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Intensity-noise properties of injection-locked lasers
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We present experimental results that illustrate how laser intensity noise near the quantum-noise limit is
transferred in an injection-locked cw Ngttrium aluminum garnetnonplanar ring-oscillator laser. We show
that these results are in extremely good agreement with our quantum-mechanical model describing the injec-
tion locking procesqT. C. Ralph, C. C. Harb, and H.-A. Bachor, Phys. Re\. Ahree regions in the
intensity-noise spectrum are identified and we show that different minimum noise levels exist in these regions.
Finally, we show that the injection-locked laser can generate and preserve nonclassical states.
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PACS numbe(s): 42.50.Lc, 42.55.Ah, 42.55.Xi, 42.60.Da

I. INTRODUCTION power, low noise lasefthe master lasgr Both these lasers
are pumped by separate pump sources, as shown in Fig. 1.
Injection locking is an established field of research dating Free-running solid-state laser systems, such as the diode
back to the 196052]. Several reports have shown that it is pumped monolithic Nd:YAG ring lasers used in this work,
possible to use a low powethundreds of mW diode have intensity noise associated with their output that is due
pumped monolithic Nd:YAG(YAG denotes yttrium alumi- {0 an interaction between the atoms in the lasing medium, the
num garnet ring laser[3] (NPRO to injection lock a high Cavity storage rate, variations in the intracavity photon num-

power (many W) Nd:YAG ring laser[4—7]. These reports ber introduced from the laser's pump source, and vacuum
verified that high power lasers could be controlled by lowfluctuations. This noise can be reduced by injection locking

power lasers. Intensity noise filters through to the output of th
Fueled by the desire to develop ultrasensitive interfem"n'eZtﬁ)nnSIlgckré?jI?:selr fer(r)sm threoglgi ve’g urﬁ ?;sstjs a(r)1 d froem
metric measurements, recent attention has focused on exar'n1 pump

ining the transfer of intensity noise from the different noisethe master laser. We can view this intensity noise as being
9 . Y ..~ ~similar to a spectrum of amplitude modulation sidebands. A
sources in the laser system to the output of the injection

. . guantitative frequency description will be presented later in
locked laser systerfv—9]. These studies considered the ba-iis haner. The transfer of intensity noise from these noise
sic behavior of the injection locking process in the large

: @y i ) X . sources can be summarized as follows.
signal limit, hence the_|r theories are not applicable to signals Tne slave laser acts like a low-pass filter to the noise of its
near the quantum-noise level. pump source, as shown in the schematic diagram Ka). 2

In this paper, we wish to address the problem of how therhe transfer of modulation from the slave’s pump source
intensity-noise spectrum of an injection-locked laser com+through to the injection-locked slave output is characterized
pares with the noise spectrum of an ideal quantum-noise Iimby minimal attenuation at dézero modulation frequengy
ited laser of the same power. We present experimental resulfgliowed by continuously increasing attenuation with the
illustrating the noise transfer and compare these results with
our fully quantum-mechanical theofit]. The experimental MASTER LASER
and theoretical results show extremely good quantitative

Master
agreement. Pump DL @ ’ §§

Our model produces a single analytic expression relating

the intensity-noise spectrum, for both the free-running and Slave Pump DL

injection-locked lasers, to the known and measurable physi-

cal parameters of the Nd:YAG laser, as well as to the master I GEN-1 | SLAVE  GENS

and slave noise sources. Hence we show that it is possible to i OUTPUT

predict the intensity-noise spectrum of an injection-locked DBS P

laser system. GEN-2

Summary of the intensity-noise properties of injection locking INJECTED
SLAVE LASER LASER LIGHT

A conventional injection-locked laser system consists of a

high power lasefthe slave lasgrwhich is locked to a low FIG. 1. Schematic diagram showing the basic elements of the

injection locking system that is used in this work. The abbreviations

are DL, diode laser; AM, amplitude modulator; PM, phase modu-

“Present address: Laser Zentrum Hannover, Hollerithallee 8ator; GEN, sinusoidal signal generator; and DBS, dichroic beam
D-30419 Hannover, Germany. splitter.
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: , is greater in magnitude than the original modulation of the
Pump Noise  Quantum Noise . . . .
P Attenuation  Masking Effect. master by the power ratio. The noise floor is s_et by the noise
0dB / / level of the master laser and the signal to noise ratio at the
output is identical to that of the master laser.
In the frequency region(iii), the slave laser is very
\ strongly coupled to its pump source and hence marginally
affected by modulations of the master laser. That is, the total
output power of the slave laser system is determined by the
Log Frequency Scale ~ slave’s pump source and hence any forcgd_osc_illation from
the external field cannot be amplified. This implies that the
total output power of the injection-locked system is the geo-
metric sum of the master and slave free-running optical pow-
ers, and hence near dc the response of the injection-locked
T \ ¢ Step = 10Log(H) laser to master noise fluctuations is also the geometric sum.
Step = 20Log(H) Semiclassical models have predicted the existence of re-
gions(i) and(iii ) in solid-state laser,9] but not the correct
o) response to small signals. Quantum-mechanical models have
studied regior(i) in semiconductor laser amplifief&0], re-
gion (iii) in injection-locked semiconductor lasdikl], and
FIG. 2. Schematic diagram showing the expected signal transféiegions(i) and(ii) in solid-state lasergl2]. In this paper we
from (a) the slave’s pump DL antb) the master laser to the output Present a quantum-mechanical model that combines all three
of the injection-locked laser. regions in the one formalism and demonstrate the existence
of these regions experimentally using an injection-locked

