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Figure 6.8: Ratio of trap depth to mean cloud energy for noncondensed clouds
in a TOP trap at the same bias fields used to study lifetimes (see Fig. 6.7). The
squares and hollow circles show the ratio of trap depth to mean cloud energy,
Eq4/3kgT, for clouds initially in the trap and after a steady-state temperature
is reached due to heating, respectively. E4 is defined in the text.
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to heating should exhibit a very non-exponential loss profile. In these cases, in
which mean energy is much less than the trap depth, a finite time is required
to heat the atoms before their mean energy is comparable to the trap depth,
at which point the loss is subsequently exponential. We neither observe this
delay nor non-exponential character to our atom loss profiles.

At this point we exploit some features of the Bose condensate to bet-
ter understand the loss physics. The maximum extent of a large (10° atom),
pure condensate is 2—3 times smaller than the full-width half maximum of non-
condensed (Gaussian profile) clouds just above the BEC transition. The con-
densate density profile for our experiments is well-approximated by an inverted
paraboloid which has a sharp spatial cut-off in the density profile, defined by
the half-width at zero maximum (hwom) of the distribution. Therefore, the
probability of a condensate atom encountering the zero of the quadrupole field,
and hence being lost from the trap, is negligible if R < Xpyom. We created
condensates with temperatures 7' < 0.47, and measured their lifetime in the
trap. Our first measurements of the condensate lifetimes, for bias fields larger
than 1 Gauss, displayed a surprising linear decay of number with time. For
these samples the condensate decays into a broad non-condensed cloud, which
also decays in time. The decay of a condensate in a TOP trap of bias field 6.2
Gauss is shown in Fig. 6.9 (solid squares). The cloud has an initial central
density of 7.3 x 10'® atoms/cm?®, from which we predict an initial three-body
limited lifetime of 86 sec. The observed 1/e time of the linear decay is only
12 sec. Our previous experience with similar loss behavior [152] suggested
that atoms heated out of the condensate nonetheless remain trapped, albeit
at higher energy, and enhance the loss rate by continuing to collide with the

remaining condensate atoms. We quench the loss-inducing collisions by ap-
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plying a weak rf magnetic field tuned to an energy lying at or just inside the
orbit of the rotating zero-field. This so-called “rf shield” induces spin-flip of
hot atoms before they return to knock atoms from the condensate. The shield
lies at high enough energy that the initial condensate number is unaffected,
but the effect on the loss of atoms is dramatic. The decay profile becomes
well-fit by an exponential curve with a much longer 1/e lifetime than without
the rf shield. At 6.2 Gauss the lifetime, as extracted by an exponential fit to
the data (dashed line in Fig. 6.9), jumps to 67 sec, consistent with losses due
to background collisions (= 400 sec) and 3-body recombination [186].

We measured lifetimes of pure condensates over the same range of bias
fields we studied with noncondensed clouds and applying an rf shield. The data
are shown in Figure 6.10. The lifetimes are determined by fitting exponential
decay curves to the data. The condensate lifetime decreases as the bias field
decreases. For bias fields larger than 1 Gauss, the data are reasonably fit by a
linear function of the bias field that is constrained to intercept the origin (we
expect no atoms to remain in the TOP at zero magnetic field). For bias fields
less than 1 Gauss, the lifetimes are consistently shorter than the linear fit.
We note that, even with the rf shield, only the data at 6.2 and 3.5 Gauss are
quantitatively consistent with a three-body recombination. As the bias field
is decreased, the effect of the rf shield also diminishes, until below 1 Gauss it
provides no enhancement to the condensate lifetime. Nonetheless, the loss of
atoms remains exponential for bias fields below 1 Gauss. Also qualitatively
speaking, three-body recombination alone cannot explain the observed loss.
Over the range of bias fields studied, the density increases a factor of two
(Fig. 6.11, empty circles), implying a factor of four change in the loss rate

