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33Feasibilit yy  stud y for dipol e trap s 
att  alternativ e wavelength s 

Wee present a pre-study of alternatives for the CO2 laser wave-
lengthh to produce a Bose-Einstein condensate of  87Rb in a 
stronglyy focused dipole trap [40, 41, 66]. In these experiments 
thee atoms are transferred from a magneto-optic trap to a far 
off-resonancee dipole trap. Based on a calculation, we show 
thatt the light shift behavior of the 87Rb 5s 25i/2 ground state 
andd 5p 2Pz/2 excited state for optical frequencies corresponding 
too wavelengths larger than 1.6 /im is similar to their behav-
iorr at the C 02 laser wavelength of 10.6 jj,m. In particular 
laserr light around a wavelength of 2 jim has several practical 
advantagess over a CO2 laser. Sufficiently high power lasers 
recentlyy became available at this wavelength. 
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3.11 Introduction 

Recentlyy there have been several experiments where Bose-Einstein condensation 
(BEC)) was observed using all-optical techniques. The atoms are trapped in a far 
off-resonancee dipole t rap (FORT) or a quasi electro-static trap (QUEST) and a 
subsequentt phase of forced evaporation results in phase-space densities larger than 
one.. The difference between the two types of traps is somewhat arbitrary, since 
theyy are both far detuned dipole traps. A QUEST is by definition a dipole trap 
wheree the laser frequency is less then half the frequency of the first allowed electric 
dipolee resonance [67]. Some of these experiments load a QUEST from atoms in a 
magneto-opticc trap. BEC is then only achieved when the trap was created by a 
tightlyy focussed CO2 laser. Equivalent approaches with neither Nd:YAG lasers, nor 
Ti:Sapphiree lasers were successful. 

Inn the first section of this chapter we wil l show that this is very likely due to the 
lightt shifts of the atomic levels in the field of the CO2 laser. In the next section we 
wil ll  derive expressions that wil l enable us to calculate these light shifts for arbitrary 
atomicc levels. Subsequently we will test the accuracy of these expressions by a 
comparisonn with experimental results for Rb. Finally we wil l use them to find other 
wavelengthss that give rise to similar light shifts as a CO2 laser. 

3.22 Earlier QUEST experiments 

Sincee the first results in laser cooling and trapping people have attempted to reach 
Bose-Einsteinn condenstation (BEC) using these, all optical, techniques. Presently, 
quantumm degenerate samples of atoms have been created by all optical means, for 
severall  atomic species 87Rb [40, 41, 66], 174Yb [68], 133Cs [43, 69]. Also a degenerate 
Fermii  gas of  6Li atoms has been created in an all-optical way [70]. However, no 
dissipativee laser-cooling techniques were used, instead the atoms are trapped in 
aa (quasi) conservative FORT or QUEST trap. The subsequent process of forced 
evaporation,, similar to what is used in conventional, magnetically confined BEC 
experimentss [33, 34] resulted in a sufficient increase of phase-space density to reach 
thee BEC threshold. 

Thee general loading procedure is similar for virtually all experiments. In the 
firstfirst stage several million atoms are collected and pre-cooled in a magneto-optic trap 
(MOT).. In the next stage the detuning of the cooling lasers is increased to « —20r 
andd the repumper power is significantly reduced, thus creating a so called temporal 
dark-MOT.. During this phase atoms can be collected in a state that is decoupled 
fromm the cooling process. In this state atoms can be collected in the potential 
minimumm of the QUEST at higher densities than achievable with straightforward 
laserr cooling. Adams et al. [71] first presented this technique to achieve high densities 
inn a FORT. Kuppens et al. [72] present a thorough investigation of the loading 
processs of a FORT. However they focus on traps with a detuning of a few nanometers 
andd therefore disregard effects of the excited-state light shift. 

Al ll  BEC experiments that use the above described loading scheme report a 
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remarkablyy high density immediately after loading the QUEST. Several explanations 
havee been suggested. They do not exclude each other and more processes may play a 
role.. Barrett et al. [40] propose a local dark-MOT; the light shift due to the strongly 
focussed,, crossed CO2 beams causes the repumper to be locally off resonant. For 
aa crossed-beam geometry there seems to be consensus that these high densities are 
likelyy due to elastic atom-atom collisions from atoms that are trapped in either of 
thee two beams and one of the two ending up in the potential well of the crossed 
region.. This process is similar to the loading of the "dimple trap" [73]. This line 
off  thought is confirmed by [74] where several istopes of Yb atoms are first loaded 
fromm a MOT in a single-beam FORT and subsequently a second FORT is switched 
onn after the MOT is switched off. The fraction of atoms in the crossed region is 
observedd to increase significantly with time for the bosonic isotopes, while for the 
fermionicc isotopes this increase is much smaller. 

