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This study reports on the development of a portable iodine-stabilized 543 (green
length-standard laser, which is low cost and robust. All the needed optics and electronics were
integrated into one box which measured 36 cm in length, 30 cm in width, and 15 cm in height.
Simple circuits for third harmonic locking are presented and the laser’s frequency instability could
be as small as 2 1072, normalized to one hertz bandwidth. The influence of the magnetic field to
the locking point of the 543 nm length-standard transitions was investiggt&l05 American
Institute of Physics[DOI: 10.1063/1.189821)6

I. INTRODUCTION in height with the laser’s frequency instability as small as

i X 12 H 1 _
In science, “length standard” refers to the common ref—2 10" (normalized to one hertz bandwidtfThe laser sys

erence of all length measurements. It is, therefore, crucial ttem could be routinely frequency locked for more than two

: S .%ays in a noisy environment, and remained locked even
create a convenient and objective length standard for use in
when the box was moved.

both academic and industrial applications. Ever since the ve- On the other hand, since more than 35% of the primary

locity of light in a vacuum was defined as 299 792 458 m/ 1 . :
in 1983! atom or molecule-stabilized laser systems havzength standard lasers are referred %62 hyperfine transi

served as the primary length standafddence, a handy {ionS With percentages thatmightingreé}éé?it is crucial to-
length standard plays a pivotal role in realizing the definitionStudy the influence of the magnetic fields on the locking
of meter. Nowadays, 633 nm iodine-stabilized He—Ne lasePoInt of standard transitions. We observed the anom_a_lous
systems and 532 nm iodine-stabilized Nd:YAG laser system&€€man effect among the 543 nm length-standard transitions,
are the most popular length-standard lasers in the visible rd¥hich led to a significant zero-crossing shift of the third
gion. However, the performance of the former laser system i§&rmonic spectrum. We are aware of the possible change of
limited by the configuration of the intracavity iodine defi  the orbital gyromagnetic con;ta]r?t, which is suspected to
and the aggregate cost of the latter laser system is muctpuse the dramatic change in the spectral features of high
higher than that of He—Ne lasers. A compromise must b&otating iodine molecule.
reached that leads to the ideas of establishing other visible,
extra-cavity, and low-cost length-standard lasers, such dé EXPERIMENTAL SETUP
iodine-stabilized 543 nm He—Ne lasers.

lodine-stabilized 543 nm He—Ne laser systems have{em
been the subject of extensive resedrthsince strong 543
nm absorption was observed in 1986n 1992, the iodine-
stabilized 543 nm laser system was recommended to serve

The block diagram of our frequency-stabilized laser sys-
is depicted in Fig. 1, in that a Melles Griot 05-LGR323
laser tube was used onto which a piezoelectric transducer
PZT) tube was glued to modulate the laser frequency and
. . Tound which a heating tape was wrapped to lock the laser
one of t_he primary Iength-standarg lasétand some mt_er- frequency. The laser tube was preheated by heating tape with
comparisons were held thereaftél Therefore, developing 1 W power. and was modulated by PZT with 6 MHz ontical
a high-stable, low-cost, and robust iodine-stabilized 543 nn?nodt?lation, width (17 MHz/V). ThZ dimension of heagng
He—Ne I_aser system should be significant in the metrologica{ape was measured as 4 mm wide and 0.2 mm thickness with
appllcatlpns. . 11 O resistance. It is critical to keep the length of the laser
In this article, we report on the development of a PO be from thermal disturbance while still keep the tempera-

table iodine-stabilized 543 nm He-Ne laser. All of the nec-, o of the |aser tube from overheating. Therefore, the fol-

essary optics and elect.ronics were integratgd into one boI>(3Wing two-stage thermal isolation was used: We enclosed
which measured 36 cm in length, 30 cm in width, and 15 Mhe laser tube into an acrylic box with a small air vent array

