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Experimental observation of a coherently induced transparency on a blue probe
in a Doppler-broadened mismatchedV-type system
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J. F. Allen Physics Research Laboratories, Department of Physics and Astronomy, University of St. Andrews, North Haugh, St. Andrews,
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An experimental observation of transparency on a transition in the blue spectral region, induced by a
continuous-wavécw) infrared coupling field in a Doppler-broadened medium, is presented. This experimental
result is supported by extensive theoretical modeling of the systéfstype scheme in atomic rubidium vapor.
Transparency is observed by a 422-nm probe field on the transition between the hyperfine split ground state
5S,, and the excited stateF§,,. The coupling laser is employed on the linked transitid®;55P5,,
inducing significant levels of transparency {0%) nondissipatively and in the absence of optical pumping
effects.[S1050-2947@8)00402-9

PACS numbes): 42.50.Gy, 42.50.Hz, 32.80.Bx, 32.80.Qk

I. INTRODUCTION Il. THEORY

The relevant energy-level structure of atomic rubidium is

The .f'rSt rc_ep_ortt_ad rec_ognmon O_f the role of COhe“':'r'ceshown in Fig. 1. Theoretical modeling was carried out utiliz-
effects in attaining inversionless lasing was due tolmamogll14ng standard density matrix analysis for a three-level

and Harris[1]. The related effe(;t of electromagnetically in- scheme[8] with appropriate modifications to take into ac-
duced transparenciEIT) was first demonstrated, also by count the hyperfine splitting of the ground state. The equa-

Harris and co-workers, in 199[2]. Since this initial work tions for the slowly varying density matrix components, in a
much interest has been shown worldwide, in both EIT itself¢josed system, arf®,10]

[3] and in its application to lasing in the absence of inversion o o
[4,5]. Although inversionless lasers are unlikely to replace  p11=i1Q¢(p31—p13) TiQp(par—p14) + poo—1l1p1y
conventional lasers, since an additional optical field is re-

quired to induce the necessary transparggythe removal T Tapaat Taapss (13
of the necessity to invert the population could open up new =TI I

. . . = - +I +T , 1b
regions of the electromagnetic spectrum to the generation of Pz i1 TPz R azpaa k32033 (1b)
coherent radiation. p33=1Q:(p13—p31) — 31033~ 32033, (10

The first observation of continuous wawew) inversion-
less lasindg 5] utilized an infrared coupling field to induce a
transparency on a closely matched infrared transition. This 6Py, 14>
transparency was converted to gain by the application of ai
incoherent pump field. Although extremely significant, this

was essentially a proof of principle experiment relying on 13>
matched wavelengths to overcome Doppler broadening.
It has been subsequently shown, both theoretiddly]
and experimentally7], that it is possible to observe coher- Probe Field
1 Coupling Fietd

ently induced transparency with mismatched wavelengths it
a Doppler-broadened medium. In this paper we present whe
we believe to be the first experimental observation of cw
mismatched transparency in \&-type Doppler-broadened
system. Transparency is produced on a blue, 422-nm, prok Grovad state mixing raie
field by the application of an infrared, 780-nm, coupling la- My

ser. Although blue wavelengths are obtainable with curren

laser technology this experiment represents a significant step

towards extending EIT and inversionless lasing to higher fre- FIG. 1. Energy-level picture of th¢ scheme employed in one
quency regimes by rendering atomic rubidium vapor virtu-isotope of rubidium vapor’Rb, including hyperfine splitting of
ally transparent to a probe field that is nearly twice the fre-the 55y, ground state. The probe is applied to t# 5 6Py, tran-

quency of the employed coupling field. sition and the coupling field is applied to th&5, 5P, transition,
wherew,; andw,, are the angular frequencies of the transitians,

and w; are the coupling and probe angular frequencies, respec-
tively, II; is the ground state collisional mixing rate, afig rep-
*Electronic address: jrb5@st-and.ac.uk resents spontaneous decay of population from levellevel j.