modulation frequency until the signals fall below the Nd:YAG NPRO laser.
quantum-noise limitQNL) of the slave laser. The rate of !N Sec. Il of this paper we state the results of our theo-
change of the attenuation, which determines the bandwidtfetical model, the details of which are presentedlih We
of the low-pass filter, can be as high as 20 dB per decadéhov‘_’ in detail how the p_arameters m_the theory can be de-
The corresponding corner frequency for this attenuation ig¢ermined from the experimentally available data. In Sec. llI
determined by the characteristics of the slave laser as well 4¢ describe the experimental arrangement used to generate
the intensity and detuning of the injected master radiation. the noise transfer functions. These results are compared with
The transfer of modulation of the master laser through théhe theory in Sec. 1V. Based on our theoretical model we
injection-locked system is more complicated. It can best bgredict, in Sec. V, the performance of an optimized
described by discussing three distinct frequency redisas  injection-locked laser system that is subjected to nonclassical
Fig. 2(b)] in the output noise spectrum of the injection- or sub-Poissonian pump and injected sources.
locked laser system.
Let us start with the frequency region numbe(gdn Fig.
2(b). The output signal is an amplified version of the spec- IIl. THEORY
trum of the master laser. This is called the amplification re-
gion. In this region the slave acts like a linear optical ampli- We use the theory we have developed in R&f.to de-
fier to any modulation signals on the master laser. Both thecribe this experiment. We quote the relevant results from
modulation and the coherent fields are amplified, and consdhat paper which are required to describe this type of laser
quently, beating between them produces an output signalystem. We will also briefly summarize the basic concept of
which is amplified by the square of the power ratio of thethis theory, which is designed to predict the output noise
master to the slave. Signals on the master retain their signapectrum of the laser as a function of the noise of the various
to noise ratio in the output of the locked slave if they areinput sources. Note that the theory contains the conventional
large compared to the QNL. However, for signals that argparameters, such as intracavity laser amplitude and stimu-
close to the QNL the signal to noise ratio is reduced. Itlated emission rate.
should be noted that even if both the master and free-running The atomic level scheme used in the model is a “four-
slave lasers were QNL then the noise in this region wouldevel” scheme applicable to Nd ions. The upper-pump levels
still be larger than the QNL. This increased noise level is dueire assumed to have a very rapid decay and hence their dy-
to the amplification of the quantum noise of the master. Thanamics are eliminated, as are the dynamics of the lasing co-
bandwidth of this region is determined by the characteristichierence. We can thus approximate the “four-level” laser by
of the slave laser as well as the intensity and detuning of tha “three-level” laser. This is a good approximation for
injected master radiation, as is discussed later in this papeNd:YAG, becausey; is much larger than all the other decay
In the frequency region numberdd), there is neither rates. A schematic diagram for the energy level system of the
attenuation nor amplification of the signal from the mastedasers is given in Fig. 3. In this diagram we show the basic
laser. The modulation signal of the master laser is directlelements of the theory, the laser system, and how the active
reflected off the cavity of the slave laser without entering.atom-cavity and atom-cavity with injected fieldsystems
The reflected signal coherently beats with the strong slaveouple together. We will be referring to this diagram
beam and produces a modulation signal at the output whicthroughout this paper as a basis for the explanations.

Increasing Attenuation

(a)

(iii)
OdB
e N

(@ ’ (i)

Increasing Attenuation
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FIG. 3. Schematic of the energy level diagram for the “four-

HARBet al. 54

Just asa; can be calculated from the dynamics of the
active atoms and the input power of the pump, so too
dxag; can be calculated from the dynamics of the atoms and
the input fluctuations of the pump and the various other
vacuum fields associated with spontaneous emission, dipole
fluctuations, and losses. In this way the noise spectrum of the
fluctuations can be calculated analytically in terms of the
noise spectra of the various inputs. The details of these cal-
culations can be found in Rdf1].

The injected fieldA;,, produces a mode inside the cavity,

level” model used to describe the free-running and injection-lockedain , that obeys the relations

systems. The variables are defined in the text.

The theory is based on a linearized input-output method
to solve for the noise spectrum of the fluctuations around the
steady-state output of the laser. The basic approach used here
is to assume that we can write the intracavity amplitude op-

eratora;(t) of the free-running laser in the following stan-
dard linear form:

&)

The circumflex indicates operatoks; is the stable semiclas-

éf(t) = af-l- 5éf(t)

A
_ far from cavity resonance
2K
ain= GA (6)
n near cavity resonance
V2K

whereg is the intracavity gain of the laser, and is a compli-
cated function that is dependent on many parameters. Deter-
mination of the steady-state behavior of the injection-locked
laser system is accomplished using the following set of semi-

sical steady-state intracavity amplitude of the free-runningtlassical equations:

laser (which may be complex and hencda;|? is propor-
tional to the output power of the laser systgsae Eq(29)].

5a;(t) represents small fluctuations about this steady state,

, G
af=0= - (J3—Jp)af~«af, (78

and all the quantum mechanics of the field is carried by these

fluctuations.

We use the boundary condition at the output mirror to

determine the output field:

Aou= 2Kma‘f —Ain,

)

where/2k,, is proportional to the amplitude transmission of

the output mirror, as given in Eq(27), and has units

s 12 A, andA,, are the amplitude operators for the exter-
nal fields exiting and entering the laser cavity at the mirror.

The amplitude ofA;, can either be zero for a vacuum mode

or be nonzero for the case of an injected laser fiig, and
A;, have the units photoi€s™12

fluctuations associated withy, irrespective of its amplitude,
and they may have non-Poissonian statisfitss will be
discussed in Sec. )V

G
an=0= = (J3=Jp) = (k+18) afy+ 2P, (7D)

3,=0=G(J3—Ip)(a?+|an|) + yds— yda, (70

33=0=~G(J~3p) (a7 +|an|?) — yds+ Ty, (70)
\]1+J2+J3:N, (76)
wherei=+—1, theJ; are the atomic population in th¢h

levels, N is the number of active atoms which is generally
normalized to 1 for ease of calculation and then rescaled

. , and represent the ampli- o0 a5 described in Sec. IV A, E488) and(29). The other
tude of the laser field external to the laser cavity. There ar

?)arameters used in the model drethe pump rate;y, the
decay rate from the lower lasing level;, the spontaneous
emission rate between the lasing levels:,2 the cavity
photon decay rate due to the input-output mirrok; 2the

If we consider just the semiclassical steady state then WEavity photon decay rate due to losseg=2«,+ 2« , the

find that Eq.(2) implies

Aout= V2 Kmay 3
for a free-running laser, as there is no input field, or
Aou= V2Kkmat—Ai (4)

for an injection-locked laser. Similarly, the output fluctua-
tions of the laser are given by

SAgu= 2 kO3 — SA,. (5)

In the case of a free-running lasé#4,;,, are vacuum fluctua-

tions which are nonzero. In an injection-locked Iaéé(n are
the fluctuations of the master.

total cavity photon decay rate; art@, the stimulated emis-
sion rate. It should be noted that all the parameters defined in
this paragraph are constants for a given laser system, except
for I, which determines the intracavity amplitude and con-
sequently the output power of the laser. Hence knowledge of
I' is necessary if we wish to model the laser. The detuning
between the injected mode and slave cavity modg j43].