due to recombination. The observed change in lifetime is a factor of 180.
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Figure 6.9: Decay of a Bose condensate in a TOP trap with bias field of
6.2 Gauss. Condensate decay was first measured without an rf shield (solid
squares). The data are fit to a decay curve in which the number of atoms
decreases linearly in time (solid curve). The 1/e decay time, obtained from the
linear fit, is 12 sec. Next, condensate decay was measured using an rf shield
(empty circles). The loss rate decreases dramatically and the data are well-fit
by an exponential decay curve. From the fit to the shielded data we extract a
1/e lifetime of 67 sec.
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Figure 6.10: Lifetimes of Bose condensates in a TOP trap for various bias fields.
The error bars are purely statistical, based on exponential fits to the observed
number vs. time decays. The data are fit to a linear function of the bias field
in which the lifetime is constrained to vanish when B = 0, as anticipated for

the TOP.
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Two additional observations argue against a general density-dependent loss
that depends on magnetic field. First, at the same value of central density we
measure two very different lifetimes (see Fig. 6.11). For example, at 9 x 10
atoms/cm® (and at 15 x 10'® atoms/cm?) we measure two lifetimes that differ
by a factor of 3.2 (4.6). Second, as the bias field decreases, both condensate
and non-condensate lifetimes converge to the same values (0.4 — 0.5 sec at 0.2
Gauss, see Figs. 6.7 and 6.10 ) even though the condensate central density is
an order of magnitude larger than the non-condensate. We also dismiss trap
depth as the mechanism for the decreasing condensate lifetimes. As seen in
Fig. 6.11 (solid squares) the radius of the orbit of the quadrupole zero is never
closer than 4.5 times the radial hwom (at the lowest bias field of 220 mG) and
is usually much larger.

Another candidate to explain the trap loss is magnetic field noise. The
first possible mechanism is that noise features near twice the trap frequencies
parametrically heat atoms out of the trap. We find no correlation between
reduced trap lifetime and coincidences of twice our trap frequencies with the
closest noise features at 60 and 120 Hz. The axial trap frequency is 32 Hz at
6.2 Gauss and increases with decreasing field to 45 Hz at 0.23 Gauss. We note
that the longest lifetime (67 sec) is observed for the axial frequency nearest
the 60 Hz feature. In the radial direction, trap frequencies start at 13 Hz (6.2
G) and also increase with decreasing field up to 33 Hz (0.23 G). The low field
lifetimes are near the 60 Hz noise, but the decrease in lifetimes begins for radial
frequencies much smaller than 60 Hz and well outside its spectral bandwidth.
Thus, parametric driving of atoms out of the trap appears unlikely.

Magnetic field noise at hundreds of kHz, which drives transitions in

trapped atoms into untrapped spin states, is a more likely candidate for low-
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Figure 6.11: Lifetimes of Bose condensates in a TOP trap versus the ratio
of quadrupole orbit radius to radial half-width at zero maximum (hwom),
R/ Xpwom (solid squares), and versus central density (hollow circles), for the
data in Fig.6.10.
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field loss. The danger of losses at these frequencies arises because the Larmor
frequency splitting between Zeeman levels is 700 kHz at 1 Gauss, and reduces
linearly with the bias field. We measure the magnetic field power spectrum by
directly monitoring, on a spectrum analyzer, the voltage induced in a pick-up
coil. The coil is placed near the trap region and oriented perpendicular to the
axis of the quadrupole coils. When only the quadrupole coils are on, we noticed
that the magnetic field noise spectrum exhibits a comb of noise spikes spaced
by ~ 20 kHz, beginning at 20 kHz and rolling-off in amplitude above 1 MHz.
These features originate from the switching power supply for the quadrupole
coils. However, noise on the quadrupole current should be greatly suppressed
in the field at the center of the anti-Helmholtz coil pair because the quadrupole
coils are connected in series and so current noise cancels. Indeed, reducing the
noise spikes by 10 — 20 dB, using a less noisy power supply, did not improve
the lifetimes or the trend of reduced lifetime with reduced bias field. Only by
generating an artificial noise comb of the same frequencies with substantially
more power could we cause a reduction of trap lifetime.