and shielded the entire system kvh 2 mmthick aluminum
¥Electronic mail: wycheng@pub.iams.sinica.edu.tw box. This resulted in a 30 °Qcentigrade thermal equilib-
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36 cm
Aluminum < A
box Magnet o
Acrylic box ]]-
Heater PZT
v SemLeell L a4 PBS  H FIG. 1. Block diagram of our portable 543 nm primary
< = — 0 H 30 cm length standard system. The laser was enclosed in an
o acrylic box with a suitable air vent. Here, PZT: piezo-
<—| electric transducer\/4: quarter wave plate; Fl: Fara-
TC day isolator; PBS: polarizing beam splittér; convex
Detector & lens of focal length 30 cm; PM: 90% partial reflection
Power Supplies \I/ mirror; SL: servo loop; 31 kHz Gen: 31 kHz sinusoidal
30 I wave generator; 3rd HG: third harmonic generd@s
le| servoroop PSD g " kHz sinusoidal wave PSD: phase sensitive detector;
+3%HG H TC: temperature controller.
v
Multimeter or
DAQ card

rium temperature on the aluminum box at the room temperawere presented. One can just use the upper block for gener-
ture of 24+1°C. Due to the application of a weak magnetic ating the third harmonic wave if the needed modulation fre-
field near the laser tufthe laser output power was found to quency is high and is fixed. Otherwise, connects the connec-
be about 13@W with mutually perpendicular two-mode op- tors 1, 2 to the lower block labeled as “Frequency variable
eration for most of the tuning range. As shown in Fig. 1,third harmonic generator,” in which the detailed electronics
single frequency was achieved after the Faraday isolator arare presented in Fig. 3.
Doppler-free spectra were obtained via double-pass satura- In the upper blocKfrequency-fixed third harmonic gen-
tion spectroscopy. The cold finger of the iodine cell waserato) of Fig. 2, an Op-amp relaxation oscillatdwas built
temperature controlled at the recommenddd-@003 °C  to produce a 186 kHz square wave and was then divided into
(Ref. 16 by a commercial electronic bodrdwhich was ca- a 93 kHz square wave and a 31 kHz square wave by four
pable of providing a 12 W output power. Six homemade74LS74N (Dual D-type flip-flop logic integrated circuits
electronic boards were arranged over the remaining space @iCs). Together with adequate bandpass filters, a purified
the aluminum box as described below: sinusoidal wave was achieved with which the power spec-
Figure 2 illustrates the flow chart of our electronics de-trum to the other harmonics was 55 dB for both the 31 and
sign, in which two ways of the third harmonic generation93 kHz sinusoidal waves. A typical phase shiftevas ap-

Retaxaion AL | 74LS74N Logic ICs |£U—-L>| Band pass filter II W
Oscillator 136 kiz 31 kHz
qinare ®
93 kHz
Band pass filter
MW _3e
FIG. 2. Flow chart of the electronic
Connector 1 design in Fig. 1. PSD: phase sensitive
detector. For the third harmonic gen-
¢ 3@ erators, for higher and fixed modula-
'V\NV\I @ @ tion frequency, connectors 1, 2, should
AN Extemal function AN be connected to the upper block, oth-
Frequency variable third < generator L o Py erwise, connected to the lower block
Buffer harmonic generator (f<50kHz) for arbitrary modulation frequency
! Connector 2 (<50 kHz). The detailed circuits for
c;rn“s”;t lower block are presented in Fig. 3.
ADG630 PSD Slj';:f Phase shifter |&
Spectrum
Detection system

Pre-Amplifier | < Hoater Lo |
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FIG. 3. Simple circuits for a frequency-variable third harmonic generator in Fig. 2. All of the resistors have the same resistance, nafhebxceptkthe
adjustable resistor. All of the capacitors have the same capacitance, namely, Bdr the 13 kHz testing sinusoidal wa{gb dB harmonic distortion this
circuits get 39 kHz output frequency of near 50 dB harmonic distortion.
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plied directly following the output of the 31 kHz sinusoidal quency bandwidth of AD633. The disadvantage of the above
wave for modulating the length of PZT tube. circuits is, though not be aware in our experiment, a weakly

The rest part of Fig. 2 is the lock-in system that is con-distorting of the retrieved spectral signal might happen under
sisted of a high-pass preamplifier, a phase-sensitive detecttite 45 dB purification of the8f modulation, that probably
(PSD, AD630, and an integrator following the output of shifts the zero-crossing point. Nevertheless, the circuits
ADG630 for controlling the sampling time constant. The de-could be used in all of the experiments requiring the tech-
tection system was simply comprised of @iTD PIN) five-  nique of third harmonic demodulation, such as in the laser
dimensional(5D) photon diode and an Op27 preamplifier. spectroscopy, NMR detection system, and so on, which ben-
The noise floor of the output of the detection system was 2fits the system'’s overall cost, simplicity and convenience.
mV. A typical proportional-integrator loop circuits, together The total cost of the aforementioned electronics, includ-
with a TIP31 power transistor, were used to feedback coning a commercial temperature-control boatdyas below
trolling the current of the heating tape on the laser tube. $700 U.S. dollars.

