-

nation time. We can use a simpli�ed model (considered in Ref. [38]) where

the real dissipative system is replaced by a set of harmonic oscillators and

the interactions are replaced by an e�ective Hamiltonian with time-dependent

coe�cients. It can be shown that, in the limit case of very short interaction

time (much smaller than the period of free oscillations T0), the coe�cients

γx(t) and γp(t) must coincide: γx(t) = γp(t) ≡ γs(t). On the other hand, the

same result is well-known in the opposite limit case when the time of inter-

action with the environment is much larger than the period of oscillation in

the selected mode [39]. Such an interaction describes the losses in the cavity

walls responsible for the �nite quality factor Q = ω0/(2γc). Therefore we use

a model with γx(t) = γp(t) = γ(t) = γc + γs(t), where γc = const takes into

account the losses in the cavity walls while the time-dependent function γs(t)

describes additional losses inside the laser-excited semiconductor slab.

1.5.2 Parametric ampli�cation of a �classical signal�

In this section the case of parametric ampli�cation of electromagnetic radiation

(�classical signal�) already present in the cavity is treated. Neglecting the �uc-

tuations (F̂x(t) = F̂p(t) = 0), the equations (1.9) and (1.10) can be replaced by

the similar equations for the quantum-mechanical average values by removing
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the carets symbols for the operators. Using the notation E(t) ≡ 〈x̂(t)〉 for one
of the quadrature components of the electromagnetic signal, the exact solution

of equations (1.9) and (1.10) with the initial condition

Ein(t) = E0 cos(ω0t− ϑ)

can be written:

E(t) = E0e
−Γ(t)Re

(
ε(t)eiϑ

)
, (1.11)

where Γ(t) =
∫ t

0
γ(τ)dτ . The complex function ε(t) satis�es the following

di�erential equation and initial condition:

ε̈+ ω2(t)ε = 0 ε(t < 0) = exp(−iω0t). (1.12)

Note that function ω(t) in equation (1.12) is the same as in (1.10), so that it

does not depend on the friction coe�cient γ(t). This is the consequence of the

equality γx(t) = γp(t) = γ(t).

In the case of the MIR experiment the function ω(t) has a pulsed behaviour

with periodicity T given by the repetition rate of the laser pulses. In the follow-

ing notation the kth pulse begins at tk = (k − 1)T with the initial condition

t1 = 0. Between each pulse the frequency of the cavity is unperturbed (so

ω = ω0). The function ε(t) can be written as:

εk(t) = ake
−iω0t + bke

iω0t (1.13)

in the intervals between the end of the kth pulse and beginning of the (k+1)th

pulse. The generic pair of constant coe�cients (ak−1, bk−1) is related to the

following (ak, bk) by means of a linear transformation(
ak

bk

)
= Mk

(
ak−1

bk−1

)
. (1.14)

It can be shown that all matrices Mk can be obtained from the �rst matrix

M1 which has the form

M1 =

∥∥∥∥∥ f g∗

g f ∗

∥∥∥∥∥ (1.15)
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where complex coe�cients f and g satisfy the identity |f |2−|g|2 = detM1 ≡ 1.

The details of calculations can be found in [7, 9]. Taking a0 = 1 and b0 = 0

one can obtain the following expressions for the coe�cients an and bn:

an = (−1)n−1

[
f

sinh(nν)

sinh(ν)
eiω0T (n−1) +

sinh[(n− 1)ν]

sinh(ν)
eiω0Tn

]
(1.16)

bn = (−1)n−1g
sinh(nν)

sinh(ν)
e−iω0T (n−1) (1.17)

Writing f = |f | exp(iϕ) and g = |g| exp(iφ) one has

cosh(ν) = |f | cos(δ) δ = ω0 (T − Tres) (1.18)

where

Tres =
1

2
T0 (1 + ϕ/π) (1.19)

is the periodicity of pulses, for which the maximal parametric ampli�cation

e�ect is be reached. In terms of the frequencies one can write (neglecting

corrections of the second order with respect to the small parameter ϕ)

wres = 2w0 (1− ϕ/π) δ = π
wres − w

2w0

(1.20)

Hereafter w = ω/(2π) represents a frequency (so it is expressed in Hz). Note

that the parametric resonance frequency of the pulses wres must be slightly

di�erent from twice the resonance frequency of the microwave cavity w0.

Using equations (1.11), (1.13) and (1.17) one can arrive at the following

formula for the �eld component after n pulses (i.e., for t > nT ):

En(t) = Dn(t)

{
cosh(nν) cos[ψn(t)]− |f | sin(δ)

sinh(nν)

sinh(ν)
sin[ψn(t)]

+|g|sinh(nν)

sinh(ν)
cos[ψn(t) + 2ϑ+ φ+ ω0 (T − T0/2)]

}
(1.21)

where Dn(t) ≡ E0 exp[−Γn(t)] and

ψn(t) = ω0t− nω0 (T − T0/2)− ϑ. (1.22)

The damping factor can be written as

Γn(t) = n(Λ + γcT ) + γc(t− nT ) (1.23)
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with

Λ =

∫ tf

ti

γs(t)dt (1.24)

where ti and tf are the beginning and end of each single laser pulse (so that

tf − ti = Tlaser) and represent the extremes of the time interval in which ω(t)

and γ(t) are allowed to vary. Since tf � T , the integral can be taken from 0

to ∞.

For small variations of the frequency the coe�cients |ϕ| and |g| are also

small (especially if laser pulses and recombination times are short: see subsec-

tion 1.5.3). Therefore one can use the approximate formula |f | =
√

1 + |g|2 ≈
1 + |g|2/2. Moreover, since the reasonable values of the detuning from the

strict parametric resonance are also small (|δ| � 1), one can replace sin(δ) by

δ. Consequently, in view of (1.18) a good approximation for the parameter ν

is

ν =
√
|g|2 − δ2 (1.25)

The ampli�cation of a signal initially present in the resonant cavity can be

observed if |δ| < |g|, i.e., if

|w − wres| < δwres =
2

π
|g|w0. (1.26)

Then equation (1.21) can be simpli�ed as follows:

En(t) = Dn(t)

{
cosh(nν) cos[ψn(t)]− δ

ν
sinh(nν) sin[ψn(t)]

+
|g|
ν

sinh(nν) cos[ψn(t) + 2ϑ+ φ+ ω0 (T − T0/2)]

}
. (1.27)

Therefore the �eld component performs rapid oscillations at frequency ω0 with

the slowly varying (as function of the number of pulses n) amplitude

An = Dn(t)

{
1 +

2|g|2

ν2
sinh2(nν)

[
1 +

δ

|g|
sin(Ψ)

]
+
|g|
ν

sinh(2nν) cos(Ψ)

}1/2

. (1.28)
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Depending on the phase

Ψ = 2ϑ+ φ+ ω0 (T − T0/2) (1.29)

this amplitude can assume the values between

A(±)
n = Dn(t)

{
1 +

2|g|2

ν2
sinh2(nν)

±|g|
ν

sinh(2nν)

√
1 +

δ2

ν2
tanh2(nν)

}1/2

In the case of strict parametric resonance (δ = 0 and ν = |g|) one obtains

A(±)
n = E0 exp (−Γn ± |g|n) (1.30)

Therefore the necessary condition of the parametric ampli�cation is the ful-

�llment of the inequality

F ≡ |g| − Λ > 0 (1.31)

If |δ| > |g| (totally out of the resonance), then the hyperbolic functions

should be replaced by the trigonometric ones. In this case the amplitude of

oscillations decays with time (or the number of pulses n), but this decay also

shows some oscillating structure (as function of n):

An = Dn(t)

{
1 +

2|g|2

ν̃2
sin2(nν̃)

[
1 +

δ

|g|
sin(Ψ)

]
+
|g|
ν̃

sin(2nν̃) cos(Ψ)

}1/2

(1.32)

where

ν̃ =
√
δ2 − |g|2. (1.33)

Only for a very big detuning |δ| � |g| the oscillations in the amplitude can be

neglected, and the decay amplitude becomes strictly monotonous:

En(t) = E0e
−Γn(t) cos[ψn(t)− nν̃]
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1.5.3 Approximate expressions for the coe�cients

In the case involved the time dependent frequency can be written as:

ω(t) ≡ ω0[1 + χ(t)]

with |χ(t)| � 1. Under this restriction the following approximate formulas

can be obtained for the parameters g and ϕ (see [8] for details):

g ≈ iω0

∫ tf

ti

χ(t)e−2iω0tdt (1.34)

ϕ = −ω0

∫ tf

ti

χ(t)dt (1.35)

In turn, the functions χ(t) and γs(t) can be approximated as follows [40]:

χ(t) ≈ ζmA
2(t)

A2(t) + 1
γs(t) ≈

ω0|ζm|A(t)

A2(t) + 1
(1.36)

where ζm is the maximal frequency shift between the illuminated and non-

illuminated cavities (it is roughly proportional to the thickness of the dielec-

tric slab, in our case the semiconductor) and A(t) = A0 exp(−t/τ)f(t). The

function f(t) takes into account the �nite duration of the laser pulse and the

properties of the semiconductor. The dimensionless coe�cient A0 can be ex-

pressed as:

A0 =
2|eb|εbκWKc

cEgS
(1.37)

where b is the mobility of carriers, e electron charge, c speed of light, W the

fraction of energy of a single laser pulse absorbed in the semiconductor, Eg the

energy band gap of the semiconductor, S the area of the semiconductor surface,

κ the quantum e�ciency for electron-hole production, εb the dielectric constant

of the non-illuminated semiconductor and Kc is a dimensionless coe�cient

determined by the geometry of the cavity.

