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Magneticc Trapping 

Afterr collecting the atoms in the MOT and polarization-gradient cooling the following 
experimentall  step towards BEC is magnetic trapping of the atoms. In order to magneti-
callyy trap the gas it has to be spin polarized. Therefore, the atoms are optically pumped 
intoo the state | 5 5 i ,F = 2,mF = 2). The trapping is realized by switching on a shallow 
magneticc potential preserving the size of the cloud ('size matching'). This transfer is 
followedd by adiabatic compression of the cloud, which is done by slowly increasing the 
currentss through the magnetic field coils. Aside from the procedural steps of loading 
thee trap, in this chapter also the performance of the trap is described. Measurement of 
thee lifetime of the sample in the compressed magnetic trap gives information on whether 
efficientt evaporative cooling is possible and BEC can be achieved. Measurement of the 
harmonicc trap frequencies is essential for subsequent quantitative analysis of the trapped 
Bose-gass in the degenerate regime. 

6.11 Magnetic trap loading 
Afterr polarization-gradient cooling the gas is not spin polarized. Only a fraction of the 
atomss would be trapped when switching on the magnetic trap at this stage. In order to 
spinn polarize the atoms, they are optically pumped into the state | 5 S i ,F -2,mF = 2) 
withh respect to the symmetry axis of the trap (z-direction). During optical pumping 
thee quantization axis is defined by applying a magnetic guiding field of 220 mG along 
thee z-direction. For this purpose the Earth-field compensation coils are used. For the 
opticall  pumping two overlapping laser beams are applied also along the symmetry axis 
off  the trap. One beam is tuned resonant with the optical pumping transition (compare 
Sectionn 2.1.1), the other with the repuming transition. Both laser beams have a+-
circularr polarization with respect to the axis of quantization. The atoms are exited to the 
|5Pa,, F = 2) state by A mF = +1 transitions. From this state they decay spontaneously 
into22 both hyperfine ground states, from where they are reexcited by the lasers. After a 
feww cycles, the atoms are pumped into the |55i, F = 2, mF = 2) state. They stay in this 
state,, as they do not interact with the light fields anymore. In this way it is possible to 
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62 2 CHAPTERCHAPTER 6 : MAGNETIC TRAPPING 

opticallyy pump all parts of the gas cloud, although it is originally optically dense for the 
resonantt light fields. 

Thee efficiency of the optical pumping process is limited by reabsorption of unpolarized 
fluorescencee light. This light pumps the atoms out of the dark state to undesired Zeeman 
states.. For a long optical pumping time the efficiency will not be further increased, but 
thee cloud wil l be heated due to continuous scattering of light. 

Inn order to estimate the time needed for optical pumping the absorption cross-section 
averagedd over the optical pumping and repumping transitions is calculated to be a"abs = 
(3A2/8TT)) % 7 x 10_ 1 0cm2. Assuming a density of the cloud of about n = 101 0cm- 3, 
thee penetration depth is on the order of (naa bs)_1 = 140/mi. Thus, the time needed 
forr optical pumping of the cloud of 1 cm size is about 70 times longer, than the optical 
pumpingg time for a single atom. If one roughly assumes, that on the average a single 
atomm has to scatter 20 photons before ending up in the \F = 2,mF = 2) state, the 
opticall  pumping time for a single atom is in case of saturation 1 /ts. This results in an 
opticall  pumping time for the entire cloud of approximately 140 /is. In the experiment the 
optimumm optical pumping time was found to be 200//s. In order to produce this short 
lightt pulse the optical pumping beam is switched by means of an AOM. The repumping 
laserr is switched by a mechanical shutter. It is switched off a few milliseconds later 
thann the trapping laser. This prevents the atoms from ending up in the | 5 5 i ,F = 
1)) state. Atoms, which remain in the | 5 5 i ,F = 2,mF = 1}  state due to inefficient 
opticall  pumping, are not trapped in the magnetic potential. These atoms fall out of 
thee magnetic trap within the first 150 ms of magnetic trapping, as the gradient in the 
magneticc potential is not strong enough to support them against the gravitational force. 
Thee achieved efficiency of the optical pumping is about 40 %, as 4 x 109 atoms are trapped 
inn the magnetic trap, starting with 1010 atoms in the MOT. 