Similarr compression effects, although in a completely different geometry, have 
beenn observed in the Cs experiments [43, 69]. In Ref. [69] the atoms are pre-cooled to 
aa high phase-space density and subsequently transferred to a large volume, shallow 
crossedd CO2 QUEST. Switching on a tightly focused YAG laser results in trapping 
off  a substantial fraction (« 15%) in the YAG FORT while the phase-space density is 
increasedd by an order of magnitude. In Ref. [43] atoms are trapped near a dielectric 
surfacee in a gravito-optical surface trap (GOST). Adding a strongly focused YAG 
beamm yielded a 300 times density increase [44]. 

AA comparison of single-beam and crossed-beam BEC experiments, performed by 
Cenninii  et al. [41], does however not show a remarkable difference in results. The 
densityy after transfer to the QUEST and thermalization of the sample shows an even 
higherr density in the single-beam experiment than in the crossed-beam experiment. 
However,, also the temperature is higher in the single-beam case, resulting in a lower 
phase-spacee density. 

Inn the case of loading a QUEST directly from a MOT other processes must 
playy a role. The density increase observed in experiments where CO2 lasers were 
employedd was not observed in experiments where the trap was created by a YAG 
laser.. Experiments by Adams et al. [71] illustrate this point. In e.g. [75], where a 
CO22 QUEST was used, this density increase was observed although in their case it 
wass probably limited by the small number of atoms in their MOT and the relatively 
largee CO2 beam waist. 

Cenninii  et al. [66] propose another explanation for the difference between the 
loadingg of YAG and C02 traps from a MOT. They note that although the light shift 
duee to a YAG laser is attractive for ground-state Rb atoms, it is repulsive for the 
excitedd state used in laser cooling. This has two consequences. Firstly the atoms 
aree pushed out of the trapping region when they are in the excited state. Since the 
near-resonantt laser-cooling beams are still on, the excited state is macroscopically 
populatedd even though the repumper intensity is decreased at the end of the FORT 
loadingg process. Secondly the light shifts of the ground and excited states increase 
thee energy difference between these two states. This results in a larger detuning 
off  the cooling lasers, and thus less efficient laser cooling in the FORT trapping 
region.. In the case of a CO2 trap both these effects work constructively. The light 



28 8 Feasibilityy study for dipole traps at alternative wavelengths 

element t 
trapp type 

MOT/molasses s 
MOTT ÓMOT 

dark-MOTT <5dMOT 
## atoms in MOT iV MOT 

dipol ee tra p parameters 
powerr per beam P 
trapp frequencies ~J/2-K 

beamm waist u: 
FORTT level shifts 

2 5 1 / 22 shift (Vo 
22PP3/23/2 shift, 

differentiall  shift 
FORTT inf o 

## trapped atoms AVORT 
temperaturee IFORT 

densityy TIPORT 

phase-spacee dens. PSD 

Adamss et al. [71] 
23Na a 

crossedd YAG 

44 W 

155 /jm 

- 99 MHz 
»» +9 MHz 

«« +18 MHz 

1400 ^K 
4+22 x 1012 cm"3 

Friebell  et al. [75] 
s sRb b 

standing-wavee CO2 

-244 MHz -4.0 T 
-1088 MHz -18.0 r 

106 6 

100 W 
(0.72.0.72.15)) kHz 

«« 100 (im 

- 88 MHz -1.3 r 
-200 MHz -3.3 r 
-122 MHz -2.0 r 

3.11 x 1013 em"3 

element t 
trapp type 

MOT/molasses s 
MOTT <SMOT 

dark-MOTT ^ M O T 
## atoms in MOT JVM OT 

dipol ee tra p parameters 
powerr per beam P 
trapp frequencies u>/2n 

beamm waist w 
FORTT level shifts 

2 5 1 / 22 shift U0 
22PPV2V2 shift 

differentiall  shift 
FORTT info 

## trapped atoms ALPORT 
temperaturee TFORT 

densityy nFORT 
phase-spacee dens. PSD 

Barrettt et al. [40] 
87Rb b 

crossedd CO2 

-155 MHz -2.5 T 
-1400 MHz -23.3 T 

3.. x 107 

122 W 
1.55 kHz 

»» 50 /im 

-9 .33 MHz -1 .5 r 
-25.11 MHz -4.2 T 
-15.88 MHz -2.6 T 

6.77 x 105 

388 (JK 

2.2. x 1014 cm~3 

2Ï ÏÖ/ 3 3 

Cenninii  et al. [41. 66] 
H7Rb b 

single-beamm CO2 

-188 MHz -3.0 T 
-1600 MHz -26.7 T 

6.. x 107 

288 W 
(4.8.4.8.0.35)) kHz 

277 (im 

-355 MHz -5.8 T 
-955 MHz -15.8 T 
-600 MHz -10.0 T 

1400 //K 
1.22 x 1013 cm"3 

1.22 x 10~4/3 

Tabl ee 3.1: A comparison of some experiments where a FORT is loaded directly from a MOT. The 