Next we turned to the field noise associated with the TOP field. We
measure the power spectrum of the magnetic field near the cell when the TOP
coils are on, the quadrupole coils off, and without any rotating bias field. Using
the same technique as above, we measure broad-band spectral noise that we
estimate is 0.7 uG/v/Hz at 100 kHz, rolling-off roughly as 1/frequency® and
hitting the noise floor of the spectrum analyzer at 800 kHz (see Fig. 6.12)
[187]. Herein lies another possible loss mechanism: As the bias field of the
trap is reduced, the Larmor frequency is tuned into resonance with the broad-
band noise field. We estimate the loss rate of atoms from the cloud with the

following model. We first calculate the rate at which a broad-band magnetic
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field drives an atom from the trapped F' = 1, mp = —1 state into the untrapped
F =1, mp = 0 state of ' Rb using time-independent perturbation theory. The
rate v may be expressed in terms of the power spectral density of the magnetic

field and is written as:

v = %(%)25@1) (6.17)

where p is the magnetic moment of the initial state, S(w) is the one-sided

power spectrum given by

T

2 [ o]
S(w) =2 / cos(wr)(B(#)B(t + 7)) dr.
0
and the correlation function of the magnetic field fluctuations is [188]

(B(#)B(t + 1)) = % /OT B(T)B(T +7) dt

The loss rate for the entire sample is found by integrating the per
atom loss rate over the condensate density profile. The span of frequencies
covered by the condensate is so small that to an excellent approximation the

power spectrum is constant across the cloud. The rate equation is therefore:

(z_];[ — _%(H)25(w)]\[ (6.18)

The frequency w is determined by the splitting between Zeeman levels of the

F =1 manifold, which is set by the magnetic bias field of the trap [189]. The
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Figure 6.12: Measurement of the field noise from the TOP coils at the loca-
tion of the trapped atoms. The field noise, in uG/v/Hz, rolls-off roughly as
1/frequency® until it reaches the noise floor of the rf spectrum analyzer at 800
kHz. Above 800 kHz, the plotted noise spectrum is an upper-estimate to the
actual field noise.
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rate equation describes a purely exponential loss whose rate is proportional to
the power spectral density S(w) of the magnetic field noise. In our data we
also observe exponential decays, as well as increased losses for level-splitting
frequencies where the power spectral density is measured to increase. We make
a quantitative comparison to our data by modeling the overall loss rate as the
sum in parallel of the initial three-body recombination rate, a background
collision rate (0.0029 sec™*) and the noise-induced loss rate [190]. The results
of the model are compared to the measured lifetimes in Figure 6.13. The
model (solid line) closely resembles the lifetime data at very low bias fields,
but underestimates the loss rate for much of our data. At low fields this
is due to the rapid roll-off in the spectral noise density S(w), which greatly
reduces the noise-induced loss rate (dashed-dotted line) above 0.2 Gauss. By
about 0.4 Gauss, three-body recombination is the predominant loss mechanism,
in the model. The model agrees well with the measured lifetimes above 3
Gauss. Given the difficulty of measuring absolute field noise at the atoms
a quantitative disagreement is not surprising. Unfortunately, even assuming
twice the measured field noise, an increased noise-induced rate (dotted line)
does not significantly improve the agreement of the theory to most of the
data. The results of the model do suggest that broad-band noise-induced losses
may be a significant loss mechanism at very low magnetic fields. A detailed
understanding of the observed trap loss for all magnetic fields requires further

study.
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Figure 6.13: Comparison of measured lifetimes of Bose condensates in a TOP
trap to a model (solid line) of noise-induced (dashed line) and three-body
plus background collision (short dashed-dotted line) losses as a function of
the net bias field. Small-scale roughness in the curves is an artifact of the
sparse number of calculated points. The model, explained in the text, uses the
measured power spectral density of the magnetic field noise to predict the rate
of spin-flip transitions in the trapped cloud. Also shown is the predicted noise-
induced lifetime if the field noise were twice the measured value (dotted-line).
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6.6 Effects of Bias Field Rotation Frequency

As was mentioned at the end of Section 6.2.1, the original TOP trap
easily satisfied the limiting conditions 6.1, and long trap lifetimes were observed
[21]. To our knowledge, no one has ever performed experiments to determine
at which rotation frequencies wr, relative to trap oscillation frequencies and
Larmor frequency, the TOP trap no longer holds atoms. In this section we
study the lifetime of atoms in the TOP trap as a function of wt to experimen-
tally quantify the breakdown of the time-averaging and adiabaticity conditions
6.1 in the TOP trap. Breaching the adiabaticity condition 6.1b is especially
interesting as it may play a role in increasing loss in the TOP at small bias
fields. In our study of lifetime versus magnetic field, wt was held fixed while
the bias field, and hence the Larmor frequency, was reduced.

