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Abstract. Internal-mirror 543nm He?°Ne and He-?Ne  then [13—18]. The iodine-stabilizést3nm HeNe laser was
lasers are frequency-stabilized to the Lamb-dip of their tuningdopted as a recommended wavelength standard in 1992 [19].
curves. Frequency stability @x 10~ and frequency reset- However, the complicated configurations of those systems
tability of 4 x 10° (or 2 MHz) are achieved. The absolute limited its applications and only one inter-comparison for the
frequencies of the two lasers are determined by frequencyadine-stabilized543nm lasers was performed up to now.
comparing with an iodine-stabilizé€s¥3nm laser. The iso- Recently we reported a compact and highly stable iodine-
tope shift betweerd®Ne and??Ne is measured to one order stabilized543nm HeNe laser system [19] which is easy to

of magnitude more accurately than the previous result, anchaintain. Hence it is worthwhile to investigate the corres-
the specific-mass-shift fdle 3s, — 2p;g transition is also ponding secondary wavelength standard laser systems, such

determined. as the Lamb-dip stabilized lasers for extending the use of such
a wavelength standard.
PACS: 35; 42.55.H; 42.80 On the other hand, as the Lamb-dip stabilizée?°Ne,

He-??Nelasers have the frequencies very close to their atomic
transition centers, beat frequency measurements between the
Lamb-dip stabilizedHe-*°Ne, He-°°Ne lasers thus provide
a good way to determine the isotope shift betwé&®e and
Early in 1963, the power saturation dip of a single-mode ga3’Ne atoms precisely. The determined isotope shift is import-
laser, which is referred to as “Lamb-dip” now, was theoretic-ant in searching the specific-mass-shift (SMS)N& atom
ally predicted [1, 2] and experimentally realized [3]. In 1965,which is of interest to the nuclear and atomic physicists in the
Shimoda and Javan first successfully frequency-stabilizednderstanding of the nuclear structure and Ihdependence
a 1.15um He-Ne laser to the center of the Lamb-dip and of the electronic wavefunction of the excited state Né
they also gave a detail analysis on such a system [4]. Lateafom. In the past, the isotope shifts of tNe atom at the
Hall pointed out that the Lamb-dip stabilized lasers are no8B39tnm [20], 1523nm [6], 1152nm [21], and633-nm [22]
suitable for primary wavelength standards due to the predaser transitions have been determined by the Lamb-dips of
sure shift and asymmetric line shape in the Lamb-dip [5]the correspondinble-Nelasers.
However, the Lamb-dip stabilized lasers can serve as the In this paper, we report on our results of the Lamb-dip sta-
secondary wavelength standards for some metrology applbilization of internal-mirror543nm HeNe lasers. We have
cations since they have sufficient long-term and short-termonstructed two Lamb-dip stabilizés#3nm HeNe lasers
stability (L0~8 resettability andLO~*! stability typically [5, with a frequency stability o2 x 10~ (normalized tol Hz
6]). Besides, Lamb-dip stabilizedie-Ne lasers are handy and bandwidth) and a frequency resettability 4% 107°. We
convenient compared with the corresponding primary wavehave also determined the frequencies of the two Lamb-dip
length standard lasers. For example, some applications ussthbilized lasers of different isotop&8Ne and??Ne) with re-
the Lamb-dip stabilized lasers together with a high-finessepect to an iodine-stabilized laser. From this, we can deduce
Fabry—FRerot etalon as the absolute frequency references [7the isotope shift 1014+ 5 MHz) betweer?®Ne and??Ne in
11]. Therefore, detailed studies and the absolute frequen@g, — 2p10 (Paschen notation) transition and also its specific-
measurements of the Lamb-dip stabilized lasers are signifinass-shift (SMS)453+5 MHz). Our result of isotope shift
cant for generalizing their applications. is one order of magnitude better than Gerstenberger, Drob-
The first iodine-stabilizecb43nm HeNe laser system shoff, and Sheng’s work [23] in accuracy. The previous re-
was reported in 1989 [12], and many efforts on such a wavesults for the isotope shift dfle3s, — 2p, 633-nmlaser tran-
length standard laser system have been performed sineéion [22, 24] yield an averaged SMS 6291+ 9 MHz. The
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large discrepancy between those two results on SMS suppo! a c g
the J-dependence of SMS [25]

frequency
increased

1 Experimental setup

The 543nm laser tubes used in our experiment are Melles
Griot model LGR-024 (filled with?°Ne) and LGR-024-S
(filled with 2°Ne). For controlling the laser cavity length, we
wrap a thin-film heating tape and attach a piezoelectric trans
ducer (PZT) tube onto each laser tube. The laser tube is p
into an aluminum tube and it is then enclosed in a wooden bo
to reduce the thermal perturbations.