achievedd densities, temperatures and phase-space densities in the FORT are given for a sample in 

thermall equilibrium. They should be compared with typical values for a MOT. Note that the FORT 

levell shifts are significant with respect to the applied detunings of the MOT laser. 
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shiftss of atomic levels due to the CO2 laser light can be approximated by the DC 
polarizabilitiess of these levels. The excited-state light shift is 2.7 times larger than 
thee ground-state light shift. The excited-state atoms are therefore even more deeply 
trappedd than the ground-state atoms. Furthermore the energy difference between 
thee ground state and the excited state becomes smaller which results in more efficient 
laserr cooling in the QUEST trapping region. 

Thee reported Cs experiments are not sensitive for the excited-state light shifts, 
sincee the atoms are transferred from a conservative trap to a FORT. The excited 
statee is not populated in this scenario and high densities can be realized even using 
aa YAG laser. 

Tablee 3.1 shows a comparison of four experiments where a FORT or QUEST 
iss loaded directly from a MOT. The achieved densities, temperatures and phase-
spacee densities in the trap are quoted values after the sample has reached thermal 
equilibrium.. These values should be compared with values for a MOT, where the 
densityy is typically ~ 1011 cm- 3 and the phase-space density is typically ~ 10- 6. 
Notee that the level shifts are significant with respect to the applied detunings of the 
MOTT laser. During the MOT phase the cooling laser wil l be even blue detuned in 
thee center of the QUEST. In order to be able to load a deep QUEST it is clearly 
importantt to use a sufficiently large detuning of the cooling laser during the dark-
MOTT phase. 

3.33 Dipole polarizability tensor 

Inn order to calculate the light shift of a particular level for a particular choice of 
thee optical frequency we need to know its polarizability at this frequency. Experi-
mentallyy littl e is known about Rb polarizabilities. Most experiments have been 
performedd using static electric fields, determining values for the DC polarizabilities. 
Thee Rb (phase-space) density increase has so far been reported in experiments using 
CO22 lasers. Their frequency is so low that the polarizabilities at this wavelength are 
welll  approximated by the (experimentally determined) DC polarizabilities. When 
wee are looking for similar effects for other, higher frequencies of the light we need 
too rely on calculations. 

Thee first part of this section describes how the level shifts can be calculated 
usingg known values of the polarizability. The next part focusses on deriving general 
equationss to calculate the dipole polarizability tensor. Finally some approximations 
aree performed to achieve equations that are practically usable. 

3.3.11 Light shift 

Similarr to Eq. (2.49) the light shift of a certain atomic level can be calculated by 

Ud i pp = - ^ ( É t . d ) = - ^ Ê t . a - Ê. (3.1) 

Thee indices of the tensor U are the initial and final magnetic sub-states of this 
atomicc level. The eigenvalues of U are the light shifts of the various magnetic sub-
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levels.. The last part of Eq. (3.1) is valid when the induced dipole d is proportional 
too the applied electric field E. Moments with even powers of E are zero, because 
thee relation d(E) = — d(—E) is not fulfilled. This relation should be fulfilled in the 
casee of atoms, since these are symmetrical. For non-symmetrical particles, such as 
molecules,, even powers of E can appear. Higher moments with odd powers of |E| 
aree only significant for very high laser powers (non-linear optics). The brackets ) 
denotee averaging over a period of the optical field. Bonin and Kadar-Kallen [76. 77] 
presentt a general description to calculate d, although they do not always give a 
completee derivation of their equations or references thereof. 

3.3.22 Dipole polarizability tensor 

Contraryy to the treatment of the polarizability tensor a in chapter 2, we can now 
nott limi t ourselves to the case where the detunings of the applied fields with respect 
too the transition frequencies are small, so that the rotating wave approximation can 
noo longer be applied. For |<5| ^$> F and low saturation (so that spontaneous emission 
processess can be neglected) the polarizability tensor becomes 

ff  {Fm"\£>\F'm')(F'm'\D\Fm) (Fm"\D*\F'm,)(F'm'\Di\Fm)\ 

F'm'F'm' \ k (uFF> — W) k (wFF' + Lj) J 

(3-2) ) 
I tt has the same indices as the polarizability tensor derived in chapter 2: the initial 
andd final magnetic substates m and m" and the polarizations q and q' of the absorbed 
andd emitted photons, necessary to make this Raman transition. The symbol S 
denotess summation over discrete indices and integration over continuum states, and 
DD denotes the dipole operator. The frequency difference between the states \F) and 
\F')\F') is u}FF', and UJ is the frequency of the driving field. 