Note that the function χ(t) does not change sign in the case of the MIR

experiment, so we can conclude that ϕ has opposite sign respect to χ(t). This

means, according to 1.20, that the sign of the di�erence wres − 2w0 coincides
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with the sign of the coe�cient ζm. Therefore the parametric resonance fre-

quency of the laser pulses must be smaller than 2w0 for the re-entrant cavity

contrary to the case of rectangular cavity. Another immediate consequence of

formulas (1.35) and (1.34) is the inequality |g| ≤ |ϕ| which must hold for any

function χ(t) which does not change its sign.

Simple analytical formulas for the coe�cients ϕ and Λ can be obtained in

the case of a good surface (having a small surface recombination rate) and

short laser pulses (approximated by the delta-function of time) when f(t) = 1:

Λ = 2πw0τ |ζm| tan−1 (A0) (1.38)

ϕ = −πw0τζm ln
(
1 + A2

0

)
(1.39)

As was shown in [7], the ampli�cation coe�cient F = |g| − Λ can be positive

only for su�ciently big values of the parameter A0 (at least bigger than 5).

Therefore the most interesting case is A0 � 1. Then Λ does not depend on

A0 (i.e., on the laser pulse energy), whereas the dependence ϕ(A0) becomes

rather weak:

Λ = π2w0τ |ζm| (1.40)

ϕ = −2πw0τζm ln (A0) . (1.41)

Therefore the theoretical prediction for the shift of the parametric resonance

frequency of the laser pulses from twice the cavity resonance frequency w0 is

wres − 2w0 = (2w0)2τζm ln (A0) (1.42)

A simple formula for the coe�cient g can be obtained if A0 � 1, f(t) = 1 and

w0τ � 1:

g = iζm sin (2πw0τ lnA0) exp (−2πiw0τ lnA0) . (1.43)

Combining (1.42) with (1.43) we obtain the following relation in the case of

small recombination time:

wres/2− w0 = (ζm/|ζm|)w0|g|/π (1.44)



22 CHAPTER 1. THEORY



Chapter 2

Laser system

In the previous chapter the experimental approach of the MIR experiment

was introduced. In order to observe a parametric ampli�cation e�ect the

laser source must have precise characteristics. It must deliver pulses of a few

picoseconds duration at a repetition frequency of about 4.7 GHz, with a pulse

energy of the order of 10 µJ corresponding to a peak power of the order of

1 MW. Moreover the laser wavelength must be in the range 790-820 nm to

excite carriers across the GaAs bandgap.

These are quite demanding requirements: since the combination of high

power laser output with gigahertz repetition rate was not commercially avail-

able, a custom system had to be developed by the MIR collaboration [10]. The

laser system operates in what is called a �Master Oscillator Power Ampli�er�

(MOPA) con�guration [41] and can be described in a modular way (�g. 2.1): a

main laser oscillator generates very stable seed pulses of appropriate duration

and repetition rate; a pulse picker system selects a train of pulses which is

injected in two ampli�cation stages to increase the energy to about 300 mJ;

laser radiation is then frequency doubled and used to synchronously pump

an Optical Parametric Oscillator. In the parametric cavity the correct wave-

length (λ ≈ 800 nm) needed for the excitation of the GaAs semiconductor is

obtained.

23



24 CHAPTER 2. LASER SYSTEM

Figure 2.1: Conceptual scheme of the laser source. Five blocks are distinguishable: a cw-
mode locking oscillator, which generates a continuous sequence of 6.3 ps pulses at a repetition

rate of about 4.7 GHz at a wavelength of 1064 nm; a pulse picker that selects a train of pulses

to be ampli�ed; a two stage optical ampli�er; a Lithium Triborate (LBO) nonlinear crystal

used for Second Harmonic Generation (SHG); a synchronously pumped Optical Parametric

Oscillator (OPO) made of a Potassium Titanyl Phosphate (KTP) crystal, emitting in the

790-820 nm range.

2.1 Master Oscillator

The Master Oscillator is a mode-locked laser source at a 4.7 GHz repetition

rate that generates a continuous sequence of equally spaced low energy pulses

of equal amplitude. The optical cavity has a V-folded shape and is formed

by three elements: the active medium, a folding mirror and an end mirror

(Fig. 2.2).

The active medium is a Nd:YVO4 (1% doped, a-cut) crystal, which is

optically pumped at 808 nm by a 1-W continuous-wave laser diode. The

crystal is coated, on the side facing the pumping diode, for antire�ection (AR)

at 808 nm and for high re�ectivity (HR) at 1064 nm. The second face is cut

with a slight o�set δ with respect to the Brewster angle θB to provide some

output coupling, of the order of 0.2%, by Fresnel loss.

The second element is a HR concave mirror, with 12 mm radius of curva-

ture, which folds the nearly symmetric resonator cavity. The folding angle α

is kept as small as possible, about 8◦, in order to avoid induced astigmatism in

the cavity mode and losses due to non normal incidence on the intermediate
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Figure 2.2: left: Scheme of the V-folded optical cavity of the Master Oscillator. The

three cavity elements are shown: the Saturable Absorber Mirror (SAM), the folding mirror,

and the Nd:YVO4 laser crystal; this last element is cut at an angle of (θB + δ) where θB

is the Brewster angle (≈ 24.52◦); the folding angle α is ≈ 8◦. right: Photograph of the

Master Oscillator. In lower part of the picture is visible the laser diode used for the optical

pumping the Nd:YVO4 crystal from below.

mirror.

The third element is a Saturable Absorber Mirror (SAM) [42] which is used

to establish the passively mode-locked regime in the Master Oscillator and at

the same time acts as the cavity's end-mirror; the saturable modulation depth

is about 0.7% (re�ectivity modulation), with a saturation �uence of 30 µJ/cm2

and a recovery time of 1 ps.
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Figure 2.3: Autocorrelation trace of the cw mode-locking pulses. Taking into account a

conversion constant of 29.4 ps/ms for the instrument used (Femtochrome FR-103XL Au-

tocorrelator) and a correction factor dependent on the assumed pulse shape, a duration of

about 6.3 ps (FWHM) is obtained.

Figure 2.4: Spectrum analyzer trace of the optical signal from the Master Oscillator, from

which the repetition rate of the pulses is measured. Note the absence of any sideband that

would imply amplitude modulations of the pulses. The spectrum analyzer frequency window

is centered at 4.6492 GHz, with a frequency span of 1 MHz.
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An average power of about 15 mW at 4.7 GHz repetition rate is obtained.

Pulse duration is measured to be 6.3 ps (Fig. 2.3) using intensity autocorre-

lation techniques. According to the principle scheme of this measurement, an

incoming pulse is split into two beams that are then focused onto a second-

harmonic generation (SHG) nonlinear crystal. The relative timing of the pulses

is mechanically adjusted via a variable delay line. When the optical path dif-

ference is small, the pulses meet in the nonlinear crystal and a process of

second-harmonic generation occurs. The intensity of the second harmonic

signal is recorded as a function of the arm length di�erence, allowing the ex-

traction of the pulse width. In this analysis the pulse shape is assumed to be

a squared hyperbolic secant pro�le.

The pulsed beam produced by the Main Oscillator is sampled with a fast

photodiode. The signal is sent to a FFT analyzer in order to assess the absence

of sidebands and other noise structures (see Fig. 2.4).

2.2 Pulse picker

A pulse picker, relying on an Acousto-Optical Modulator (AOM), is inserted

between the Master Oscillator and the ampli�cation stages, as indicated in

Fig. 2.5. The Acousto-Optic Modulator selects a bunch of pulses from the

continuous train produced by the Master Oscillator; the selection of the exact

number and the envelope amplitude pro�le of the macro-pulses is controlled by

an arbitrary function generator (Tektronix AFG3252) that creates the driving

signal for the AOM.

2.3 Ampli�cation stages

The pre-ampli�er stage consists of three separate Nd:YVO4 slabs, side-pumped

by pulsed laser diode arrays (150 Wpeak, 120 µs square pulse). Aspheric cylin-

drical lenses are used to couple the pump energy into the active medium creat-
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ing a population inversion which exponentially decays with the distance from

the pumped face of the crystal. The laser beam enters the crystal in grazing

incidence and undergoes total internal re�ection at the middle of the crystal

as shown in Fig. 2.6. This geometric con�guration ensures a spatially uniform

beam pro�le [10] with a total single-pass gain of about 60 dB. Between each

amplifying module a Faraday rotator and a quarter wave plate are inserted to

provide optical decoupling and avoid retro-injections.

Before the �nal ampli�cation stage a spatial �lter, consisting in a pin-

hole positioned in the focal plane of a keplerian telescope, is inserted to pre-

vent ampli�cation of stray light due to the spontaneous emission of the active

medium [43]. Furthermore, an electro-optic Pockels cell switch, synchronized

with the acousto-optic de�ection, is placed after the spatial �lter (Fig. 2.6) act-

ing as a �gate�; the optical path between the ampli�ers is opened only when

the seed is injected into the chain. These two devices are responsible for about

5 dB loss of the signal.