The experimental method is much the same as for studying the life-
time in the TOP at different bias fields. We begin each experimental cycle in
a TOP trap of 1.8 kHz bias rotation frequency. After evaporatively cooling
the cloud until only a pure condensate remains we then adiabatically ramp
the trap fields to the desired bias field and trap frequencies. We then change
the TOP rotation frequency in < 0.5 ms, simultaneously adjusting the relative
gain and phase of the TOP channels. The gain and phase shift adjustments
compensate for the frequency-dependent gain and phase shifts of the TOP cir-
cuit and preserve the eccentricity and bias field for TOP frequencies other than
1.8 kHz. Technical limitations unfortunately prevent us from making the rota-
tion frequency either less than the trap frequencies or greater than the Larmor
frequency [191]. The atoms remain in the TOP trap for a variable dwell time,

after which the TOP rotation frequency is returned to 1.8 kHz with the ap-
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propriate channel gains and phases. Once returned to the 1.8 kHz trap, the
atoms are probed with absorption imaging to count the remaining atoms. This
method of in situ frequency adjustment allows us to create and probe clouds
in a standard TOP trap whose critical timing is always the same, regardless of
the rotation frequency we wish to study.

In a first experiment, we study the lifetimes of condensates of =
7.5x 108 atoms in a trap with frequencies f, = 36 Hz and f, = 87 Hz (Fig.6.14,
solid squares). The bias field is 0.59 Gauss (413 kHz Larmor frequency). At
1.8 kHz the lifetime is 1.9 sec, consistent with previously measured low-field
lifetimes. Over the decade of TOP frequencies up to 18 kHz the lifetime de-
creases only 15%, but at 27 kHz plummets to 0.2 sec. Decreasing the TOP
rotation frequency from 1.8 kHz, the lifetime steadily decreases to 0.4 sec at
0.2 kHz.

In our second experiment we attempt to improve the sensitivity of
the lifetimes to losses at extreme TOP frequencies by reducing the three-body
recombination limit to the lifetime. We decrease the initial condensate density
both by using only ~ 1 x 10* atoms and lowering the trap frequencies to
fz = 23 Hz and f, = 43 Hz [192]. The bias field is 0.65 Gauss (455 kHz
Larmor frequency). The data are shown in Figure 6.14 (solid circles). The
lifetime at 1.8 kHz is improved to 9 sec and remains approximately constant
with frequency, up to 27 kHz. Decreasing the TOP frequency from 1.8 to 0.35
kHz decreases the lifetime by a factor of 2, in qualitative agreement with the
0.59 Gauss data.

For our final experiment we focused on losses at high TOP frequencies
by reducing the Larmor frequency (Figure 6.14, empty triangles). We use an

intermediate number of atoms (= 2 x 10°) and low trap frequencies (f, = 23 Hz
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and f, = 48 Hz) to reduce three-body collisions. Working in a trap with bias
field of 0.36 Gauss the Larmor frequency, 250 kHz, is just 9.3 times larger than
the 27 kHz maximum TOP frequency. Increasing the TOP frequency from 1.8
to 27 kHz decreased the TOP lifetime by almost a factor of five.