The injected field can have any phase, hence we take it to
be real. Notice that this forces the locked mode to be com-
plex for all but zero detunings. An examination of the behav-
ior of the semiclassical steady state as a function of the de-
tuning between the injected field and the cavity resonance
reveals the standard injection locking behavior, which is dis-
cussed in more detail in Ref§l,7,9. At large detunings
between the master and a slave cavity mode there is very
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little buildup_of the inje(_:ted f_ield in the_z laser cavity and Vf:1+{4,<§1(w2+),IZ)_4mer27I

hence negligible interaction with the active atoms. The out-

put of the laser is just the geometric addition of the master +2knG?af (I 31V + 7ida) + 260Gl (1 + )2+ 0?]
and slave fields. As the detuning is reduced the injected field 2, 2 25 22, 2.2
intracavity intensity increases and starts to rob gain from the X(Jg+J2) +4xmi (9 + o) {(0f — 09) "+ 0%y,
free-running mode, causing the free-running slave mode to (1D
drop in intensity. Eventually, when the gain to loss balance

of the locked mode equals that of the free-running mode, th&here

free-running mode is extinguished. From E¢j&) and (7b)

we see that this occurs when W= m
=\2kGa? (12)
A,z\/z_;qnc—ﬂz \/mz—:: (8 and
'y|=Ga?+yt+F. (13

The detunlngA|_|s called the locking frange ang is the \/; relates the output intensity-noise spectrum to the slave’s
steady-state amplitude of the free-running slave laser internal . . .
ump source intensity-noise spectriy. V¢ shows the ex-

field with no injected field. For detunings less than the lock-P ; S
?ence of the well known resonant relaxation oscillation

ing range the free-running slave mode does not oscillate an o ' : .
is replaced by the mode of the master laser, as would be th RO) which is defined in Eq(12). v is a parameter that

case in an optical amplifier. However, the intensity-noisetigaesrmi'\r)eers] meEda(r%pgl]l%vstg":’On?etyvrrziatleoé(:'l(lg)oimt;—Tﬁerela_
properties of the injection-locked laser differ from those ofform 9 a: q
an optical amplifier.

For simplicity we have assumed that the locking range T
and cold cavity linewidth are much larger than the stimulated 0, =\V2ky\[=—1
emission rate, pump rate, and spontaneous emission rate, i.e., Ly

1 /P
) =V Vo. L (14)
Ay k>Gap, Iy 9 e Ptn

wherely, is the pump rate at the lasing threshotdis the

This is a reasonable assumption for solid-state lasers. spontaneous lifetime of the upper lasing letgis the cavity

The amplitude quadrature fluctuation is defined bylifetime, Pyym, is the pump power, andy, is the pump

5§<0ut: 5Aout+ 5Agut The intensity-noise spectruy () power at thresh_old. We use the relatior_1 given_in Etﬂ),_
is the spectral variance of the Fourier transformaﬁout. instead of that given in Eq14), to determine the intracavity

- - - : photon number because there is large experimental uncer-
From an experimental point of view, this means that tainty in determiningPy, directly. This will be discussed in
more detail in Sec. IV A.
AP )2/P gy Examination of the intensity noise of the free-running la-
“ApZ P (100  ser, as described byf, reveals that belpw the RRO fre-
QNL ™ out quency the pump noise, the quantum noise due to spontane-
ous emission, and dipole fluctuations appear in the output
whereP, is the steady-state optical power of the laser Sys_mtens_lty-nmse Spec”‘%m- Above the .RRO frequency the
tem, AP2,, is the laser’s spectral variance due to uantum-mag.thde. of thgse noise sources passing through to t.he out-
= QNL . P ; ) q put intensity-noise spectrum decreases due to the filtering
noise limited f'“Cg“_a“O”S when operating with OULPUL POWeTette ot of the cavity. In the limit of high frequencies the spec-
Pout andAP, (w)“ is the measured spectral variance of the

. i . trum tends to 1, indicating that the laser is quantum-noise
laser. For a.II the yarlables in this work we assume that th‘ﬁmited at high frequencies. All these features are observed
§pectral variance is refgrred to the full power pf their reSpeC'experimentally, see Sec. IV A.
tive lasers. In this terminology, (@) =1 implies that the
laser fluctuations are limited by quantum noise. If the laser
radiation experiences optical attenuation, or the detected
power is less than the full power of the laser system, then the The intensity-noise spectrum of the output light for an
relations discussed in Sec. [Ve., Eq.(25] must be used to injection-locked lasery, , is given by(master field nonzejo
rescale the variables to the observed spectral variance.

Voul @) =

B. The injection-locked laser

Vi =Vin+{aViik (02 + ] 1) = AVinkm@R YL in

A. The free-running laser —AVipkmo? A+ 2Km62aﬁ1(F31Vp+ ¥1J3)

In the case where the injected master field becomes the + 2k Gl (71 +T)%+ 0?](I5+J,)
vacuum field, i.e.g@;,= A;,= 0, then the intensity-noise spec- ) ) 2 29 2.2
trum for the free-running laser ¥; as derived in Ref[1]: HAkmk) (VL int @) H{(0g— o)+ 0y}, (19
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where (i) Amplification regime(refer to Fig. Zb). In the fre-
quency region close to the slave’s RRO the injected fluctua-
WR= \/[Gzaﬁ](J3—J2)+A|yL in] tions are amplified. If we simplify the relation for the spec-
— trum [Eq. (15)] by using Eq.(9) and assuming that we are at
=G ajy(J3—J2) = w; (16)  a frequency close to that of the free-running RRO we find
and 2kmas 242 i G(J3+J,)a?
V=V, 1+ Am2 in A’:mam ( 3A2 2) in
n=(Gap+y+I+4) n n n
_ 4k o’
=it =V, H+(H-1)+ —A'zﬂ, (20)
=A>y. 17 "

This set of relations shows that both the natural resonancvé/here

(the RRQ and the damping factors are altered by the in-
jected field. That isw, = wg andy, = 7y, . The increased = =
damping created as a result of the injected field ensures that AZ, Pin (optical power in
the RRO does not oscillate unless the injected field is of the (21
same magnitude or smaller than the losses in the cavity.