2

12> 581, F=3

11> 551/2 F=2
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pas=1Qp(p1a=P41) ~T21024— T 12p14, (1d) o o, - MOMHz
p12=— (A= iy12)p1o+iQcpa—iQppay, (1e) § Q.= 6OMH:
. . . - £ o005
p13= —1(A13=iy13) P13t 1Qc(p3z—p11), (1f) 2
: . - o £
p14= —1(A14=1v14) P14+ 1Qp(pag— p110) +1Qcpas, g | 0003 - Q= ISMHz
(19 £
o o :
p23=—1(A13t A1p— 17230 p2g—1Q0p21, (1h) £ ]-00045
\ Q.= OMHz
P24=—1(A1g+ A= Y20)p2a— i Qppoa, (1i) T T
380 780 1180
paa=—1 (A1t A1z—iy30)pastiQopra—iQppsr, (1)) Coupling Field Wavelength (nm)
Where Subscripts refer to the four |eve|s numbered from the FIG. 2. Theoretical variation of transparency VS Coupling field
lowest- to the highest-energy state. The mixing tefir,, wavelength, with the wavelength of the probe laser fixed at 780 nm.

was included to allow for thermalization of the hyperfine The solid vertical line indicates the matched wavelength position.

split ground statdi.e., thermalization between states 1 andModeIing was carried out for various coupling field Rabi frequen-
2). The detunings are defined as cies, Q=0MHz, Q=15MHz, .=60MHz, and Q,

=240 MHz. This shows that the level of transparency attained is
A= 01— 015— KV, (23 insensitive to the direction of the wavelength mismatch.

(2b) will not result in population transfer, they will also contrib-
ute to dephasing the coherence. Our theoretical model does
A= —3GHz, 20 not account for such |neI§stlc collisions pecause analysis
12 (29 demonstrated that the addition of a dephasing termgtoof

wherew; and w, denote the frequencies of the applied op-€edual magnitude tbl; does not significantly affect the level
tical fields, V, is the atomic velocity along the cell length, Of transparency. This is true for cases in which an Autler-
k, andk, are the wave numbers of the applied optical fields,Townes splitting is employed that is comparable to the Dop-
andwy, andw,; are the energy separations of the appropriatdler linewidth, for example, inclusion of collisional dephas-

levels. The Rabi frequencies are defined as ing in a system that is coupled with a 1-GHz Rabi frequency
results in a change in absorption of approximately 5%.

The equations are solved by invoking steady-state condi-
p , (38  tions (appropriate because of the employment of single-
2h frequency cw lasers in the experimgind thus setting all
time derivatives to zero. Equatiorida—(1j) can then be
Q :MlaEz (3b) split into sixteen real simultaneous equations, using proper-
€ op ties of the density matrix, and solved, using normal linear
algebra routines. The solutions yield values for the real and
whereE; andE, are the electric-field strengths of the ap- imaginary parts of the coherence on each transition, which
plied probe and coupling fields, respectively, ang, and can be related to the refractive index and the absorption
w13 are the dipole matrix elements for the transitions. Theand/or gain, respectively, and the proportion of the atomic
population decay rated’(;) were set tol';;=4 MHz, 'y, _populann in e_ach of the energy Ievels_. Doppler broadenl_ng
=4 MHz, I'3;=20 MHz, andI'3,=20 MHz, and the coher- Is then taken into account by integrating over the velocity
ence decay ratesy;) according to distribution (i.e., overV,), so providing a comprehensive
modeling of the system.

Ajz=wy—w13— KV,

Q :M14E1

_, e Te I 4
Y14= Y2475 2 2 (49 Wavelength dependence

Before applying the above analysis to the particular ex-
:F_41+ F_42 F_31 F_?ﬁ (4b) perimental situation under consideration here, it is useful to
YTy Ty T T extend the earlier work of Shepheed al. [7] to the case of
theV scheme. Figure 2 depicts a theoretical curve represent-

