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LOADING OF A KRYPTON MAGNETO-OPTICAL TRAP WITHTWO HOLLOW LASER BEAMS IN A ZEEMAN SLOWERS. Singh *, V. B. Tiwari, S. R. Mishra, H. S. RawatLaser Physi
s Appli
ations Se
tion,Raja Ramanna Centre for Advan
ed Te
hnology,Indore-452013, IndiaRe
eived April 11, 2014A signi�
ant enhan
ement in the number of 
old atoms in an atomi
-beam-loaded magneto-opti
al trap (MOT)for metastable krypton atoms is observed when hollow laser beams are used in a Zeeman slower instead of aGaussian laser beam. In the Zeeman slower setup, a 
ombination of two hollow laser beams, i. e., a variable-diameter hollow beam generated using a pair of axi
on lenses superimposed on a �xed-diameter hollow beam,has been used to redu
e the longitudinal velo
ity of the atoms in the atomi
 beam below the 
apture speed ofthe MOT. The observed enhan
ement in the number of atoms in the MOT is attributed to redu
ed destru
tionof the atom 
loud in the MOT and in
reased 
ooling of the o�-axis atoms in the atomi
 beam, resulting fromthe use of hollow beams in the Zeeman slower.DOI: 10.7868/S00444510140900651. INTRODUCTIONThe laser 
ooling of noble gas atoms in the ex
itedstate is an attra
tive area of resear
h to study 
oldatom 
ollisions, ionization physi
s, nanolithography,and atom trap tra
e analysis (ATTA) [1; 2℄. Comparedto alkali atoms, whi
h are 
ooled in the ground state,noble gas atoms are laser 
ooled in a metastable ex-
ited state. The ex
itation to this metastable state 
anbe a
hieved by radio-frequen
y (RF) ex
itation [3; 4℄.The metastable state atoms generated in the dis
hargese
tion are transported to the magneto-opti
al trap(MOT) 
hamber in the form of an atomi
 beam. Cap-turing these atoms in the MOT requires redu
ing thelongitudinal velo
ity of the atoms in the atomi
 beambelow the 
apture velo
ity of the MOT. A high �uxof the slowed metastable atoms in the atomi
 beamis important for e�
ient loading of the MOT, whi
his a workhorse for many experiments in
luding Bose�Einstein 
ondensation (BEC), atom opti
s, and atomi
physi
s [5; 6℄. The slowing of the atomi
 beam is 
on-veniently a
hieved by using a Zeeman slower devi
e [7℄,whi
h is used as a de
elerating unit for the atomi
 beambefore its entry to the MOT 
hamber. The Zeemanslower de
elerates the atoms through Doppler laser*E-mail: surendra�rr
at.gov.in


ooling of atoms in the presen
e of a spatially vary-ing magneti
 �eld. The de
eleration results from thes
attering for
e on an atom due to a laser beam prop-agating opposite to the atomi
 beam dire
tion. Thevariation of the magneti
 �eld in the Zeeman slower iskept in su
h a way that the Zeeman shift in the atomi
transition frequen
y 
ompensates the Doppler shift inthe laser frequen
y for a moving atom. Thus, laserbeam intera
ts resonantly with the atoms throughoutthe length of the Zeeman slower, whi
h leads to e�e
-tively slowing the atomi
 beam for the loading of theMOT.In a Zeeman slower based atomi
-beam-loadedMOT, a known di�
ulty is the destru
tion of the MOTatom 
loud by the Zeeman slower laser beam, as theMOT 
loud is formed on the atomi
 beam axis to whi
hthe Zeeman slower laser beam is aligned from the op-posite dire
tion. This laser beam, being 
lose to theresonan
e with the atomi
 transition, thus kno
ks outthe trapped atoms from the MOT at its higher power.This perturbation to the MOT 
loud 
an be redu
ed bythe o�-axis alignment of the Zeeman slower laser beamsu
h that the MOT 
loud does not 
ome in the way ofthe laser beam. But this also results in a de
rease inthe number of atoms in the MOT due to poor loadingof the MOT 
aused by the less e�e
tive 
ooling in theZeeman slower. In an important work [8℄, this problemwas ta
kled by using a hollow Zeeman slower laser beam464
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al trap : : :aligned axially opposite to the atomi
 beam, su
h thatthe MOT 
loud was formed in the dark 
entral regionof the hollow beam. The hollow beam was generatedby using a dark spot in the 
entral region of the trans-verse 
ross se
tion of a Gaussian beam. This resultedin an enhan
ement in the number of atoms a