For the relations presented above we have assumed thigt the semiclassical intensity amplification factor, wih,
the injected field is resonant with the slave cavity. The soluand P; being the injected master power and free-running
tion for the case where the injected field is not resonant wittslave optical powers. In deriving ER0) we have also used
the slave cavity mode is discussed in detail in R&f. This  the fact that, in the presence of rapid decay from the lower

_( 2Kmain—Am)2= Pin+ P; _ (optical power out

latter case is beyond the scope of this present work. lasing level,J3>J,, to simplify the second term. The first
two terms of Eq(20) are the standard result for the intensity-
C. Transfer of slave pump source noise noise spectrum of a linear optical amplifigrd], where the
to the injection-locked laser injected fluctuations are amplified by the semiclassical am-

) o _ plification factor. The third term in Eq20) represents the
Consider the case where the pump noise is the dominaigect of quantum fluctuations, introduced by the phase de-
hoise source, i.e¥,>Vin,1. Then Eq(15) can be simplified  cay of the lasing coherence, and the intracavity losses on the

to intensity-noise spectrum. These effects have previously been
5 2 noted for semiconductor lasel$0].
= (Z'ZmG Zaigmll/pz) _ (18) (i) High frequency regimelf we move to frequencies
[(wg= %)+ 0] much higher than the resonance the amplification rolls off

o ) _(the corner frequency for this roll off is ab.ngy=4,) until
The injection-locked slave laser acts like a low-pass filterat frequencies

to the noise originating from its pump source. At frequencies

_m_uch_ lower than the RRO_ frequency, the pump noise of the VinKﬁq“L dkkp
injection-locked laser is virtually the same as for the free- o>\ ——— (22
running laser[see Eq.(24)]. The physical reason for this Vin

effect is that the slave laser's output power is strongly

coupled to slow variations in its pump source total outpute find

power. This coupling starts to decrease as the pump source

fluctuations become more rapid. The corner frequency Vi=Vi,. (23)

w¢ow fOr this coupling is given by the relation
Physically, we are outside the laser cavity linewidth,

wﬁ wé hence high frequency fluctuations inside the cavity are sup-
wclow:,y_EA_- (19 pressed while high frequency fluctuations on the injected
L ! field are simply reflected off the front mirror.
From the frequencyb, o, to approximatelyy, the roll off (iii) Low frequency regimelf we examine the frequencies

is proportional tow 2. At higher frequencies, the cavity also lower than the slave’s RRO we also get a roll off of the
produces a roll off and hence the roll off is proportional to amplification of the fluctuations of the_ _m;ected fleld_as we
-4 move toward zero frequency. In addition pump noise and

other noise sources associated with the free-running dynam-

ics of the slave laser roll on. If we add the extra condition

that we are well above thresholcﬁ@%>l‘> v;) and con-
Now we consider the noise transfer from the master lasesider frequencies very close to de£0) then Eq.(15) be-

to the output of the locked system. In particular, the situatiorcomes

where the master noise is similar to that of the slave laser

pump noise, i.e.Vi,;=V,, so t_hat we can ide_nt_ify the fre- VmA%JerrJl P, Vit PV

guency dependence. We can identify three distinct frequency V= = ,

regimes in Eq(15). (N2Kmain—Ap)? Pint Py

(O]

D. Transfer of master laser noise to the injection-locked laser

(24)
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where we have used the fact that far above threshold, with PolBS PolBS

) - = SLAVE
rapid decay from _the lower Iasmg Ieve:]i2 1 and hence LR = e N
energy conservation demandd);=2«;, Under these OUTPUT LN LR P
same assumptions the spectrum of the free-running slave A2 A2
[Eg. (11)] is just determined by the pump noidge., M c} v
V|=V,). Hence at low frequencies the output spectrum is PD1 BS |_SP
just the geometric addition of the fluctuations of the injected <_H_O 4 b
and internal modes and is similar to the spectrum when the OSA  MML T
lasers are not locked. BS

PD2 PD4
lIl. EXPERIMENT
RFSA
In this section we will describe the experimental setup PD3

used to investigate injection locking. All the experimental

results presented in this paper are obtained using diode FIG. 4. Schematic diagram of the diagnostics used to monitor

pumped nonplanar Nd:YAG ring lasers operating at 1064 nnthe output of the injection-locked system. The abbreviations are

[3,8]. The master laser is a 200 mW output laser with exterMML, mode matching lens\/2, 1064 nm half wave plate; Pol BS,

nal intensity feedback contrgLightWave 122 [15,16 that  polarizing beam splitter; BS, beam splitt0/50; RF SA, radio-

eliminates the RRO from this laser. The slave ld8§#rgen-  frequency spectrum analyzer; CRO, cathode ray oscilloscape;

erates an output power of more than 700 mW, but has n@dding and subtracting electronics; OSA, optical spectrum analyzer;

suppression of its RRO. SP, spectrometer with charge-coupled dev¥C€D) array; and PD,

These lasers have active temperature control of thejfadiofrequency photodetector.

