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W e ill ustr ate the physics of t wo-frequency lasers by two examples . T he
Ùrst example illustrates the fundamental consequences of the existence of tw o
eigenstates on the laser line w idth. W e indeed show experimentall y that the

non- orthogonal ity of these tw o eigenstates results in an increase in the laser
quantum noise. We also give a physical explanation of this vectorial excess
noise factor. T he second example illu strates the capabili ti es of tw o- frequency

lasers in terms of appli catio ns. I n the domain of R F frequency generation by
optical means, w e show how a pulsed two- frequency source can be built for
lidar- radar applic atio ns and pulsed RF frequency generation.
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1. I n t rod uct io n

It is wel l kno wn tha t the behavi or of a laser can be described in term s of
m odes. In parti cul ar, the concepts of longi tudi na l and tra nsverse modes are, when
appl icable, very helpf ul [1]. However, due to the fact tha t l ight is a tra nsverse vi -
bra ti on, the vecto rial nature of l ight must, in genera l, also be ta ken into account in
the physi cs of lasers. In the case of quasi-m onochromatic laser l ight, polarizati on
phenom ena can be easily described in the framework of the Jones m atri x form al -
ism [2]. The z -pro pagati ng l ight electri c Ùeld is then described by a 2-vecto r E and
any l inear element can then be represented by a 2 È 2 -matri x. In parti cul ar, i f M
is the Jones matri x for one round- tri p inside the laser cavi ty starti ng from a given
locati on, the laser l ight electri c Ùeld E at thi s point must sati sfy the eigenequati on

(7)
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M E = ÑE, where Ñ i s the eigenvalue. Thi s equati on has two soluti ons: the so-cal led
laser eigenstates [3]. In the general case, these tw o eigenstates have two di ˜erent
eigenvalues Ñ 1 and Ñ 2 , two di ˜erent eigenfrequenci es ¡ 1 and ¡ 2 , and two di ˜erent
eigenpolari zati ons represented by com plex uni t vecto rs ê1 and ê 2 . The existence
of these two eigenstates has al ready led us to develop many appl icati ons based,
e.g., on di ˜erenti al loss ( j Ñ1 j 6= j Ñ2 j ) m easurements (m easurement of residual ab-
sorpti ons [4] or dichro isms [5]), on di ˜erenti al frequency ( ¡ 1 6= ¡ 2 ) m easurem ents
(p olari metry [6], magneto metry [7], or gyro m etry [8] appl icati ons), or, for exampl e,
to the appearance of new dyna mical regim es, such as pulsed regimes [9] or new
m ode-locking situa ti ons [10].

Here, we wi sh to i l lustra te two dom ains in whi ch the existence of two di ˜erent
laser eigenstates has played a major ro le. In the Ùrst part of thi s paper, we show
how the fact tha t the two laser eigenstates m ay be non-ortho gonal ( h ê 1 j ê2 i 6= 0 )
m odi Ùesthe quantum noise of the laser i tsel f. In the second part, we wi l l present
one exampl e i l lustra ti ng the ro le tha t two - frequency lasers may, in the near future,
pl ay in the dom ain of RF photo nics: the opti cal generati on of pul sed m icrowaves.

2. V ect or ia l exce ss noise f act or

The quantum noise-l im ited spectrum of a monomode laser is Lo rentzi an wi th
a f undam enta l l ine wi dth (F W HM) Â ¡ given by the fam ous Schawl owÀ Townes
form ula [11]:

Â ¡ =
h¡

4 ¤

À 2

P
; (1)

where h i s Planck' s constant, ¡ | the laser frequency, À is the cold cavi ty decay
rate, and P | the opti cal power di ssipated by the laser. Equa ti ons (1) has been
obta ined at the expense of many assumpti ons. One of them states tha t the gain
ato m s, whi ch are responsi ble for both the sti mulated emission whi ch pro vi des for
gain and the sponta neous emission whi ch adds the phase noise, obey the fol lowi ng
equati on:

sponta neous emission rate

sti mul ated emission rate
=

1

h n i

; (2)

where h n i i s the avera ge num ber of photo ns in the lasing mode. Thi s is the fa-
m ous \ one photo n per m ode" paradi gm, whi ch is present in Ei nstein' s equati ons.
Ho wever, Eq. (2) is val id only if the lasing mode can be considered indep endentl y
of the other m odes of the Ùeld. In other words, Eq. (2) holds onl y i f the laser
m odes consti tute a compl ete set of o r tho g on a l modes, upon whi ch the laser Ùeld
can be expanded, as is usual ly done before quanti zi ng the electrom agneti c Ùeld in
a box [12]. However, thi s hyp othesis is not always val id. Thi s was pointed out by
Siegm an in 1989 in the case of the non-ortho gonal tra nsverse modes of an unsta ble
cavi ty [13]. Thi s has led to exp erimenta l demonstra ti ons of increa ses in the laser
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l ine wi dth of several orders of m agnitude [14, 15]. Thi s e˜ect, whi ch is simi lar to
Peterm ann' s K factor [16], has i ts counterpa rt in the case of the tra nsverse m odes
of a stabl e cavi ty conta ining a di ˜ra cti ng aperture [17{ 19]. It also exi sts in the
case of a cavi ty conta ining large losses, induci ng a non-ortho gonal it y of the lon-
gi tudi na l modes [20, 21]. Here, we focus on the two eigenstates of an anisotro pic
cavi ty [22, 23].

2.1. Semi -cl assical der ivat ion of the vector ial excess noi se factor

Fol lowi ng Siegm an [13] and van der Lee et al . [24], we deri ve here the excess
noise factor usi ng a semi-classical appro ach. Let us supp ose tha t the laser state
j x ( t ) i can be expanded upon the two (no rm al ized) cold cavi ty eigenstates j ê1 i

and j ê2 i :

j x ( t ) i = a 1 ( t ) j ê 1 i + a 2 ( t ) j ê2 i : (3)

The equati on of evoluti on of the laser is given by

d
dt

j x ( t ) i = N j x ( t ) i + j l ( t ) i : (4)

The Ùrst term on the left hand side of Eq. (4) is the determ ini stic evoluti on of the
laser Ùeld, where N is related to the Jones m atri x M for one round- tri p inside the
cavi ty by

N =
c

2 L
( M À 1 ) ; (5)

wi th c the velocity of l ight and L the cavi ty length. N has the sam e eigenstates as
M , but wi th the eigenvalues ñ i ( i = 1 ; 2 ) related to tho se (Ñ i ) of M by

ñ i =
c

2 L
( Ñ i À 1 ) : (6)

The second term j l ( t ) i in Eq. (4) is a £ -correl ated Langevin noise whi ch holds
for sponta neous emission. In the general case where the two eigenstates are not
ortho gonal , i t is worth intro duci ng the adjo ints j f 1 i and j f 2 i of the eigenstates j ê1 i

and j ê2 i deÙned by

h f
1

j ê 2 i = h f
2

j ê1 i = 0 ; (7)

whi ch we norm al ize so tha t

h f 1 j ê 1 i = h f 2 j ê2 i = 1 : (8)

Equati on (4) can then be pro jected on h f i j , leading to

d

dt
a i ( t ) = ñ i a i ( t ) + h f i j l ( t ) i ; (9)

whi ch has the fol lowing form al soluti on:

a i ( t ) = a i (0 ) eñ i t +

Z t

0

dt 0 eñ i ( t À t
0

)
h f

i
j l ( t 0) i : (10)
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Let us now supp ose tha t f or t ! 1 the laser oscil lates in eigenstate 1 onl y. Then
the laser state reads

j x ( t ) i = a 1 (0 ) eñ 1 t
j ê 1 i +

Z
t

0

d t 0 eñ 1 ( t À t
0

)
h f 1 j l ( t 0) ij ê1 i : (11)