Interpreting these data is difficult for several reasons. Let us begin
with an examination of the data at high rotation frequencies. We point out
that in a trap with 0.59 Gauss bias field the lifetime at 27 kHz rotation fre-
quency is a factor of 10 smaller than at 18 kHz. In contrast, even though the
Larmor frequency is virtually identical, lifetimes taken in the 0.65 Gauss trap
for 27 and 18 kHz rotation frequencies are the same, within the experimental
error bars. Such inconsistency may be due, in large measure, to the technical
difficult of consistently creating a TOP trap with 27 kHz rotation frequency.
We experience even greater problems in the data at low frequencies: in addition
to the challenge of making a 200 Hz rotation frequency in our TOP circuit,
the short lifetime measured at 200 Hz could be interpreted as the result of
noise at 60 Hz or its harmonics. The data at 0.65 Gauss, excluding the 27 kHz
data point, cover a wide range of rotation frequencies that are also far from
the ambiguous regions of operation mentioned above. The best conclusion we
are able to draw from these data is that if wr is at least 25 times smaller than
the Larmor frequency and at least 8 times larger than the axial trap frequency,
then the TOP trap lifetime is not decreased due to violations of the basic TOP
trap conditions 6.1b and 6.1a. Although the conclusion is less definitive than
initially intended, it nonetheless reveals that the reduction in trap lifetimes at
low bias fields cannot be due to loss of adiabaticity in the TOP trap. In the
bias field data (Fig. 6.10), the Larmor frequency is at least 90 times larger

than the TOP rotation frequency.
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Figure 6.14: Lifetimes of Bose condensates in a TOP trap as a function of the
frequency of the rotating bias field, for three different values of the bias field.
The solid circles are measured in a trap of 0.65 Gauss bias field, f, = 23 Hz
and f, = 43 Hz. The solid squares are measured in a trap with 0.59 Gauss bias
field, f, = 36 Hz and f, = 87 Hz. The empty triangles are measured in a trap
with 0.36 Gauss bias field, f, = 28 Hz and f, = 48 Hz. The Larmor frequency
is 700 kHz/Gauss.
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6.7 Summary and Conclusions

In this chapter we have explored the properties of the TOP magnetic
trap both theoretically and experimentally. We rederived the time-averaged
orbiting potential including the effects of gravity and found corrections to the
spring constants that depend on the strength of the quadrupole gradient. Tun-
ing the gradient adjusts the trap aspect ratio from /8 to less than 1. Simple
control over the aspect ratio should permit study of the resonant response of
the collective excitations of Bose condensates to trap symmetries [193]. We
also precisely calculated the anharmonicity of the TOP and found that, for
reasonable experimental conditions, the anharmonic terms introduce less than
a 1% fractional shift in the axial and radial frequencies. Low anharmonici-
ties should improve at least two classes of experiment. First, elimination of
anharmonic dephasing will allow unambiguous identification of the damping
mechanisms in condensate collective excitations [194]. Second, reducing sys-
tematic uncertainties in frequency will enable precision measurement of the
condensate excitation frequencies beyond the 1% level, offering a first glimpse
at many-body physics in the condensate [195].

We have studied TOP trap lifetimes operating the trap under various
extreme conditions. We now understand several of the loss mechanisms that
plague magnetic traps operating with very small bias fields. Above 1 Gauss,
we observe a loss process in which atoms are lost from the observable cloud but
remain trapped at higher energy, and subsequently collide with the observable
cloud leading to an enhanced loss. We suppress the loss with an rf magnetic
field (rf shield). Below 1 Gauss, the trap lifetime is strongly reduced and the

mechanism is not as well understood. We have eliminated processes due to the
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finite depth of the TOP trap and cloud density. A possible candidate is broad-
band magnetic field noise that weakly drives atoms into untrapped atomic
states. The mechanism is rather generic and may be the primary technical
limitation to low magnetic field lifetimes in all magnetic traps. Reducing mag-
netic field noise could allow evaporative cooling in atomic Cs to reach BEC. In
other studies we attempted to quantify the TOP criteria 6.1. We can conclude
that there is no change in TOP trap lifetime when the rotation frequency is at
least 25 times smaller than the Larmor frequency, and at least 8 times larger
than the axial trap oscillation frequency. Unfortunately, technical problems
impair our ability to draw conclusions about the trap lifetimes at rotation fre-
quencies closer to the Larmor frequency and trap frequencies. This finding
eliminates loss-of-adiabaticity in the TOP as a mechanism for the losses from
low-bias field traps reported here.