Two �ash-lamp pumped optical ampli�ers are used for the �nal power

ampli�cation stage. The active media are two 1% doped Nd:YAG rods with

a 6 mm diameter and 12 cm length. At the maximum pump level, the energy

of the 400 ns macro-pulse is about 300 mJ with a net gain of ∼ 30 dB. The

overall gain of all the ampli�cation system is about 85 dB.
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Figure 2.5: Map of the laser source. Top view: Master oscillator, AOM pulse picker

and low energy ampli�cation stage. Bottom view: Flash lamp pumped ampli�er, Second

Harmonic Generator and Optical Parametric Oscillator. Between the two boards a spatial

�lter and a Pockels cell are inserted to provide optical decoupling; these two elements and

the mirrors M11-13 are not shown in �gure. The SA element is a dichroic mirror used to

get rid of the 1064 nm beam, the �lter F1 removes the residual pump intensity at 532 nm

from the �nal laser output.
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Figure 2.6: Functional scheme of the two-stage ampli�er. Each ampli�er consists of a

slab of active medium, side-pumped by an array of laser diodes by means of an aspheric

cylindrical lens. The laser beam enters the crystal in grazing incidence and undergoes total

internal re�ection at the middle of the Nd:YVO4 slabs. After each diode pumped module an

optoisolator is inserted to avoid retro-injections. A spatial �lter and a Pockels cell provide

additional optical decoupling before the �ash-lamp ampli�cation stage.

2.4 Second Harmonic Generation and Optical

Parametric Oscillator

After the ampli�cation stages, a Galilean beam collimator (T3 in Fig. 2.5) is

used to reduce the transverse dimensions of the 6-mm beam emerging from

the Nd:YAG ampli�ers to a diameter of about 1.8 mm. This is done to allow

second-harmonic generation (SHG) in a 16 mm long type-I LiB3O5 (LBO)

nonlinear crystal [44]. Due to the high peak power density of the single pulses

in the ampli�ed burst (∼ 4 MW/mm2) a 60% conversion e�ciency is achieved.

The second harmonic output beam, at a wavelength of 532 nm, is then used
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to synchronously pump an Optical Parametric Oscillator (OPO) plane-plane

cavity. This second nonlinear crystal is a 12 mm long KTiOPO4 (KTP) crystal

with a broadband AR coating at 800 nm and cut for type II phase-matching in

the xy-plane [45]. Both the OPO mirrors and the crystal coatings are designed

to obtain a singly-resonant oscillator operating around 800 nm, obtaining a

total energy of about 40 mJ per macro-pulse.

The laser wavelength for the illumination of the semiconductor slab can

be easily tuned in a range of about ten nanometers. The range 790-820 nm is

accessible by choosing the proper optical components.

2.5 Amplitude compensation

Figure 2.7: Red trace: envelope of a 500 ns macro-pulse at the output of the laser when

the AOM de�ector used for pulse picking is driven by a square waveform. The envelope

has an unacceptable amplitude distortion, due to the time dependence of the gain in the

ampli�er stages. Black trace: macro-pulse envelope obtained with the pulse picker driven

by a custom designed waveform. The amplitude unevenness is less than 10%.

The pulses at the output of the laser system must all have similar am-

plitude, i.e. the envelope of the macro-pulses illuminating the semiconductor

must be as �at as possible. From the numerical estimations performed by

V. Dodonov [46], an amplitude uniformity of the order ±10% is indicated as
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su�cient for a positive outcome of the experiment. Unfortunately, the last

ampli�cation stage operates in the high gain saturation regime, introducing

strong envelope distortions in the amplitude pro�le of the macro-pulse as in-

dicated in Fig. 2.7. This behaviour is due to the fact that the pulses at the

leading edge of the macro-pulse encounter a larger inverted population in the

ampli�er rod then those in the trailing edge, and hence a higher gain.

In order to obtain a �attop envelope, an �equalization� system has been

developed. To this end, the signal that drives the AOM used for pulse picking

is shaped in order to compensate for these amplitude distortion (Fig. 2.7). An

initial guess of the correct shape of the driving signal comes from numerical

estimations using the Frantz-Nodvik model [47], then an iterative procedure

is followed, in which the laser macro-pulse envelope is observed on a monitor

photodiode and adjusted till a �at train of pulses is obtained; to modify the

AOM driving signal a LabView program is used, and the resulting curve sent

to the arbitrary function generator.

2.6 Stabilization of the repetition frequency

The repetition frequency and the optical length ` of the Master Oscillator

laser cavity are related by the equation frep = c/2` where c is the speed of

light; so the length of the optical cavity is of the order of ∼ 3 cm. The

parametric ampli�cation mechanism requires that during the measurements

the repetition frequency of the laser source remains stable at least within

the linewidth of the superconducting cavity (∆ν ≈ 5 kHz). Moreover, the

frequency at which the maximum ampli�cation occurs has to be determined

experimentally, measuring the detected signal as a function of the repetition

rate of the pulses. This implies that the laser source must be stable in time

and tunable.

In short laser cavities thermal e�ects and vibrations must be carefully con-

sidered, since even small variations of the optical length determine signi�cant
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changes in the repetition rate. In the development of the master oscillator

special attention has been payed to the mechanical layout in order to make it

less in�uenced by external perturbations. All the optical elements are �xed to

a monolithic block and the mechanical parts are reduced in length. A piezo-

electric transducer is connected to the intermediate mirror of the laser cavity

to control and change the length of the cavity.

The idea is to achieve stabilization by phase-locking the system to an ex-

ternal reference such as a high �nesse optical cavity or a precision microwave

generator. We tried three di�erent approaches before �nding a solution. Our

�rst approach followed the works presented in ref. [48, 49]: the laser signal

is down-converted in frequency in a microwave mixer using a high stability

RF generator as a local oscillator; the intermediate frequency output from the

downconversion stage is used as a correction signal for the stabilization. This

approach has some restrictions, due to the limited range of operation of mixers

when used as phase detectors [50, 51]. When the phase di�erence exceeds a

certain value (�xed by the characteristics of the device), the mixer is not able

to distinguish the sign of the frequency error, but only its absolute value. As

a consequence, in the presence of a rapidly and randomly varying source such

as our laser oscillator, the repetition rate was jittering around the reference

value, leading to instabilities in laser emission.

In a second tentative solution we used the same method described above

but the frequency di�erence was locked to a �xed value as suggested in ref. [52].

This involved the use of two di�erent reference oscillators and two mixers, thus

increasing the complexity of the locking scheme. With this system, locking was

not easy to obtain, maintaining it during measurements was even harder. This

approach was soon abandoned.

Finally, we decided to follow a much simpler scheme which is used exten-

sively in wireless technology and microwave devices [51]: the repetition rate

of the laser is locked to an external microwave generator using a digital phase

lock loop (DPLL), avoiding all the limitations of using microwave mixers as
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Figure 2.8: Scheme of the Master Laser Oscillator stabilization circuit: the oscillator

signal and the reference signal fREF are compared in a digital synthesizer. In the loop �lter

the correction signal is converted to a voltage signal for the piezo driver. The MUXOUT pin

is used to monitor the lock condition and as a veto signal for the data acquisition system. A

mirror output of the photodiode signal (RF OUT) is connected to a RF spectrum analyzer.

phase detectors. Since the signals are digitalized at the beginning of the loop

chain by digital frequency dividers, DPLLs are not sensitive to small ampli-

tude variations. Also working and capture ranges of this type of systems are

much broader with respect to analog ones, since their only limitation comes

from the operating frequency range of the dividers [50]. This makes the system

more versatile.

Our PLL chain is represented schematically in Fig. 2.8. The feedback

system is based on the ADF4108 chip produced by Analog Devices; all the

elements of the digital phase locked loop are integrated in this device: two

programmable frequency dividers, a digital phase-frequency detector (DPFD)

and a charge pump. The laser signal is acquired using a fast photodiode
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(NewFocus 1437, bandwidth 25 GHz), ampli�ed by a microwave ampli�er and

then bandpass �ltered to remove higher harmonic components. The reference

signal at 50 MHz is provided by a Rohde & Schwarz SMT03 high stability

microwave generator. Both input signals are frequency divided, the reference

signal by a factor R and the laser signal by a factor N; the divider quotients can

be programmed using a serial port interface connected to a computer. Then

the frequency and phase of the divided signals are compared [51] and based on

this comparison the phase-frequency detector produces an error output: if the

phase di�erence between the two signals is small, the PFD circuit generates

a current proportional to this quantity; if, instead, the two frequencies are

far away, the output saturates, thus becoming an indicator of the sign of

the frequency di�erence. In the loop �lter this error current is �ltered and

converted in a voltage signal for the piezo driver.

A multiplexer output is present for monitoring purpose: the MUXOUT pin

(Fig. 2.8) can be programmed to monitor various internal signals in the syn-

thesizer, such as the frequency divided signals at the input of phase-frequency

detector, voltage references and a lock detect signal (LD). When the lock con-

dition is reached, i.e. when the phase error at the phase-frequency detector

inputs is within a certain value for more than 3 cycles, this last signal outputs

a logic signal in the high state. When the lock condition is lost this logic

signal returns to the low state [51]: this is used as a veto signal for our data

acquisition.