Nd:YAG crystals. The stability of the lasers’ temperature is

of the order of 1 mK over periods of several seconds. This igletection system to make noise measurements. All the noise

crucial becaus a 1 mKtemperature change can alter the measurements were made with =05 mW (inferred of

output frequency by several MHz, and hence limit the abilitydetected optical power, split between the two photodetectors.

to injection lock. It is possible to temperature tune the fref-|-he locking range was determined by observing the disap-

quency of the master laser over several tens of GHz. Thi§earance of the beat signal between master and free-running

encompasses many longitudinal modes of the slave laser, al|,\e with these detectors.

of W.h'Ch will Ioc.k to the maste(13]. Al our results are The transfer function measurements were obtained by ob-

Obt%']neeifyelﬁﬂgﬂgafosgﬁ Cecnotgatg;ie:[\r/\l;lgné?s%irﬂ?d:éctionssewing the magnitude of the AM signals on the lasers before

Figure 1 ilﬁlstrates the bagic optical arrangement for the inf;ind after |njlect|on Iockmg using two transimpedance photo-
detectors with bandwidths of dc to 20 MHz and 10 kHz to

jection of the master field into the slave laser cavity. The150 MH d £ network { | ble of
master light is directed into the slave cavity using a dichroic Z, and an rt network-spectrum analyzer capable of a

beam splitter(DBS) that is placed in the path between the °92rithmic frequency sweep. o
pump diode lasers and the Nd:YAG crystal. This beam split- 't Was also useful to monitor the injection-locked mode
ter has high transmission at the pump diode wavele(gB freque_ncy Wlth respect to the slave cavity freque_ncy. This
nm) >95% and high reflectance at the Nd:YAG wavelength9ave mformatlon as to whether or not the oscnlatm_g mode
(1064 nm >95%. Thus both maximal pumping and injec- Was at cavity resonance or at some other frequency inside the
tion can be achieved. After passing through mode matchindpcking bandwidth. We used the well known Pound-Drever
and isolation optics, the master light passes through a set #chnique(see[18] for more detailsto estimate the detuning
polarizing and polarization rotating opticghese optical between the master and slave cavity modes. This involves
components are not shown in the diagyaithis allows ad- placing an rf phase modulation on the master radiation and
justment of the master power and polarization before enterdemodulating the signal reflected off the slave cavity. The
ing the slave. The polarization is chosen to most closelyignal obtained, called the error signal, gives a cavity-
match the intracavity eigenmode of the free-running slaveletuning-dependent voltage.
laser (this is discussed further in Rgf17]).

Phase and amplitude modulation of the master is accom-

pllshed using two electro-optic modulato(BM and AM, IV. RESULTS AND COMPARISON WITH THEORY
respectively. Modulation of the pump diode laser light is . .
accomplished by directly modulating the current of the diode A. Noise spectrum of the free-running slave

laser. A sinusoidal signal is coupled into the diode laser cur- Figure 5 shows the noise spectrum of the free-running

rent and the resulting modulation is detected on the output of|ave operating at an output power of 408 mWw, with a

the Nd:YAG laser. _ _ _ _detected optical power of 1.#00.05 mW. The spectrum is
_Figure 4 is a schematic of the diagnostic system used iBhown normalized to the QNL for the same detected power.

this experiment. A power meter is used to monitor the pow-Qverlaid is the corresponding theoretical cufifeom Eq.

ers of the slave, master, and locked system for each set @f1)] where optical attenuation of the laser field is taken into
data taken. Two identical transimpedance low noise photosccount via

diodes(PD3 and PD# with bandwidths of dc to 20 MHz,
and an rf spectrum analyz€¢B8A) were used in a balanced Vops= 1+ 7(Vi—1), (25
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FIG. 5. The resonant relaxation oscillatiéRRO). (i) Theoreti- FIG. 6. Experimental results of the variation of the position of

cal noise spectrum calculated using the measured parameters of tf¢ RRO as a function of the output intensity.

experiment(ii) Experimental results of the intensity-noise spectrum .
for the slave laser system operating with an output power of 40¢PONds to the RRO frequency measured experimentally. To

mW and RRO frequency of 420 kHz and a detected optical powefO this we solve the relations in E(f) and adjust” till the

of 1.7 mW. appropriate RRO frequency is located. The value FFors
generally calculated numerically as a simple analytic expres-
where the detection efficiency;=(1.7 mW/400 mW= sion that relate§’ to theJ;’s and« is not possible to obtain.

0.004. We note that the two curves demonstrate excellent We determineN by experimentally measuring the RRO

agreement between the theory and the experimental resulféequency as a function of the output power of the laser. This

The important aspect to note is that the model predicts théformation relatesy to the output power, and théwi can be

magnitude of the noise equally well for signals near QNLdetermined in the following manner. E¢l2) relates the

and also many dB above QNL. RRO frequencyfrgroin Hz, to the output optical laser power
Generation of the curve shown in Fig. 5 required the fol-Pqy by

lowing procedure. The parameters used in calculaéipngre

Wy
G=0Lp=6.6x10" s fRROZE
y=3.3x10" s, 1 kG
~ 27 N k. Nhv Pous (28)
m

Y=4.3x10° s %, (26)

) ) o o where h is Plank’s constanty is the optical frequency,
where o is the stimulated emission cross sectionis the ;= 1.868¢ 10 19 J, and

speed of light in the medium, andis the atomic density of

the lasing atom§19]. The round-trip losses in the crystal are Pout= NhVAgut: 2k,N h,,afZ_ (29
quoted ad-=1.6% while the output coupling at the polar-
ization of the free-running mode is quoted &s-2.5%. In Fig. 6 we plot experimental data that show the varia-
Hence tion of frro as a function of\P,,. The curve is linearly
Lc dependent on/P,,, in agreement with the 'relation given in
2j=1—=9.3x100 s, Eq. (28). From the slope of Fig. 6 we obtain a value for the
In number of active atomN of 3.2x 10'’. As a rough compari-
T son we can calculate the expected number of lasing atoms by
C _ estimating the number of Nd:YAG atoms in the laser mode
2km= = 1.5% 10° s, @D from the Enown doping of the material. We assume that the

volume is a cylinder of radius 24@m (which is the output

wherel is the round-trip length, which is equal to 28.54 mm spot size of the lasgrand is 5 mm longwhich is the ap-
in this case, and is the refractive index of the laser material proximate pump length in the matepiaand this material has
at 1064 nm, which is equal to 1.818. These parameters am@ Nd doping of 1.25% 10?° atoms/cn?, which gives a value
particular to our diode pumped Nd:YAG nonplanar ring os-of 1x 10 active atoms. This estimate suggests that the
cillator. G, 2«,, and 2, can vary for other laser systems value calculated above is reasonable for this system.
because, L, andT may differ. We can now calculate the remaining parameters under the

The two remaining parameters required to model the laseslave laser’s operating condition of 400 mW of output power
arel” andV,. These are fitted to the experimental data. Asand a RRO frequency of 420 kHz. The spectral density is
previously discussed, an accurate valud'af required for shown in Fig. 5 with its corresponding theoretical fit. The
the determination of the laser’'s operating power abovd that corresponds to a RRO frequency of 420 kHz is 12.3
threshold, i.e., the intracavity photon numket T is chosen s~ per atom. This is consistent with the estimated absorbed
such that the RRO frequency predicted by the model correpump power of 1.0 W. The intracavity photon numbérat
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FIG. 7. The spectral intensity noise of the master laggiCal- g
culated best fit curve to the experimentally measured intensity-noise 2
spectrum.(ii) Experimental results of the intensity-noise spectrum =]
for the master laser system operating with an output power of 200 =
mW and a detected optical power of 1.7 mW. The intensity noise in E
the frequency regime near the master's RRO has been reduced by

electronic feedback.

