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Abstract. A diode laser spectrometer493 nmis described, Raman resonances which appear in the lambda level scheme

which is especially suited for spectroscopy of single trapped~ 0.1 MHz) [6]. Spectral analysis of the single ion’s fluo-

Ba' ions. Frequency doubling of 200 mW diode laser at rescence is also facilitated if the laser, which determines the

986 nmresults in up to60 mW output power a#93 nmin  width of the elastic component, is spectrally narrow.

a bandwidth of less thaB0 kHz with respect to the cavity The very first single-ion experiments were carried out

used for locking. Reference frequencies of 18 spectral lines afith barium [1] because dye lasers 483 nm (S-P) and

Te; near the493 nmresonance oBa' have been measured 650 nm(P-D) were available at that time; Fig. 1 shows the

using modulation transfer spectroscopy. The fluorescence erelevant levels of the barium ion. Dye lasers have a large tun-

citation spectrum of a singlBa* ion, measured with this ing range and can be stabilized well. Their disadvantages are

laser, exhibits well-resolved dark resonances, which confirmtheir difficult handling and, due to the need for an ion pump

the versatility of the system for quantum optical experimentslaser, their high acquisition and running costs. Today, with
the availability of diode lasers in many spectral regimes, more

PACS: 39.30.+w; 42.60.By; 42.80.Pj; 33.20.Kf and more experiments utilize these low-cost and robust lasers.
Although the first diode lasers were delicate to handle and
their spectral qualities were poor, progress in the production

Single trapped ions have played a major role in the develprocess has made them much more reliable and has led to

opment of quantum optics since their first demonstration ira vast improvement of their optical characteristics. The aver-

1980 [1]. In particular, they have been applied to fundamenage lifetime of diode lasers now ranges fraM000 h up to

tal investigations of the interaction between light and matteseveratll00 000 hwhich exceeds the lifetime of ion lasers by

[2, 3], to ultrahigh precision spectroscopy, and to the develfar. Their spectral purity can be improved using various opti-

opment of frequency standards [4]. Present and future appléal feedback schemes as well as electronic stabilization.

cations involve the generation and measurement of quantum

states, in particular in the framework of quantum information

and quantum computing [5], with our short-term application

being the study of the ion’s state by spectral analysis of its res- 4

onance fluorescence. In such experiments lasers are used to Ba

optically cool the ion and to control and measure its quantunz 12

state, i.e., the internal electronic state and the motional statel 1/, e

of the trapped ion are manipulated with near-resonant laser A -172

light. A generic level scheme that applies to several elements

typically used in single ion traps (such@s", Ba", andSr"), 2 32

consists of arg, », P1/> and a metastablBs,, state in lambda 649 nm D3/2

configuration. In this case, two lasers are necessary to con- 493 nm

tinuously cool the ion and generate resonance fluorescence,

one for the S—P transition and one for the D—P transition. -32

Since reliable cooling and state preparation is a prerequisite

for all the above-mentioned applications, these lasers have

to be stabilized against long-term drift and their IinewidtthS \

have to be reduced to a level below the typical frequencies~1/2

invo_Ived, such as the Zeeman splitting § MH2), the Vi-  Fig.1. Level scheme of38Ba* with Zeeman level splitting schematically
brational frequency in the trap(1 MHz), and the width of indicated
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Currently, there are still no laser diodes commercially PZT
available with wavelengths belo800 nm Therefore, in order
to reach the spectral range dowrdt@0 nm one can use fre- # mirror
guency doubling in external cavities [7—10]. In this paper we 80 dB A2 e
describe a diode laser system that provides powerful, tunable, &——- optical — _.ﬁJ «—
and frequency-stable light 483 nm which is used for quan- AR isolator grating = -
tum optics and precision spectroscopy with singk ions. diode laser
Light of a 986 nmlaser diode Pmax = 150 mW), which is at A =986 nm
stabilized by optical feedback from a grating, is frequency-

doubled with aKNbOs crystal in an external cavity where
a maximum conversion efficiency 68% is achieved.