To test the performance of the stabilization system the output of the photo-

diode in Fig. 2.8 is monitored using a RF spectrum analyzer (Agilent E4405B).

The repetition rate has been measured over a time span of more than 15 hours

(see Fig. 2.9). The total frequency change is less than 150 Hz, well below

the value of 5 kHz that was required. Locking of duration of a few days are

routinely observed.

The same system allows frequency tuning of the repetition rate of the laser

source. In Fig. 2.10 the repetition frequency is varied changing the frequency
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value of the reference generator: a tuning range of about 1.6 MHz is achieved.

This allows to set the repetition rate of the laser pulses with a precision of

about 1 kHz.
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Figure 2.9: The frequency shift over more than 15 hours of acquisition is found to be less

than 150 Hz, well below the value of a few kHz that was initially required.

Figure 2.10: Tuning range of the repetition rate of the laser as a function of the piezo

voltage.
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Chapter 3

Resonant cavity and electronics

The choice of resonance frequency of the cavity and thus of its dimensions,

is dictated by upper and lower limits. The cavity cannot be big enough to

have the resonant mode down in the tens of MHz range, as the laser energy

necessary to illuminate a cavity wall would be in this case too large. On the

other hand, a small cavity (with a resonance frequency of the order of 10-100

GHz) would require a too high laser repetition frequency for the laser source.

3.1 Reentrant geometry

In the original experimental scheme a rectangular cavity, having a resonance

frequency of approximately 2.5 GHz, was employed. However, even with an

optimized choice of the cavity dimensions, this con�guration required a semi-

conductor slab with a surface of at least several squared centimeters. Since an

energy density of about 10 µJ/cm2 per pulse is needed in order to generate

a e�ective plasma mirror on the surface of the semiconductor, the requests

in terms of laser energy for the rectangular geometry were too high to reach

with our laser source. The rectangular cavity approach had to be abandoned

and we choose instead a di�erent geometry called reentrant cylindrical (see

Fig. 3.1) with identical resonance frequency and Q-value.

39



40 CHAPTER 3. RESONANT CAVITY AND ELECTRONICS

Figure 3.1: Geometry of the reentrant cylindrical cavity. Radius r2 = 21 mm, height h2 =

34 mm; the central cylindrical post has radius r1 = 4.2 mm and height h1 = 24 mm. A

semiconductor disk of thickness 625 µm is attached to the post.

The reentrant cavity is a hollow cylinder with a inner radius r2 = 21 mm

and height h2 = 34 mm and with a central post of radius r1 = 4.2 mm and

height h1 = 24 mm. A semiconductor disk of radius equal to r1 and thickness

625 µm is attached to the post. Its surface is about 0.5 cm2, thus requiring

about ten times less laser energy than the rectangular cavity to modulate the

re�ectivity of the semiconductor. Moreover, it is much simpler to illuminate

uniformly a round shaped slab than a rectangular one.

Three cavities of di�erent materials have been fabricated: a normal con-

ducting copper cavity used at liquid nitrogen temperature (Q = 6 · 103, τ =

820 ns), a superconducting niobium cavity to be cooled at 4.2 K (Q = 5 · 105,

τ = 70 µs) and a MgB2 high temperature superconducting cavity (Q = 9 ·103,

τ = 1.2 µs). The performances of this last cavity, which has to be cooled

down to 20 K, are signi�cantly lower than expected; this cavity has not been

used for the �nal measurements and tests. A picture of the niobium cavity is

shown in Fig. 3.2. The highest measured quality factor has been that of the

niobium superconducting cavity without the semiconductor in place; we found

Q = 3× 106 with a decay time of τ = 415 µs.
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Figure 3.2: The niobium reentrant cavity is made of two pieces: a TOP PLATE with a

central cylindrical post, on which the GaAs disk (thickness 625 µm) is �xed, and a cylindrical

MAIN BODY. On opposite sides of the cavity, a weakly coupled antenna is used for the

injection of RF signals and a critically coupled antenna for the reception. Laser illumination

enters the cavity through a hole made in the MAIN BODY. At the bottom of the TOP

PLATE another hole can be seen, through which the sapphire rod used in the cavity tuning

system is inserted.

Figure 3.3: Front view of the complete assembly of the niobium cavity. The round �ange

in foreground is the top plate of the cavity. On it, the hole for the insertion of the sapphire

rod can be seen. On the left of the cylindrical body, the weakly coupled antenna; inside the

bulky cylinder on the right there is the critical coupled antenna; the toothed wheel regulates

the position of the antenna inside the cavity to tune it into critical coupling.
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Figure 3.4: Left side: Electric �eld distribution inside the niobium reentrant supercon-

ducting cavity. Color scale: Red = 0.6 V/m, Blue = 0 V/m Right side: Magnetic �eld

distribution. Color scale: Red = 6.6·10−4 A/m, Blue =2.2·10−6 A/m

The electromagnetic behavior of the cavity has been studied using the �nite

element simulation software HFSS, which allows to calculate RF �eld distri-

butions, resonance frequencies and Q-values of various con�gurations. A color

map of the electric and magnetic �elds is shown in Fig. 3.4. The same soft-

ware has been used to study the e�ect of the presence of a �nite conductivity

layer on top of the semiconductor slab. The results show that the resonance

frequency ν0 of the cavity depends on the presence of the semiconductor slab

and on the conductivity σ of its top layer. In Fig. 3.5 the resonance frequency

and the Q-value of the cavity are plotted as a function of σ. It is seen that

the resonance frequency changes steeply between 10 and 1000 (Ω·m)−1 and

reaches a plateau after 104 (Ω·m)−1. This value is the minimum conductivity

that must be reached in the top layer in order to obtain an �e�ective plasma

mirror�. The di�erence between the two limit values is the maximal frequency

shift ∆ν that enters in the calculation of the parametric ampli�cation gain.

For the reentrant cavity the simulation gives ∆ν ≈ 12 MHz.
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Figure 3.5: Results obtained with the HFSS simulation software on the reentrant cavity.

The resonance frequency and the Q-value of the cavity are plotted as a function of conduc-

tivity σ of the GaAs disk. In the simulation the conductivity is assumed uniform in all the

semiconductor.

3.2 Sapphire tuning

The feedback system for the laser source (described in section 2.6) already

ensures the possibility to change the repetition frequency continuously in an

interval of about 1.6 MHz (Fig. 2.10), with a precision of the order of a kilo-

hertz. However, this tuning system alone is not su�cient for our needs, so a

mechanical system, which changes the resonance frequency of the supercon-

ducting cavity, has been developed to increase its range of tunability. Driven

by a cryogenic motor, a sapphire rod is inserted in the cavity, inducing a res-

onance frequency shift proportional to the crystal volume intercepted by the

cavity. The maximum frequency shift obtainable with this method is about

18 MHz (Fig. 3.6) which is used as coarse tuning, while the �ne tuning can be

done with the laser repetition phase lock loop; the combination of these two

mechanisms ensures us the possibility to tune the cavity in a broad frequency

range. It is worth noting that the Q-value of the cavity is not altered by the

insertion of the sapphire rod.
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Figure 3.6: Cavity tuning curve with the sapphire rod. Cavity resonance frequency grows

with the volume of the sapphire rod extracted.

3.3 Cavity illumination system

During the study of the illumination system of the semiconductor inside the

superconducting cavity two constraints had to be respected: the �rst require-

ment is that the laser light must uniformly illuminate the semiconductor sur-

face to e�ciently simulate the moving boundary; the second constraint regards

the dimension of the hole through which the laser light enters the cavity, that

must be smaller than a couple of millimeters to avoid to reduce the Q-value

of the cavity.

The system was designed using the ray tracing software ZEMAX. A �rst

stage takes care of the laser beam transportation from the laser source to the

cryostat inside which is positioned the niobium cavity; this distance is about

5 m. The second part of the illumination system is formed by a lens and a

di�user. The lens is positioned at about 8 cm from the optical window of the

cryostat (Fig. 3.7) and focuses the beam on an engineered di�user that converts

the gaussian intensity pro�le of the laser source into a �attop distribution.
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Figure 3.7: Schematic view of the semiconductor illumination system: two optical windows

separate the air-vacuum and the vacuum-He gas interfaces of the cryostat. The engineered

di�user is �xed directly onto the cavity and a re�ective pinhole, used for alignment purposes,

is placed in front of it.

This di�user also spatially spreads the laser beam with an angle of 20◦ so that

all the surface of the semiconductor is completely illuminated (Fig. 3.8). The

engineered di�user is an array of microlenses of various diameters (50 � 150 µm)

all with the same numerical aperture, i.e. the ratio between the diameter and

the focal length of the lenses has the same value for all the microlenses. The

distribution of the lenses on the substrate has been chosen in order to optimize

the e�ciency and the uniformity of the illumination.

In order to measure the fraction of laser light that is able to e�ectively reach

the surface of the semiconductor, a cryogenic bolometer has been build and

characterized. The bolometer is hosted on a modi�ed top plate of the niobium

cavity, in which the top part of the nose is sectioned and isolated from the rest

by means of a thick Te�on layer. A GaAs sensitive element occupies the same

position as the semiconductor slab of the experiment. Below the sensitive

element a Lakeshore calibrated diode measures the temperature with a 0.01
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Figure 3.8: Intensity pro�le of the beam impinging on the semiconductor. The gaussian

pro�le of the laser beam is changed to �at top by using a custom engineered di�user.