umu-lated in the MOT. In another work [9℄, the de
eleratingZeeman slower laser beam was tightly fo
used at a po-sition slightly away (in the transverse dire
tion) fromthe MOT 
loud, su
h that its perturbation to the MOT
loud was as small as possible. But in this geometry,the number of atoms is expe
ted to be very sensitive tothe position of the fo
us of the Zeeman slower beam.In this paper, we use two hollow laser beams ofdi�erent dark diameters and ring widths in the Zee-man slower of an atomi
-beam-loaded krypton MOT.The �rst hollow beam is generated using a dark spot inthe path of a Gaussian beam. With this hollow beamused as a Zeeman slower beam, the observed enhan
e-ment in the number of atoms in the MOT is � 30% ofthe number observed with a Gaussian Zeeman slowerbeam of same power. With the use of an additionalse
ond hollow beam of a larger dark diameter, we ob-serve a further enhan
ement by � 30% in the numberof 
old atoms in the MOT. This enhan
ement in thenumber of atoms in the MOT is attributed to more ef-�
ient 
ooling of the o�-axis atoms in the atomi
 beamdue to a spe
i�
 intensity pro�le of the se
ond hollowbeam. Thus, 
ombining two hollow beams in the Zee-man slower results in a larger number of atoms in theMOT 
loud due to more e�
ient 
ooling of the atomi
beam with lesser destru
tion of the MOT 
loud 
om-pared with the use of a regular Gaussian beam in theZeeman slower.2. EXPERIMENTAL SETUPThe s
hemati
 of our experimental setup for thegeneration of two hollow beams for the Zeeman sloweris shown in Fig. 1. The �rst hollow beam was a �xed-diameter hollow beam (HB1) generated by keeping atransparent glass slide with a dark spot in the path ofa Gaussian laser beam from an extended 
avity diodelaser (ECDL) system having the maximum power of� 50 mW. The optimum size of the dark spot to gener-ate HB1 was found by varying the size of the dark spotfor a given � 30 mW power in the beam (before thedark spot) and measuring the number of atoms in theMOT with the HB1 beam used in the Zeeman slower.The optimum size of the dark spot was � 1 mm, andhen
e HB1 with this dark spot was used in further ex-
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Fig. 1. S
hemati
 of the experimental setup for thegeneration of hollow beams. ZS-ECDL � Zeemanslower-extended 
avity diode laser; L1, L2, L3, andL4 � lenses of appropriate fo
al lengths; HWP1 andHWP2 � half-wave plates; PBS � polarizing beamsplitter 
ube; GB � Gaussian beam; DS � dark spoton the transparent glass plate; BS � beam split-ter; M1 and M2 � mirrors; AX1 and AX2 � axi
onlenses; HB1 � hollow beam generated using the darkspot; HB2 � hollow beam generated using the axi
onlensesperiments. The se
ond hollow beam was a variable-diameter hollow beam (HB2) generated by taking apart of a laser beam and passing it through a pair ofaxi
on lenses (with the 
one angle 176Æ) mounted ona 
alibrated translation stage (Fig. 1). These lenseswere fa
ing ea
h other in the path of the slowing laserbeam [10℄. The dark diameter of the hollow beam (d)
an be varied by varying the separation between theaxi
on lenses, similarly to an earlier work that used apair of axi
on mirrors to generate a variable-diameter
ollimated hollow beam [11℄.The experiments reported here were performedon our magneto-opti
al trap setup for metastable Kratoms, whi
h is also des
ribed elsewhere [12℄. Thes
hemati
 of this experimental setup for 
ooling andtrapping of 84Kr� atoms is shown in Fig. 2. Thekrypton gas �rst �ows into the RF dis
harge glasstube through the inlet 
hamber (C1) with the pres-sure � 10�3 Torr. The glass tube has the inner di-ameter of 10 mm and the length of 150 mm. TheKr� atoms produ
ed in this tube by the RF-driven dis-
harge (frequen
y � 30MHz) pass through the analysis
hamber (C2) with the pressure � 10�5 Torr. A Zee-man slower (length � 80 
m) along with an extra
tion
oil was 
onne
ted between the pumping 
hamber (C3)with the pressure � 10�6 Torr and the MOT 
hamber(C4) with the pressure � 10�8 Torr. It slows down the84Kr� atomi
 beam before 
ooling and trapping in theMOT 
hamber. The Zeeman slower laser beam thatwe used was 
omposed of two hollow beams as shownin Fig. 1. This laser beam propagates opposite to theatomi
 beam and is �+ polarized. Its frequen
y was de-4 ÆÝÒÔ, âûï. 3 (9) 465
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Fig. 2. S
hemati
 of the experimental setup for 
ooling and trapping metastable Kr atoms. C1 � inlet 
hamber (10�3 Torr),C2 � analysis 
hamber (10�5 Torr), C3 � pumping 
hambers (10�6 Torr), C4 � MOT 
hamber (10�8 Torr)tuned by � 80 MHz to the red of the 84Kr� transitionbetween 5s[3=2℄2 and 5p[5=2℄3 states. The 
ooling laserbeam for the MOT was split into three beams, ea
hhaving a power of � 5 mW (the 1=e2 radius � 3 mm).These beams were used in a retro-re�e
tion geometryto obtain the desired six beams for the MOT. The fre-quen
y of the MOT 
ooling laser was kept at � 6 MHzred-detuned to the 5s[3=2℄2 ! 5p[5=2℄3 transition of84Kr�. A pair of anti-Helmholtz magneti
 