Afterr optical pumping the magnetic trap is switched on for recapture of the atoms. 
Thee current through the pinch coils rises within 1.5 ms to its set value, followed by a 20 % 
overshoot.. The total settling time is 10 ms. The current in the Ioffe coils is switched on 
withinn 2.5 ms with a 25% overshoot and a settling time of 15 ms. As the current in the 
pinchh coils rises faster than the current through the Ioffe coils, the axis of quantization 
iss preserved during the initial rise of the currents. When the full current is reached the 
minimumm value of the magnetic field inside the trap is 37 G. As the quadrupole field 
catchess up with the axial field the magnetic moments of the atoms follow adiabatically 
thee direction of the local magnetic field (compare Section 2.2). 

Too avoid heating of the gas cloud its size must be conserved in the transfer process. For 
BB00 = 37 G the trap is approximately harmonic over the size of the gas cloud. Therefore, 
thee density distribution has a Gaussian shape (compare Section 2.3.2). For a given 
temperaturee the harmonic trap frequency w* in the i-direction has to be matched to the 
l/e-radiuss r0)ï of the cloud, according to Equation (2.17). For different values of ĉ  the 
cloudd would not be in thermal equilibrium and would start to expand or shrink after the 
transfer.. This would lead to an increased temperature after thermalization. 

Inn the experiment, the trap frequencies were adjusted, to minimize the temperature 
increasee during the transfer process. The temperature of the transferred cloud was mea-
suredd after a thermalization time of 4 s using the time-of-flight method as described in 
inn Section 5.4. As the density distribution in the Ioffe-quadrupole trap is not Gaussian, 
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thee time-of-flight method was applied only in the limi t of long expansion times, where 
thee density distribution of the trapped gas is of no importance. 

Startingg with a 3 mm gas cloud at a temperature of 40 /zK the optimum trapping 
parameterss were found to be B0 = 37 G, a = 37G/cm, and (3 = 36G/cm2. This 
correspondss to a roughly isotropic trap of u = 2TT  7.5 Hz. From an estimate based on 
Equationn (2.33) one calculates u; = 2?r  4.6 Hz. A strict agreement is not to be expected, 
ass for a < (3rz the radial confinement is significantly reduced as can be seen from 
Equationn (2.8). In order to prevent atom loss the quadrupole gradient and with it the 
radiall  frequency as calculated by Equation (2.12) is slightly increased. Another reason for 
usingg a slightly stronger confinement is the increased temperature of the trapped cloud 
afterr the transfer, which is typically 66 //K. The rise in temperature during the transfer 
iss attributed to momentum diffusion due to photon scattering during optical pumping 
orr imperfections of the compensation of the gravitational shift described in the following 

paragraph. . 
Duee to gravity the minimum of the magnetic trapping potential is not at the same 

positionn as the minimum of the magnetic field. For the harmonic potential the shift is 

A % a vv = ^ f « 4 m m , (6.1) 
Up Up 

wheree pearth is the gravitational acceleration of the Earth. However, the center of the 
cloudd produced by the MOT is independent of gravity, as magneto-optical trapping is 
nott based on a conservative potential. A motion of the center of mass of the cloud during 
andd after the transfer to the magnetic trap has to be prevented, as it would result in 
ann increased temperature after thermalization. Therefore, the center of the magnetic 
potentiall  has to coincide with the center of the cloud. This is achieved by shifting the 
symmetryy axis of the Ioffe-quadrupole field in the vertical direction, which can be realized 
byy reducing the current in the upper one of the four Ioffe-coils /ioffei relative to the current 
throughh the other Ioffe coils /ioffe2-4 (compare Figure 3.5). For small variations of the 
currentss the shift of the quadrupole axis is proportional to the relative difference of the 
currentss y0 (/ioffe2-4-/ioffei)//ioffe2-4 with the constant y0 = 7.7 mm. For compensation 
off  the gravitational shift a current of 25 A is used in the Ioffe bypass (branch D). 