K sensitivity. Inside the isolated portion of the nose a 10 Ω resistor is also

positioned, which allows the calibration of the device (through Joule e�ect

heating) with 2 ms current pulses. The energy deposited by a train of laser

pulses increases the temperature of the sensitive element by 0.2 K/mJ. With

the optical system in use we measured an e�ciency of illumination ε ∼ 80%.

3.4 Electronics

As said before, the cavity is equipped with two antennas. One of them (WCA)

has a very weakly coupling with the cavity and is used for signal injection. The

other one (CCA) is an induction loop whose insertion depth is adjustable to

allow critical matching with the cavity. A 30 dB directional coupler (DC),

inserted between the antenna and the receiver, allows to simultaneously inject

and extract signals on the critically coupled antenna. In this way, both trans-

mission and re�ection measurements can be performed. The very adjustment

of the position of the CCA requires to minimize the re�ected power from the

cavity. The schemes of re�ection and transmission measurements are shown

in Fig. 3.9.

In Fig. 3.10 a detailed description of the electronics of the experiment is
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Figure 3.9: Scheme of the transmission and re�ection measurements. WCA: weakly

coupled antenna; CCA: critically coupled antenna; DC: directional coupler.

given. A 50 Ω transmission line connects the critically coupled antenna to the

electronic chain (receiver). For the design of the receiver a super-heterodyne

scheme is used. The signal is fed to a cryogenic ampli�er (CA) and then to

a room temperature post-ampli�er (PA). The output is then downconverted

in frequency to 10.7 MHz by an image rejection mixer. A bandpass �lter

placed between the ampli�er A1 and ampli�er A2 (see Fig. 3.10) sets a 15

kHz frequency window centered on the cavity resonance. The signal is then

either sent to an oscilloscope, or to a spectrum analyzer or digitized for o�-line

analysis.

The receiver has been characterized at liquid helium temperature: an

equivalent input noise of (2.0±0.2)×10−22 W/Hz has been found. This corre-

sponds to a sensitivity of approximately one hundred photons in the microwave

range, enough to measure the expected signal from the quantum vacuum pho-

tons [11]. Following the numerical estimations given in the theoretical model

of V. Dodonov, the number of photons produced in the e�ect should be of the

order of one thousand [11,53], for a total energy of the order of 10−21 J.
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Figure 3.10: Scheme of the detection electronic chain. After the directional coupler, a

cryogenic ampli�er (CA) is followed by a post-ampli�er (PA); the mixer provides frequency

down-conversion of the signal with the local oscillator tracking the cavity resonance fre-

quency, while a �lter between two ampli�ers (A1 and A2) rejects the noise outside the cavity

bandwidth. The down-converted signal is acquired using a fast analog to digital converter

(ADC). All the components following the cryogenic ampli�er are at room temperature.

3.5 Measurement of the cavity Q-value

When a RF signal is fed to the cavity, it charges with a characteristic time

and is fully charged when a condition of equilibrium between injected and

dissipated power is reached. When an energy U0 is stored in the cavity by a

RF pulse, the loss of energy is proportional to U0:

dU

dt
= −U0

τ ′
(3.1)

The Q-value is de�ned as 2π divided by the fraction of energy lost in a period

T0 of the �eld mode, namely

Q ≡ 2π
U0

|dU/dt|T0

= 2πν0τ
′ (3.2)

We always refer to the decay of the �eld amplitude, which has a time constant

τ = 2τ ′. Hence

Q = πν0τ (3.3)
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If ∆ν is the linewidth of the cavity it also holds that

Q =
ν0

∆ν
(3.4)

Figure 3.11: Experimental setup for the measurement of the Q-value. Left: an RF pulse

is sent through the CCA; the re�ected signal is used both for reaching critical coupling and

for measuring the decay time τ . Right: a transmission setup is used for measuring the

linewidth ∆ν.

In Fig. 3.11 the experimental setups for the measurement of the quality

factor Q of the resonant cavity are shown. As a �rst step, with the left setup of

Fig. 3.11a, the CCA position is adjusted until the cavity is critically matched.

In Fig. 3.12 the shape of a well matched signal re�ected by the cavity is shown.

From the exponential decay of the envelope a value for τ can be extracted.

In alternative, after reaching the critical coupling, one can use a transmission

con�guration to perform the measurement (Fig. 3.11b): a chirping RF source,

spanning frequencies around ν0, is connected to the weakly coupled antenna

and the width of the resonance curve ∆ν is detected at the other port with a

synchronized spectrum analyzer.

It must be said that when the critically coupled antenna is inserted in the

cavity and properly tuned to maximize the extracted signal, it contributes

to the dissipation. The Q-value that is measured in this condition is named

loaded. The loaded Q-value is related to the unloaded quality factor through
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Q0 = (1 + β)Q, where β is the coupling factor of the antenna with the cavity.

The critical coupling corresponds to have β = 1, so that Q0 = 2Q [54].

The decay time τ of the �eld in the cavity with the GaAs slab was 70± 1 µs

(Fig. 3.13), giving an loaded quality factor of:

QL = πτν0 ' 5 · 105

with frequency of resonance ν0 = 2.33868 GHz.
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Figure 3.12: Re�ected signal from a critically matched cavity. From the exponential decay

of the envelope a value for τ can be extracted.

Figure 3.13: Magnetic �eld decay in the niobium superconducting cavity. The character-

istic time τ = 70 µs is obtained.
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Chapter 4

Semiconductor

In this chapter we describe the experimental work done to produce and char-

acterize the semiconductor samples. At the moment the experiment is using

ion-irradiated GaAs, which requires light of wavelength λ ≈ 800 nm to be

excited. The ion irradiation modi�es the recombination time of the carriers,

which must have a precise value, not easy to obtain. These choices, although

working, de�ne a quite complicated experimental procedure. Di�erent choices,

both for the semiconductor and the timing of the signals are possible, but

would require a good amount of work to be done on this subject. For example

InGaAs could be excited with the more common 1064 nm radiation. On the

other side, the timing problem could be tackled by modifying the temporal

shape of the laser pulses.

4.1 E�ective mirror

When a laser pulse is shined upon the surface of a semiconductor, it promotes

carriers to the conduction band. The material, initially completely transparent

to RF radiation, becomes highly re�ective. In this way it is possible to simulate

the mechanical motion of a mirror. To this end, the semiconductor must have

precise characteristics. First of all the mobility must be high, of the order of
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104 cm2/V s, this value being directly related to the minimum laser energy

required to excite the carriers in the semiconductor. In the second place, the

recombination time of the carriers must be quite short (∼ 10 ps) to allow the

complete disappearance of the generated plasma mirror before the next laser

pulse arrives. A short carrier lifetime in a semiconducting material almost

always implies low mobility, however there are classes of semiconductors in

which the two properties needed are met. For example, gallium arsenide grown

at low temperature (LTG GaAs) or semi insulating gallium arsenide (SI GaAs)

irradiated with heavy ions [55].

Figure 4.1: Wavelength dependence of the absorption coe�cient α of gallium arsenide for

various temperatures [56].

The choice of the exact wavelength used in the experiment is very impor-

tant. The laser photon energy must be su�cient to excite carriers across the

bandgap of the GaAs, but at the same time as low as possible, in order to

minimize both the duration of the thermalization process and the amount of

excess energy dissipated, that would cause unwanted heating e�ects inside the

semiconductor. Also, the choice of the laser wavelength has to be done also on

the basis of other considerations. The laser radiation impinging on the surface

of the semiconductor is absorbed with an absorption coe�cient α which de-

pends dramatically on the wavelength (see Fig. 4.1). In the absorption region
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an electron-hole plasma layer is created, with thickness inversely proportional

to the absorption coe�cient α(λ, T ) of the semiconductor.

Complete re�ection from a bulk metallic surface is obtained if the thickness

of the conducting layer is larger or comparable to the skin depth:

δ =

√
1

πν0µ0σ0

(4.1)

where ν0 is the frequency of the electromagnetic radiation, µ0 = 4π ·10−7 NA−2

is the permeability of free space and σ0 is the conductivity of the conductor. A

rough estimate of the minimum conductivity needed to have the penetration

depth of RF radiation at most equal to the absorption length of the 800 nm

light in the semiconductor which, from Fig. 4.1 is of the order of 1 µm, gives

σ0 & 7 · 105 (Ω · m)−1. This conductivity value requires a minimum energy

delivered in a single laser pulse. In fact one has σ0 = eneµ. Using the typical

values of mobility in semi-insulating (SI) GaAs at low temperature (µ ∼ 104

cm2/Vs) and the concentration of carriers ne calculated through the formula:

ne =
I · η
EphV

(4.2)

where I is the laser intensity, Eph ≈ 1.5 eV the photon energy, η ∼ 0.5 the

quantum e�ciency and V = S · α−1 = 5 · 10−5 cm3, one obtains I = 120 µJ

per pulse. This value is much larger than the energy that can be delivered by

the laser.

On the other hand, the con�guration of the semiconductor slab optically

excited inside the cavity of the MIR experiment is quite di�erent from that

of a bulk surface. It can be shown (see Ref. [36, 57] for details) that a very

thin conductive layer whose thickness is much less than the skin depth can

simulate a �good mirror� if it is placed near a conducting surface, provided

that the distance D between the �lm and conductor is larger than the skin

depth and much smaller than the cavity length.