oils pro-vided the magneti
 �eld gradient of � 10 G/
m for theMOT formation.In the Zeeman slower, the magneti
 �eld variationalong the atomi
 beam dire
tion was designed to pro-vide an e�e
tive 
ooling of the longitudinal velo
ity ofan atomi
 beam. In the magneti
 �eld of the Zeemanslower, the Zeeman-shifted atomi
 transition frequen
yis equal to the Doppler-shifted frequen
y of the 
ounter-propagating laser beam. This resonan
e 
ondition 
anbe expressed as !0 + �BBz=~ = !L + kv, where !0 isthe atomi
 transition frequen
y without any magneti
�eld, !L is the slower laser frequen
y, �B is the Bohrmagneton, Bz is the axial magneti
 �eld in the Zee-man slower at the distan
e z from the entran
e to theZeeman slower, and v is the longitudinal speed of anatom intera
ting with the Zeeman slower laser beam.The e�e
tive detuning of the slower laser beam fromthe atomi
 transition 
an be written as� = !L � !0 + kv � �Bz~ : (1)To know the longitudinal velo
ity of an atom at theboundary of the MOT trapping region, the initial ve-lo
ity and de
eleration in the Zeeman slower are impor-tant parameters. The de
eleration a(z; r) of an atom inthe Zeeman slower at the longitudinal distan
e z andtransverse distan
e r is given as