Iy, Iy Iy ing the level of induced transparency in relation to the degree

Y13T V23T 5 T T T o (40 of wavelength mismatch in ¥-type system. These results
indicate that the/-type system, unlike the Cascade scheme,

yi=II7. (4d) is insensitive to the relative direction of wavelength mis-

match. This attribute of th¥ scheme facilitates the use of a
The collisional mixing termlI; only contributes to dephas- probe laser that has a higher frequeritywer wavelength
ing of transitions linked to one or the other of the hyperfinethan the coupling field.
ground states. It may be the case that collisions will also It has previously been showid], for the case in which the
occur for atoms in the excited states and that, although thesmupling wavelength is greater than that of the probe, that the
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experimental investigation demonstrated that optical pump-
ing effects were removed by collisional mixing of the hyper-
TR fine split ground state. This was a direct result of the high
[\ temperature employed to increase particle density such that
| \ the rubidium cell would exhibit significant absorption on the
comparatively weak probe transition. The ground-state colli-
| sional mixing rate is calculated using the formuld;
| =ovN, whereg is the collision cross sectiomw,is the aver-
age atom velocitfdependent on temperatiyendN is the
atomic number densityfalso dependent on temperature
Substitution of appropriate figuréthe collision cross section
for rubidium vapor was obtained from Cohen-Tannondji and
Kastler[11]) yields the value]l+=197 MHz under present
Probe Detuning (Hz) experimental conditions.
. . . The previous density matrix analysis predicts the elimina-
FIG. 3. Thfe‘?‘d'mef‘s'O”a' plot of Autler-Towr_wes absorptlon tion of (F))ptical pumpingfor the caseywhgre the ground-state
components(vertical axi3 vs probe frequencyhorizontal axis . .

: . L mixing rate, calculated for the employed experimental cell
across the pagend velocity groughorizontal axis into the page t t is of th itude ai b Th lati
based on & scheme with a 422-nm probe field of Rabi frequency emperature, 1S of the magnitude given above. the relalive

populations in the hyperfine ground-state levels are hence

Q,=1MHz and a 780-nm coupling field of Rabi frequen . - -
h pind quentl returned to their thermal-equilibrium relative values by the

=1 GHz. This theoretical plot shows that the secondary Autler-'=">"" It h )
Townes components that overlap on resonance are small in magrffellisional mixing. Importantly, this means that optical
tude and do not destroy the transparency window. The dotted lin@UMping effects do not significantly contribute to transpar-

indicates the frequency position of the EIT point for the different €NCy (through population removil Experimental evidence
velocity groups. supporting thigtheoretical conclusion is presented later; see
Fig. 6.

-
-~ - .
(=]
8]
Probe Absorption (arb. units)

secondary Autler-Townes components of the high- and low-
velocity groups overlap with the EIT window of the zero
velocity group on resonance, thus eroding the induced trans- peqretical modeling has also been carried out to investi-
parency. This result holds for the Cascadle@ndV schemes, 40 the role of coherence in this system. Previous work
but the amplitude of the secondary Autler-Townes compOgqncerned with the wavelength dependence of coherently in-
nents is S|gn|f|can.tly smaller m\ﬁscheme,.smce there 1SN0 qyced transparency raised the issue that the nature of the
two—p.hoton contr|but|or1 to the abs_orpt!on for the .h|gh- observed transparency window was dictated by the interplay
ve_IOC|ty groups for_ which the coupling field is effectively of EIT and Autler-Townes splitting7]. It was postulated
widely detuned. This occurs because the two photon procesfiay the overlap of Autler-Townes components from different
(13)=[1)—|4)) inaV scheme starts in the upper level of the \q|ocity groups controlled the width of the transparency,
coupling transition, which is only populated when the cou-y e the depth of the window was set by the level of EIT.
pling field is on or close to resonance with the particular 114 coherently induced transparency is driven by the co-
velocity group. Figure 3 shows a three-dimensional plot (_)fherencep34, on the unlinked transition, B, ,-5P4,, which
the ahsarption levels of the Autler—Towqes Components INya5 poth real and imaginary components. An ideal coherence
the V' scheme as a function of probe field detuning andyigts that creates maximum transparency. An analytical ex-
atomic veIpmty group, fr'om. \_Nh'Ch we can see that Fhe t,rans'pression for the ideal coherence can be derived by setting the
parency window is still S|gn|f|can'_[, when the probe field is ondephasing and decay terms to zero in the density matrix, Eq.
resonance, despite the overlapping secondary Autler-Toanig), invoking steady-state conditions and rearranging the
components. equations to solve fops,. By making the additional as-
sumption that the population in the upper level of the probe
Transparency transition is zero, in a weak probe approximation, then the