An experimental test of this assumption is presented in section 5.1, where

complete re�ection from the semiconductor slab has been demonstrated using

an energy of about 15 µJ/pulse.



56 CHAPTER 4. SEMICONDUCTOR

The main de-excitation channel for the carriers in the semiconductor is

the non radiative recombination process which is described by the Shockley-

Read-Hall (SRH) model [58]. In this process, the recombination of electron-

hole pairs takes place at the localized trap states in the forbidden gap of the

semiconductor. This process involves the capture of electrons (or holes) by the

trap states, followed by the recombination with holes in the valence band (or

electrons in the conduction band). When electron-hole pairs recombine, energy

is released via phonon emission. The localized trap states may be created by

the deep-level impurities (such as Fe, Ni, Co, W, Au), or by radiation-induced

defects such as vacancies, interstitials, antisite defects.

4.2 Semiconductor irradiation

To obtain the required characteristics, semi-insulating GaAs samples (µ ≈
104 cm2/Vs and τ ≈ 1 ns at 300 K) are irradiated with heavy ions or neutrons:

this procedure does not a�ect the mobility while shortens the recombination

time by creating dislocations in the crystal lattice of the semiconductor that

act as recombination centers for the carriers [59, 60]. For ions, a typical de-

Figure 4.2: Carrier lifetime vs ion-implantation �uence from Ref. [61]. At low �uence

levels, the lifetime decreases linearly.
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pendence of the carrier lifetime on the ion �uence is shown in Fig. 4.2. The

linear behavior is consistent with recombination rates being proportional to

the density of traps introduced by the ion implantation. This behavior is pre-

dicted by an expression, valid for low carrier densities [61, 62], that estimates

the capture time by traps in crystals as:

τe =
1

Nt〈vth〉σe

where Nt is the density of trapping centers, σe is the capture cross section and

〈vth〉 is the average carrier thermal velocity. At higher �uences a saturation

regime is reached.

4.2.1 Irradiation with neutrons

Irradiation with �ssion neutrons creates displacement cascades that include

point defects, vacancies, interstitials, and anti-site defects in both Ga and

As sublattices. It results in an increased density of electrical defects in the

band gap and thus in a decreased carrier lifetime [59]. Irradiation of the

GaAs samples has been performed at ENEA in Rome - Casaccia, with thermal

neutrons from a research nuclear reactor. We have found that a �uence of

1015 neutrons/cm2 results in a τ ≈ 20 ps.

However, neutron irradiation has shown a non reproducible behavior in

time. The defects created are not stable: we have observed that in a couple of

months the carrier lifetime increases without control. It appears that this is

caused by the shallow levels, generated by neutron irradiation, that are subject

to thermal annealing. This behavior is also documented in literature [63, 64].

4.2.2 Irradiation with heavy ions (Br,Au)

Deeper levels, which have proved to be stable in time, can be obtained us-

ing heavy ion irradiation. The samples have been irradiated at Laboratori

Nazionali di Legnaro, Padova (LNL) and at Laboratori Nazionali del Sud,
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Figure 4.3: Typical graph of the penetration depth simulation for Au (left) and Br (right)

with energy 240 MeV obtained with the SRIM simulation software. In both cases a pene-

tration depth between 15 and 20 µm is obtained.

Catania, using the available tandem accelerators, operating at a voltage be-

tween 13 MV and 15 MV. Beam currents of Au+ and Br+ ions of 1 nA - 20 nA

were implanted at room temperature. Ion energies were chosen to provide a

15 µm implant depth. Damage pro�les (Fig. 4.3) were estimated using the

�Stopping Range of Ions in the Matter� (SRIM) software [65] and found be-

tween 15 and 20 µm. We have prepared about hundred samples during several

irradiation �campaigns�. The optimal �uence has been found to be around

5 · 1010 ions/cm2. However, it has not been possible to �nd any precise recipe

that guarantees the outcome.

4.3 Semiconductor Characterization

The study and the characterization of the irradiated semiconductors was con-

ducted in a two step approach. In a �rst stage an optical pump-terahertz

probe technique was used to determine the recombination time τ of the sam-

ples at cryogenic temperatures as well as at room temperature, and to select

the samples that had an appropriate recombination time. In a second stage

the selected semiconductors were inserted directly in the resonant microwave
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cavity and tested for the decay time of the signal when the semiconductor is

illuminated by a train of laser pulses.

4.3.1 The optical pump - terahertz probe technique

Figure 4.4: Left: scheme of the experimental setup used to measure the recombination

time of the irradiated semiconductors. Terahertz radiation is generated and detected in the

dipole antennas described in detail in the right part of the �gure: the incident fast optical

laser pulse is focused on the gap between the electrodes of the antenna, where a transient

population of charge carriers is created. In the case of the emitter, which is biased with an

external voltage supply, this produces a terahertz pulse. The picture shows also the te�on

lens that is used respectively in the emitter, for collimation of the terahertz beam produced,

and in the receiver, to focus the teraherz beam onto the gap. [66].

This section describes the optical pump-terahertz probe technique used

for the measurements of the recombination time performed at the �Semicon-

ductor Physics Institute� in Vilnius (Lithuania). A schematic setup of the

experiment is shown in Fig. 4.4 left. The working principle of the system

can be summarized as follows: at t = 0 a fast pulse from a laser illuminates

the semiconductor sample generating a high density nfc of free carriers which
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decays exponentially with a time scale dictated by the carrier recombination

time. If at time t > 0 the sample under test is crossed by terahertz radiation,

this second beam is attenuated by a factor proportional to the density nfc(t).

The terahertz radiation is generated by the primary optical beam through

the photo�Dember e�ect [67, 68]. The very same pulsed optical beam is used

a third time in the detection device. The pump beam is a Ti:sapphire laser

source at λ = 815 nm, mode-locked at a repetition rate of 76 MHz with a pulse

width of about 150 fs and an energy of fJ/pulse. The laser beam is split into

three branches: the �rst one photoexcites the sample, the second and third

ones are used in the generation and detection antennas.

The terahertz radiation is generated and detected by a pair of low tempera-

ture grown (LTG) GaAs photoconductive antennas (see Fig. 4.4 right). In the

one that acts as an emitter, an electrical bias is kept across the electrodes. The

absorption of an ultrafast laser pulse creates a transient population of charge

carriers, allowing current to �ow across the antenna. This current, in turn,

generates the emission of a burst of teraherz radiation [66]. The whole process

has very low e�ciency: the pulse has typically a peak power in the microwatt

range, with a spectral content between 0.2 and 2 THz. In the detector, the

incident electric �eld biases the dipole antenna and induces a burst of current

which is measured with a sensitivity current ampli�er.

Two optical delay lines are present: the �rst, meant to act between the

emitter and the detector, maximizes the amplitude of the electric signal; with

the second delay line the time at which the semiconductor under study is

excited can be continuously varied with respect to the terahertz pulse.

A pinhole (φ = 300 µm) is positioned after the semiconductor under study

and used to overlap terahertz and visible beams on the sample. The terahertz

beam is focused before and collimated after the pinhole by two hemispherical

te�on lenses. The laser pulse excites an area that is larger than the terahertz

spot size, in this way the terahertz probe beam samples a nearly uniformly

photoexcited region. To achieve an increased signal-to-noise ratio the pump



4.3. SEMICONDUCTOR CHARACTERIZATION 61

laser beam is modulated with a mechanical chopper at 1 kHz and a lock-in

detection scheme is used. The time evolution of the optically induced tera-

hertz pulse absorption gives the electron lifetime, whereas the amplitude of the

terahertz absorption change at its maximum gives the electron mobility [66].

A second chopper allows subtraction of the thermal background.

Figure 4.5: Typical results obtained with the optical pump-terahertz probe measurements.
Top: The recombination time of a GaAs Cr-doped sample irradiated with a �uence of

5 · 1010 Br ions/cm2 is investigated in a temperature range of 18�300 K. We note that at 18

K the pedestal of the curve is not zero, probably indicating that carriers are piled up into

long lived states. This sample is not apt for the use at LHe temperature, but can still be

used at LN2 (see section 5.2.1). Bottom: Recombination time at 80 K of a semi-insulating

GaAs irradiated with a �uence of 6 · 1010 Br ions/cm2. This is the sample used in the

parametric ampli�cation test made in Chap. 5.

An example of the results obtainable with this apparatus is shown in
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Fig. 4.5. An exponential function is used to �t the data.

From the same measurements we can also obtain an estimate at the 10% level

of the mobility of the irradiated samples, comparing the transmitted terahertz

signal after irradiation to the one obtained before irradiation. Signi�cant vari-

ations have not been found in the case of irradiation with Br ions and Au

ions.

4.3.2 Cavity measurements

The optical pump�terahertz probe technique allowed to perform a �rst selec-

tion of the semiconductor samples. After that, the semiconductor samples

that exhibited an appropriate recombination time have been tested directly in

the resonant cavity.

This second stage of measurement was required since the Vilnius apparatus

is not able to cool the samples down to 4.2 K. We have thus still to exclude

all the samples that present at low temperature �tails� of residual charge with

long recombination time that are not visible at higher temperature with the

optical pump-terahertz probe technique.