F (z; r) = ma(z; r) == ~k�2 Izs(r)=Is1 + Izs(r)=Is + 4(�=�)2 ; (2)where F (z; r) is the s
attering for
e, m is the mass ofthe 84Kr� atom, k = 2�=�, where � is the wavelength,� (= 2� � 5:56 MHz) is the line width, Is is the satura-tion intensity (for the 84Kr� atom, Is = 1:36mW/
m2),and Izs(r) = I0 exp(�2r2=�20) is the transverse inten-sity pro�le of the Zeeman slower laser beam. Here, rand �0 denote the transverse position and the beamspot size. This de
eleration a(z; r) governs the vari-ation in the longitudinal velo
ity with the distan
e zas v(z + Æz)2 = v(z)2 � 2a(z; r) Æz; (3)where v(z) and v(z+ Æz) are the velo
ities at distan
esz and z + Æz in the Zeeman slower. For the 
hangingvalues of v(z), the variation of Bz with z is required soas to keep the detuning (�) minimum to a
hieve maxi-mum de
eleration throughout the length of the Zeemanslower.The role of the extra
tion 
oil is to tailor the Bz�eld su
h that the longitudinal velo
ity of atoms below outside the Zeeman slower in the MOT 
hamber.This fa
ilitates the atoms rea
hing the 
apture volumeof the MOT and being trapped in the MOT. The 
ur-rents in the Zeeman slower and extra
tion 
oils wereoptimized independently to obtain the maximum �uxof the slowed atoms in the MOT 
hamber. Figure 3shows the simulated and measured magneti
 �eld pro-�le along the length of the Zeeman slower.An overlap of the MOT beams forms the trappingregion. For an atom approa
hing the trap to be �nally
ooled and trapped, it is important that its longitudi-nal velo
ity at the entry point of the trapping regionbe smaller than the 
apture velo
ity V
 = p~k�l=2m466
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z; ñmFig. 3. Variation of the magneti
 �eld in the Zeemanslower with axial distan
e. The 
ontinuous 
urve showsthe simulated �eld for a 1:3 A 
urrent in the Zeemanslower 
oil and a 3:5 A 
urrent in the extra
tion 
oil.The dots represent the measured magneti
 �eld due toboth these 
oils at these values of the 
urrents in theZeeman slower
LMOT

r = 1:5 �0r = �0 r = 0:5 �0r = 0
I0 = 50 Is
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m050100150200250300350Vz; m/s
V
 = 23 m/sFig. 4. The theoreti
ally 
al
ulated variation in thespeed of the atoms along the axial distan
e (z)of the Zeeman slower for a Gaussian slower beamIzs(r) = I0 exp(�2r2=�20). Here, I0 is the peak inten-sity, �0 is the beam waist radius, Is is the saturationintensity, V
 is the 
apture velo
ity, and LMOT is thedistan
e of the boundary of the MOT trapping regionfrom the Zeeman slower entran
eof the MOT, where l is the radius of the trap [13℄.For a Gaussian Zeeman slower beam, the 
al
ulatedvariation in the longitudinal velo
ity of the atom withthe distan
e z is shown in Fig. 4. It is evident from

Fig. 4 that the �nal longitudinal velo
ity of the atomdepends on its transverse position. For an atom mov-ing with the initial longitudinal velo
ity � 300 m/s (atz = 0) along the atomi
 beam axis (i. e., r = 0), oppo-site to a Gaussian Zeeman slower beam with the peakintensity I0 = 50Is, the �nal velo
ity of the atom atz = LMOT (i. e., at the boundary of the MOT trap-ping region) redu
es to a value lower than the 
apturevelo
ity of the MOT (V
 = 23 m/s). However, the�nal longitudinal velo
ity remains signi�
antly largerthan V
 if the atom is positioned at the transverse dis-tan
e r = �0. This 
learly shows that atoms movingo�-axis are not 
ooled to a velo
ity lower than V
 bya Gaussian-pro�le Zeeman slower beam. An in
reasein power in a Gaussian beam for the e�e
tive 
oolingof o�-axis atoms is expe
ted to lead to the destru
tionof the MOT. Therefore, we 
onsidered the preferentialin
rease in the o�-axis intensity in the Zeeman slowerbeam. This was implemented by using multiple hol-low beams of di�erent dark diameters for the Zeemanslower 
ooling. This helps keep the high o�-axis inten-sity in the Zeeman slower beam for the e�e
tive 
oolingof the atomi
 beam, along with the low on-axis inten-sity for less destru
tion of the on-axis MOT 
loud.In order to test the appropriate working of the Zee-man slower, we measured the longitudinal velo
ity ofatoms in the atomi
 beam after the Zeeman slower.Figure 5a shows the s
hemati
 of the experimentalsetup used for the measurement of the velo
ity of 84Kr�atoms by the light indu
ed �uores
en
e method. Twoprobe laser beams (probe 1 and probe 2) generatedfrom the same ECDL 
rossing the atomi
 beam at 90Æand 45Æ angles were used to ex
ite 84Kr� atoms andgenerate the �uores
en
e signals.In Fig. 5b, 
urve I shows the �uores
en
e signal fromthe atomi
 beam due to both the probe beams simul-taneously (i. e., probe 1 and probe 2, whi
h are at theangles of 90Æ and 45Æ to the Kr� atomi
 beam propaga-tion dire
tion), whereas 
urve II shows the �uores
en
esignal only due to the probe beam at the 45Æ angle (i. e.,probe 2), with a Gaussian intensity pro�le laser beamused in the Zeeman slower. Curve II in Fig. 5b showsthe longitudinal velo
ity pro�le of the slowed atomi
beam after the Zeeman slower. The position of thepeak in the signal in this �gure 
an be used to estimatethe longitudinal velo
ity of the atoms at the exit fromthe Zeeman slower. Corresponding to the main peakshown in 
urve II in Fig. 5b, the longitudinal velo
ityof atoms in the atomi
 beam is � 15 m/s. The widthof this peak shows that the full width at half maxi-mum (FWHM) of the longitudinal velo
ity distributionis � 30 m/s. This width of the velo
ity pro�le is due467 4*
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Fig. 5. a) The s
hemati
 of the experimental setupfor the measurement of the speed of an atomi
 beam.b) Typi
al �uores
en
e signals as a fun
tion of laserdetuning when two probe laser beams (probe 1 andprobe 2) 
ross the atomi
 beam simultaneously withZeeman slower beam o� (
urve I), and when only probe2 
rosses the atomi
 beam with Zeeman slower beamon (
urve II)to several reasons, whi
h in
lude the spatial variationin the slowing laser beam intensity and variation in themagneti
 �eld of the Zeeman slower [14℄. In our exper-iments, the number of atoms a