The aforementioned circuits were created for the special
application of the 31 kHz modulation and 93 kHz demodu-|||. EXPERIMENTAL RESULTS
lation systems, which was tailor made to fit the resonance
frequency of our PZT system. In case of external modula?
tion, we switched the connectors 1, 2 to the lower block of As shown in Fig. 4, the employment of a 200
Fig. 2. The corresponding electronics are shown in Fig. 3, irkilosample/s data acquisitiofpAQ) card revealed a signal-
which the AD633 ICs play the main role of the frequency to-noise(SNR) ratio of by, line under 20 ms sampling time.
tripling. Let W denotes the outpupin 7) of the AD633;X1
(pin 1), X2 (pin 2), X3 (pin 3), X4 (pin 4) denote the four
input signals and (pin 6) denotes the offset voltage, then R(106) 28-0, by,

_(X1=-X2)(Y1-Y2) .
- (10V)

Therefore, by adjusting the gain of thé %ignal appropri-
ately as the offseZ of the second AD633, thef3output N [
could be as

. Frequency stability

ey

o
N

sin’(ft) + %sin(ft) o sin(3ft). (2

The power spectrum of the third harmonic to the other T T T
harmonics was above 45_ dB with th? Var'able external fregg, 4. Signal-to-noise ratio dR(106) 28-0, by, sketched by our portable
quency up to 50 kHz, which was mainly limited by the fre- laser system. Time constant: 20 ms. Modulation width: 6 MHz.
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FIG. 5. Spectrum under different magnetic fields. The solid dot under each spectrum indicates the hyperfine trai§iti@ @8-0, while the others are
hyperfine transitions dR(12) 26-0.(a) 0 G, (b) 150 G,(c) 300 G,(d) 150 G,(e) 1000 G, wherda), (b), (c), and(e) were recorded under mutual perpendicular
linear polarizations of pump and probe beam, respectively,(dnavas that in perpendicular circular polarizations.(&), the spectrum around,;s were
magnified and note that the line shapebdines are abnormal.

When the laser frequency was locked to thwg line, the  We detected a dramatic change of the third harmonic spectra
frequency instability was estimated to as small asd@r  of R(106) 28-0 hyperfine transitions, while thH&(12) 26-0
the sampling time larger than one second. The above instdryperfine transitions remained the same. In Fig),4he line
bility evaluation is based on our previous studigs) which  shape aroundys is magnified, where 2 MHz zero-crossing
the relation between the linewidth over the SNRshift of blines were observed through beating with the other
(Av/SNR) and the Allan variance had been sophisticatedlytwo-mode stabilized green He—Ne laser which instability was
investigated with the similar laser system. The length stan10™1! at 1 s sampling timé* Similar results were observed
dard transition suggested in our previous stu&?eraamely, for the otherR(106) 28-0 hyperfine transitions. Therefore,
the bq line, was quite easily found and stabilized due to thewhen one wishes to refer tB(106) 28-0 hyperfine transi-
comparable short frequency tuning range of He—Ne lasergions as being a primary length standard, a shielding of the
The overall system could even be moved without interruptimagnetic field is advised. On the contrary, no change was
ing the frequency locking, which could be kept for more thanfound for the otherR(12) 26-0 transitions under our mea-
two days with the other projects being performed on thesurement resolutior(See Fig. 5.
same optical table. There are two possible reasons for the spectral changes:
The offset of the base line was also monitored as weDne reason is that the spin-orbit coupling model is not ad-
suspected that the box temperature might have changed tieguate in the case of a high rotation quantum number. The
offset of the electronics. No obvious offset was found duringother reason is that the line shape was broadened by the
a one-week observation, during which the box’s thermaklightly change of nuclear gyromagnetic constavitich will
equilibrium temperature was about 30 °C at 24 °C roombe defined latgrduring one photon transition and this effect
temperature. is amplified by high rotational quantum number. Here we
Note that the aforementioned studies of our frequencysuspect the latter reason since no report was found on deter-
stabilized laser can just show the promising of being a commining the hyperfine constants using the spin-orbit decou-
pact, cheap, and robust length standard for the revealed gogied modef>*®Therefore, if the latter reason is possible, we
stability. However, it does not mean that the laser system igstimate here the possible change of a nuclear gyromagnetic
already qualified to be a primary length standard since n@onstant by observing the zero-crossing shift caused by the
long-term reproducibility is checked and no intercompari-superposition of the dense anomalous Zeeman splittings that