For a first demonstration of the spectroscopic quali-
ties of the493 nmlaser system and in order to find sta- -
ble frequency markers independent B&", we carried
out Doppler-free spectroscopy on molecular tellurium at
wavelengths near the S—P transition Bd"™ (49354 nn).

To obtain a clean Doppler-free signal, we used modula-

tion transfer spectroscopy (MTS) [11-13]. I8, lines \[j ;®—>—>—
were found near the barium resonance in the range from mixer T

11
&/

cavity

2026146c¢nT! to 2026187 cntt. The closest line is ap- <1 zﬁgﬁﬁi
proximately330 MHz above theBa' transition, a frequency
difference that can be easily bridged with an acousto-optical
modulator (AOM).

As a first application to a singlBa* ion, we recorded
the fluorescence excitation spectrum obtained by scanning
the 493 nmlaser over the S—P resonance, with another diode M1
laser exciting the P-D transitior6%0 nn) at a fixed fre- 7 "~
guency. Well-resolved dark resonances are observed in the t M2
fluorescence in agreement with theoretical predictions and M3
with earlier observations. The paper is organized as follows: M4
In Sect. 1 the experimental setup is presented: generation
of well-stabilized laser light 8886 nmand frequency doub-
ling in a external enhancement cavity with high efficiency. In
Sect. 2 modulation transfer spectroscopyief is described v )
and in Sect. 3 the application of this light source for quantum T ;”egéegaac';(dampmer
optical measurements on a sinfla" ion is demonstrated.

ZHIN 91

doubling resonator

\4

Fig. 2. Laser setup showing the IR laser, the stabilization circuit, and the
frequency doubler

1 Laser system

The laser system consists of three main parts, the diode lastemed by shifting the mirror along theaxis with a high volt-
at986 nm the stabilization to a reference cavity, and the fre-age applied to the piezo ceramic (PZT, see Fig. 2). Thus we
quency doubler. The experimental setup is shown in Fig. 2obtain a continuous tuning range ©f5 GHz Using addi-

An SDL 6500 laser diodel60 mW) is temperature stabilized tional feed-forward adjustment of the injection current, the
and driven with a commercial current source (ILX LDX- continuous tuning range increase8tGHz The polarization
3620). The emitted light is vertically polarized and collimatedof the output light is rotate®0° with a half-wave plate to
into a parallel beam with af = 5 mmtriplet lens. To reduce avoid losses at the anamorphic prism pair, which is used to
the large inherent emission bandwidth and to select the lasirgrcularize the beam. Unwanted feedback into the diode laser
wavelength, we use optical feedback from a grating. We havigom the rest of the experimental setup is prevented with two
chosen a setup in the Littman—Metcalf configuration [14]Faraday isolators af0 dBisolation each.

which has several advantages compared with the more com- The laser is actively locked to a reference cavity using
monly used Littrow scheme. These are, for example, the fixed Pound—Drever—Hall stabilization scheme [15]. The cavity
output beam position and the adjustable feedback level. Theas a finesse of 1200 and a free spectral rande2dBHz, its
laser beam illuminates the grating800 linegmm, 30 mm  drift rate is abou®.5 MHz/min. FM sidebands of about 16
long) at an angle of abouts® to obtain high wavelength se- of the laser power are generated by modulating the laser diode
lectivity and a high output coupling rate, emitti®§% into  injection current a6 MHz. A small part & 2%) of the laser

