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C-WAVE
ANA PABOTbI C 3AXBAYEHHDBIMU
WOHAMU
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UcTo4HUK usnyyeHnsa C-WAVE npepcraBnsietT co6omn
YHUBEpPCaJIbHbIN U YA,06HbIN UHCTPYMEHT ANS pa6oThbl

B 06/1aCTV KBAHTOBOM ONTUKU. C NOMOLLbIO HOBOIO
rnepecTpaMBaemMoro HernpepbiBHOrO MCTOYHUKA
lazepHOro usny4yeHus 6bIsIn NOCTPOEHbI KYJIOHOBCKUE
KPUCTaN/bl U3 MOHOB MarHus (M30ToNUYECKU YNCTOrO).
ATOMbI MarHus 6b11M NOHU3NPOBAHbI METOA0M
M30TOMHO-CeNIeKTUBHOMN pe30HaHCHOM ABYX$OTOHHOMN
MOHU3aLMMN HA AJSINHE BOJTHbI U3nyyeHuns 285,3 HM.
Y®-usnyveHue rnosiy4eHo nyTemMm pe3soHaHCHOM
ONTUYECKOMW reHepaLum BTOPON FrapMOHUKUN U3JTyHeHUS
HerpepbIBHOro sasepHoro ncroyHnka C-WAVE.
[aHHbIN UCTOYHUK NpeacTaBnseT co6ov onTUYeCKUm
napameTpuyeckum reHepaTop, nepecTtpanBaembli

B AManasoHe ot 450 n0 650 HM, reHepupyLW Ui

O HOYACTOTHOE U3ly4yeHne MOLHOCTbIO

0.5 BT. Moay4yeHHble MOHbI MarH1s 3axBaTbiBalOTCA
JIOBYLUKOW U 3aTeM oXJlaXaarTcs. OTo agaer
BO3MOXHOCTb co3aaBaTb 2D-Ky/1I0HOBCKME KpUCTanibl,
KOTOpble UCMO/Ib3YIOTCS B NOCAEAVIOWUX USMEPEHUSIX.

KCIIePUMEHTaNbHasT paboTa HCCIemoBaTeNlb

CKOM TPYIIIBI CTPOMUTCS Ha 3aXBaYeHHBIX HOH-

HBIX CHCTEMaxX U HallejeHa Ha (i) JOCTH>ReHUe
6osee r1yboKOro IMOHMMAHUS CIOKHOM JUHAMHKH,
KOTOPasl HAXOOUTCS II0f BAUSHHIEM HJIH JJaKe YIIPaB-
JIeHHeM KBaHTOBBIX 30 PeKToB U (ii) JOCTHRKeHUe KOH-
TPOJISI Haf, OTAEeIbHBIMH aTOMaMU U MOJIEKyJIaMHU Ha
CaMOM BBICOKOM yPOBHE, UYTOOBI IIOCTPOUTH CHUCTEMY
(Mozenp) MHOTHX Tell. KpoMe TOro, MBI ITPOBOAUM
HCC/eloBaHUS B obysacTu oObeIUHEHUS OITHUYe-
CKHUX JIOBYIIEK [JiS HOHOB K HEMTPAJIbHBIX AaTOMOB
(1]. HegaBHO HaMu 6BLI IIPOIEMOHCTPHUPOBAH MeETO[,
JIa3ePHOM CIIEKTPOCKOITMU BBICOKOTO pa3pelleHUs Ha
OCHOBe KBaHTOBBIX 3 beKTOB [2].

O61mer Tpob1eMor BCeX IIPOeKTOB Halllek TPYIIIIbI
SIBJISTIOTCSL BBICOKHME TpPeDOBAaHUS K JIa3epHBIM CHCTe-
MaM sl KOHTPOJISL BHYTPEHHUX U BHEIIHUX CTelle-
Hell cBo6onbl MOHOB. TakMM ob6pa3om Hama pabora
CUJIBHO 33aBHCHUT OT HWHHOBAIIMOHHBIX J1a3€PHBIX
TeXHOJIOTUI, KOTOpble SBISIOTCS YOOOHBIMU [I/Is
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C-WAVE
AT WORK WITH TRAPPED IONS
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Coulomb crystals consisting of isotopically pure
Magnesium ions are build employing a new tunable
continuous-wave (cw) laser light source: Mg atoms
are isotope-selective ionized by resonant two-
photon excitation at a wavelength of 285.3 nm. The
UV laser light is generated via resonant second-
harmonic generation of the output of a new cw laser
C-WAVE that offers about 0.5 W singlefrequency
output power that is tunable in the range 450 -

650 nm. The created Mg ions are trapped and cooled,
building 2D Coulomb crystals which are used for
further investigation.

he group’s experimental work builds on trapped

ion systems and aims (i) to gain deeper insight

into complex dynamics that are influenced or
even driven by quantum effects, and (ii) to control
individual atoms and molecules at the highest level
possible to set up manybody (model) systems. Addi-
tionally, we are exploring to combine optical traps for
ions and neutral atoms [1]. Last year we demonstrated
a sensitive high-resolution laser spectroscopy method
building on quantum effects [2].