I tt is customary in the literature [76, 77] to expand the polarizability tensor as 
follows s 

dijdij  = otaöij - Qi(FiFj - FjFi ) + a2 F(2F - 1)  ̂ * 

withh i,j denoting cartesian coordinates, öl3 the identity operator, and F; the an-
gularr momentum operator. It is written as an operator, but squeezed between an 
initiall  state \Fm) and a final state \Fm"), it is equal to Eq. (3.2). The scalar polar-
izabilityy do describes e.g. the index of refraction of a vapor of atoms with randomly 
orientedd spin directions. The vector polarizability a.\ can give a contribution for 
statess with F > |, and describes phenomena like paramagnetic Faraday rotation of 
planee polarized light by spin polarized atomic vapors. The tensor polarizability a2 

cann give a contribution for states with F > 1, and describes e.g. birefringence of a 
vaporr of spin-aligned atoms. 

Thee frequency-dependent scalar, vector, and tensor polarizabilities are defined 
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by y 

*-^£^™ ^^  <3-4> 
° 22 = 3 f t ( 2 F + l )£ ^ . - ^ ( F l | D | | F) ' 

AA difference in frequency dependence occurs because the scalar and tensor polariza-
bilitiess are the symmetric part of the polarizability tensor (a + a^) /2, while the 
vectorr polarizability is the anti-symmetric part (a — cJ)/2. Since a\ is proportional 
too to whereas ÜQ and c*2 are proportional to LOFF', the vector polarizability wil l become 
lesss important with respect to the other contributions for larger wavelengths of the 
drivingg field. For DC fields it is equal to zero. 

Thee factor (F'UDIJF) denotes the reduced dipole matrix element as defined in 
thee previous chapter. Because it is more convenient in this case and more general 
inn the literature the alternative definition of the reduced dipole matrix elements 
mentionedd in section 2.3.2 wil l be used in this chapter. The distinction between the 
twoo definitions is maintained by using a notation with parentheses (*||  ||-) instead of 
thee notation with angular brackets {-||  j|-) which was used in the previous chapter. 
Thee reduced matrix elements for the hyperfine structure levels can be simplified 
usingg a transformation similar to Eqs. (2.42) and (2.43) 

(F ' | |D | |F )22 = (2F' + 2)(2F + 1) {  J, ^ }  }  (J ' | |D | |J )2. (3.5) 

Thee factors (fio(FtF'), (f>i(F,F'),  and faiF, F') are given by 

MF,MF, F') = (5F,,F_! + < W + 5F.,F+u (3.6) 

1 1 1 1 

MF,nMF,n = -JÖF>,F-I - F ( F + 1 )<w + prn;^,^!, 

0 2 ( F , F)) = - A F , F „ : + ^r^Sr.F - { F + 1 ) ( 2 F + 3 ) ^ + " 

wheree 5mn represents the Kronecker delta. For DC fields a thorough derivation of 
thee scalar and tensor polarizability pre-factors is presented in [78, 79]. 

Ass wil l be obvious in the next section, it is sometimes convenient to work with 
oscillatorr strengths instead of dipole matrix elements. The dimensionless oscillator 
strengthh fFF> is defined by 

I tt wil l be especially useful to express the scalar polarizability in terms of thee oscillator 
strength h 

nn e\MF,nfFF' ,__. 
O!oo = — k - — 5 — —. (3.8) 

mee F' u)FF, — ur 
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3.3.33 Approximations of polarizability tensor 

Duringg the loading of the QUEST trap also the MOT lasers and the quadrupole 
magneticc field are present. These might influence the effectiveness of the QUEST 
trap.. If we compare the QUEST light shifts mentioned in Table 3.1 with the Zeeman 
shiftt of a typical MOT magnetic field gradient of 10 G/cm over a typical trap width, 
wee see that the former is much larger than the latter. The presence of the MOT 
magneticc field thus doesn't influence the QUEST trap in the parameter range that 
wee consider. The presence of the MOT beams mainly result in the destruction of the 
spinn alignment of the atoms due to scattering. However, the typical scattering rate 
off  100 kHz is very low compared to the frequency with which an atomic dipole aligns 
withh the applied electric field. We therefore conclude that even in the presence of a 
MOT,, the description of the light shift in a QUEST trap as derived in this section 
iss valid. 