The mode spacing of our lasers is ab@®0 MHz and
usually their outputs have two longitudinal modes with lin-
ear polarization orthogonal to each other. A weak magneti
field of equal strength is applied to both lasers to suppres. :
the polarization flipping [26, 27]. In order to avoid the mode-Fig. 2. Typical Lamb-dip profile ofHe-*’Ne laser. The maximum output
coupling effect when the laser frequency is tuned to th@ower is abouBOLW. The depth of dip is about0% of the maximum
Lamb-dip region, we increase the laser threshold by slightlﬁfs‘f_i;rmfnféo'sri‘;;' iﬁ’ggd; correspond to the three zero-crossings of the
misaligning the laser back-end mirror to achieve single- '
frequency operating around the Lamb-dip region. After those
adjustments the lasers yie8@ W output power at maximum retro- reflection beam from the moving mirror or the end mir-
and have abo260 MHz single-frequency tuning range near ror onto the photodiode PD. The ligi#s 1%) of the main
the center of the gain profile. That is, through the most part ofaser output reflected by the PBS is used for beating against
Lamb-dip region, the lasers are single-mode operation. Out two-mode stabilized laser. The beat note is detected using an
side the Lamb-dip region, the lasers still behave as two-modavalanche photodiode APD and monitored by a HP spectrum
operation and a polarizing beamsplitter can be used to sanalyzer. When the laser beam is reflected by the moving mir-
lect one longitudinal mode which has a tuning range aboutor, we obtain the power profile of selected mode directly.
1.5GHz Figure 2 shows the typical one-mode power profile vs. fre-

The experimental setup for Lamb-dip stabilization andquency when the laser beam is reflected from the moving
frequency measurement is shown in Fig. 1. The Faraday isanirror. When the laser beam is reflected by the end mirror,
lator Fl is used to prevent the optical feedback effect andve obtain the saturation spectrum of the iodine. The lens
also to select one longitudinal mode. The polarizing beam¢f = 20 cm) is used to increase the laser intensity in the io-
splitter PBS and th&/4 waveplate WP are used to direct the dine cell.

For stabilizing the laser frequency to the center of the
Lamb-dip (point b in Fig. 2), we modulate the laser frequency
at 32 kHzwith a modulation width of 15 t80 MHz through

>

single frequency
tuning range

nT“V)Vge the PZT glued on the laser tube. The error signal is obtained
stabilizd by the first-harmonic demodulation technique using a lock-in
laser amplifier and it is fed to the heating tape through a conven-
tional proportional-integral controller.
, APD The frequency of the Lamb-dip laser is measured by the
E::rl D o spectrum following procedures. First, we stabilize the laser to one of
PZT analyser the iodine hyperfine peaks following the procedures in [14]

Moving mirror

*
N

(the moving mirror is removed from the optical path in
Fig. 1), and record the beat frequency against the two-mode
stabilized 543nm laser. Second, by inserting the moving
M Wavx‘i:late 6 cm I, cell mirror in the optical path, we stabilize the main laser to
pn‘[ the center of the Lamb-dip, then record the beat frequency
against the two-mode stabilized laser again. Lastly, we re-
Function peat the first step to make sure that the frequency of the
Generator two-mode stabilized laser does not drift during the measuring
time. The two-mode stabilized laser, has frequency stability
Prr— vy better thanl x 10'° and 10 MHz frequency drift in fifteen
| controler Lock-in Ampilifer days by comparing with an iodine-stabilizéd3-nm HeNe
- i laser. For the iodine stabilization, thée-*°Ne laser is sta-
bilized to the hyperfine componens af R(12)106-0 iodine
line, whereasHe-?°Ne laser is stabilized to 4§ component
Fig.1. A schematic diagram of the Lamb-dip stabilized laser and fre-Of R(106)2.8-0. iodine Il.ne' The cold-flrjge(temperature of the
quency measurement. PBS: polarization beamsplitter. PD: photo-diod@-C-long iodine cell is set a@ °C which is recommended
APD: avalanche photo-diode. BS: beamsplitter by CIPM [28].