the Oth order. Abou#i% of the power is diffracted into the light is coupled into the reference cavity, and the reflected
1st order which is back reflected from a mirror into the lasetight is separated, using a quarter-wave plate and a polarizing
diode. The laser operates in a single mode at an output powbeam splitter, and detected with a fast photodiode. The photo
of up to 130 mWwith 200 mA injection current. The emis- current is mixed with thel6-MHz reference to produce an
sion wavelength of the laser can be adjusted bet®&&nm  error signal, which is amplified with a PID amplifier and fed
and990 nmby tilting the mirror. The laser frequency is fine back to the diode current and the piezo-mounted Littman mir-
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ror. We achieve a short-termr £ 1 ) laser linewidth below 2 Spectroscopy orle;
30 kHzrms with respect to the reference cavity. For scanning,
the frequency of the locked laser is varied by tuning the refer-
ence cavity with a piezo. The experimental setup for spectroscopyTa is shown
Frequency doubling of the diode laser light is achievedn Fig. 3. We use modulation transfer spectroscopy (MTS),
with a KNbOg3 crystal, which is placed inside an enhance-a Doppler-free method that detects a rf modulation of a probe
ment cavity for the986 nmlight. This ring cavity consists beam which is generated in thiee, vapor via four-wave-
of two plane mirrors and two curved mirrors 88 mmra-  mixing with a counter-propagating, rf-modulated pump beam
dius. Three mirrors (M2, M3, M4) have high reflectivity at [11,13,17-19]. The advantage of this technique in compar-
986 nm R > 99.9%, and they transmit abo@6% at493nm  ison to frequency modulation spectroscopy (FMS) [20—22]
The input coupler (M1) is chosen to have a reflectivity ofis that the Doppler-free spectra appear without a background
R = 97%, which leads to an impedance matching of betslope and therefore, the resulting signals can be used for
ter than80% at optimum doubling efficiency. The resonatorlocking a diode laser directly to the molecular resonance
length is395 mmand the distance between the curved mir-without the need for offset compensation. The laser light
rors is82 mm Mirror M2 is mounted on a PZT to tune the is divided into the pump and the probe beam with a po-
resonator length. The mm B-cut KNbOj3 crystal is placed larizing beam splitter. The splitting ratio is adjusted with
between the curved mirrors and the cavity is designed for aa half-wave plate to optimize the signal-to-noise ratio. The
optimum focus inside the crystal [16]. TB86 nmlaser light pump beam is frequency-modulated withLi&aOs electro-
is mode matched, with a single lens, into the doubling caveptical modulator (EOM) driven a6 MHz frequency. The
ity. We achieve9(0% mode matching efficiency into TEjdd EOM is heated to about00°C to avoid optical damage of
The doubling cavity is locked, also with a Pound—-Drever-the crystal. As shown in Fig. 3, the pump and the probe beam
Hall feedback circuit, to the frequency of the IR laser usingcounter-propagate with orthogonal polarizations through the
the 16-MHz sidebands on th886 nmlight. The error sig- Te, cell, which is heated to abodR0°C. The beams are fo-
nal is fed back to the piezo-mounted mirror M2. This mirrorcused withf =200 mmlenses to increase the intensity inside
has a diamete8.75 mmand3 mmthickness. In combination the cell and the probe beam is detected with a fast photo-
with a fast piezo we obtain a servo-loop bandwidth of aboutliode whose output is amplified and mixed with t\&Hz
40 kHz Together with a2 dB/octaveintegrator this leads to reference using a double-balanced mixer. The phase of the
an intensity stability of the frequency-doubled light of bet-local oscillator can be shifted over a range3&0, and the
ter than2 x 10~ under normal laboratory background noiseMTS signal is recorded with a Tektronix TDS784 oscillo-
conditions. scope.
At a diode current o200 mA we obtain94 mW light at We have scanned the spectral range f&h26146 cnt !
986 nmin front of the doubler and up t60 mW of green  to 2026187 cnT! in several intervals of 2.5 GHzwith the
light out of the doubling cavity. This corresponds @8%  laser locked to the reference cavity. Neighboring scans over-
conversion efficiency of the frequency doubler. The overallap and were taken with at least one comni@a resonance.
efficiency, i.e. the ratio of the electrical power injected intoln order to obtain a frequency scale, a small part of the green
the diode to the output power of the green light amountdight was coupled into a Fabry€pot resonator (FP2) with
to 16%. a free spectral range @256(1) MHz.

