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The beginning of quantum nonlinear optics

Quantum nonlinear optics as the theoretical
basis of:

1. Noise and coherence in parametric amplifiers
and oscillators

2. Prediction of spontaneous parametric
fluorescence (observed by Harris, Oshman, Byer

3. Squeezing
4. Entangled photons
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LIMITS ON ELECTROMAGNETIC
AMPLIFICATION DUE TO
COMPLEMENTARITY

R. SERBER* and C. H. TOWNES**

Columbia University

THE ADVENT of maser amplifiers, which allow coherent amplifi-
cation of electromagnetic waves consisting of only a few quanta,
makes appropriate an analysis of the fundamental limits in the
amplification process set by quantum mechanics. Coherent am-
plification implies reproduction and therefore measurement of
phase as well as of intensity of an input wave. Fluctuations in
intensity or numbers of quanta in maser-type amplifiers have al-
ready been extensively studied, but less attention has so far
been given to fluctuations in phase. The question whether other
advantageous types of coherent amplification can be achieved
with still smaller fluctuations in intensity than those in a maser
amplifier has also been raised,(” and its answer can perhaps
help clarify the properties of amplifiers demanded by fundamental
physical principles.

Any amplifier or detector of electromagnetic radiation produces
an output which is some representation of the intensity and pos-
sibly also the phase of an input electromagnetic wave. Such a
device thus may afford simultaneous information on the number
of quanta and the phase of the wave, and its performance must
therefore be limited by an uncertainty relation between these
two complementary quantities. The uncertainty An in the number
of quanta making up the input wave and the uncertainty A ¢ in

*Work partly supported by the Atomic Energy Commission.
**Work supported jointly by the U.S. Army Signal Corps, the Office
of Naval Research, and the Air Force Office of Scientific Research.
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The Maser

"Microwave Amplification by Stimulated Emission of Radiation

Introduce fieldatom interaction Hamiltonian

H =W, #(fha" Bba I 7
yatom:b1‘1> -|b2‘ 2> '
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b,b, atom creation operators
b®, b,*atom annihilation operators
a”, a field creation, annihilation operatc

Note product of operatorg this is key




Conclusion

The maser amplifier adds noise to the amplified
optical signal

Laser Amplifier
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PARAMETRIC AMPLIFIERS AND
THEIR COMPARISON WITH MASERS

H. HEFFNER
Stanford University

AT FIRST glance it may seem out of place to deliver a talk on
parametric amplifiers at a conference on quantum electronics,
for, after all, the principle on which the parametric devices work
is a purely classical one. Nevertheless, I believe the subject is
a pertinent one for two reasons; first because the parametric
amplifier represents the strongest competition to the perhaps
more intriguing quantum amplifiers, and second, it is likely that
there are a number of quantum phenomena whose effects can be
put to use in this simple classical manner. My purpose then is
twofold, to give you an idea of the general characteristics of
parametric operation and to present examples of the performance
of certain parametric devices constructed in various lahoratories
throughout the country.

I shall resist the temptation to start this talk by a historical
recounting of the many fascinating experiments performed on
what we would now term parametric oscillators which were car-
ried out in the middle and late eighteen hundreds. A list of
names of these experimenters would include Airy, Melde, Lord
Rayleigh, Maxwell, Marcel Brillouin, and in fact almost every
one of the eminent nineteenth century physicists. The earliest
of these experiments involved purely mechanical systems with
observations that under certain conditions an excitation of one
frequency could build up oscillations at a subharmonic frequency.
It was not until later in the century that experiments on electro-
mechanical systems were made, Lord Rayleigh being one of the
first to show that electrical oscillations at a subharmonic fre-
quency could be produced by mechanically varying the plate
spacing of & capacitor in a tuned circuit.
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Figure 8-15 Physical model of a capacitively pumped parametric oscillator. (a) Square-wave
capacitance variation at twice the circuit oscillation frequency. (Also shown is the motion of
the capacitor plates, the charge, and the forces on the plates.) (b) The charge on one of the
capacitor plates. (c) The voltage across the circuit. (d) Variation of the capacitance C(r) at
two phases relative to that of the charge.