The cavity is continuously fed at �xed amplitude by an external genera-

tor; when the laser macro-pulse illuminates the semiconductor the cavity is

abruptly detuned. After this, the RF signal recover is observed at the oscil-

loscope. The samples presenting very slowly recovery time and/or aiming at

a lower level (showing the presence of trapped metastable states or pile up

e�ects) are excluded.



Chapter 5

Preliminary Measurements

In this chapter preliminary measurements performed in order to characterize

the complete experimental set-up and to test the parametric ampli�cation

process are described. The results constitute an important stage for the future

development of the experiment.

5.1 Frequency shift

When the laser shines onto the semiconductor slab, a plasma is formed on

the surface of the latter. As a consequence, the cavity resonance frequency

changes due to the change of the e�ective geometry of the cavity. As seen

in Chap. 1, the value of this frequency shift is of fundamental importance in

determining the gain of the parametric ampli�cation process. The calculations

by Dodonov [9], described in section 1.5.3, are parameterized in terms of a

maximal relative frequency shift ζm = ∆ν/ν0. From the simulations performed

with the HFSS software (see Chap. 3), the expected value for this parameter

is around ζm ≈ −1/200 corresponding to ∆ν = 12 MHz. However, since

the value of some of the parameters needed in the simulation is only known

approximately, a better value for ζm has to be obtained experimentally.

It is clear that, while a measurement of the resonance frequency of the cav-
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ity without the laser can be easily performed by charging the cavity through

the weakly coupled antenna and tapping the signal from the critical coupled

one, the same measurement on the excited cavity cannot be performed in the

standard experimental con�guration, namely the one in which the semiconduc-

tor plasma decays with a time constant of the order of ten picoseconds. In this

case the resonance frequency change would happen only during a time interval

much shorter than the time constant of the superconducting cavity, which is

of the order of 100 µs. Therefore the cavity would not be able to charge at the

new resonance frequency. An experimental strategy has then to be devised

in order to perform the measurement. An untreated slab of GaAs, which has

a recombination time of the order of hundreds of microseconds is used. The

measurement is performed at liquid nitrogen temperature so the time constant

of the cavity is reduced. A copper copy of the niobium cavity is employed, as

copper has, at this temperature, better conductivity than niobium. It is un-

derstood that this con�guration does not introduce any signi�cant di�erence

in the value of ζm with respect to the liquid helium temperature value.

5.1.1 Experimental details

The cylindrical reentrant cavity equipped with the GaAs disk of thickness

625 µm is critically coupled and put in the transmission con�guration (as

described in section 3.5); a RF signal is injected in the cavity through the

weakly coupled antenna and received through the critically coupled one. When

the cavity is fully charged, the output signal of the cryogenic ampli�er reaches a

steady state amplitude which is read with a fast oscilloscope; this measurement

is repeated varying the frequency of the injected signal around a central value

ν0. In this way the resonance curve of the �non illuminated� cavity is obtained

(right curve in Fig. 5.1). Conceptually this is the same measurement as the

one described in section 3.5, usually performed to obtain the Q-value of the

cavity with the tracking spectrum analyzer.

The same procedure is also followed to obtain the resonance curve of the
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Figure 5.1: Lineshapes of the reentrant copper cavity at liquid nitrogen temperature.

Right curve: non illuminated cavity; the Q-value is 6200, corresponding to τ = 840 ns.

Left curve: cavity measured with the semiconductor illuminated by the laser with a macro-

pulse energy of 28 mJ; in this case the Q-value is reduced to Q = 1500, corresponding to

τ = 200 ns. A frequency di�erence is observed between the two con�gurations. The two

curves refer to di�erent vertical scales.

�illuminated� cavity (left curve in Fig. 5.1). In this case the amplitude of the

�eld stored inside the cavity is observed after the semiconductor is illuminated

by a train of laser pulses of total energy about 28 mJ. Since the carriers excited

in the semi-insulating GaAs slab have recombination time of the order of

100 µs, the cavity remains �frequency shifted� for enough time to be completely

charged in the new mode. The cavity is probed in this �frequency shifted�

state, �nding the new resonance frequency and measuring the amplitude of

the transmitted signal as a function of the frequency of the injected RF signal.

The data obtained is �tted using the function:

Γ(ν) =
Aν√[

ν2 − ν2
0 +

(
ν0

2Q0

)2
]2

+
ν20
Q2

0

where Q0 is the quality factor of the cavity.
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Table 5.1: Fit results
ν0 (GHz) Q0

unperturbed cavity 2.3383 GHz ± 14 kHz 6200 ± 100

illuminated cavity 2.3271 GHz ± 44 kHz 1500 ± 100

The frequency shift of the illuminated cavity with respect to the non-

illuminated one is negative (as expected) and has a value of about −11.2 MHz

(Table 5.1.1). Since the non illuminated cavity resonance frequency is ν0 =

2.3383 GHz, the experimental value for the maximal relative frequency shift is

ζm = −1/209, in good agreement with the predicted value. This measurement

also demonstrates that the number of carriers generated in the semiconductor

are su�cient to create an e�ective plasma mirror for the microwave radiation.

We also observe that the cavity Q-value is reduced by a factor 4, due to

the presence of the plasma of carriers in the cavity. We note, however, that

this dissipative e�ect has been fully taken into account in the calculations by

V. Dodonov also for the case of the niobium cavity, and its magnitude is not

considered detrimental for the continuation of the experiment.

5.2 Tests on the complete apparatus

Once all the di�erent parts of the experimental apparatus have been optimized

to meet the requirements, the complete system has been tested both at liq-

uid helium and at liquid nitrogen. The �rst step was to test if we were able

to produce a parametric ampli�cation e�ect in our experimental setup. The

easiest test one can think of is the ampli�cation of a classical signal, which

implies charging the cavity with a RF signal of known amplitude and studying

its parametric ampli�cation. The use of a preloaded cavity allows a larger

dynamic response in the characterization of the parametric ampli�cation pro-

cess. At the same time, one has to assess that the semiconductor slab present

inside the cavity has the right time response to allow the ampli�cation.
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5.2.1 Semiconductor characterization

Figure 5.2: RF signal at liquid nitrogen temperature from the copper cavity equipped with

a semiconductor sample GaAs Cr-doped irradiated with a �uence of 5·1010 Br ions/cm2 that

was previously characterized with the optical pump�terahertz probe technique (see Fig. 4.5

top). The cavity is continuously fed at �xed amplitude by an external generator; the laser

pulse (width 400 ns, beginning at time t = 0) abruptly detunes the cavity. After this, the

signal recovers too slowly and aiming at a lower level.

The measurements have been performed on semiconductor samples with

di�erent recombination times that were previously characterized with the op-

tical pump-terahertz probe technique described in section 4.3.1. As already

said, this technique produces a number of false positive responses, probably

due to the di�erent frequencies and repetition rates employed, which do not

correspond to the experimental conditions of the MIR experiment. When

brought into the MIR apparatus, two types of anomalies may show up, which

were not observed in the previous analysis: exceedingly long tails for the dis-

appearance of the plasma, or even its persistence due to the presence of trap

metastable states. This latter case can be detected only by a �t of the expo-
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nential curve. In any case, the presence of an exceedingly long recombination

time is su�cient for a sample to be put aside. An example of such a behaviour

is shown in Fig. 5.2.

The selection of the semiconductor slabs was quite time consuming, but

ended with the labeling of a small number of samples as �apt� for the following

step.

5.2.2 Tests of the parametric ampli�cation

In a �rst stage of the tests of parametric ampli�cation, liquid helium has been

employed. However, in this con�guration no result could be seen for a long

period of time. Eventually, we decided to revert to liquid nitrogen, that is less

expensive and allows to switch more easily between di�erent semiconductor

samples. In this con�guration we performed measurements using a copper

cavity.

The cavity is completely charged by an RF square pulse of appropriate

duration by means of the weakly coupled antenna. When the charging signal

ends, the �eld stored inside the cavity starts to decay with a characteristic

time constant τC ∼ 800 ns (upper trace in Fig. 5.3). If, during this decay, the

semiconductor is illuminated by a laser train of pulses, one could expect that,

due to parametric ampli�cation, the trend of the signal is inverted, leading to

a charge instead of a discharge. In order to ensure that the frequencies of laser

and cavity are in the right relation, this phenomenon is searched for changing

the cavity resonance frequency with the sapphire tuning mechanism. The

frequency of the injected RF signal tracks this variation, being tuned all the

time to the resonance frequency of the cavity. We record the amplitude V (∆T )

of the RF signal right at the end of the laser pulse; this value is compared to

the corresponding one V0(∆T ) recorded on the decay curve in the absence of

light. A simple and meaningful indicator, proportional to the parametric gain,

is de�ned as the quantity ξ ≡ V (∆T )/V0(∆T )

When the laser is injected into the cavity, one normally observes that the
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Figure 5.3: Oscilloscope traces of the RF signal from the copper cavity at liquid nitrogen

temperature. Top view: Decay of the �eld without laser illumination; the decay time of

the cavity is τ = 800 ns. Middle view: Maximal damping induced by a standard laser

pulse train starting about 300 ns after the end of the RF pulse. Bottom view: Same as

before. In this case the damping induced by the illumination is almost negligible.