data recording
6 MHz _h
Tektronix TDS784 ﬂ ®<
phase shifter mixer and
# amplifier
LiTaO,
A -
| EOM
FP2 A v
LT
amplifier
A2
from robe pump PBS  photo
laser system PBS Ft))eam beam diode Fig. 3. Schematic setup for

modulation transfer spec-
Te, vapor cell at approx. 420°C troscopy ofTe
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guency distance between one of the, lines (line No.6
- _ in Table 1) and thé8a™ resonance i830 MHz For further
s investigation we concentrated on the strong line No.3435
= 1 (No.14 in Table 1). Scanning00 MHz about this line was
2 used to resolve the MTS line shape and compare it to
& 1 the theoretically expected shapes [18,25]. For a calcula-
= | 4 tion of the latter, and for low modulation index as in our
= experiment, only the first sideband has to be taken into
= WWWMWMW 4 account and the line shape of the demodulated signal is
g | | given by:
2
= 1 2
5 S(4)=Re| Y b < 1 !
g - S HiIs\ran+i(A+6/2) yap+i(A+9)
o
- 1 - 1 )e"ﬁ] .
2 0 2 7 6 8 Yab—1(A—=68)  yap—i(A—68/2)
Frequency (GHz) 1)

Fig. 4. Upper curve Te, spectrum fron20 26146 cnt! to 2026187 cnm L.
Lower curve Ba™ optogalvanic spectrum Here,a andb denote the lower and the upper level of the

Te, transition, respectively, qp, is the electric dipole moment,
A = wjaser— wap IS the detuning of the lasey, , are the decay

The frequency axis has been calibrated from the meadates of }he two Ievel%tJ is the optical re!axation rate from
ured cavity resonances witt?% relative accuracy, limited @t0b, d is the modulation frequency, amdis the demodula-
by the nonlinearity of the scanning piezo and the drift oftion phase. The measured data have been fitted with this line
the cavity. The absolute wavelengths were determined witfha@pe. Figure 5 shows the data and the fit for ph@Seand
a wavemeter and by means of optogalvanic spectroscopy 680 - The fitting parameters ate, v, a scaling factor pro-
Ba+ which has been carried out simultaneously. The meadortionalto 3. ug,/(y; +i) and the frequency offset. The

e e i=a
ured spectra are shown in Fig. 4. From a Gaussian fit to thging procedure yields a linewidth of the measured line of

measureda spectrum the center of the S—P resonance aJ;ab =3.9(2) MHz. The asymmetry in the experimental data is
493 nmwas determined with an accuracy2 MHz The lit-  ayyipyted to a residual amplitude modulation in the EOM.
erature value of this resonance frequery261562 cnm

[23], was taken as the absolute frequency reference. In the

covered frequency range df27 GHz 18 tellurium reso- ) ,

nances were resolved. Their positions and relative amplitude’ SPectroscopy of a singl@a* ion

are listed in Table 1. By comparison with the Tellurium At-

las of Cariou and Luc [24], two of their lines, No.3435 For spectroscopy of single trapp&*™ ions, an additional
(202615342 cnt?) and No.3436202618012cnT!), were  laser at650 nmis required to excite the D—P transition. The
identified as our No.3 and 14. The measured distance afetup of this laser uses a SDL 7511 laser diode and is oth-
8.06(8) GHz between these two lines is in good agreemenerwise very similar to the setup of the infrared diode laser.
with the listed separation d@f.2670 cnt. The smallest fre- The ion is stored in a miniature Paul trap and localized to

Table 1. Positions and relative ampli- . . 1 . .
tudes of lines in theTe, spectrum. The Line number Relative frequencgyGHz Wave numbercm™ Relative amplitude

amplitude has been defined by the differ-

ence between the maximum and the min- 1 —1.70(1) 20261.505(1) 0.8
imum signal at90° demodulation phase. 2 —1.13(1) 20261.524(1) 1.4
Lines No.3 and 14 have been previ- 3 —0.808(8) 20261.535(1) 23.9
ously published in [24]. The errors in 4 —0.666(6) 20261.540(1) 9.7
frequency are the relative errors of the 5 —0.549(5) 20261.544(1) 1.1
scaling, the errors in wave number are 6 0.330(3) 20261.573(1) 2.9
absolute errors 7 0.658(6) 20261.584(1) 2.1
8 1.05(1) 20261.597(1) 5.0
9 2.83(2) 20261.656(2) 14.6
10 3.40(3) 20261.675(2) 1.6
11 4.01(4) 20261.696(2) 16.7
12 5.47(4) 20261.744(3) 3.7
13 6.05(6) 20261.764(3) 3.9
14 7.25(7) 20261.804(3) 78.0
15 7.31(7) 20261.806(3) 5.5
16 7.64(7) 20261.817(3) 0.7
17 8.39(8) 20261.842(4) 324

