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coherent population trapping*
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We present an experimental and theoretical investigation of the coherent population trapping (CPT) resonance excited
on the D1 line of 8’Rb atoms by bichromatic linearly polarized laser light. The experimental results show that a lin||lin tran-
sition scheme is a promising alternative to the conventional circular—circular transition scheme for an atomic magnetometer.
Compared with the circular light transition scheme, linear light accounts for high-contrast transmission resonances, which
makes this excitation scheme promising for high-sensitivity magnetometers. We also use linear light and circular light to

detect changes of a standard magnetic field, separately.
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1. Introduction

Highly sensitive magnetometers capable of measuring
magnetic fields below 1 pT are important for many applica-
tions such as geophysical surveying, space science, nuclear
magnetic resonance, non-destructive testing, medical diag-
noses, gravitational wave detection, etc.!'~19 We use a tech-
nique called coherent population trapping, which was discov-
ered more than thirty years ago by Alzetta et al.l''l and is
usually observed with a bichromatic field consisting of two
resonant laser fields with the frequency difference varying in
the vicinity of ground-state hyperfine splitting. At exact two-
photon resonance, atoms are optically pumped into a coherent
superposition of atomic ground states, which is called the dark
state. The resolution of frequency measurements of the hyper-
fine or Zeeman resonance can be improved by increasing the
coherent atom-field interaction time. A variety of techniques
for increasing the interaction time in vapor cells were pre-
sented. These techniques include the use of buffer gas and the
use of suitable anti-relaxation wall coatings. Further improve-
ments in stability require the realization of coherent population
trapping (CPT) resonances with optimized parameters, such as
smaller line width, larger amplitude, and contrast. As is well
known, in the case of the 6—0 transition scheme, a trap state
insensitive to two-photon resonance exists as shown in Fig. 1.
Numerous atoms are then trapped in the |Fy =2, mg = —2>
state due to optical pumping and do not contribute to magnetic
resonance, and only a relatively small fraction of the atoms can
be pumped into a superposition state. This issue significantly
limits the contrast of the magnetic resonance. In order to cir-
cumvent this unfavorable situation, different optimized excita-
tion schemes each of which has a dark state and does not have
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a trap state were proposed to increase the number of atoms
in the dark states. So far many sorts of excitation schemes
of CPT resonances have been proposed. For example, differ-
ent optimized double-lambda CPT pumping schemes such as
push-pull optical pumping,'?! and the use of orthogonal circu-
lar polarizations with counter-propagating waves of c+t — o~
field configuration have been investigated.!!3] In comparison
with previous experimental configuration in atomic magne-

tometers by using circular polarization light,l'4!7] the linear

light scheme has aroused a great deal of interest in the study
[18-21]

of atomic frequency standards.

Fig. 1. Light-induced two-photon transition in a bichromatic circular
field from Fy = 1,2t0 Fe =2..

The aim of this paper is to study whether a magnetome-
ter based on CPT using lin||lin light is available and can be
a candidate for the high sampling rate magnetometer for its
high contrast signal. In this paper, we use a simple method
of forming high contrast magnetic resonance with a bichro-
matic linear polarization light field. This method is adequate
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for the case that the total angular moments of the ground
states are Fy = 1, 2 and excited state is F. = 1.[1 Possi-
ble optical transitions from the F; = 1, 2 ground state to the
Fe. = 1 excited state due to the interaction between two opti-
cal fields are shown in Fig. 2. Figure 2(a) shows four possi-
ble two-photon resonances that create atomic coherence using
two linear polarized light beams, two black pairs of transition
schemes representing magneto-insensitive resonances, where
dark state can be given by Eq. (1); the other two transitions re-
flect magneto-related resonances, and the corresponding dark
states are Eqgs. (2) and (3), in which case, dark states exist at
an exact two-photon resonance, and a trap state does not ex-
ist. This means that these two-photon resonances have a large
contrast. For o~ polarized laser fields, there are only two
resonance transitions, one is magneto-insensitive, the other
magneto-related, and their dark states are Eqs. (4) and (5), re-
spectively as shown in Fig. 2(b). In this transition scheme,
ground states |Fy = 1,mp =0) and |Fy =2,mp = 0) are cou-
pled with the excited state |F, = 1,mp = —1), and these tran-
sitions destroy the dark states.
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where N is the normalization coefficient, V}, is the transi-
tion matrix elements, n is the total angular moment of ground
state Fg, m is the azimuthal quantum number of the ground
state, + denotes the o+ transition, — denotes the 6~ transi-
tion and E is the laser field. In order to measure the mag-
netic field experienced by the 8’Rb atoms, we detect the
ground-state hyperfine splitting between two magneto-related
Zeeman states using a CPT resonance. According to the
Breit—Rabi formula,??! the energy difference between two hy-
perfine Zeeman states in the F; = 1 and F; = 2 influenced
by small magnetic field can be expressed approximately as
h@ur,, mr, = hop + (mp, + mg,)YB, where hw, is the en-
ergy difference between the ground states |Fy =1, mp = 0>
and \Fg =2,mp = 0>, mg, and mg, are the azimuthal quan-
tum numbers for the Fy = 1 and Fy = 2 states, respectively, Y
denotes the gyromagnetic ratio of the atom, and B is the mag-
nitude of the magnetic field. This equation embodies the main
principle of the experiment. In the paper, we demonstrate that
the CPT magnetometer is sensitive to a magnetic field along
the direction of laser propagation.
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Fig. 2. (color online) Energy level diagrams of 37Rb showing tran-
sition schemes: (a) lin||lin transition scheme and (b) circular—circular
transition scheme.