6.22 Adiabatic compression 
Cruciall  for efficient evaporative cooling is a high elastic collisional rate allowing a short 
thermalizationn time of the gas. Therefore, it is essential to adiabatically compress the 
magneticallyy trapped gas, until the condition for runaway evaporative cooling is met 
(comparee Section 2.54). To realize the adiabatic compression the currents in the Ioffe-
andd pinch- and compensation coils are gradually increased to 400 A during a period of 
6.6155 s. Adjusting the offset magnetic field to B0 = 0.85 G by means of the bypass resis-
torr results in trap frequencies of uz = 2TT  21.6 Hz and u)p = 2TT - 486.6 Hz as follows from 
Equationss (2.11) and (2.12) and the trap parameters given in Table 3.2. These values are 
inn good agreement with the measured trap frequencies presented in Section 6.4. After the 
adiabaticc compression the temperature of the cloud is approximately 760 /^K. During the 
adiabaticc compression no significant atom loss was observed. At this temperature and 
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withh the measured atom number of 4 x 109 , the peak density of the cloud is calculated to 
bee 7 x 1011 cm"3. The elastic collisional rate as defined in Equation (2.58) was increased 
fromm approximately r j 1 = n(0)avT = 3 s_ 1 before the compression, to r j 1 = 275 s"1 

afterr compression, with the thermal velocity vT = y/8kBT/ir m. Note that the thermal-
izationn rates are slightly smaller, as for the calculation of the elastic collision rate only the 
peakk density is considered. The degeneracy parameter of the gas is n(0)Af. = 2 x 10~7 , 
manyy orders of magnitude away from quantum degeneracy (compare Equation 2.19). 

Duringg adiabatic compression the currents in the magnetic field coils were changed 
inn four successive steps. The order of these steps depends on the technical possibilities 
providedd by the electronic control of the trap currents, which is shown in Figure 3.5. In 
thee following the steps are briefly described. Table 6.1 summarizes the the values of the 
magneticc trap parameters and the cloud temperature after each of the steps. 

0.. Start: The magnetic trap is switched on with a shallow confinement in order to 
recapturee the optically pumped cloud (path A closed, path B open, compare Fig-
uree 3.5). The gravitational shift is compensated by reduction of the current in the 
upperr Ioffe-coil (path D &; E used). 

1.. Step: The cloud is radially compressed, by increasing the current through the com-
pensationn coils (opening path A) and decreasing B0. At the same time the com-
pensationn of the gravitational shift of the position of the cloud in the magnetic 
potentiall  is gradually switched off (closing path D). For this purpose, the current 
bypassedd from the upper Ioffe coil is reduced to zero. 

2.. Step: For compression in the direction along the symmetry axis of the trap the 
currentt through the pinch coils is increased to 400 A (power supply A). Although 
att the same time the current through the compensation coils increases (path A), 
thee central magnetic field B0 does not remain constant, but increases. In order 
too keep the radial trap frequency constant during this step the current in the Ioffe 
coilss is also increased (power supplies B & C). After this step the trapping potential 
iss almost spherical. 

3.. Step: To increase the linear gradient of the quadrupole field the current in the Ioffe 
coilscoils is increased to 400 A (power supplies B & C). 

4.. Step: In the last step full radial compression is achieved by lowering B0. Almost 
thee full current through the pinch coils runs also through the compensation coils 
(byy closing path B). The exact value of B0 is adjustable by the current running 
throughh the resistor bypassing the compensation coils. If no current runs through 
thee bypass resistor, the central magnetic field is B0 = -2.8 G and negative with 
respectt to the positive z-axis. Typically 4.3 A has to run through the bypass to 
adjustt Bo to a value of about 0.85 G. 