“0.01 0.1 1 10
this pump power is 4810 8 photons per atom and the Frequency (MHz}
populations of the energy levels ale=3.199x 10'’ atoms;
J,=1.2x 10" atoms; andl;=1.3x 10'* atoms. FIG. 8. The spectral intensity noise of the injection-locked laser.

The final parameter that is required V. We find the (a) shows the noise for the casé=12.5 and(b) shows the noise
best fit between theory and experiment is obtained by settintpr the case wheréi=75. (i) A polynomial fit to the noise spec-
V,=500 000, i.e., 57 dB above the QNL. This is consistenttrum. (ii) Exper_imental results of thg_intensity-noi;e spectrum With
with the measured intensity noise of the diode array for the? detected optical power of 1.7 m\ii) Excess noise due to opti-
power absorbed by the NPRO. cal amplification of the master laser's phase noise by the injection-

Having established that the model correctly describes thi¥cked slave laser.
free-running slave, we now consider the injection-locked
slave laser. It should be noted that the master and slave noise levels

below approximately 10 kHz are of comparable magnitude
B. Injection-locked laser for the detected photo current in our balanced detection sys-
tem. The implication of this is that the locked noise level will
appear unchanged at these frequencies, as will be discussed

In our previous injection locking experimenf$] we  shortly.
found that the output noise level of the injection-locked slave
was an amplified version of the injected master’'s spectrum. 2. The injection-locked intensity-noise spectrum
This is what would be expected in the amplification regime. Fiqure 8 shows the intensitv-noise spectrum of the iniec-
The other noise regions could not be identified because the 1gu W ! ty-nol pectru ")

g . . tlon locked system with respect to QNL, with 1.7 mW of
master laser's intensity-noise spectrum was comparable in

magnitude to that of the slave’s. In this set of experimentsOptICaI power on the detectors. The slave laser is operating

. > . ' under the same conditions as for the free-running case. The
we use a master laser with an electronic intensity noise eat% )
. . . L eoretically generated curves shown use the parameters for
which reduces its spectral noise. The master noise is th

. . . e free-running slave laser and the theory fit for the master
quieter than that of the slave in the frequency regime of th? ; . L

; . ; o determine the output noise level for the injection-locked
slave’s RRO. Figure 7 shows the noise spectrum of the Maystem. This theory fit is appropriately scaled for the amount
ter laser with respect to QNL, with 1.7 mW of optical power y : y pprop y

on the detectors. Also shown is a polynomial fit to the ex-Of |nject_eo_l POWET, using I.Eq25)' .
. . . The injected power, i.e., the amount of master light
perimentally measured intensity spectrum.

; o launched into the slave cavity mode, is determined from the
The mathematical form of the fit is : . . .
locking range,A,. Equation(8) can be written in terms of

1. The master intensity-noise spectrum

—0.02403+ 0.5802—5.71w+21.4 input and output powersRj, andP,,) as
10
30 _
. YN e
wherew is the angular frequency arflis a scaling constant |
set by the ratio of measured noise to the actual noise entering \/P_m

the laser. We will use this model of the master noise level to =

2Kmm , (31)
represend;, in our theory. VPout
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At low frequenciegbelow ~400 kH2 [region(iii ) in Fig.

2(b)] the locked slave laser has a noise level that is higher
than the master level, approaching the noise level of the un-
locked slave near zero frequency. This is due to slave pump
noise affecting the locked system.

Other differences between the master noise level and that
of the locked slave are noise peaks that appear at low fre-
guency and some excess nhoisess&8 MHz [indicated by the
label (i) in Fig. 8]. These intensity-noise peaks in the
injection-locked noise spectrum are not present in the
intensity-noise spectrum of either of the free-running lasers.

: : : ‘ ‘ : ‘ Excess noise can appear in the intensity-noise spectrum of
0 005 01 015 02 025 03 035 04 the slave laser when detunings the master from the slave
i cavity resonancdeare presenfl]. In particular, phase noise

of the master can couple into the intensity-noise spectrum.

FIG. 9. Experimental results showing the locking range depenThis effect is well known in empty cavities where detunings

dence on the ratio: square ro@put power to output powgr can be used to rotate the noise quadrature of the reflected
light [20]. Similarly, pump phase noise can couple into the
where 7 is an experimentally determined constant that indi-intensity-noise spectrum when detunings are present in sec-
cates how well the master radiation is coupled to the slavénd harmonic generatiof21]. Hence we attribute these
cavity. Figure 9 shows the variation of the locking rangepeaks to amplification of the master phase noise by the slave
(A, is converted to Hras a function of (/P;/\/P,y). The laser. From independent tests we have found that the master
relationship is linear as expected. The slope of the graph igoes have phase noise at the frequencies shown here. The
2kmm = 2mX13.9x 1P rad s~ L. Given that the output cou- high frequency excess noise is attributed to the injected
pler has a transmission 0&3% then we obtain that mMode frequency being detuned from the slave cavity reso-
7~0.5, and hence only 50% of the master field is passing'@nce[1]. The excess noise can be dramatically altered by
into the slave cavity. detuning the relative master laser frequency within the injec-

The two noise spectra that are presented here are for twiPn locking bandwidth.
different injected master field amplitudes. That is, for Fig.
8(a) H~12.5 with locking range 3.5 MHz and for Fig(l§
H~75 with locking range 1.9 MHz. We present the two to o . ] ]
illustrate the noise is indeed dependent on the magnitude of The structure appearing in the locked slave intensity-noise
the injected field. Furthermore, the theoretical fit is excellenPectrum is a mixture of slave pump noise and master noise.
for both cases. In this section we examine the contribution from each indi-