2. Experimental procedure and results

We have demonstrated experimentally the high-contrast
transmission resonance scheme with the apparatus shown in
Fig. 3. A cylinder cell with a diameter of 2.5 cm and a length
of 5 cm was mounted inside four layers of magnetic shields
with a shielding factor of 10°, filled with natural Rb and a
buffer gas containing 1330 Pa of neon and 1330 Pa of argon to
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slow the diffusion of the Rb atoms. To create sufficient atomic
density in the cell, we heated it to 62 °C. A long solenoid was
used to create a standard static magnetic field B and a shorter
one was used to modulate magnetic field, and the magnetic
fields were parallel to the light beams and normal to the flat
cell wall. The light beams from two separate external-cavity
diode lasers, operating at the D1 line of 37Rb, and their po-
larizations, can be adjusted from linear ones into circular ones

eter of the beam at the cell was about 7 mm, the diameters
of two incident lasers were both 0.2 mW. Using an optical
phase-locking system to create the bichromatic field,!?*! the
frequency difference between the two lasers could be precisely
controlled by a local oscillator; the resonances were recorded
by slowly scanning the oscillator frequency, modulating the
energy level with a 3-kHz sinusoidal wave,?* and detecting
the resulting modulation of the transmitted light with a lock-in

depending on the excitation scheme being studied. The diam- amplifier.
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Fig. 3. (color online) Apparatus for the experimental setup; HW: half wave plate, PD: photodiode, QW: quarter wave plate, PBS:
polarization beam splitter, BEL: beam expansion lenses, OPL Serve: optical phase locking serve system.
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Fig. 4. (color online) The CPT resonances (a) and lock-in signal (b) for
the two excitation schemes.

We performed a comparative study of two different exci-
tation schemes of CPT resonance under the same experimental
conditions. The resonance signals observed by use of two ex-
citation schemes are shown in Fig. 4. From Fig. 4(a), it is

clearly seen that the amplitude of resonance in the case of the
lin||lin scheme is much larger than that in the case of circular—
circular excitation, and their signal contrasts were 10% and
1.34%, respectively. The line width of the magneto-sensitive
resonance is about 10 kHz. Figure 4(b) is a typical spec-
trum recorded from the lock-in amplifier output through an en-
ergy level modulation scheme, in which the energy levels were
modulated by an AC magnetic field generated by a solenoid.
Because the 0-0 transition is unaffected by the magnetic field,
the lock-in signal of 0-0 transition disappeared. The ampli-
tude of the CPT resonance in the case of the lin||lin scheme is

about 5 times larger than that of circular—circular scheme.

In order to compare the magnetometer resolution abili-
ties of the two different transition schemes, we study the two
transition schemes separately. The resulting modulations from
the lock-in amplifier are shown in Fig. 5, where the mag-
netic fields have been changed into 6.2 nT and 12.4 nT, re-
spectively. It is clearly shown that the lin||lin scheme has a
higher level of sensitivity. The lock-in time constant and sen-
sitivity are 30 ms and 5 mV, respectively, with a filter roll of
24 dB/octave. The magnetic field used in these experiments is

nominally 150 mGs (1 Gs=10"%T).
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Fig. 5. Lock-in signals versus time with the magnetic field stepped in
steps of 2 s.

3. Conclusions

In the present paper, we demonstrate an atomic magne-
tometer based on coherent population trapping operated with
87Rb atoms, and with this system we investigate experimen-
tally the behavior of a CPT magnetometer, which works with
It is shown that the lin||lin
transition scheme is superior to the commonly used circular—

the lin||lin transition scheme.
circular transition scheme. The experimental comparison
with the circular—circular transition scheme indicates that the
lin||lin configuration may obtain a higher contrast than general
circular—circular scheme as shown in Fig. 4, and the detec-
tion sensitivity is higher than conventional scheme as shown
in Fig. 5. Much more comprehensive work needs to be done,

for instance, on the influences of laser intensity and excited
states (F. = 2) on signal contrast. Therefore, a lin||lin tran-
sition scheme provides a novel and promising atomic magne-
tometer prototype.