The role of coherence

Integrating over the velocity groups gives us the “net” ideal coherence is given by
absorption and a significant transparency window is pre- Q.
dicted on resonance. The magnitude of the transparency is [ P3alidea™ Puﬂ—p- )

too great to be explained solely by coupling field saturation, o
which at most will reduce the population in level 1 to half its This corresponds exactly to the situation in the Cascade sys-

herent effect that occurs in the presence of the coupling fielgvhen the state amplitudes feeding into the upper level of the

Theoretical traces are presented along with experimental rdfobe transition are equal in magnitude amdut of phase,
for the coupling and probe fields, respectively. The principal

sults in Fig. 7. ) : > !
difference, however, is that in ¥ scheme the two atomic
: - levels of the unlinked transition have a relative phasemaf 2
Optical pumpin . . -
p' pu p'l g _ The normalized coherence is defined by
Under normal conditions optical pumping effects would [pad]
34

=1 (6)

be expected to occur as a result of the strong coupling field et
[ p3alideal

depopulating one of the hyperfine ground-state levels, but
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FIG. 4. The real component of the normalized cohereeie Probe Absorption Im (p14) (arb. units)

vertical axi3 and Im{,,) (proportional to probe field absorption,

right vertical axi$ are plotted with respect to the dephasing of the  FIG. 5. The real part of the normalized coherence vspia(
driving coherenceps,, in the V scheme, for coupling field Rabi (proportional to the probe field absorptjofor various coupling
frequencieq€) =20 MHz and(}.=80 MHz. As the normalized co- field Rabi frequencies in thevV scheme, Q.=20MHz, Q.
herence falls away from its ideal value, there is a corresponding=40 MHz, {.=80 MHz, and(}.=160 MHz. A linear relationship
reduction in the level of the induced transparency. is demonstrated.

It is necessary to define the coherence in this way be- lll. EXPERIMENTAL APPARATUS

cause, rather than the level of transparency being propor- The experiments conducted on this mismatched transpar-
tional to the magnitude of coherence, there is a specific, ide@ncy system were carried out by utilizing a 2-cm-long cell of
coherence for which maximum transparency is produced anelibidium vapor(Opthos InstrumenjsThe cell was heated to
any departure from this value, whether it be increased oaround 160 °C to give an appreciable level of absorption
decreased coherence, will cause a reduction in the observ¢d-80%) of the focused probe beam. This relatively high
transparency. In order to assess the role of quantum cohetemperaturd7,8,1 was necessary due to the low dipole
ence in av scheme the normalized coherence was plotted agatrix element on the probe transition. The laser radiation
a function of dephasing on resonance. Figure 4 shows th&as supplied by two single-frequency cw Ti:sapphire lasers.
real part of the normalized coherence falling away from theThe fundamental source for the blue probe beam was a scan-
“ideal” value as dephasing is increased and there is an exdting Microlase MBR-110 laser tuned around 844 nm; the
actly corresponding reduction in the transparency Idiiéle  radiation was subsequently frequency doubled by a tempera-
imaginary part of the normalized coherence is fixed at zerdure tun'ed potassium niobate crystal. The resulti'n.g second-
while the probe field is on resonance; consequently it is thé/armonic output was tuned to theSp,-6Py, transition at
real part of the driving coherence that dictates the transpa®22 NM. The coupling field was supplied by a modified
ency level in this caslmportantly, the model shows that Schwartz Electro-Optic  Titan cw laser tuned to the

the driving coherence is the sole factor controlling the levePSvz SP3 transition at 780 nm. The laser beams were co-

of induced transparency, irrespective of the Rabi frequenc ropagated In the_ vapor cell to minimize the residual Dop-
) : . . i : ler width and optimize the overlap of the transparency win-
on the coupling field transition. This result is substantiate