The injection-locked noise spectrum is very different vidually by measuring the intensity-noise transfer functions.
from the free-running case, shown in Fig. 5. The RRO is no ] ) ) )
longer present, and the overall noise levels are similar to that The intensity-noise transfer functions
of the mastefFig. 8b)]. In theamplification regionregion Figure 10 shows the transfer functions for the two power
(i) in Fig. 2b)], with equal powers of master and locked ratios given above. Also shown is the predicted transfer func-
slave detected, we expect equal noise levels in the mastéibn for their respective experimental parameters.
and locked spectra, provided that the noise is well above For the pump transfer function, there is good agreement
ONL. This is due to the effect of optical attenuation: the between the theoretical and experimental results for both

5,8

5

P,
A = 13 | - 0.
J 39[ Pout] 0.016

[+ >
1 1

Locking Bandwidth {MHz}
)

C. Intensity-noise transfer functions

observed master spectrum is power ratios[curves(i) and (ii), respectively. The results
show that low frequency signals originating at the pump of
Vopsm=1+ 71(Vin—1) the slave are transmitted to the output of the injection-locked

system almost unattenuated. The corner frequencies are at 40
kHz for H~12.5 and 190 kHz foH~75. However, the
corner frequency o, for the higher power ratio is not pre-
dicted accurately due to experimental uncertainty of the mas-
ter frequency within the locking bandwidth. The subsequent
roll off with increasing frequency is at a predicted rate of
Vobs) =1+ 72(V,—1) ~ 20 dB/decade, to the point where the results merge into
= the background noise level.
=1H 7A[VisH + (H= D=1} = noHVin, - Vin>1 The mgaster transfer functions are also shown in Fig. 10.
(33 Once again there is good agreement between the theoretical
and experimental resulfgurves(iii) and(iv), respectively.
where 7,=(1.7 mW)/P,,, however, n;/n,=H, so The results clearly show the three frequency regimes, as dis-
Vobsm= Vobs) - cussed in Sec. I. As shown in E482) and(33), the output
At high frequenciegbeyond~4 MHz) [region(ii) in Fig. noise levels in the amplification region have the same mag-
2(b)] the locked slave laser has a noise level that is lowenitude as the input noise levels. Similarly, using E28) for
than the master level, due to the roll off of the amplification.the high frequency regime:

= 771Vin y Vin> 1 (32)

where ;= (1.7 mW)/P;,. The observed locked slave spec-
trum is
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107 FIG. 11. Theoretical simulation of intensity-noise spectrum for
the free-running laser with varying levels of pump noise. The RRO
frequency is arbitrarily chosen to be 500 kHz, and all the other
constants are as for the slave laser systé@nshows the noise when
the pump is squeezed (= —10 dB); (i) shows the noise when the
pump is at QNL ¥,=0 dB); (iii) V,=10 dB; (iv) V,=20 dB;(v)

501 o V,=50 dB as for the slave laser in these experiments.

0.001 001 0.1 1 10 100
Frequency {MHz} and the individual noise sources that influence the output of
the locked laser. Furthermore, we have shown that our theo-
FIG. 10. The transfer functiona) shows the noise for the case retical model correctly predicts the spectral noise behavior of
H=12.5 and(b) shows the noise for the case wheéte=75. (i) and  both the free-running and injection-locked laser systems for
(iii) show the theoretical predictions for the slave and master transall signal powers.
fer functions, whereasi) and (iv) show the experimentally mea- Having verified our model we can now use it to examine
sured transfer functions. In this case, 0 dB implies that the meathe differences between a QNL laser operating at a given
sured noise levels have equal rf powers for the same detectegutput power and an injection-locked laser at the same
optical photocurrent. power. In this comparison we include the possibility that the
master and slave pump lasers can operate in a regime where
Vobs) =1+ 72(Vin—1) their output is squeezed.

= 772Vin ) Vin> 11 (34)

=20

Attenuation {dB}
&
(=]

.
'S
ind

A. Free-running noise spectrum as a function o/,
i.e., at high frequencies the output noise level is lower than

. : . Before examining the injection-locked laser let us first
the input noise level by the power amplification ratio We 9 J

inspect the noise spectrum of a solid-state laser when it is
Tee running as the benchmark. Figure 11 shows the output
noise level for the free-running slave las¥%,, for varying
amounts of pump nois¥,. The simulation show¥; for a
) fixed output power of that laser system relative to QNL. In
Vops) =1+ nz(ﬁ” - 1) this notation, the spectrum of a QNL laser is at 0 dB. A laser
that has an output noise level below 0 dB exhibits sub-
Vi, Poissonian statistics, i.e., squeezed, whereas a laser that has
= 2y Vin>Vp,1, (35 an output noise level which is above 0 dB has super-
Poissonian statistics.
i.e., at low frequency the output noise level tends to a level We have chosen the RRO frequency to be approximately
that is lower than the input noise level by the power ampli-200 kHz for simplicity. For all the simulations presented we
fication ratio squarediZ. Note that these ideal attenuations M0del the input noise to be white in nature and the noise
are not achievable experimentally due to the presence ¢€Vvel is referred to the QNL. Hence 0 dB indicates that the

slave cavity resonance and imperfect mode matchird.
Using EQq.(24) for the low frequency regime:

other noise sources. noise level is equal to QNli.e.,V=1).
Figure 11 shows that the RRO is present for all pump
V. DISCUSSION noise levels, even if the slave pump source is squeezed, i.e.,

V,=0.1in this case. This is because the RRO is driven by
Our results have shown the basic properties of thevacuum fluctuations and hence is present in the intensity-
injection-locked process, and how the intensity noise fronnoise spectrum irrespective of the magnitude of the other
the master and slave lasers passes through to the output dise sources. If the pump is squeezed then the free-running
the injection-locked laser. We also observed several featurelser produces a squeezed output at frequencies near dc. This
for example, the full spectral shape of the transfer functionseffect has been observed in diode lasers pumped with sub-
the amplification of master phase noise by the slave laseRoissonian currentgl0]. As the pump noise increases we
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80 region. The sub-Poissonian behavior is lost once the ampli-
Fg . fication region is reached, and beyond. This implies that the
=2 704 The free running .
= < laser with 50dB statistics of the slave pump source are not destroyed by the
& 601 pump noise. injection locking process provided that we are in the fre-
§ 504 quency regime below the amplification region, thus the sig-
% 40 nal to noise ratio can be better than that of a QNL laser of the
2 304 same power. This effect has been observed in independent
5 204 experiments using diode lasef22]. Note that in general
E 101 free-running diode lasers do not produce a squeezed output
$ o when their pump current is sub-Poissonian due to the exist-
E i ence of near threshold modes that beat with the main lasing