The Ùrst term of thi s expression is the noise-free laser evoluti on. The second term
is the laser quantum noise. To derive the power spectra l density of thi s term , we
have to calcul ate the Fouri er tra nsform of its auto correl ati on. If we supp ose tha t
the Langevin noise j l ( t ) i i s £ -correl ated and is also i sotr o pic , then thi s noise power
is pro porti onal to the fol lowi ng factor:

K = h f
1

j f
1

i : (12)

The adj oint m ode j f1 i i s then expanded up on the eigenstates j ê1 i and j ê2 i :

j f
1

i = ˜ 1 j ê 1 i + Ù 1 j ê2 i : (13)

Equati on (13) can be pro jected upon j ê1 i and j ê2 i , leading to

1 = ˜ 1 + Ù1 h ê 1 j ê2 i ; (14a)

0 = ˜ 1 h ê 2 j ê1 i + Ù1 : (14b)

˜ 1 and Ù 1 can then be elim inated, and (12) and (13) lead to

K =
1

1 À j h ê1 j ê 2 ij
2

: (15)

Thi s expression shows tha t K > 1 . Thi s so-cal led excess noise factor is then pre-
di cted to enhance the laser l ine wi dth as soon as the eigenstates are not ortho gonal ,
as is now going to be proved.

2. 2. Observat i on of t he vector ial excess noi se factor

Let us consi der the cavi ty of Fi g. 1, bui l t wi th an acti ve medium and two
m irro rs M 1 and M 2 . It conta ins a phase ani sotro py al igned wi th the x and y axes
(reta rda nce ¢ ) and a loss anisotro py Â t

?
. The axes of thi s parti al polari zer are

al igned at Ï 4 5 £ from x and y . W e cal l ˜ (0 ç ˜ ç 1 ) the rati o between the Ùeld

Fig. 1. N on-H ermitian cavity . M and | mirrors, | phase anisotropy ,

| loss anisotropy oriented at of the and axes.
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Fig. 2. Full line: variation of the eigenf requenci es ¡ 1 and ¡ 2 of the laser ca vity versus

loss anisotropy ˜ . T he corresp ondin g polari zation ellipse s are also schematized. Dashed

line: evolution of the modulus of the scalar pro duct of the two eigenstates versus ˜ .

tra nsmission coe£ ci ents along the high and low loss axes of Â t
?

. Then the Jones
m atri x M for one round- tri p insi de thi s cavi ty reads

M =
1

2

"
( ˜ 2 + 1 ) e ˜ 2 1

˜ 2 1 ( ˜ + 1) eÀ

#

: (16)

Thi s m atri x is non-Herm i ti an. Two di ˜erent situa ti ons m ust be considered, as can
be seen in Fi g. 2. Fi rst, for ˜ < ˜ = [ ( 1 sin ¢ ) = ( 1 + sin ¢ ) ] , i .e., when
the loss anisotro py prev ai ls over the phase ani sotro py , the two eigenfrequenci es
of the laser cavi ty are degenerate. The correspondi ng eigenstates are ell ipti cal ly
polari zed, wi th thei r axes roughly al igned wi th the loss anisotro py axes. Of course,
one of these eigenstates experiences more lossestha n the other one, and may thus
not oscil late. On the contra ry, for ˜ > ˜ , the phase ani sotro py is large enough to
ra ise the degeneracy between the tw o eigenfrequenci es ¡ 1 and ¡ 2 (see Fi g. 2). The
correspondi ng eigenstates are ell ipti cal ly polari zed, wi th thei r axes appro xi matel y
al igned wi th x and y , i .e., the axes of the phase ani sotro py, and have the same
losses.Fi gure 2 summari zesthe vari ati ons of the eigenfrequenci es ¡ 1 and ¡ 2 versus
the loss anisotro py ˜ , to gether wi th the corresp ondi ng polari zati ons. One can
noti ce tha t the eigenstates are alm ost never ortho gonal . Thi s is also stressed by
the dashed curve of Fi g. 2, whi ch represents the vari ati ons of the m odul us of
the scalar pro duct of the two norm alized eigenvecto rs ê 1 and ê2 versus ˜ . From
Eq. (15), the exp ected excess noise factor is then given by