by the linear relationship predicted between the real part o ows and Autler-Townes components of thg various velocity
h lized coh d the induced t ¢ roups[13]. The output of the Microlase Ti:sapphire laser,
€ normalized coherence and In€ induced transparency, bproximately 450 mW, produced around 3@ of second
the range of coupling field powers depicted in Fig. 5. harmonic at 422 nm. The resulting probe beam was chopped,
The coupling field transition in our experimental system, 5jjow subsequent phase-sensitive detection of the light
has a high dipole matrix element, and consequently the Rabjansmitted through the vapor cell. The probe beam was fo-
frequency induced on the transition is relatively large for az sed into the cell with a 20-cm lens to produce a spot size
given Coupling field intenSity. It follows that the Autler- of approximate|y 4qu and the Coup”ng laser was focused
Townes splitting of the S,, and P, states will also be by a 40-cm lens, producing a spot size of around 10,
relatively high. Referring again to Fig. 4, the normalizedthereby ensuring that the probe beam remained within the
coherence stays closer to its ideal value, as dephasing is iBeupling beam over the region of the cell.
creased, for higher values of Rabi frequency. This is because
the overlapping Autler-Townes components are split further
away from resonance and are consequently less of a detri-
ment to the transparency window. Therefore, advantage is The measured absorption exhibits the hyperfine structure
gained by employing a coupling field transition with a high of the two rubidium isotopes?5Rb and 8Rb. Figure 6
dipole matrix element but, from the theory presented, theshows a scan across all four resulting absorption peaks in
driving coherence is still the principal determining factor for both the absence and presence of the coupling laser, which is
the level of transparency, regardless of the magnitude of thim resonance with peak $Rb,F=2) at a power of 800
associated Autler-Townes splitting. mW. This experimental trace demonstrates the magnitude of

IV. EXPERIMENTAL RESULTS
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EIT with no optical pumping

peak 2

0 5 10 15
Probe Field Scan (GHz)

Probe Absorption Im (p{4) (arb. units)

FIG. 6. Experimental trace of Im{,) (proportional to probe
field absorptionvs probe field detuning in the present®ld line)
and absencéfaint line) of the coupling laser. The coupling field
power equals 800 mW. The four absorption peaks, from left to
right, correspond to peak fRb,F=2), peak 2 °Rb,F=3), peak
3 (Rb,F=2), and peak 4¥Rb,F=1) for the probe field transi-
tion 5S;,,-6P;,,. Maximum absorption on peak 3 is 82%. Induced
transparency removes 73% of absorption, in the absence of optical
pumping.

the induced transparency, which removes more than 70% of
the absorption. The Doppler width is measured to be ap-
proximately 1.3 GHz. The absence of optical pumping ef-
fects is indicated by the lack of a corresponding increase in
the absorption of peak ¢°RbF=3), which would accom-
pany the observed reduction in absorption if it was due to

Probe Absorption Im (p{4) (arb. units)

T T T
0 25 5 7.5 10

Scanning Probe Field (GHz)

1327

optical pumping.

FIG. 8. Experimental traces of Impy,) (proportional to probe

Figure 7 depicts close agreement between theory and eXg|q apsorptionvs detuning of the probe field for various coupling
periment at various coupling field powers. There is a correager frequency detunings from resonance with peak®R(F

lation in terms of the relationship between coupling field = 2) in the range of- 500 MHz to— 1.75 GHz. The coupling field
power and the level of transparency.

EIT
EaT 300mW]
| =
2 I 2 |
g 1 20 ] 1
-g | g |
< 1 = -
3 3 W Q. =14GHz
& i e i
E | E |
g ! . 5 !
RS 2 .
£ | 5 w &, = 640 MHz
£ = 1
< < X
2 2
[=}
2 & ',
1
1 No coupling field
1
STRb(F=1) |
|
B7Rb(F=2) 85Rb(F=2
L i *=2
T T 1T 7 —T
-6 4 2 ) 2 4 6 35 0 35

Probe Field Detuning (GHz)

FIG. 7. (8) Experimental traces of Im(,) (proportional to
probe field absorptionvs detuning of the probe field at various
coupling field powers 0, 50, 200, and 800 m\f) Theoretical
curves of Imp,,) (proportional to probe field absorptipas detun-

a)

Probe Field Detuning (GHz)
b)

power equals 800 mW. The solid lines map the evolution of the
Autler-Townes components associated with pealé®®l§,F=2),
while the dashed lines map the evolution of the Autler-Townes
components associated with peak®Rb,F = 3).