Inn Table 6.1 the duration for the different steps is listed. The change of the trap pa-
rameterss during the individual steps is realized by using continuous, arbitrary waveforms 
off  the computer control. Duration At and update interval Arwf of the waveforms are 
listedd in Table 6.1. The duration and form of the waveforms were designed to fulfil l the 
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0.. Step 

66 6 

--

7 7 

8 8 

37 7 

--

--

50 0 

0 0 

42 2 

25 5 

1.. Step 

154 4 

98 8 

7 7 

19 9 

8 8 

2.815 5 

10 0 

50 0 

33 3 

9 9 

0 0 

2.. Step 

275 5 

285 5 

21.4 4 

19 9 

75 5 

1.5 5 

30 0 

191 1 

310 0 

90 0 

0 0 

3.. Step 

573 3 

450 0 

21.4 4 

50 0 

75 5 

0.3 3 

15 5 

400 0 

310 0 

90 0 

0 0 

4.Step p 

758 8 

748 8 

21.6 6 

486.6 6 

0.85 5 

2 2 

10 0 

400 0 

400 0 

0 0 

0 0 

TABLETABLE 6.1: Adiabatic compression takes place in four successive steps. The table 
summarizessummarizes the changes of the trapping parameters during the compression. The mea-
suredsured temperature increase after each compression step is compared to the value which 
isis calculated by assuming adiabatic compression. The excess temperature increase af-
terter the first step is probably due to the deviation of the trapping potential from a 
power-lawpower-law potential, which is used in the calculation. 

adiabaticityy condition as discussed in Section 2.3.3. It was experimentally verified for 
eachh step, that with a slower compression rate no lower temperatures are achieved. 

Thee measured temperatures after each step are compared with the temperatures cal-
culatedd using Equation 2.39, which includes the temperature measured after the previous 
stepp and the change of the trap parameters during the step. The significant increase in 
temperaturee after the first step is probably due to imperfect matching of the trap shape 
too the size of the gas cloud after optical pumping. Moreover, the optical pumping pro-
cesss gives rise to a slight center-of-mass motion due to photon recoil, and results in a 
temperaturee increase. The excess temperature observed after the third step remains 
unexplained. . 

6.33 Life time of the magnetic trap 

Nextt to a high elastic collisional rate, another important requirement for efficient evapo-
rativee cooling is a long life time of the magnetically trapped gas sample (see Section 2.54). 
Afterr adiabatic compression, where the density of the cloud is about 7 x 1011 cm- 3 , trap 
losss due to inelastic three body-recombination can be neglected [Söding et al., 1999]. Loss 
duee to two-body spin relaxation has been theoretically predicted to be negligible even 
att high densities [Julienne et al., 1997], and has not been experimentally observed, yet. 
Att the density of the compressed cloud the dominant loss of atoms from the magnetic 
trapp is due to collisions with particles from the room temperature vacuum background. 
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FIGUREFIGURE 6.1: Decay of the number of atoms due to background collisions. A fit to an 
exponentialexponential decay results in a life time of 64 s. 

Thee total loss rate N due to the background collisions is independent of the density and 
proportionall  to the number of atoms in the trap. Thus, the number of trapped atoms 
decayss exponentially as N(t) = N(0) e- ' / ^ * , where rbg is the trap life time. The life 
timee was measured by repeatedly performing loading and adiabatic compression of the 
trapp as described above, and measuring the atom number after a variable trapping time. 
Thee atom number was measured by absorption imaging after release of the cloud from 
thee trap as described in Section 5.2. The decay curve of the cloud is shown in Figure 6.1. 
Fittingg the data to an exponential decay results in a magnetic trap life time of rbg = 64 s. 