K =
(1 ˜ 2 ) 2

(1 ˜ 2 ) 2 (1 + ˜ 2 ) 2 sin 2 ¢
(17)

in the region where both frequenci es are degenerate ( ˜ < ˜ ), and by

K =
(1 + ˜ 2 ) 2 sin2 ¢

(1 + ˜ 2 ) 2 sin2 ¢ (1 ˜ 2 ) 2
(18)

in the region where the eigenfrequenci es are di ˜erent (˜ > ˜ ).
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Fig. 3. Exp erimental (dots ) and theoretical (f ull line) evolutions of the excess noise

factor K versus the beat frequency betw een the two eigenstates. T he inserts repro duce

the spectra of the beat notes corresp ondi ng to several typical situation s (logarithmi c

vertical scale; horizontal axis: 0 to 16 MH z).

T o measure thi s excessnoise factor, we have bui l t a 27 cm long He{ Xe laser
oscil lati ng at 3 : 5 1 ñ m . Thi s tra nsiti on exhi bi ts a large gain, and al lows the two
eigenstates to oscil late simul ta neously for ˜ > ˜ c , i .e., when the two eigenstates
have the sam e losses.The laser l ine wi dth can then simpl y be m easured by record-
ing the spectrum of the beat note between these two eigenstates and by observi ng
i ts l ine wi dth.

W e choose a phase reta rda nce ¢ corresp ondi ng to a beat note ( c= 2 L ) ¢ =¤ =

1 6 MHz in the absence of any loss anisotro py. Som e typi cal beat note spectra
obta ined for di ˜erent values of the loss ani sotro py ˜ are repro duced as inserts in
Fi g. 3. Such spectra lead to the measurements of K summari zed as bl ack dots in
Fi g. 3. The m easured enhancement of the laser l ine wi dth, reachi ng values as high
as 92, is in close agreement wi th Eq. (18) (f ul l l ine in Fi g. 3).

2.3. Adjoi nt coupl ing

The precedi ng results have been obta ined only for the part of Fi g. 2 where
˜ > ˜ c, i .e., where the two eigenstates can be made to oscil late sim ul taneo usly.
Ho wever, the opposite situa ti on, i.e., when ˜ < ˜ c and j Ñ 1 j > j Ñ 2 j , can pro vi de us
wi th som ephysi cal insi ght in the physi cs of non-Herm iti an cavi ti es.T o thi s aim , we
bui l t the experim ent of Fi g. 4, in whi ch a m onomode 633 nm laser beam is injected
inside a passive cavi ty simi lar to the one of Fi g. 1. Thi s cavi ty is now L = 4 8 cm
long. It also conta ins an aperture to get ri d of high-order tra nsverse m odes. Mi rro r
M 2 is m ounted on a piezoelectri c element, thus al lowing us to modul ate the phase
£ underg one by l ight duri ng one round- tri p insi de thi s cavi ty . Let us consi der the
reÛection operator for thi s cavi ty



T wo-Frequency Lasers: f rom Excess Quant um Noise . . . 13

Fig. 4. Inj ection of a monomo de laser inside a non- H ermitian passive cavity . The values

of the experimental parameters are L = 4 8 cm, ¢ = 7 £ ; ˜ = 0 :8 54 < ˜ c,

, and (D denotes light detectors).