Forr linearly polarized light only the azz component of the polarizability ten-
sorr needs to be considered. Furthermore if the quantization axis of the atom is 
takenn parallel to this polarization, the off-diagonal elements (Fm"\azz\Fm) are zero. 
Thereforee {Fm\azz\Fm) are the eigenvalues of the azz operator. Eqs. (3.3). (3.4). 
andd (3.6) then reduce to 

/ITT i~ IP \ J. 3 m 2 - F ( F + l ) 
aaMM = (Fm\aez\Fm) =a0 + a2—p^F - 1 )—' 

Thiss is an expression that is generally found throughout the literature [80, 81]. From 
thiss expression we can understand the pre-factor of the tensor polarizability term. It 
iss chosen such that in this particular approximation of the polarizability it becomes 
equall  to 1 for states with m = F. 

3.44 Specific situation for rubidium 

3.4.11 Discussion of unit systems 

Thee S.I. unit of polarizability is Cm2/V . The equations presented in section 3.3 also 
requiree S.I. units. In the literature however, experimental values are often specified 
inn cgs units of cm3 or A3 = 10~24 cm3, whereas theoretical values tend to be given 
inn ÜQ, with o0 the Bohr radius. Values can be converted between these unit systems 
byy the following relations. 

a[cm3]]  = 106a3a[a3] = 1.48184 x 10"25a[a3] , 

a[Cm2/V ]]  = 47rl0"6£0a[cm3] - 1.11265 x 10-16a[cm3] , (3.10) 

a[Cm2/V ]]  = 4ire0a
3
Qa[4} = 1.64878 x 10-41a[a3] . 

Thee S.I. unit Cm2 /V is equivalent to J / (V /m)2 from which is clear that it can be 
convenientt to express the polarizability as a/h, which has a unit Hz/ (V/m)2 and 
givess rather straightforwardly the level shift for a given electric field. The S.I. unit 
forr a dipole d or a reduced dipole matrix element is Cm. 
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Rbb transition 

5 52 S1 / 2 - 5 p2 P1 / 2 2 

5ss 251 / 2 _  5p 2p3 /2 

5 52 51 / 2 - 6 p 2 p1 / 2 2 

555 2 51 / 2- 6 p 2 p3 /2 

5 * 2 S1 / 2- 7 p2 P1 / 2 2 

5525 i / 2 ^7p2p3/ 2 2 

5 52 5 i / 2 - 8 p2 P1 / 2 2 

5 525 i / 2 - 8 p 2 p3 / 2 2 

5 p 2 p1 / 2^ 555 251/2 

5p5p22PPl/2l/2  ̂ 6s2Sl/2 

5 p2 P1 / 2 - 7 55 25i/2 
5 p2 p1 / 2^ 8 52 5 i / 2 2 
5p2P i /2^4d2D3 / 2 2 

5p2P1 /2^5rf2L>3/2 2 

5p5p22PP1/21/2->->  6d2D3/2 

5p2P3/22 -*  55251 /2 

5p2P3 /2^65251 / 2 2 

5p5p22PPZ/2Z/2̂ 7s^7s22SSl/2 l/2 

5 p2 P3 / 2 - 8 s2 S1 / 2 2 

5p2P3/2^4d2D 3/2 2 
5p2P3/2^4d2p)5/ 2 2 

5p5p22PP3/23/2  ̂ 5d2D3/2 

5p2p3/22 -+ 5d2D5/2 

5p5p22PP3/23/2 -+ 6d2D3/2 

5p2P3/22 - 6cf2D5/2 

(n 'J ' | |D | |nJ)) (ea0) 
calculated d 

4.221 1 
5.956 6 
0.333 3 
0.541 1 
0.115 5 
0.202 2 
0.059 9 
0.111 1 
4.221 1 
4.119 9 
0.954 4 
0.504 4 
7.847 7 
1.616 6 
1.180 0 

5.956 6 
6.013 3 
1.352 2 
0.710 0 
3.540 0 

10.634 4 
0.787 7 
2.334 4 
0.558 8 
1.658 8 

experimental l 
4.231(3) ) 
5.977(4) ) 

4.231(3) ) 

5.977(4) ) 

fjj' fjj' 

(io-3) ) 
341.8(5) ) 
694.9(5) ) 

3.99 9 
10.6 6 
0.559 9 
1.73 3 
0.158 8 
0.558 8 

-341.8(5) ) 
0.1945 5 

19.0 0 
6.35 5 

633.3 3 
52.01 1 
34.04 4 

-347.5(5) ) 
200.8 8 

18.72 2 
6.21 1 

62.19 9 
561.12 2 

6.06 6 
53.28 8 
3.75 5 

33.11 1 

Ao o 
(nm) ) 

794.979 9 
780.242 2 
421.672 2 
420.298 8 
359.259 9 
358.807 7 
335.178 8 
334.968 8 
794.979 9 