'13001 001 o1 1 10 100 500 mode to cause excess noise. The injected field acts to sup-

Frequency {MHz} press all these extra modes and hence recover the squeezing
[13]. As V, is increased then there is a corresponding in-
FIG. 12. Theoretical simulation of intensity-noise spectrum forcrease inV,, however, the noise increase is primarily re-
the injection-locked laser with varying levels of slave laser pumpstricted to the low frequency regime. Note th4tis always
noise, andV;,=0 dB. (i) shows the noise when the pump is within the noise profile ol/;, Fig. 12v).
squeezed\(,= — 10 dB); (i) shows the noise when the pumpis at  The curves in Fig. 13 shoW, as a function oW,,, with
QNL (V,=0 dB); (iii) V=10 dB; (iv) V,=20 dB;(v) V;=50 dB. v/ —1. These curves indicate that master laser noise affects
The RRO of Fig. 1lv) is also shown for reference. the entire spectrum, but has its greatest influence in the fre-
quency regime above the amplification region. In the case of
obtain an intensity-noise spectrum similar to that shown insyb-Poissonian master noisé,{=0.1), we find that/, has
Fig. 5. Note that there is minimal change in the intensity-sub-Poissonian statistics at frequencies above the amplifica-
noise spectrum near the RRO frequency as we increase thign region, but not in the amplification region or below.
pump noise. Hence the statistics of the master laser are preserved above
the amplification region by the injection locking process.
B. Injection-locked noise profile as a function ofV, and V;, This occurs because the master field is reflected off the slave

In Figs. 12 and 13 we show simulations of the noise leveffVily and then beats with the slave carrier to produce the
for the injection-locked system for varying amounts of Slaveobser_ved noise level, see RE[Z].fc.)r more detalSSHencein
pump noise and master laser noise levels, respectively. W€ high frequency region the injection-locked laser output
have chosen the amplification ratio to be fixecHat 10 can have sub-Poissonian statistics if the master laser is sub-

lllustrated in Fig. 12 is the variation of; for the situation Poissonian, which implies that_ the signal to noise ratio can
where the master laser noise level is at the QNL, i.e.be better than that of a QNL high power laser.

V,,=1=0 dB, and the slave pump noise level is varied. It is From the results above we note that in the amplification

evident from this diagram that the slave pump noise has th egipn_, th.e hoise statis_tics are never ;ub-Pqissqnian. In fact,
greatest influence oK, in the frequency region below the the injection-locked noise output in th|s. region is shown to
amplification region. In the case of sub-Poissonian sIaV(?e allwa}ryr? '?fggf than the|$NL'|rresfpect|ve of :Jl]e mpgt noise
pump noise ,=0.1=—10 dB) we find that; is sub- (&R e T P LRI L el amplifors.
Poissonian in the frequency regime below the amplificatio he implication of this is that the signal to noise ratio in this
region will always be worse than that of a QNL high power

80 laser, and thus this region should be avoided when QNL
70 The free running measurements are required.
604 o laser with 0dB

pump noise.

wu
(=]
Lol

C. Injection-locked noise profile
as a function of amplification factor

N
2

The final effect to consider is a variation of the amplifi-
cation factorH. The effect ofH on the noise level can be

i) A RN

Noise Power Relative to QNL {dB}
[y
o

201
101 i) seen in Fig. 14. In this diagram we show the intensity-noise
__ spectrum for several different power amplification ratios and
0 ONL ) for the situation where both the master laser and slave pump
'10 T T T T T 1
0001 001 o1 1 o To0 500 source are operating at_ the QN_L. It can be; seen from the
Frequency {MHz} diagrams that the magnitude 9f increases with increasing

H. In the limit of very largeH we find thatV, is equal to the
FIG. 13. Theoretical simulation of intensity-noise spectra for theff@€-running slave laser noise profile. The reason for this
injection-locked laser with varying levels of master noise, andP€havior is that the injection-locked slave laser is less
V,=0 dB. (i) shows the noise when the master is squeezedtrongly driven by the external field as increases. The
(Vi;=—10 dB); (i) shows the noise when the master is at QNL Slave laser is then more susceptible to quantum fluctuations
(Vin=0 dB); (iii) V;,=10 dB; (iv) V;,=20 dB. The RRO of Fig. and the noise from the injected field. Note that the noise in
11(ii) is also shown for reference. the amplification region is contained completely within the
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— 80 retical predictions. This work extends semiclassical models,
B o The free running which are only valid for large noise levels, to the quantum-
5 601 o laser with 0dB noise regime, and predicts behavior at these low noise levels.
o pump noise. We have measured the transfer functions from intensity
13 504 noise of the slave’s pump and the master laser to the
£ 401 injection-locked slave laser and extended the measurements
3 301 to modulations as low as the QNL. These results show that
§ 201 the noise on the output of the injection-locked laser is depen-
g dent on the noise contributed from both the slave’s pump and
- 10 @ the master laser noise. Outside the amplification region,
g 0 ONL where the pump and the master contribute independently,
Z .10 . ‘ ‘ . S— squeezed states can be preserved, whereas inside the ampli-
0001 o001 o1 1 10 100 500 fication region the output noise is always greater than QNL.
Frequency {MHz}

Therefore the injection-locked laser can be better than a
QNL laser of the same power under appropriate conditions.

FIG. 14. Theoretical simulation of intensity-noise spectra for theTp,o amplification region has to be avoided for any QNL
injection-locked laser with varying amplification ratid, with measurement applications

Vin=0 dB andV,=0 dB. (i) shows the noise wherH(=5); (ii)
shows the noise wherH(= 25); and(iii) when (H=230). The RRO
of Fig. 11(ii) is also shown for reference. ACKNOWLEDGMENTS
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