Common bottlenecks in all of our projects are the
demanding requirements on laser systems for prepa-
ration and controlling internal and external degrees
of freedom of ions. Thus our work greatly depends on
innovative laser technologies that are user friendly and
can be used as versatile tools to work with a variety of
atomic species, isotopes, and their combination.

THE PROJECT

Topologically protected defects within Coulomb
crystals can be suitable to simulate discrete solitons.
During the process of crystallization, a system will
seek for perfect order (minimal energy). By evolving the
phase transition too fast for communication between
different sections of the crystal, sub-ensembles
find perfect crystalline order, while becoming
incommensurate at their borders; these defects can
oscillate as trapped quasi particles in their selfinduced
confining potential within the crystal [3, 4].
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Puc.1. 1D-2D kyaoHoackue kpucmaaabl (31 uoH): a) CCD-
U306paxkeHue 3apezucmpupo8aHHozo uay4eHus payopecueH-
LUU UOHO8 8 3U2302006pa3zHoli KoHGU2ypauuu; b) moAbKo UOHBI,
HaxodauUecs cAeea om UeHmpanbHoli o6aacmu (8bideneHa
NnyHKMUpHoU AUHUeL), 06pasyom 3U23az006pasHyo CMpyK-
mypy Kak Ha puc.la, 6 mo 8pems Kak no3uyus UOHo8 cnpasa
3epKanbHO OMpaxkaem oMHOCUMEAbHO OCU X NO3ULUI0 UOHO8
cnesa

Fig. 1. 1D-2D Coulomb crystals (31ions). a) CCD image of
fluorescence light of ions in zigzag confi guration. b) Only

the ions to the left of the centre region (dashed box) form a
zigzag structure as in 1a, whereas the positions on the right are
mirrored along the x-axis

II07Ib30BaTeNIsI U MOTYT MCIIONB30BAaThCS KaK YHU-
BEPCAJIBHBI HMHCTPYMEHT Ajisi paboTel C pasnuy-
HBIMH BHIaMHM aTOMHBIX YaCTHUL, M30TOIIaMU U HX
KOMOHMHAIIHMSIMU.

NMOCTAHOBKA 3KCNMEPUMEHTOB
Tormonoruyecky 3aljullleHHble JedeKThl B KyIOHOB-
KHUX KPHUCTQJJIAX MOTYT OBITH ITPUTOAHBI [JISI BO3-
Oy>kImeHHs AHUCKPeTHBIX COJTHUTOHOB. B mpowecce
obpa3zoBaHMS KpUCTAJI/Ia CUCTeMa OyIeT CTpeMUThCS
K HJeanbHOMY IOPSAKY CTPYKTYpbl (MHHHMYMY
sHepruu). Ecnu $a3oBbIN Iepexos MpoTeKkaeT CIMII-
KOM OBICTPO ISl B3aHMMOZEMCTBUS Pa3HBIX 4YacTeH
KPUCTa//Ia, WO IbHYI0 KPHUCTALIMYeCcKyl CTPyK-
Typy o00pa3yloT IIOACHUCTEMBI YaCTHL, CTAHOBSCh
Hecopa3MepHBIMH II0 KpasiM. JTH HedeKThl MOTyT
OCLIM/UIMPOBATh KaK 3axBaueHHBble KBa3WUYaCTHIIBI
B CAMOMH/YLIHPOBAHHOM 3allHpalolleM IIoTeHIHale
BHYTPH KpHUCTasIna [3,4].

In1g u3ydeHUs: 3TUX AedeKTOB MBI IIOMeIlaeM
0T 10 10 50 MOHOB B paKOYaCTOTHYIO JIOBYIIKY IIyTeM
GOTOMOHM3AIMHY TEIIOBOTO ITyuKa aTOMOB MarHHS
B obnacTu 3axBaTa. B JIOBYIIKY HeobXOZHMMO IIOMe-
CTUTb H30TONMMYECKH UMCTBIM KPHUCTA/JI U3 IeYH,
HaIlOTHEHHOM IIPUPOJHBIM MarHHeM, KOTOPBIH
6orat usotonamu (79% ,Mg, 10% ,sMg, u 11% ,;Mg).