1323.879 9 
728.2003 3 
607.2436 6 

1475.644 4 
762.1030 0 
620.8026 6 

780.242 2 
1366.875 5 
741.0214 4 
616.1331 1 

1529.261 1 
1529.366 6 
776.1571 1 
775.9786 6 
630.0966 6 
630.0067 7 

Tabl ee 3.2: Data of some relevant transitions. Reduced dipole matrix elements in atomic units as 

calculatedd by Safronova et al. [82, 83]. The experimental matrix elements of the Di and the D2 lines 

aree from [63]. The values can be converted to S.I. units by multiplication by eao = 8.47836 x 10 - 3 0 Cm. 

Thee oscillator strengths fjj> of these transitions are calculated from the experimental reduced dipole 

matrixx elements whenever available and from the calculated elements otherwise. The wavelengths A() 

off the transitions are from [84] 

Forr the reduced dipole matrix elements of the transitions in Rb mainly theoretical 
valuess are reported. They are specified in atomic units. These can be converted to 
S.I.. units by 

d[Cm]]  = ea0d[ea0]  = 8.47835 x 10-30d[ea0] . (3.11) 

3.4.22 Dipole matrix elements and transit ion energies 

Inn order to calculate polarizabilities we need values for the reduced dipole matrix 
elementss of the transitions in Rb and values for the energy differences between 
particularr levels. Only for the 5s25i/2 —> 5p2p1/2 and 5525i/2 —>  5p2P3/2 transitions 



344 Feasibility study for dipole traps at alternative wavelengths 

nss S1/2 np P,/ : np PVP nd D ^ nd D;/? nf F5/2.7/2 
ionizationn energy 4.1771 eV 

Figur ee 3 .1 : Grotrian diagram of the spectrum of Rb. The wavelength values are from [84] and are 

assignedd to a particular transition by comparison with the less accurate data from [85]. The ionization 

energyy is also from [84]. 
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experimentall  values are known [63]. In this paper a measurement of the line strength 
55 of the 5s —• bp transition is presented. The value of S can be converted to a 
reducedd dipole matrix element using the relation (L5p||Dj|L5s) = y/tS5s^5P/(25' + 1), 
[52].. By means of Eqs. (2.44) and (2.45) the reduced dipole matrix elements of the 
D\D\ and the Z)2 lines can be derived, which results in 4.231(3) eao and 5.977(4) 
eaoeao respectively. For several other transitions Safronova et al. have calculated 
valuess [82, 83]. For convenience, the values which will be used to calculate the 
polarizabilityy are given in Table 3.2. Values for the energy differences between two 
levelss are derived from wavelength data taken from [84]. The wavelengths in this 
referencee are assigned to a particular transition by comparison with the less accurate 
dataa from [85]. These data are shown in a Grotrian diagram in Fig. 3.1. Only the 
transitionss which are shown in solid lines are used in the calculations, limited by the 
availabilityy of known reduced dipole matrix elements. Transitions indicated with 
dashedd lines are not used in the calculations. 

Forr an effective one electron system, the sum rule 

£ / " '' = 1 (3-12) 
j ' ' 

appliess for the oscillator strength as defined by Eq. (3.7). With this rule we can 
checkk whether the important transitions from a certain initial state are taken into 
account.. In order to calculate the light shift of the 5s25i/2 ground state, sufficient 
levelss are taken into account, since the oscillator strengths of this level, shown in 
tablee 3.2, indeed add up to approximately one. For the 5p2Pi/2 and 5j92P3/2 excited 
statess the oscillator strengths add up to 0.597 and 0.600 respectively. It seems that 
manyy important transitions are lacking. Although these are all highly excited and 
continuumm states, and we thus expect their influence on the polarizabilities in the 
infraredd range we are interested in to be limited, we will try incorporate this missing 
oscillatorr strength. 

Sincee we are interested in a wavelength range that is far detuned with respect 
fromm the missing transitions, it is reasonable to introduce a fictitious extra level at 
thee ionization energy. We will take the oscillator strength of the transition between 
thiss extra level and either of the 5p2Pi/2 and 5p2P3/2 states equal to the lacking 
oscillatorr strength fc. We can not attribute sub-structure to this extra level, so we 
willl only determine the contribution of this fictitious level to the scalar polarizability. 
Analogouss to Eq. (3.8) this contribution consists of the addition of an extra term 

withh hujoo is the ionization energy of either of the 5p2Pi/2 or 5p2P3/2 states. 
Apartt from the contribution of the valence electron, there is a contribution from 

thee core (non-valence electrons). Also these electrons are coupled to excited states 
andd give a contribution to the polarizability. Johnson et al. [86] calculate this 
contributionn to the scalar polarizability to be 9.3 al = 1.5 x 10^40 Cm2/V. Since 
thesee are deeply-bound electrons, we assume it to be independent of the frequency 
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off  the light, an assumption also made by Safronova et al. [83]. They also estimate 
thee contribution of the not-incorporated levels and the continuum to the 5s 2Si/2 DC 
scalarr polarizability to be < l%c. 