References

[1] Sarma B S P, Verma B K and Satyanarayana S V 1999 Geophysics 64
1735
[2] Livanov M N, Kozlov A N, Sinelnikova S E, Kholodov J A, Markin V
P, Gorbach A M and Korinewsky A V 1981 Adv. Cardiol. 28 78
[3] Bison G, Wynands R and Weis A 2003 Appl. Phys. B: Lasers Opt. 76
325
[4] Dehmelt H G 1957 Phys. Rev. 105 1487
[5] Kominis I K, Kornack T W, Allred J C and Romalis M V 2003 Nature
422 596
[6] Patton B, Versolato O, Hovde D C, Corsini E, Higbie J and Budker D
2012 Appl. Phys. Lett. 101 083502
[71 Zhang SL, LiuY B, Zeng J, Wang Y L, Kong X Y and Xie X M 2012
Acta Phys. Sin. 61 020701 (in Chinese)
[8]1 GuHF, Cai WY and Wei Y K 2012 Chin. Phys. B 21 040702
[9] Huang K K, Li N and Lu X H 2012 Chin. Phys. Lett. 29 100701
[10] LiL,Zhou QL, ShiY L, Zhao D M, Zhang C L, Zhao K, Tian L, Zhao
H, Bao RM and Zhao S Q 2011 Acta Phys. Sin. 60 019503 (in Chinese)
[11] Alzetta G, Gozzini A, Moi L and Orriols G 1976 Nuovo Cim. 36 5
[12] Jau Y Y, Miron E, Post A B, Kuzma N N and Happer W 2004 Phys.
Rev. Lett. 93 160802
[13] Taichenachev A V, Yudin V I, Velichansky V L, Kargapoltsev S V,
Wynands R, Kitching J and Hollberg L 2004 JETP Lett. 80 236
[14] Cyr N, Tetu M and Breton M 1993 [EEE Trans. Instrum. Meas. 42 640
[15] Vanier J 2005 Appl. Phys. B 81 421
[16] Schwindt P D D, Knappe S, Shah V, Hollberg L and Kitching J 2004
Appl. Phys. Lett. 85 6409
[17] Guo T, Deng K, Chen X Z and Wang Z 2009 Appl. Phys. Lett. 94
151108
[18] Kazakov G, Matisov B, Mazets I, Mileti G and Delporte J 2005 Phys.
Rev. A 72 063408
[19] Taichenachev A V, Yudin V I, Velichansky V L and Zibrov S A 2005
JETP Lett. 82398
[20] Watabe K, Tkegami T, Takamizawa A, Yanagimachi S, Ohshima S and
Knappe S 2009 Appl. Opt. 48 1098
[21] Zibrov S A, Novikova I, Phillips D F, Walsworth R L, Zibrov A S,
Velichansky V L, Taichenachev A V and Yudin V 12010 Phys. Rev. A
81 013833
[22] Corney A 1977 Atomic and Laser Spectroscopy (Oxford: Clarendon)
p. 672
[23] Wynands R and Nagel A 1999 Appl. Phys. B: Lasers Opt. 68 1
[24] Liu G and Gu S 2010 J. Phys. B: At. Mol. Opt. Phys. 43 035004

027601-4


http://dx.doi.org/10.1190/1.1444678
http://dx.doi.org/10.1190/1.1444678
http://www.ncbi.nlm.nih.gov/pubmed/7234607
http://dx.doi.org/10.1007/s00340-003-1120-z
http://dx.doi.org/10.1007/s00340-003-1120-z
http://prola.aps.org/abstract/PR/v105/i5/p1487_1
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1063/1.4747206
http://wulixb.iphy.ac.cn/EN/abstract/abstract45029.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract45029.shtml
http://dx.doi.org/10.1088/1674-1056/21/4/040702
http://dx.doi.org/10.1088/0256-307X/29/10/100701
http://dx.doi.org/10.1007/BF02749417
http://dx.doi.org/10.1103/PhysRevLett.93.160802
http://dx.doi.org/10.1103/PhysRevLett.93.160802
http://dx.doi.org/10.1134/1.1813678
http://dx.doi.org/10.1109/19.278645
http://dx.doi.org/10.1007/s00340-005-1905-3
http://dx.doi.org/10.1063/1.1839274
http://dx.doi.org/10.1063/1.1839274
http://dx.doi.org/10.1063/1.3120278
http://dx.doi.org/10.1063/1.3120278
http://dx.doi.org/10.1103/PhysRevA.72.063408
http://dx.doi.org/10.1103/PhysRevA.72.063408
http://dx.doi.org/10.1134/1.2142864
http://dx.doi.org/10.1134/1.2142864
http://dx.doi.org/10.1364/AO.48.001098
http://dx.doi.org/10.1103/PhysRevA.81.013833
http://dx.doi.org/10.1103/PhysRevA.81.013833
http://dx.doi.org/10.1007/s003400050581
http://dx.doi.org/10.1088/0953-4075/43/3/035004

	1. Introduction
	2. Experimental procedure and results
	3. Conclusions
	References