sons of this portable lasers are performed yet. the corresponding transition frequency can be writtehl as
B. Magnetic-induced zero-crossing shift (vo+Av) =(Hy+H")/h=[Hy- (Mnggh ,ungjj)é]/h
As illustrated in Fig. 5, an intriguing spectral feature =[Hg = wngism,Bl/h (3)

under weak magnetic field was observed when we applied
various permanent magnets transversely to the optical pativhere the
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FIG. 6. Simulation results under different magnetic fields, in which the amplitudes are normalized to a zero magnetic fielgr’ H&4576 and
g/=-0.1158 were employed; thus=80.59 kHz andy=32.35 kHz were obtained under a 1000 G magnetic fialds, see text

gr=9/B+g(l-p), (4) A =[0.030 85 +0.027§; + 0.7346); ] B, (10)

B=[FF+1)+1(1+1)-JJI+I2F(F +1), ®) where s, A are in megahertz anl is in gauss;gj’, g; is for
un is the nuclear magneton;is nuclear spin;J is orbital ~ the upper level andyj, g7 is for the lower level. Figure 6

angular momentunE=J+I is the total angular momentum: shows the Iine—shape sjmulation from a weak m/agnetic field
andm, is the projection ofF onto the magnetic field direc- o a strong magnetic field, wheg; =-0.16 andg; =-0.15
i = ) were adopted from the tendency of Ref. 19. Sidcand A
tion of B and the nuclear gyromagnetic constant are small number§~32 and 81 kHz, respectivelyn com-
o/ =g+0 (6) parison with the linewidtli~6 MHz), the zero-crossing shift
is thus mainly due to the linewidth broadening caused by
(2F+1)"5. Note that, since 0.74 is one order larger than
i ) 49 - 0.036 in Eq.(7), the effect ofg; variation dominates rather
rovibronic quantum stat 19.|n general,g; <g; when orbital than g;. In other words, for the higher rotational quantum
angular momend is large. number, the zero-crossing shift was sensitivétp=g; -g/.

In Fig. 6, the frequency splitting is depicted in which  Therefore, zero-cross fitting offers a way to ascertainAge

with g;=1.123(Ref. 19 andg; is the screen effect by elec-
trons, whose value changes below 10%gpfat different

8= uBAglh = w,B(g); - gif)/h, (7) and it was fitted as 0.043 in our case. This value was not
' ' precise, since the magnetic field was not homogenous
A = u,Bg;/h, (8)  enough; however, under the noticeable zero-crossing shift

and from the formula o, one can conclude th@]-’ might

not be considered to be the same as g]ﬁeNote that this

simple analysis could not provide the generality for all hy-
erfine transitions of iodine molecule, especially for the tran-

Sitionszgvhich energy level higher than the pre-dissociation
gion:

Another advantage of this rotational-level dependent
spectrum over the regular spectrum is that offers a quick way
for the preliminarily checking of unknown dense sub-
Doppler transitions of iodine molecules. For example, we
also discovered that the unknown transitions, namelyis,

)i]6 in Ref. 12, disappear under a strong magnetic field, while
the seven other unknown transitions remained the same. This
5=[-0.000 280 45 + 0.7348; - g/) + (0.036 03@; indicates that the unknown transitions do not belong to the
- same rotational levels, more precisaly, us, ug should be-
~0.0363636,)]B ©) long to the transitions of higher rotational quantum number,
and such as the weaR(110) 35-2 transition.

with gj; standing for the upper level arg} standing for the
lower level.

In general,d andA are minimal values since iodine mol-
ecules are homonuclear molecules whose magnetic dipole
low by nature. Therefore, the anomalous Zeeman effect w.
not easily detected under a weak magnetic field. Notwith-
standing, for high rotating molecular iodin@F +1)" § could
possibly be even larger than the linewidtfgjf-gj’ might not
trivially be treated the same. For example, for tR€L06)
28-0 bg line, namely,F=111 and I=4 hyperfine transition,
the frequency separating under magnetic field can be e
pressed as
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