3.4.33 Comparison with experimental polarizability values 

Inn the literature experimental and theoretical values of the scalar polarizability aG 

andd the tensor polarizability Q2 are given for some Rb levels for DC electric fields. 
AA summary of these values, converted to S.I. values, is shown in Table 3.3. 

Inn order to test the accuracy of our calculations and of our method to take 
thee missing oscillator strength into account, we have attempted to reproduce these 
experimentall  polarizabilities. Fine-structure polarizabilities can be calculated by 
replacingg all F and F' by J and J' respectively in Eqs. (3.3)-(3.9): Eq. (3.5) does 
nott apply. The theoretical reduced dipole matrix elements of Table 3.2 have been 
used,, except for the D\ and the D2 lines for which the experimental values were used. 
Thee results of these calculations are presented in the last two columns of Table 3.3. 
Thee core polarizability which is discussed in section 3.4.2 has been incorporated in 
thee calculation of a0. It is obvious that our calculations without the correction term 
aacc yield systematically lower results while the experimental values are reproduced 
welll  when the correction term ac is added to the polarizability. 

Duee to the limited number of (especially short wavelength) transitions which are 
takenn into account in the calculations we expect a breakdown of the calculations for 
thee 5s25i/2 state below 400 nm. and for the 5p2Pi/2 and 5^2P3/2 states below 700 
nm.. For wavelengths above 1 /um. however, we do not expect problems. 

3.55 Alternative QUEST wavelengths 

Usingg Eqs. (3.9) and (3.4)-(3.6) and the reduced dipole matrix elements from Table 
3.22 the entire spectra, of the polarizabilities a of the 5s2S\/2, F = 1,2 states and 
thee 5p2P'}/2- F = 3 state have been calculated for wavelengths A0 of 700 nm and 

level l 
k k 

frequency y 

aaQQ(hs(hs22SSl/7l/7)) (DC) 
aa00{5s{5s22SSl/2l/2)) (1064 nm) 
Q0(5p2P1/2)) (DC) 
ao(5p2P3/2)) (DC) 
aa22(5p(5p22PP3/23/2)) (DC) 

experimental l 
polarizabilityy values 

1 Q - 39 9 

Cm2/V V 

5.33 (1) 
12.77 (1.0) 
13.44 (1) 
14.133 (17) 

-2.699 (6) 

ref. . 

[87] ] 
[76] ] 
[88] ] 
[81] ] 
[81] ] 

calculatedd polarizability 
withoutt QC 

1 Q - 39 9 

Cm2/V V 

5.25 5 
11.34 4 
12.40 0 
13.39 9 

-2 .6 6 

withh QC 

1 Q - 39 9 

Cm2/V V 

5.25 5 
11.34 4 
13.11 1 
14.12 2 

-2 .6 6 

Tabl ee 3.3: Experimental DC values of polarizabilities of some Rb levels including references. All values 

havee been converted to S.I. units. The calculated values are shown without and with the correction 

termm ac. 
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higher.. The correction term ac has been taken into account in the calculations of 
thee latter spectrum. The results are shown in Figs. 3.2(a) and (b). The tails at 
thee long wavelength side gradually tend to the DC polarizability values. The solid 
liness are the scalar polarizabilities. For the 5s 2Si/2 ground state, the polarizability 
iss equal for both hyperfine levels and the tensor polarizability vanishes. 

Examiningg the spectra with the criterion that both the ground and excited-state 
polarizabilitiess must be positive, so that both states are in an attractive potential 
givess two wavelength regions for which this criterium is fulfilled. The first is between 
thee excited-state resonance with the 6s25i/2 state at 1366 nm and the zero crossing 
att approximately 1400 nm. The second is for wavelengths larger than that of the 
excited-statee resonance with the 4d2D-3/2,5/2 2 statess at 1529 nm. 

Thee first region is a rather narrow window where the excited-state polarizability 
dependss strongly on the wavelength. Using a tunable laser in this wavelength region 
wouldd thus allow us to change the local laser-cooling efficiency in the QUEST region, 
whilee keeping the QUEST trap depth, the 5s 2S,

1/2 polarizability constant. There are, 
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Figur ee 3.2: Polarizability plots for (a) the 5s2S1 / 2 . F = 1.2 states and (b) the magnetic sub-states of 

thee 5p2P3 /2 F = 3 state of 87Rb, for a linearly polarized light field. On the large wavelength side the 

curvess gradually tend to their DC values. The 5p 2P 3 / 2 scalar polarizability overlaps with the m = 2 

curve. . 