umulated in the MOTwas estimated by the �uores
en
e imaging method after
olle
ting the �uores
en
e from the MOT 
loud with aCCD 
amera [15; 16℄. Also, the hollow beam (HB2) di-ameter was varied by varying the separation betweenthe axi
on lenses.3. RESULTS AND DISCUSSIONIn order to investigate the role of the transverse in-tensity pro�le of the Zeeman slower laser beam on theMOT loading, we �rst used the HB1 beam and ob-served the number of atoms in the MOT. The numberin the MOT was maximized by varying the size of thedark spot in this beam (HB1) at a �xed input beampower of 30 mW. As shown in Fig. 6, the maximumnumber was obtained with the dark spot 1 mm size.This size of the dark spot was used in further experi-ments with the HB1 beam.Figure 7 
ompares the performan
e of a Gaussianand a hollow laser beam (HB1) used in the Zeemanslower. For the data shown in Fig. 7, the power in theGaussian beam was measured before the entran
e tothe 
hamber. For the exa
t 
omparison with the Gaus-sian beam, the power in HB1 was also measured at thesame pla
e (i. e., after the dark spot position). We ob-served that the use of HB1 as the Zeeman slower laserbeam always resulted in a higher number of atoms inthe MOT than the number obtained with the Gaussianpro�le slower laser beam (Fig. 7, 
urves a and b ). This
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Fig. 6. Measured variation in the 
old-atom number inthe MOT with the dark spot diameter of the hollowbeam HB1. The dotted line is guide to the eye
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Fig. 7. The measured variation in the 
old atom num-ber in the MOT with the power of the Zeeman slowerlaser beam. Curve a is for the power in the Gaussianbeam and 
urves b and 
 are for the power of the hol-low beam HB1 (dark spot diameter 1 mm). Curve 
shows the variation in the number with the power inthe HB1 beam in the presen
e of the HB2 beam witha power of 5 mW. The powers in HB1 and HB2 weremeasured before their entran
e into the MOT 
hamber.The dashed lines are guide to the eyeobservation is qualitatively similar to the one reportedin [8℄. However, the enhan
ement fa
tor reported inRef. [8℄ is mu
h higher than that we observed. This
ould be possibly due to a mu
h higher �ux of atomsused in [8℄ for MOT loading with ground-state alkali468
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al trap : : :Na atoms. Our MOT is loaded from metastable Kratoms with a mu
h smaller �ux than the �ux used foralkali Na atoms.Motivated by the simulations shown in Fig. 4, wethen used an additional hollow beam with a larger darkdiameter (HB2, as indi
ated in Fig. 1) in the presen
eof the HB1 Zeeman slower beam and measured thenumber of metastable Kr atoms in the MOT. Figure 7(
urve 
) shows that with this additional beam, i. e.,HB2 superimposed on the HB1 beam (with the darkdiameter of 1 mm), the observed number of atoms inthe MOT was higher than the number obtained withthe single Zeeman slower beam HB1. This observed en-han
ement in the number of atoms in the MOT (
urveb and 
urve 
 in Fig. 7) is attributed to a more e�
ient
ooling of the o�-axis atoms in the atomi
 beam dueto the superposition of the HB2 beam. The enhan
e-ment 
an be further improved by in
reasing the powerin HB2, whi
h was limited to 5 mW in the present ex-periments due to sharing the total power by the HB1and HB2 beams. The power and the diameter of these
ond hollow beam (HB2) was kept 
onstant (power:5 mW, inner diameter: 7 mm, outer diameter: 10 mm)for the measurements shown in Fig. 7. This size of HB2was 
hosen after optimization of the number of atomsin the MOT with the HB2 diameter at the power of5 mW (as shown in Fig. 8). We 
an also note fromFig. 8 that by in
reasing the ring width of the HB2beam around the optimum value of the HB2 dark di-ameter, the number of trapped atoms 
an be furtherin
reased.The improvement in the number of atoms in theMOT due to modi�
ation in the Zeeman slower beamintensity pro�le 
an be due to both e�e
ts, i. e., lessdestru
tion of the MOT 
loud and an in
reased �uxof slowed atoms for the MOT loading. To 
on�rm thee�e
t of the Zeeman slower beam pro�le on the �uxof slowed atomi
 beam, the �ux with hollow Zeemanslower beams was examined by measuring the �uores-
en
e signal from the atomi
 beam. For this, the �uo-res
en
e signals due to a probe laser beam at 45Æ (probe2) were re
orded for the Gaussian laser beam as wellas for the hollow laser beams (HB1+HB2) used in theZeeman slower. The results are 
ompared and shown inFig. 9. Curve a in Fig. 9 shows the �uores
en
e signalsfor the Gaussian Zeeman slower beam having the power30 mW, and 
urve b shows the �uores
en
e signal withthe hollow slower beams HB1+HB2 with the respe
tivepowers 25 mW and 5 mW. The results evidently showthat a higher �ux is obtained with the hollow beamsused in the Zeeman slower than that with a Gaussianbeam of the same total power.