70 CHAPTER 5. PRELIMINARY MEASUREMENTS

decay of the RF �eld is accentuated (Fig. 5.3 middle trace), namely one has ξ <

1. This is a consequence of the dissipative interaction of the electromagnetic

�eld with the carriers created in the semiconductor. The signal of the detected

RF �eld inside the cavity is always lower than the case with no illumination,

i.e. ξ is always less than unity, for all the laser shots, irrespective of the

semiconductor sample and of the resonance frequency of the cavity. One could

still argue that the overall process is a balance of the two competing processes

of ampli�cation and dissipation.

In a few samples we �nd a frequency interval in which the amplitude of the

RF signal is increased compared with what happens at all the other frequencies.

In these samples, inside this frequency interval, we observe that from one train

of pulses to the other the detected signal �uctuates from a condition of maximal

damping (Fig. 5.3 middle trace) to a condition in which the damping of the

signal is a minimum (bottom trace in Fig. 5.3). This is the signature of a phase

dependent process; in this frame one might expect that only certain phases

of the laser train of pulses would lead to an ampli�cation. Unfortunately, no

control of the start phase of the laser pulse train with respect to the oscillation

of the �eld inside the cavity is possible at the moment, nor is planned for the

near future.

To bypass the strong variability of the observed signal, the data showing

the frequency dependence of ξ are presented performing an average of the

signal V (∆T ) on di�erent laser shots. In this way, without renouncing to have

a precise measurement of the overall gain, one can have a better statistics.

The data are plotted as a function of the parameter ∆f that, in our notation,

represents the shift from the strict parametric condition νlaser = 2ν0. Each

experimental point shown in Fig. 5.4 is obtained by averaging about a hundred

consecutive measurements.

A �xed systematic error σa = 4 mV is associated to each amplitude value

of the consecutive measurements. This error is estimated taking the signal at

the oscilloscope when no �eld is injected in the cavity.
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Figure 5.4: Average amplitude and standard deviation of the classical signal after a train

of 2000 laser pulses versus the frequency shift ∆f = νlaser/2 − ν0. The solid line is the

predicted behavior calculated in Ref. [40,69,70]. These measurement were performed using

a semi-insulating GaAs sample irradiated with a �uence of 6 · 1010 Br ions/cm2, that was

previously characterized with the optical pump�terahertz probe technique (µ=12000 cm2/Vs

and τ = 7.3 ps at 80 K, see Fig. 4.5 bottom). The error bars for the data are smaller than

the point size.

The two bell shaped curves are the best �ts of the mean value a(x) and

of the standard deviation s(x) of the RF signal V (∆T ) measured at the end

of the train of pulses. An interpolation of the experimental data has been

performed using the functions a(x) and s(x) de�ned in Ref. [9, 40, 70]:

a(x) =
〈An〉Ψ(x)

〈An〉Ψ(0)
(5.1)

s(x) =

√
〈A2

n〉Ψ(x)− [〈An〉Ψ(x)]2

〈An〉Ψ(0)
(5.2)
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where:

〈An〉Ψ =

∫ 2π

0

An(Ψ)
dΨ

2π
(5.3)

is the amplitude of the �eld averaged over the uncontrolled phase Ψ and x is

a dimensionless variable de�ned as:

x =
δ

|g|
= π

νres − νlaser
2ν0|g|

(5.4)

The �tted data seems to indicate the existence of a �resonance peak� for

a repetition frequency of the laser pulses shifted of about 0.28 MHz below

twice the cavity frequency ν0. The existence of this shift and the width of the

resonance curve are in good agreement with the theoretical predictions of the

model developed by Prof. Dodonov.
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Conclusions

This thesis describes MIR, a low energy experimental test of Quantum Elec-

trodynamics. The aim of the experiment is to detect the Dynamical Casimir

e�ect which consists in the production of photons from the quantum vacuum

by dissipative interaction of a moving mirror with quantum vacuum �uctua-

tions. This phenomenon has never been observed experimentally, due to its

smallness. The MIR experimental strategy is to simulate the motion of the

mirror by illuminating the surface of a semiconductor with fast laser pulses

which generate a density of carriers in the material. In order to exploit the

phenomenon of parametric resonance, the setup includes a microwave resonant

cavity. The complete setup has been assembled and preliminary measurements

are underway. In particular, the �rst tests of the parametric ampli�cation

mechanism using preloaded cavities have shown interesting data that have not

been fully interpreted yet. Even if an enhancement of the signal in the cavity is

never observed in the measurements presented, the position of the �resonance

peak� and its width seem to be in reasonable agreement with the predictions

of the theoretical model and the numerical estimations performed by V. V.

Dodonov. The observed behavior can be considered as a hint of the onset of

parametric ampli�cation. More investigation is certainly needed before being

able to speak of a �rst observation of the parametric ampli�cation mechanism.
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However the results presented in the present thesis could be a �rst indication

that the experimental scheme used in the MIR experiment is substantially

correct.

Further improvements in the setup are scheduled in the near future: the

most important task is certainly to signi�cantly suppress the internal losses in

the semiconductor slab. In fact, one of the sources of dissipation is related to

the fact that the surface of the GaAs slab re�ects almost 25% of the incident

laser light, due to its high index of refraction (n ≈ 3.3) at 800 nm. Part of this

re�ected light is sent back onto the semiconductor by the cavity walls. Thus

a �second population� of excited carriers is created in the semiconductor with

a delay of about 60-70 ps from the main pulse. The concentration of these

�secondary carriers� is signi�cantly smaller than that in the main group and it

does not contribute to the parametric ampli�cation process. However, even a

10% of the re�ected light scattered back on the surface of the semiconductor

is su�cient to cause a strong damping e�ect. This �secondary excitation� can

be removed putting an antire�ection coating on the semiconductor surface.

Adding a dielectric layer of a few hundreds of nanometers thickness is not

expected to interfere with the experiment.

There is a second e�ect that causes dissipation inside the bulk of the semi-

conductor. The absorbtion of the laser radiation in the semiconductor is ex-

ponential, in the actual setup this happens predominantly in a thin layer of

1-3 µm. The carriers responsible for the cavity frequency shift are only the

ones excited inside this layer, carriers generated in the rest of the slab only

create additional dissipation. During irradiation only the front surface of the

semiconductor is exposed to the �ux of ions that penetrate about 15-20 µm

inside the semiconductor. The rest of the volume of the GaAs remains in the

bulk state, with high mobilities and recombination time of the order of hun-

dreds of microseconds. It has to be noted that a small but signi�cant number

of photons is able to penetrate into the non treated volume of the semicon-

ductor. Other photons enter the semiconductor from the side. In order to
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reduce internal losses in the slab we plan to replace the GaAs slab by a het-

erogeneous structure, consisting of a dielectric substrate and a thin GaAs �lm

(about 30-50 µm) on its top. The dielectric�GaAs composite structure is ex-

pected to behave equivalently to the homogenous GaAs slab. Moreover, with

this solution it should be also possible to increase the maximal frequency shift

coe�cient ζm, if a substrate with a dielectric constant εnew < εGaAs ≈ 13 is

used. In this case, the increase of ζm would be proportional roughly to the ra-

tio εGaAs/εnew [40], as the �non illuminated� cavity resonance would be shifted

toward higher values of frequency, while the �illuminated� one should remain

the same. Possible candidate materials for this substrate are for example BK7

optical glass or sapphire.

Another improvement under investigation is the possibility to use optimized

values for the duration and shape of the laser pulses. The time evolution of

the perturbation done on the system is the convolution of the shape of the

laser pulse and the carrier recombination in the semiconductor, where the ris-

ing edge of the excitation is determined by the shape of the laser pulse, while

its decay is related to the decay of the population of carriers. Currently the

only mean of modifying the time shape of the excitation is to use semiconduc-

tors with di�erent recombination times, thus changing only the falling edge

of the process. The study made in Ref. [12] shows that if one could use an

optimized shape for the laser pulse used for the excitation, an increase in the

ampli�cation factor could be expected. In fact, the possibility to fully control

and manipulate the shape of the laser pulses would allow to work with semi-

conductors with smaller recombination time (as low as 1 ps) that are much

simpler not only to produce, but also to reproduce.

Following the improvements described above, we hope to achieve a real

parametric ampli�cation regime in the near future. Next steps in the MIR

experimental milestones will be the observation of the parametric ampli�cation

of the blackbody (thermal) photons initially present in the cavity and in the

end the quanta generated from the vacuum state.
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Acronyms and Abbreviations

AOM Acousto-Optical Modulator

AR Antire�ection

CA Cryogenic Ampli�er

CCA Critically Coupled Antenna

DC Directional Coupler

DCE Dynamic Casimir E�ect

DPFD Digital Phase-Frequency Detector

DPLL Digital Phase Lock Loop

FFT Fast Fourier Transform

HR High Re�ectivity

LHe Liquid Helium

LN2 Liquid Nitrogen

LTG GaAs Low Temperature Grown Gallium Arsenide

MIR Motion Induced Radiation

MOPA Master Oscillator-Power Ampl�er

M-OSC Master Oscillator

OPO Optical Parametric Oscillator

PA Post Ampli�er

PFD Phase-Frequency Detector

RF Radiofrequency

SAM Saturable Absorber Mirror

SHG Second Harmonic Generator

SI GaAs Semi-insulating Gallium Arsenide

SRH Shockley-Read-Hall model

WCA Weakly Coupled Antenna
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