I tt was found that the magnetic trap life time depends on the value of the magnetic field 
BB00 in the trap center. This field is measured by repetitively applying an rf-evaporative 
coolingg ramp (as wil l be described in Section 7.1), and lowering the final frequency, until 
alll  atoms are removed from the trap. The central magnetic field can then be calculated 
fromm the final frequency with the help of Equation (2.61). Increasing B0 to a value of 2 G 
byy changing the current in the compensation coils leads to an increase of the observed 
lif ee time to 85 s. Further increase of B0 does not increase the life time significantly. In 
thee opposite case, at B0 = -1.4 G, the life time is reduced to 45 s. The decrease in the 
lif ee time is attributed to non-adiabatic spin transitions in the low magnetic field near the 
trapp center (see Section 2.2). 



6.4.6.4. MEASUREMENT OF THE HARMONIC TRAP FREQUENCIES 67 7 

6.44 Measurement of the harmonic trap frequencies 

Inn the following the measurement of the harmonic frequencies of the magnetic trap is 
described.. The axial and radial oscillations of the cloud are driven by modulating the 
magneticc potential. The oscillation is observed by imaging the cloud after a variable 
holdingg time. 

Thee harmonic approximation of the magnetic trapping potential in the radial direc-
tionn is only valid for small distances from the trap center. After adiabatic compression 
thee harmonic radius of the trapping potential in radial direction, as defined by Equa-
tionn (2.10), is ph = 32 /mi. This corresponds to a 1/e-radius of the Gaussian density 
profilee of the trapped cloud at a temperature of T — p\u)pm/(2kv) = 48yiK. As after 
adiabaticc compression the temperature of the cloud is 760/iK, the cloud mainly covers 
thee linear part of the trapping potential. For measurement of the trap frequencies in axial 
andd radial direction the cloud was evaporatively cooled (see Chapter 7.1) to temperatures 
off  1 fiK and 1.6 fiK, respectively. 

Afterr evaporative cooling the trap oscillation was driven by sinusoidally displacing 
thee center of the trapping potential by means of the tuning coils. A drive of five periods 
att a frequency of 20.64 Hz in the axial direction or ten periods at a frequency of 453 Hz 
inn the radial direction was applied. After a variable holding time t the cloud was released 
fromfrom the trap and an absorption image was taken after 10 ms of ballistic expansion. From 
thee absorption images the centroid of the cloud was determined. Figure 6.2 shows the 
axiall  and radial oscillations of the cloud centroid. 

Inn order to determine the trap frequencies the measured positions xZjP(t) along the 
radiall  and axial directions of the cloud were fitted to an exponentially damped sinusodial 
function n 

xxZ)PZ)P(t)(t) = Asm(u)ZtP t + <f>)  - e " -(-const. . (6.2) 

wheree A is the amplitude of the oscillation, ^ is a phase factor, and r a damping time. 
Ann additional constant defines the center of the trap. The resulting values from the fit 
forr the axial and radial trap frequencies are UJZ = 2TT  20.64 and u)p = 2-K  477 .4 Hz respec-

2000 300 
time,, t (ms) 

100 15 
time.tt (ms) 

FIGUREFIGURE 6.2-.Harmonic trap oscillation of the cloud centroid. The fits correspond to an 
axialaxial frequency ofu)z = 2ir  20.64 and a radial frequency ofujp = 2K  477.4. 
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tively.. This is within 5% (axial) and 1.9% (radial) agreement with the trap frequencies 
calculatedd by Equations (2.11) and (2.12) and the magnetic field strengths of the trap 
ass listed in Table 3.2. In order to measure the 0.85 G offset field in the trap center, the 
methodd as described in Section 7.2 was applied, which employs evaporative cooling to 
thee bottom of the trap. 

Thee trap oscillations exhibit damping with r = 0.9 s for the axial and r = 58 ms for 
thee radial oscillation. This is attributed to dephasing as a result of the anharmonicity in 
thee trapping potential. 