= + e ( e ) = +
e

1 e
(19)

where and (respecti vel y and ) are the Ùeld reÛection (resp ectivel y tra ns-
m ission) coe£ ci ents of the cavi ty mirro rs, ho lds for the isotro pi c losses for one
pass thro ugh the cavi ty (ti l ted plate and di ˜ra cti ng aperture), and is given by
Eq. (16). The operato r has the sam e eigenvectors ^ and ^ as , but wi th
di ˜erent eigenvalues and . The hal f-wave and quarter- wa ve plates located
between the laser and the cavi ty can be rota ted in order to create any inci dent
polari zati on state . T o compute the intensi ty reÛected by the cavi ty , we expa nd
thi s norm al ized arbi tra ry state upon the adj oint modes

= ^ + ^ (20)

leading to

= +

+2 ( ^ ^ (21)

In the case where the two eigenstates are ortho gonal ( ^ ^ = 0 ), the last term
of Eq. (21) vanishes, and the fol lowing inequal i ty holds:

(22)

Thi s m eans tha t the output light cannot be coupl ed inside the cavi ty lesse£ cientl y
tha n the high- loss eigenstate and more e£ ci entl y tha n the low-loss eigenstate.

On the contra ry , when the two eigenstates are not ortho gonal , thi s inequal i ty
is no longer val id, as shown in Fi g. 5. In Fi g. 5a, the cavi ty reÛection coe£ cient has
been com puted versus for = 7 = 0 8 5 4 , = 0 8 9 7 = = 0 9 8 5 ,
and = = 0 0 1 2 . These param eters corresp ond to the experim enta l values.
The two curves labeled 1 and 2 in Fi g. 5a corresp ond to the low- and high- loss
eigenstates respecti vely. We then look for the input polari zati ons tha t m inimi ze
and m axi mi ze the reÛection coe£ cient of the cavi ty at resonance. Thi s leads to
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Fig. 5. (a) Theoretical evolution of the cavity reÛection coe£cients versus round- trip

phase £ for inj ection of the eigenstates 1 and 2 and for the p olarizati ons m and M

that maximize the reÛection of the cavity at resonance. (b) C orresp onding experimental

results. T he input states of polarizati on are created according to the ones calcula ted

in (a).

the curves labeled M and m , respectivel y, in Fi g. 5a, whi ch are actua l ly obta ined
for the polari zati ons f 1 and f 2 of the adj oint m odes, respect ively.

These com puted polarizati on states are then created experim ental ly using
the hal f-wa ve and quarter- wave plates located at the output of the laser. We then
obta in the correspondi ng exp erimenta l signals of Fi g . 5b, whi ch clearly show tha t
the l ight coupl ed inside the cavi ty wi th the adjoint polarizati on labeled M is m ore
im porta nt tha n wi th the low- losseigenstate labeled 1. Conversely, polarizati on m

i s better reÛected by the cavi ty tha n the low- losseigenstate labeled 2.
Thi s result is even m ore stri ki ng in the case of the tra nsmission operato r

(see Fi g. 6). Here again, the input polari zati on can be ta i lored to reach coupl ing
e£ ciencies larger tha n f or the low- loss eigenstate and smal ler tha n for the low- loss
eigenstate, thus il lustra ti ng the non-Herm i ti cit y of thi s cavi ty Ê .

The resul ts of Fi gs. 5 and 6 show sim pl y tha t, in non-Herm i ti an cavi ti es, the

Ê Th e eig enst at es of t h e t ra nsm issio n op era t or ar e slig ht ly d i˜ er en t f ro m t h ose of M a nd R ,
h en ce lead i ng t o sm all d ev ia t io ns of t h e st at es of p o lar izat i on wh ich m i ni m ize an d m axi mi ze t h e

t ran sm ission wi t h respect t o t h e ad jo int m o d es.
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Fig. 6. Same as Fig. 5 for the transmission operator.

usual intui ti ve appro ach to photo n problems fai ls. Indeed, they show tha t a one
photo n state inci dent on thi s cavi ty can apparentl y lead to more tha n one photo n
inside the cavi ty , provi ded tha t thi s photo n is \ adjoint coupl ed", i .e., is polari zed
along the adj oint mode of the low- lossstate [25{ 27]. Thi s expl ains physi cally how
the vacuum Ûuctua ti ons are m ore e£ ci entl y coupl ed inside a non-Herm iti an cavi ty
tha n stated by the usual \ one photo n per m ode" rul e, hence increasing the laser
quantum noise.