TaK KaK HOHHU3AIIKsI AaTOMOB IIPOKCXOAUT B Pe3y/ib-
TaTe ABYXQOTOHHOrO Ipolecca (pHC.2), MBI MOXKeM
BbIOOPOYHO 3aXBaThIBaTbh Pa3JMUHbIE K30TOIBI.
Ha mepBoM 3Talle MOHM3allMK Pe30HAHCHO BO30yK-
JaeTcs 1eKTPUYeCKUM JMUIIONBHBIN Iepexof B Hew-
TPaJbHOM aToMe MarHus, Ha BTOPOM Hepe30HaHC-
HOM 3Talle aTOM HOHH3UPyeTcs. TaK KaK YaCTOTHBIK
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In order to study these defects we load ten to fifty
ions into our conventional RF trap via photo ionizing
a thermal beam of magnesium atoms within the trap-
ping region. It is required to load an isotopically pure
crystal from an oven that is filled with natural abun-
dant magnesium isotopes (79% of Mg, 10% of >>Mg,
and 11% of 2°Mg).

We can selectively load different isotopes as we
ionize the atoms via a two photon process (Fig.2). The
first step resonantly drives an electric dipole transi-
tion in the neutral magnesium, while the second
non-resonant step ionizes the atoms. Due to the mass
dependent frequency shift of this first transition at
around 285.3 nm, we can individually address the
three different isotopes [5]. By exciting the ions at
around 279.6 nm we record the fluorescence light of the
individual ions on a CCD camera (yielding images as
shown in Fig. 1).

UTILIZING THE C-WAVE

In the present experiment the C-WAVE system is used
for the photoionization step. Light at 570.6 nm is fibre
coupled (coupling efficiency greater than 70 %) and
sent to a homebuilt second-harmonic generation (SHC)
external ring cavity using a BBO crystal to convert the
VIS to the UV (285.3 nm), see Fig. 3. The UV output beam

doToNOHM3aUNA
Photo ionization

HenpepbiBHbIV cnekTp / Continuum

Mopor noHunsaumn 7,65 3B

i lonization threshold at 7.65 eV

M3nyyeHne C-Wave Ha yABOeHHOM YacToTe 285,3 HM
WX U3lyYeHMe CTOPOHHEro UCTOYHNKA 279,6 HM
Frequency doubled C-Wave at 285.3 nm

or 279.6-nm beam

M3nyyeHne C-Wave Ha yaABOEHHOM YacToTe 285,3 HM
Frequency doubled C-Wave at 285.3 nm

3s3ptip,

3s3p21P,

Puc.2. Cxema yposHell mazHusi: npouecc 08yxpomoHHoLU
UOHU3auuU, 8036y>kdeHHOU u3nyyeHuem ucmovHuka C-WAVE
Ha ydgoeHHol yacmome (285,3 HM). OCHOBHbIM s8Aslemcs
nepeébill pe30HAHCHBIL Nepexod: OH N0380ASieM OCYLLECMBASIMb
0mb0p 3ax8ambléaemblx UOHO8

Fig. 2. Schematic level scheme of magnesium. Indicated are
the two photo ionization steps performed by the frequency-
doubled C-WAVE light at 285.3 nm. Crucial is the fi rst
resonant excitation step: it enables the isotope selective
loading of ions
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BOJIOKOHHbIN
cBETOAENUTENb

Mg* oxnaxxgeHue
Mg* cooling beam

BakyyMHas kKamepa C MOHHOM NI0BYLLIKOWN
UHV ion trap chamber

Fiber splitter

I

BOMIOKOHHO-ONTUYECKUI
coeanHUTENb
Fiber coupler

Doppler-free saturation spectroscopy
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at a rate of 10 kHz for 1f-lock-in detection