The effects of detuning the coupling laser are demon-
strated in Fig. 8. These experimental traces were obtained
using a coupling field power of 800 mW. The top trace was
obtained with the coupling laser on resonance with peak
3 (®Rb,F=2). As the detuning is increased the transpar-
ency window shifts away from resonance. This movement
can be mapped by observing the changing positions and
magnitudes of the two Autler-Townes peaks associated with
the transparency. These are marked with solid vertical lines.
These lines can be seen to diverge as the apparent Rabi fre-
quency increases as a result of the increased detuning from
peak 3 E°Rb,F=2). It is also evident that as the frequency
of the coupling laser is moved away from resonance towards
one of the split Autler-Townes absorptions, that component
is enhanced while the other component is simultaneously
reduced in magnitude. Previous results in Cascade and
Lambda schemes have shown a velocity selected fegtdte
that is not observed in this case due to the absence of any
two-photon process in ®-type scheme.

In addition to the splitting observed on peak $Rb,F
=2), coherently induced transparency is simultaneously ob-

ing of the probe field at Rabi frequencies corresponding to the couserved on peak #°Rb, F =3). This occurs as a result of the
pling field powers in the experimental traces. These Rabi frequenhigh coupling field strength and dipole matrix element of the
cies are calculated as described in previous Wae.

5S,,»-5P3, transition. The Autler-Townes components asso-
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which were suppressed by collisional thermalization of the
hyperfine split ground state. The significance of this work
A13=_1_7SGHZJ——G: lies in the fact that it opens up a possible pathway to the

———— realization of EIT and inversionless lasing's full potential,
namely, the creation of high-frequency inversionless laser
technology, which would, by practical necessity, employ
Qy3=281GHz mismatched wavelengths.

Theoretical modeling has demonstrated the role of coher-
ence in creating the transparency window and importantly,
, ) _that coherence is still the factor determining the level of
FIG. 9. The last experimental curve of Fig. 8 may be eXpla'ned'transparency at high levels of Autler-Townes splitting.
using the energy-level pict_ure of the coupling f;eld ata power 400 Ajj the expected characteristics of EIT have been demon-
T\iV’?S%SH follows: Dgtun'ni froml. 5e§kt 3 5(?1?';;52)6Hbyt strated in the experimental results. As previous work has
ek 2. (RO 3). 1 An appled detuning of-1.75 Gz o SHOWNIS] coherently induced transparency forms a founda.
peak 3 F5Rb,F=2). The positions of the Autler-Townes compo- juo.n for the production of inversionless gain. To achlgve FhIS

. . — it is necessary to move a small amount of population into
nents are shown split by the apparent Rabi frequenéigs,and 6P the upper level of the probe transition, in order to
{1a3, in which the detuning is taken into account in beahand (b) ovelﬁ:’ome residual absorption. An incoherent ’pump can be
cases. employed to fulfill this condition in the present system by

ciated with this additional transparency are shown by thénovmghp%pylati.ﬁn from Itlhe B2 statehto the |D5’2| state,
dashed vertical lines in Fig. 8. These lines converge becaudfPm Which it will naturally decay to the By, level. It is
the detuning from leve(®Rb,F =3) decreases as the cou- N€CeSSary to utilize a pump source that is incoherent to en-

pling laser frequency moves away from resonance with peaRY"® that the driving coherence on theg-6Py, transition
3 and towards peak 2. Is not disturbed. We plan to demonstrate in a subsequent

Figure 9 depicts the analysis of a specific detuning ofPaper that substantial integrated gain can be maintained even

—1.75 GHz from resonance with peak ¥Rb,F =2) using in _the presence of the large Autler-Townes splittings re-
quired to achieve transparency in Doppler-broadened, wave-

O=O%+AZ (7)  length mismatched schemes.

o The results presented in this paper represent the success-
where( is the apparent or observed Rabi Sp||tt|ng &hdnd ful realization of the first step in the process of Creating a
A are the relevant, on-resonance, Rabi frequency and detuhlue inversionless laser, by producing transparency at 422
ing. This demonstrates agreement between theoretical analjm in a V-type Doppler-broadened system. In addition to
sis and the experimentally observed trace. This analysis cdtrthering the high-frequency aims of inversionless lasing,
be readily extended to predict all of the splittings observed irthe presented results shed more light on the mechanism of
F|g 8 as a function of detunings_ EIT and the role of coherence therein.

Ay3=125GHz

Q3 =281 GHz

a) b)
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