3. P u lsed R F laser s

R ecently, there has been a great interest in the opti cal generati on of m i-
cro waves, from the GHz to the THz range [28]. Thi s interest has been tri ggered by
both the potenti al appl icati ons in the dom ains of tel ecom muni catio ns or rem ote
sensing, and sim pl y by the fact tha t no sources are avai lable in some of these spec-
tra l regions. Thi s has sti mul ated m any developm ents, in parti cul ar in our group
where we use the two eigenstates of a laser wi th ¡ 1 6= ¡ 2 to create the beat note
¡ 1 À ¡ 2 . Since som e appl icati ons of two -frequency lasers (such as l idar- radar de-
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vi ces) requi re to reach hi gher peak powers, we here focus on the real izati on of a
pul sed two- frequency laser [29].

3.1. Pr inci ple of pulsed t wo- frequency operat ion

Let us consider the laser cavi ty of Fi g. 7, whose propagati on axi s is z . It
is closed wi th mirro rs M 1 and M 2 separated by L = 9 : 7 cm and conta ins an
isotro pic acti ve medium (a diode pum ped Nd: YAG crysta l ) and a linear phase
ani sotro py creati ng a reta rda nce ¢ between the x and y polari zati ons. It also con-
ta ins a Cr 4 + :YAG satura ble absorb er (pa ssive Q -swi tch) whose absorbi ng dipoles
are al igned along the [100], [010], and [001] crysta l lographi c axes. In the l inear
reg im e (sm all signal ) the absorpti on is isotro pic. Then a Jones m atri x analysis for
the cold cavi ty yi elds two l inearl y polari zed eigenstates al igned along the x and
y axes wi th a frequency di ˜erence Â ¡ = ( c= 2 L ) ¢ =¤ . The satura ble absorber aims
at turni ng thi s two -frequency laser into a pul sed two -frequency laser, i .e., into a
laser emi tti ng pul ses, each of them conta ining the two f requenci es. Two parti cul ar

Fig. 7. Pulsed two- frequency laser. T he L = 4 : 7 cm long cavity contains a

dio de-pump ed N d:Y AG active medium. T he saturable absorb er is a C r 4 + :YAG crys-

tal which aims at passively Q -switching the laser. The phase retardance ¢ creates the

tw o eigenstates w ith their two frequencies.

Fig. 8. T he absorbing dip ol es are oriented along the [100], [010], and [001] direc-

tions and the laser eigenstates along the x and direction s. (a) [111]- cut C r :YAG,

(b) [001] -cut Cr :Y AG.
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situa ti ons must be emphasized, correspondi ng to two di ˜erent ori entati ons of the
Cr 4 + :YAG sampl es (see Fi g. 8): the z k [111] ori enta ti on (see Fi g. 8a) and the z k

[001] ori enta ti on (see Fi g. 8b). The satura ti on of the three absorb er species de-
pends strongly on the orienta ti on of the x and y di recti ons of the eigenstates wi th
respect to the crysta l lographi c axes of the absorb er. W e thus expect the laser to
behave in di ˜erent m anners dependi ng on the ori enta ti on of the absorbi ng dipoles
wi th respect to the polari zati ons x and y of the tw o eigenstates. Indeed, one can

Fig. 9. Exp erimental results obtained w ith the [111]-cut sample. (a) Pulse train ob-

served through a linear polarizer: the tw o eigenstates are emitted successively . (b) Typ-

ical pulse.

Fig. 10. Exp erimental results obtained w ith the [001]-cut sample w ith ˜ = 45 £ .