18 8.61(8) 20261.850(4) 2.3
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Fig. 6. Fluorescence excitation spectrum of a single trapPadl ion, ex-

perimental datapointy and calculated fitlipe). The dashed linendicates

the constant background count rate. Tihsert shows the four dark reso-
nances magnified, with background subtracted

magnetic field [29]. The complex spectral shape is well re-
produced in the calculation. In particular, the measured and
calculated widths and depths of the dark resonances, which
are determined by the laser intensities and linewidths, re-
spectively, agree well. Experimental parameters determined
from the fit are the green and red light intensity, the exact
detuning of the red laser, the magnetic field, the angle be-

Frequency (MHz) tween magnetic field and light polarization, and the common
Fig. 5. Line No. 3435 with high resolutiorpbinty and calculated MTS line  |inewidth of both lasers. The intensities are 380(r50y/(:m2
shape folid ling) at 493 nmand 140(20MW/cn? at 650 nm The magnetic

field is5.8(3) x 10* Teslg the angle i88(7)°, the detuning
of the red laser is- 40.6(7) MHz, and the common linewidth

better than a fewam. The light from the two lasers is com- of both lasers is 89(3&Hz. If we assume that both lasers
bined using a dichroic mirror and focused into the trap withhave the same width, the linewidth of the laseA@8 nmis
an f= 250 mmlens resulting in a diameter of the focus in 63 kHz which agrees well with the value measured from the
the trap center ofs 80um. The light level is adjusted using error signal.
a half-wave plate and a polarizer. Three orthogonal pairs of
Helmholtz coils are employed to produce a well-defined mag-
netic field that is oriented perpendicular to the direction of
light polarization. Fluorescence from the ion is collected with4 Conclusion
an /0.7 quartz collimator, imaged onto a cooled photomul-
tiplier, and recorded in photon-counting mode bt s per
data point. For continuous excitation of fluorescence, the lasétle have set up a powerful, frequency-stable and reliable
at493 nmhas to be tuned below the S—P resonance to maidaser system for spectroscopy of sinfla" ions. We obtain
tain optical cooling of the ion [26—28]. Figure 6 shows a scara maximum output power o860 mW of light at 493 nmin
of the laser a##93 nmacross theBa" resonance in steps of a bandwidth of60 kHz rms. Doppler-free modulation trans-
~ 100 kHzwhile the laser ab50 nmis kept at a fixed fre- fer spectroscopy was carried out on molecular tellurium and
quency below the D—P resonance. The power of the greelB lines were found in a spectral region®GHz around the
light was set t@5uW, the red power i9 uW. The frequency Ba' S;/» —Pyj» transition. The MTS signal agrees well with
axis is calibrated with the help of an optogalvanic signal fromtheory. In order to eliminate the cavity drift in the laser sta-
a barium hollow cathode lamp, which is recorded simultanbilization circuit, the laser will be actively locked to tie,
eously with theBa" fluorescence. Four dark resonances ardine, which is 330 MHz above theBa® S—P transition, and
resolved in the fluorescence signal. These occur when thtbe laser frequency will be scanned with an acousto-optical
detuning for an S—D Raman transition between one of thenodulator. We have applied the laser to excite resonance flu-
Zeeman sublevels becomes zero [6]. The solid line in Fig. ®rescence from a singat ion in a Paul trap. Well-resolved
indicates a fitted curve to the measured data calculated frodark resonances and a spectral line shape that agrees well
8-level Bloch equations taking into account the Zeeman subwith the theory confirm the versatility of the laser system for
structure of the S, P, and D levels, the light polarization, andjuantum optical measurements.

MTS signal (a.u.)

-40 -30 -20 -10 0 10 20 30 40
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