388 Feasibi l i ty s tudy for  dipole trap s at al ternat iv e wavelengths 

m== 0 
mm =  ± 1 
m = ±2 2 
mm =  ± 3 

750..  1000 .  1250 .  1500 .  1750 .  2000 .  2250 .  2500 .  2750 .  3000 . 

Ao(nm) ) 

Figur ee 3.3: The difference in polarizability between the ground-state and excited-state sub-state relative 

too the ground-state polarizability versus wavelength Ao. This graph is useful to determine the differential 

lightt shift for a given value of the FORT trap depth. 

however,, no lasers available in this wavelength region with sufficient power. 
Inn the second wavelength region, lasers have recently become available that are 

suitablee for these purposes. There are e.g. erbium and thulium fiber lasers, which 
operatee between 1530 to 1620 nm and 1750 to 2200 nm respectively. Both are 
availablee up to 150 W CW output power in a single spatial mode, M 2 < 1.1. The 
linewidthh of these lasers is however rather large, specified to be smaller than 1.0 nm, 
whichh corresponds to a coherence length of a few millimeters. These wavelengths 
havee some favorable properties compared to the CO2 laser wavelength of 10.6 ^m 
fromm an experimentalist point of view. Most standard optical materials, such as 
BK7,, flint glasses, and quartz (fused silica), are still transparent for these wave-
lengths.. So no special vacuum windows are needed, and even a quartz cell can be 
usedd to perform the experiment, which enables one to keep the lenses outside the 
vacuum.. Furthermore, it is easier to create small foci at a wavelength of 2 ^im. A 
disadvantagee of these wavelengths is the presence of a minor absorption peak of wa-
terr around a wavelength of 2000 nm. This will , however, pose no serious limitations. 
Forr wavelengths that are too close to the 1529 nm resonance the excited-state light 
shiftt becomes very large, which would require an uncomfortably large detuning of 
thee cooling lasers in order to keep them red detuned from the cooling transition. 

Fig.. 3.3 shows the difference in polarizability for the ground state and the 
magneticc sub-states of the excited state relative to the ground-state polarizability. 
Thiss graph is very useful to determine the differential light shift between the excited 
andd the ground state for a given QUEST trap depth. The long wavelength tail 
graduallyy decreases to the DC value of 1.68 for the 5p2Ps/2 scalar polarizability 
(whichh overlaps with the m = 2 curve) or to 1.19 for the 5p2P3/2 F =  = 3 
magneticc sub-state. 

A tt a wavelength of 2 ^m the polarizability of the 5s2Si/2 state is 6.18 x 10~39 

Cm2 /V .. The scalar polarizability of the 5p2P3/2 state is 3.28 x 10"38 Cm2/V , while 
thee total polarizability of the F =  = 3 magnetic sub-state is 2.63 x 10~38 

Cm2 /V .. This leads to values of the relative polarizability difference of 4.32 and 3.26 
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respectively.. For a moderate trap depth of 10 MHz as in the experiment by Barrett 
etet al. [40], the differential light shift of the MOT cooling transition is 33 MHz. For 
tightlyy focussed QUEST beams with very deep trap depth of 30 MHz, so that the 
parameterss of Cennini et al. [41, 66] are approached, the differential light shift of the 
MOTT cooling transition will be 98 MHz. The detuning of the cooling lasers during 
thee dark-MOT phase should be considerably larger than these values. 

3.66 Conclusions 

AA wavelength of 2 /im is very promising for creating a QUEST. We predict that 
aa 2 /jm laser will show similar behavior as a CO2 laser when it is used as a far 
off-resonancee dipole trap for Rb. Both wavelengths create a confining potential for 
bothh the ground and the excited state of the 5s2Si/2 —• 5p2P3/2 transition, which is 
usedd for laser cooling. 

AA QUEST at 2 ^m has some experimental advantages over a C02 laser QUEST. 
Noo special vacuum windows are needed and the experiment can even be performed 
inn a quartz cell, which makes it possible to put the lenses outside the vacuum. 
Furthermoree it is easier to create small foci at a wavelength of 2 //m. A slight 
disadvantagee is that a larger detuning of the laser-cooling light is needed during the 
dark-MOTT phase, in order to prevent the laser-cooling beams to be effectively blue 
detunedd in the QUEST trap center. This is because the differential light shift for a 
givenn trap depth for a 2 j^m laser is 2.68 times larger than the DC differential light 
shift. . 
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