Puc.3. YcmaHroska: 8bix00 ucmovHuka C-WAVE conpsikeH ¢ 0nmogonokHOM, u3AyveHue pazoeasiiom Ha 2 ny4ka. OOUH HanpasAsitom
8 610K 081 2eHepayuu 8mopoll 2apMOHUKL, 8Mopoli - Ha Npubop, KOMOopkIU UCNOAL3YHM 04 3a0aHUs CmaHdapma 4acmombi
(cnexmpomemp). YO-u3ny4deHue ucmouHuka C-WAVE (nocie ydeoeHus 4acmombl) UOHU3UPYem amombl MAzHUsl, 8 Mo epems KaK
Y®-u3ny4eHUe CmopoHHez0 UCMOYHUKA 0XAAXKO0dem UOHbI 8 A08YLIKe. V13ny4eHue payopecueHuuu UoHos pezucmpupytom CCD-
Kamepoli. Cnexmpockonusi 6e3 00n/eposcko20 ywupeHus (CHU3Y): NY40K HAKAYKU YaCMU4HO Npoxodum Ha ceemodenumeAnbHyto nada-
CMUHKY, yd8ausaemcs U Hanpassemcs Ha akycmo-onmuueckuti modyasmop (AOM: ueHmpanbHas yacmoma 80 MI'u), ueHmpanb-
Has Yyacmoma modyaupyemcsl cuzHanom ¢ 4acmomodt =1 MIy, co ckopocmbto 10 K'Y, 0451 CUHXPOHHO20 0emeKmupo8aHus cnekmpa
Fig. 3. The setup: The C-WAVE output is fi ber coupled and split for a second-harmonic generation (SHG) stage and for absolute
frequency reference into a spectroscopy setup. With the frequency doubled into the UV, the C-WAVE light ionizes magnesium
atoms, while the second beam cools the magnesium ions in the UHV ion trap chamber. Fluorescence light of the ions is detected
with a ccd camera. Doppler-free spectroscopy (bottom): The pump beam partially transmitted at the beam sampler is double-
passed through an acousto-optical modulator (AOM; center frequency 80 MHz), the center frequency is modulated by 1 MHz

CABUT IIepBoro nepexoa (~285,3 HM) 3aBUCHT OT MacChl
K30TOIIa, MOKHO BBIOpaTh 3 KOHKPETHBIX H3o0Tora [5].
Bo36y>1<na51 HOHBI Ha AJIMHE BOJHBI ~279,6 HM, MBI
perucTpupyem ¢GayopeclieHTHOe M3JIy4eHHe OTHe/b-
HBIX HOHOB CCD KaMepoli (ronydeHHOe H306paskeHHe
IIpeJiCTaB/IeHO Ha puc.l)

NCNoJib3OBAHNE NCTOYHUKA
N3NTYYHEHNSA C-WAVE

Hctounuk usnydenus CWAVE B OIMCaHHOM 3KCIIe-
PHUMEHTe MCIIO0Nb3yeTcs Ajid GOTOMOHM3AL UK. H3iy-
YeHHe C JJIMHOW BOMHEL 570,6 HM IIO OIITOBOJIOKHY
(3@ PeKTHUBHOCTD CONPSIKEHUSI C OIITOBOJIOKHOM >70%)
IepefaeTcs Ha KpUCTa/LI BBO, ImoMeleHHBIH B CAMO-
JelbHBIN BHEIIHUM KOJIBLIEBOM Pe30HaTOp, IAe IMpo-
HWCXOOMUT yABOEHHEe 4YacTOThl: BUIHMOE H3jydeHHe
npeobpasyercst B YO (cMm. puc.3). BeixonHoe YO u3iy-
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(a few mW) of the SHG stage is superimposed with a
second UV beam at 279.6 nm (generated by a different
laser system). Both are guided free-space to an ultra-
high-vacuum chamber where the trap is mounted.

The beams are collimated with the central trap-
ping region. Here the first beam ionizes the neutral
magnesium atoms while the second Doppler cools the
trapped ions into a crystalline structure. The ions are
trapped in a combined rf and dc confinement potential.
To ensure the isotopically enhanced ion loading, a frac-
tion of the C-WAVE output light is send to an Iodine
Doppler-free saturation spectroscopy setup, see part of
Fig. 3. This setup is used as an absolute frequency refer-
ence and enables accurate tuning of the C-WAVE.

A recorded 1f spectrum around 570.6 nm is shown
in Fig. 4 and agrees within a few MHz with a simu-
lated spectrum [6].
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YeHHe (MOIIHOCTBIO HeCKOJIbKO MBT), IlonydeHHOe
B pe3y/bTaTe reHepalliH BTOPOM FapMOHHKH, COBMe-
IIAIOT CO BTOPHIM NIYy4YKOM Y® M3/ydeHHUs Ha JJIHHE
BOJMHBI 279,6 HM (reHepHUpyeTCs APYLoH Ja3epHOH
cuctemort). Oba mydka 6e3 IOMOLIM OITOBOJIOKHA
HaIIpaBJISIOT B CBePXBBICOKOBAKYYMHYIO KaMepy, Iae
yCTaHOBJIeHA JIOBYIIIKA.