Faraday
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<
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2 Experimental results
o
Figure 2 shows the typical Lamb-dip profile for thie->°Ne I minute
laser. The maximum laser output power is ab®upW and
the depth of the dip is about®o. The profile is slightly
asymmetric and the local maximum at the lower frequenc!
side is higher than that at the higher frequency side. How
ever, the Lamb-dip profile of thele-?’Ne laser shows more
pronounced asymmetry and, the local maximum at the lowe
frequency side is also higher than that at the higher frequenc
side. This indicates the frequency of the Lamb-dip center i
higher than the center frequency of the power background. L
There are many mechanisms for the asymmetric IineJ
shape. It can be caused by the gas-lensing-caused asymme
cavity loss [29], by the soft-collision effect [4, 30, 31], by the
impurity of the isotope [3, 32], and by the nonlinear frequency % 200
response for the modulation [33]. Since both of our laser:
have the same structure and output power, and the modul
tion width far smaller than the dip-width (defined later), we
presume the impurity of the isotope is the major reason fo
the larger asymmetry in the Lamb dip of the-2’Ne laser.
The transition frequency 6fNe is higher tharf°Ne and the
543nm Nelaser transition is very weak. Therefore, a small
amount of?°Ne will redshift the peak of the power back-
ground a lot.

. . Fig. 3. Typical first-harmonic signal of Fig. 2. Laser is frequency-stabilized
2.1 Frequency stability and resettability at b, and the signal-to-noise ratio is abadlt 000 normalized to1 Hz
bandwidth. The dip-width is defined as half of the measured frequency dif-

A typ|ca| error signa] obtained by the first-harmonic demod_fere%:e fac Tglze dip-widths are r_neasured to b89 MHz and 209 MHz for
ulation technique is shown in Fig. 3, which also shows thé'" =N and=Nelaser, respeciively

fluctuation of the error signal after the laser is locked. The

frequency stability can be estimated by dip-wid®/N), in
which the dip-width is the linewidth of the Lamb-dip and
S/N is the signal-to-noise ratio after the laser is locked. Th
dip-width (= 200 MH2) is estimated as half of the frequency
difference between the two zero-crossing points a and ¢ iEa
Fig. 3 and the &N (signal-to-noise ratio) can be measured

eliminate the polarization flipping and the size of modulation
edepth on the locked frequency. No significant frequency shift
was noticed.
Since the lineshape is asymmetric, the frequency of the
mb—d!p stabilized laser is not t_he frequency of the true
from Fig. 3 directly. Therefore, we obtained a frequency S‘aﬁﬁﬂg_ﬁ:\?eﬁgﬁrég?f gsg[?c@igz ISutgeLgrrft? Z?gi:; tlgrirprg'
e ! . . > - .
bility about 10-* normalized tol Hz bandwidth (the band quency. We define the asymmetry of the Lamb-dipi@sm—

width of our chart recorder i2.7 Hz). The resettability is f £ 3/ f. wheref.. stands for the frequency difference
defined [6, 16] as the variation of the absolute frequency of ' be)/ fac, ab . q yart
etween the zero-crossing points a and b (refer to Fig. 3), and

a laser in a period of time. Therefore, the resettability herg.” " L ,
is an index f%r the accuracy of the measured absolli/te fri‘mIlar definition for fuc and f. We find that the asymme-

T - ) ry in the Lamb dip of°Ne laser isAzsym= +0.02, whereas
quency of the Lamb-dip stabilized laser. Here, we obtain th e asymmetry in th@Nelaser isAasym— +0.16. Thatis, the

resettability of our Lamb-dip stabilized lasers by frequency- o ;
comparing with an iodine-stabilized laser, and frequency varil—‘amb dip centers are all blueshifted by the power background

ation less thar2 MHz fluctuation was observed for a period stated above. The measured frequency of zero-crossing points

of fifteen days. In comparison, our Lamb-dip stabilized Iaserg Is thus corrected by fitting the asymmetry of the Lamb-dip

show better long-term stability than our two-mode stabilize hsmg Lamb’s formult? Wllth d'ﬁﬁrené cr(]anter frequencies go(;.
laser which had0 MHz fluctuation for the same period of e Gaussian power background and the Lorentzian Lamb-dip

time lineshape [2, 4, 30]. With this correction, the absolute fre-

' quencies of the true Lamb-dip center f8Ne and?’Ne lasers
are:
2.2 Absolute frequencies of the Lamb-dips

Vo0 = 551579743+ 1 MHz, vy, = 551 580757+ 4 MHz.

With the recommended frequency in [28], the absolute fre-
quencies of the Lamb-dip stabilized lasers determined by
frequency-comparing with an iodine-stabilized laser aréThe larger uncertainty quoted for tR&\e laser is due to its
55157974351+ 0.15 MHz and 5515805954+ 1.17 MHz  larger asymmetry.
for °°Ne and?’Ne lasers, respectively. The larger uncertainty ~ The frequency-positions of these two lasers relative to the
for the ?Ne laser is due to fewer data points. We also in-recommended wavelength standagdiae and the suggested
vestigated the effects of the weak magnetic field applied tovavelength standardigline of iodine [19] are illustrated in
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He-"'Ne laser b1 b2b5 b10 bis He-*Ne laser
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| \ \ Fig. 4. The frequency positions of the Lamb-dip sta-
| \\ \\ bilized lasers relative to the recommended wavelength
i L T . standard @ line and the suggested wavelength stan-
0 500 299 1000 dard hg line [19]. The absolute frequency o dine
is about 55157483 MHz whereas Iy line is about
frequency (relative to b10) 551580162 MHz [28]