The TOP and IP magnetic traps offer a multitude of options for
experiments with trapped atoms and BEC. With the results of the present
work and other insights we have made over the past several years we can now
place the TOP trap in its context as a tool for the atomic physicist. Table 6.2
summarizes some of the advantages and disadvantages of the TOP magnetic
trap. The TOP is clearly not always the best magnetic trap. For the largest
field gradients and tightest confinement an IP trap (for example, the cloverleaf
design [121]) is still better. IP traps can also achieve much larger differences in
axial and radial frequencies in cylindrically symmetric traps. Large bias fields
(> 100 G) rotating at several kHz are difficult to generate, given limitations on
power dissipation. Thus, exploiting most of the Feshbach resonances predicted
in alkali atoms is only feasible in IP traps [196, 197]. Even a modest TOP

bias field is difficult to generate if a steel vacuum system is used, due to eddy
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currents [198]. Both limits to the bias field limit the depth of the TOP, and
probably prohibits loading atom samples that are not cooled below the Doppler
Temperature. Finally, the time-dependent nature of the magnetic fields can
complicate precision metrology in a TOP at the kHz level, such as measurement
of atomic hyperfine transitions [199].

On the other hand, the TOP trap is very simple and contains a num-
ber of features that are nearly as good as, if not superior to, the IP traps. The
TOP can cover a wide range of frequencies (almost a factor of 80, from a few
Hz to 300 Hz axially) and bias fields (a factor of 250, from 0.2 to 50 Gauss).
The TOP design is fairly economical: It requires only six coils, two of which
are the anti-Helmholtz coils that are already part of experiments using MOT’s.
As a result, loading the atoms into the TOP trap from the MOT is relatively
simple because the centers of MOT and TOP are quasi-aligned. The rotating
bias field is a natural quantization axis that can be used over all 360° of the
rotation plane. The time-dependence of the bias, while a hinderance to some
precision measurements, can be a feature as well. Adjusting the frequency
and amplitude of the rotating bias is a way to carefully control the amount of
relative sag between states whose magnetic moments are identical [199, 163].
The rotation is also a natural method of angular averaging — an effect that can
substantially reduce systematic errors in measurements of beta decay [200]. In
terms of evaporative cooling, the TOP trap is assured of having at least 2-d
evaporation, whereas gravitational sag can sometimes limit IP traps to 1-d. In
fact, the quadrupole zero alone can perform evaporative cooling without any
rf required [201]. We believe that these positives and the features discussed in
the present work will continue to make the TOP magnetic trap an attractive

choice for a number of experiments.
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Positive Negative
1. simple, compact 6 coil design 1. gradients and trap frequencies
smaller than Cloverleaf IP traps
2. simple, analytical potential 2. low-trap depths and limited maxi-
mum cloud sizes
3. tunable aspect ratio: <1 ¢ NE 3. large bias fields > 100 G are diffi-
cult
4. low anharmonicities for most trap | 4. asymmetry above v/8 not possible
symmetries for high frequencies
5. wide frequency range 5. synchronization electronics, trans-
formers needed
6. intrinsic bias field/quantization | 6. rotating field causes eddy-current
axis with 27 orientation angles heating of stainless-steel cells and
limits size of bias field [198§]
7. variable drive symmetries for creat- | 7. lifetime below 1 G is short
ing excitations in trapped clouds
8. near-cylindrical symmetry easy 8. difficult to achieve 3-D evaporation
9. center of TOP is very near the cen- | 9. shaving loss from quadrupole zero
ter of MOT due to quadrupole field
10. tunable sag in trap for different hy- | 10. time-dependent field complicates
perfine states [199] precision metrology
11. low-bias field traps easy to make
12. cylindrically symmetric TOP al-
ways has 2-D RF evaporative cool-
ing
13. stray DC magnetic fields only shift
trap center and don’t alter trap
shape
14. no large fluctuation in net bias field
15. built in 2-D evaporation from
quadrupole zero [201]
16. rotating bias averages over all an-

gles

Table 6.2: Positive and Negative Features of the TOP Magnetic Trap