(a) Pulse train observed through a linear polarizer oriented at 45 £ with resp ect to the

x and y direction s: the two eigenstates are emitted simultaneously . (b) T ypical pulse

containing the b eat note betw een the two eigenstates. (c) Exp erimental evolution of the

b eat frequency versus intraca vity biref ringence.
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see in Fi g. 8a tha t in the case of the [111]-cut crysta l , the situa ti on is always
non-sym metri cal for any value of angle ˜ . For exam ple, in the case of Fi g. 8a,
the x -polari zed eigenstate intera cts m ostly wi th the [010]-ori ented dipoles whi le
the y -po lari zed eigenstate intera cts m ostly wi th the [001]-ori ented di poles. Thi s
m eans tha t the two eigenstates do not have to cooperate to satura te thei r ab-
sorpti ons. Thi s results experim ental ly in the behavi or of Fi g. 9: the laser emi ts a
tra in of pul ses whi ch are al terna ti vel y emi tted along the two eigenstates. Hence,
the laser light does not conta in both eigenstates simul ta neousl y and the pul sed
two - frequency regim e is not obta ined.

W e hence turn to the other ori enta ti on of the Cr 4 + :YAG crysta l , nam ely
z k [001]. Then, as can be seen f rom Fi g. 8b, a symm etri c situa ti on can be reached
for ˜ = 4 5 £ . In thi s case, the two eigenstates intera ct equally wi th the [100] and
[010] dipole classes.These two eigenstates then have to cooperate to satura te the
losses, leading to the result of Fi g. 10: the pul sesnow conta in the two frequenci es
and the beat note at Â ¡ can be seen in Fi g. 10b. Thi s beat frequency can be tuned
between 0 and c= 4 L = 7 7 0 MHz, as can be seen in Fi g. 10c.

3.2. T owards hi gher beat frequenci es

La ser ranging and l idar- radar appl icati ons requi re the use of beat frequenci es
hi gher tha n 1 GHz and longer pul se dura ti ons. Indeed, in these appl icati ons, the
m easurement is based on the D oppl er e˜ect of the R F m odul ati on of the retro re-
Ûected pul se. The beat note f requency should consequentl y be fast enough wi th

Fig. 11. Exp erimental (a), (c) pulses and (b), (d) beat note spectra obtained w ith a

2. 8 cm long laser. T he pulse duration can be adj usted w ithout changing the beat note

frequency .
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a good spectra l resoluti on (l ong pul se dura ti on). W e hence now turn to a shorter
cavi ty (L = 2 : 8 cm) wi th a di ˜erent pum ping archi tecture. Thi s laser al lows us
to reach beat frequenci es larger tha n 2 GHz. Fi gure 11a shows a typi cal pul se ob-
ta ined from thi s laser wi th a 1 GHz beat note. Thi s pul se is 36 ns long (FW HM)
and i ts spectrum is repro duced in Fi g. 11b. W i th a 800 m W pum p power, the
repeti ti on rate is 13 kHz and the pul se energy 0 : 2 ñ J.

One parti cul arl y interesti ng aspect of the pulsed two -frequency laser tha t we
have bui l t is tha t the pul se dura ti on can be adj usted by changing the geom etri es
of the cavi ty and/ or of the pum ping wi tho ut m odi fying the beat note frequency.
Thi s can be seen in Fi g. 11c, where the pul se dura ti on is now as long as 150 ns
and where the 1 GHz beat note is sti l l present. The corresp ondi ng spectrum is
di splayed in Fi g. 11d. The useful ness of such long tw o-frequency pul ses in the
dom ain of l idar- radar appl icati ons is now under acti ve inv estigati on [30].

4 . Co n cl u si on

W e have seen tha t the sim pl e fact tha t l ight is a tra nsverse vi bra ti on leads
in general to the exi stence of two eigenstates in lasers. Such eigenstates have
been used here (i ) to reveal part of the physi cs underl yi ng the appearance of
an excess quantum noise facto r in the laser l ine wi dth and (i i ) to bui ld pul sed
two - frequency lasers for lidar- radar appl icati ons. These exam ples are onl y a very
smal l part of the potenti al i ties of such lasers. In parti cul ar, two - frequency lasers
are now acti vel y inv estigated for tel ecom muni catio ns [31] and spati al hetero dyne
spectroscopy appl icati ons.
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