Fig. 4. We can find that, though thegine is a better candi- Table 2. The measured isotope shift
date for the wavelength standard [19], its frequency is at the
blue wing of the’®Ne laser and at the red wing of tféNe

Isotope shift
laser. Therefore, itis not easy to reach thelime usingapure 5o y,ced from measured frequentylHz 1016034118
20Ne or #2Ne laser. From our experiences a laser filled with including lineshape correctiofMHz 1014+ 4
2ONe-?’Ne mixture is suitable for frequency stabilization to Including pressure shift uncertainfjHz 1014+5
the byg line of iodine.
_ The total isotope shift can be considered to be caused by
2.3 Isotope shift

“normal-mass-shift” (NMS) and “specific-mass-shift” (SMS)

betweer?®Ne and??Ne [35]. The NMS comes from differ-
To confirm that ourHe-?°Ne and He->’Ne lasers have the ent reduced masses and NM§us = vy x (A" — A)/(M’ x

same filling pressure as informed by the engineer of Melleg\' x A), where the atomic masses of the two isotopes are
Griot, we measure the dip-width of the Lamb-dip andA’ = 219913837 andA = 19.9924391 amy36], and M’ =
199 MHzand209 MHzare obtained fof°Ne and®’Nelaser, 18361527 is the proton-to-electron-mass ratio apds the
respectively. This indicates the two lasers have about the samadiation frequency. FoNe3s, — 2p;p 543nm transition,
linewidth and thus same filling pressure. Therefore, we cathe vyvs is 1267 MHz and therefore the SMS is-253+

be sure that the pressure shift will not cause a significarh MHz. Such a negative SMS is consistent with the results
systematic error in the isotope shift determination [6].

of Kotlikov et al. and Cordoverm et al. fale3s, — 2p4
The isotope shift betweef®Ne and ?°Ne deduced is

633nmlaser transition [22, 24]. They obtain889+ 9 MHz
v = 1014+ 5 MHz, the additional uncertainty of isotope shift and 875+ 12 MHz isotope shift, respectively, therefore the

is caused by the slightly different pressure shift betweelsMS could be deduced as284+9MHz and —298+
2ONe and??Ne. It is estimated to b& MHz by the formula 12 MHz The obvious discrepancy between their averaged

Awshiit = N x V' x o5 [34]; whereN denotes the number of SMS (—291+ 12 MHZ) and our result{253+ 5 MHz) sup-
atoms per volumey’ denotes the atomic mean relative vel- ports theJ-dependence in SMS [25].
ocity, andos, aboutl0~14cn? [34], corresponds to the phase

shift in collision process defined in [34]. The results of the

absolute frequency measurement and the isotope shift detér4 Bump in Lamb-dip
mination are summarized in Table 1 and Table 2, respectively.

The isotope shift obtained above is consistent with th&'he other interesting phenomenon is, as shown in Fig. 5,
work by Gerstenberger et al. [23] but has one order of maga weak bump that appeared near the center of the Lamb-
nitude better accuracy. In their work, two multi-mds3-nm  dip when the laser power was raised ab&20.W and two
He-Nelasers were used ad®00+ 50 MHzisotope shiftwas modes existed in the region of dip. It happened to all of

observed directly from a FabryéPot interferometer. our two-modes43nm HeNe lasers filled with pure isotope.

Table 1. The measured frequencies and fitted
frequencies. The uncertainties in lineshape cor-

rection come mainly from the asymmetry of
lineshape (see text)

He-2%Ne laser He-22Ne laser

Measured frequencyMHz 551579743%1+0.15
Lineshape correctiofiMHz —-05+1

True dip center frequencyMHz 5515797431

551580 75%4+1.17
—3+3

55158075&4
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lute frequencies. The isotope shift betw&8Ne and?’Ne is

also determined. The results show that the Lamb-dip stabi-
lized 543nm HeNe laser is appropriate to serve as a sec-
ondary wavelength standard. However, due to the asymmetric
lineshape in the Lamb-dip and the pressure shift, larger un-

(b)

zero

certainty is quoted for the isotope shift in spite of the good
stability of our lasers. Therefore, it will be worthwhile to
investigate thes43nm Ne transition using an external dis-
charge cell, then one can determine the transition frequency
of theNe atom and the isotope shift more precisely.
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