Microwave parametrics
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Nonlinear optics

Microwaves: | "% ¥=i g, - wQgVyV, &' # 2
Optics: P*™ % ¥=d_ E,¥E & 2"

s . > E, (depleted
pump) ———
E* ( ) Nonlinear E, ( jified)

E (signal) — Crystal ~ E, (idler)

Optical Parametric Amplifier




The nonlinear current in the microwave circuit
plays the same role as the nonlinear polarizatior
In the optical case
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Fig. 4. The equivalent circuil of the regenerative paramelric
amplifier with the equations for gain, gain-bandwidth product,
and noise figure
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Noise figure of the parametric amplifier
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Quantum Fluctuations and Noise in Parametric Processes. I.

W. H. LouiserLr AND A. YARIV
Bell Telephone Laboratories, Murray Hill, New Jersey

AND

A. E. StecMAN
Stanford University, Stanford, California

(Received June 27, 1961; revised manuscript received August 31, 1961)
Phys. Rel24:1646 (1961)
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The QUANTUM equations of motion for the parametric amplifier are:
d . . -i(wit + aA
—aS:H/I/SaS e ' S
dt Wp — |/£/ + ’/

dg’ =iwa® 4 "

dt

along with their Hermitian adjoints. The solutions to these equations are:

a,(t) =e"{ a(0)coshkt) +e"” 4 (0)sinh(kt})
a'(t) = €{ at0) coshk t) -i¢/ a (0)sinh(kt})




The elementary amplifying parametric

transition
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Noise

A Rate for generation of signal photons:
0
W, (n (Y

pump  signal idler

A Signal photons are generated even i 10 at a rate
proportional to n,(1)(1)
A This is Quantum Noise andnist predicted classically

Parametric Amplifier

Pump | Nonlinear| Output Sout = G% 'g G })th, JE

Sm SigT)' Crystal Quantarm Noise

A The parametric amplifier, like the laser amplifier, is
quantum noise limited D 1




Unexpected bonus:
Spontaneous parametric fluorescence
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Spontaneous parametric fluorescence results In
the emission of single pairs of correlated
photons (signal and idler) which is the starting
point for photon entanglement.




Spontaneous generation of quantum correlated
single pairs of idler and signal photons

VoLuME 18, NUMBER 18 PHYSICAL REVIEW LETTERS 1 May 1967

OBSERVATION OF TUNABLE OPTICAL PARAMETRIC FLUORESCENCE*

S. E. Harris, M. K. Oshman, and R. L. Byer
Department of Electrical Engineering, Stanford University, Stanford, California
(Received 24 March 1967)

We report the observation of an optical fluo- an extraordinary pump wave and ordinary sig-
rescence which is thermally tunable over a nal and idler waves could be satisfied and tuned
significant portion of the visible and near-in- over a wide range of wavelengths.?® The out-
frared spectrum. Using a crystal of LiNbO, put analyzer was oriented at 90° to the input
and a 4880-A argon laser as a pump, we have polarizer and together with two blue stop fil-
observed tuning from 5400 to 6600 A. Fluores- ters provided about 120 dB of discrimination
cent powers were estimated to be about 10712 against the laser pumping light. A Leiss prism
W and to have linewidths which were measured monochromator with a resolution which we es-
to be less than 75 fo\, and are probably less timated at about 75 A followed the filter.

than 1 A. With the crystal temperature at about 125°C,
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780 Chapter 18 Classical Treatment of Quantum Noise and Squeezed States
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18.1 The Uncertainty Principle and Quantum Noise 781
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Figure 18.1 (a) A classical phasor representation of the optical field. (b) A representation of a coherent
field that is consistent with quantum optics. In this special case, AE; = AE,. (c) The electromagnetic
field representation of an unexcited vacuum ({£) = 0) optical mode. (d) An equivalent representation of
the field with a random phasor added, vectorially, to the tip of the classical phasor. (e) A “squeezed”
field. (f) A squeezed vacuum ({E) = 0) mode. The squeezing factor (defined in Equation (18.2-8)) is s > 1.