3 6 9HB2 dark diameter, mm1:31:41:51:61:7Cold atoms number, �105

Fig. 8. The measured variation in 
old atoms in theMOT with the HB2 dark diameter in the �nal Zee-man slower beam (HB1+HB2) for the respe
tive pow-ers 25 mW and 5 mW in HB1 and HB2 beams. Thedotted line is guide to the eye
Slower beams(HB1 + HB2)b 0 50 100Probe laser detuning, MHz0

0:01Fluores
en
e signal, arb. un.

a Gaussian beam0 50 100Probe laser detuning, MHz0
0:01Fluores
en
e signal, arb. un.
Fig. 9. The �uores
en
e signals due to the 45Æ probebeam (i. e., probe 2) alone as a fun
tion of the probelaser beam detuning; 
urve a is for a Gaussian pro�le ofthe slower laser beam of a 30 mW power, and 
urve b isfor a 
ombination of hollow slower beams (HB1+HB2)with the respe
tive power 25 mW and 5 mW in HB1and HB2
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on
lusion, we report that a signi�
ant enhan
e-ment in the number of atoms in the MOT 
an bea
hieved by using two dark hollow beams in the Zee-man slower of an atomi
-beam-loaded MOT. The en-han
ement in the number of atoms is attributed tothe enhan
ed MOT loading due to e�
ient slowing ofthe o�-axis atoms in the atomi
 beam and redu
eddestru
tion of the MOT by the hollow Zeeman slowerbeam.We thank Y. B. Kale for his te
hni
al help dur-ing the experiments. We also thank S. P. Ram andS. K. Tiwari for various suggestions and help duringthe work. REFERENCES1. W. Vassen, C. Cohen-Tannoudji, M. Ledu
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