[Ilyuky mHapasjenpHbl LEHTPaJbHON 061acTH
3axBaTa. IlepBBHIM Iy4YOK HOHHU3HPYeT HeUTPasb-
Hble aTOMBI MarHus, B TO BpeMsl KaK BTOPOH ITY4YOK
oxJIa’kaeT 3aXBaueHHBble aTOMBl (IOIIePOBCKOe
OXJIaXK/leHHe) 10 06pa3oBaHUSI KPHUCTAIUIECKOU
CTPYKTYyphl. MOHBI 3aXBadeHbl 3alIMPAOIIAM IIOTEH-
LIKajioM, 06pa30BaHHBIM B pe3ysbraTe 06bequHeHU S
PaldKodacTOTHOIO M 3JeKTpuueckoro. g obecre-
YeHHSI H30TOIHO-060ramieHHOro HOHHOIO 3axBaTa
YacTh M3Ay4YeHUs HUCTOYHHKAa C-WAVE Hampas-
NS0T B OpUOOp OISl CIIeKTPOCKOIIUHM HACBHIIEHUS
6e3 MOIIepPOBCKOTO YIIMPEHHUsI C HOAHOM SYelKOM
(cM. puc.3). JaHHBIN NpH6OP KCIIONB3YIOT AJIS 3aa-
HHUS CTaHAApTa 4YacTOTBl M TOYHOM IepeCTPOMKH
OIlI' C-WAVE.

Ha puc.4 mpencraBjieH CIeKTpP, 3aperucTpUpo-
BaHHBIN B pe3ynpTaTe 0671ydeHHUs HOJHOM SUEHKU
H3/y4YeHHeM C JJHHOHN BONMHBI 570,6 HM. K3MepeH-
HBIH CIIeKTP B IIpefie/lax HeCKOAbKUX MIT] coBllafaeT
C pPacUeTHBIM CIIeKTpoM [6].

Cuctrema C-WAVE T[IOMTHOCTBIO HMHTEIrPHUPO-
BaHa B Hall 3KCIEePHMEHT II0 3aXBaTy MHOHOB.
bnarogaps ee HIMPOKOMY AHAIIa30HY IIepeCTPOMKH
(oT 450 mo 650 HM), Y3KOM IIMpHHe CIIeKTpPa/JbHOMN
AUHUMU (<1 MT1I) ¥ MOIIHOCTH BBIXOAHOTO U3/1yUeHHUSs
Io 0,5Bt, CWAVE nipeficTaBisger coborn HeIlpepBIBHBIH
HMCTOYHUK JIa3€pHOIO M3/Iy4eHHsI, KOTOPBIH OTIMYHO
MOAXOOUT [l Pa3’sIUYHBIX NIPUMEHeHHU CIIeKTPO-
CKOITHMH U KBAHTOBO-OIITUYECKUX 3KCIIePUMEHTOB.
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The C-WAVE system is fully integrated into our
experiment with trapped ions. Due to its wide tun-
ing range from 450-650 nm, its demonstrated narrow
linewidth < 1 MHz, and the high output in the 0.5 W
range, C-WAVE is a flexible CW laser light source, well
suited for various applications in spectroscopy and
quantum optic experiments. confinement potential.
To ensure the isotopically enhanced ion loading, a frac-
tion of the C-WAVE output light is send to an Iodine
Doppler-free saturation spectroscopy setup, see part
of Fig. 3. This setup is used as an absolute frequency
reference and enables accurate tuning of the C-WAVE.
A recorded 1f spectrum around 570.6 nm is shown in
Fig. 4 and agrees within a few MHz with a simulated
spectrum [6]. The C-WAVE system is fully integrated
into our experiment with trapped ions. Due to its wide
tuning range from 450-650 nm, its demonstrated nar-
row linewidth < 1 MHz, and the high output in the
0.5 W range, C-WAVE is a flexible CW laser light source,
well suited for various applications in spectroscopy and
quantum optic experiments.
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CMoaennpoBaHHbIN cnekTp / Simulated spectrum
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YactoTaf, 525417 000+ Ml
Frequency [f- 525,417,000 MHz]

Puc.4. Cnekmp (ioda 8 YyacmomHom OuanazoHe

om 525417400 MTu, 00 525418100 MI'u. B npubop 0as cnek-
mpockonuu HacbluweHus 6e3 00nAeposcKozo yuwupeHus 6pino
HanpasneHo usny4eHue ¢ 0AUHoU 80AHbI 570,6 HM MOULHOCMbIO
0KoAn0 10 MBm. Ha zpagukax cpagHU8aromcs usmepeHHsil

U pac4emsHslll cnekmpbi

Fig. 4. lodine spectrum in the frequency range

525,417,400 MHz to 525,418,100 MHz. About 10 mW of

the 570.6 nm light is sent to the Doppler-free saturation
spectroscopy setup. The fi gure compares the recorded
If-spectrum with a calculated spectrum
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