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ABSTRACT

The precise control of direct current (dc) magnetic fields is crucial in a wide range of experimental platforms, from ultracold quantum gases
and nuclear magnetic resonance to precision measurements. In each of these cases, the Zeeman effect causes quantum states to shift in energy
as a function of the magnetic field. The development of low-noise current sources is essential because electromagnets are the preferred tool to
dynamically control the magnetic field. Here, we describe an ultra-low noise bipolar current source using pairs of complementary n- and
p-channel metal-oxide-semiconductor field-effect transistors controlled by zero-drift operational amplifiers. Our source has a 90 kHz
inherent bandwidth and provides current from —20 to 20 A with noise (0.1 Hz to 100 kHz) of 140 pA at £20 A.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0138145

I. INTRODUCTION AND MOTIVATION

Magnetic field control is essential in virtually all fields of the
physical sciences, and an increasing range of applications has perfor-
mance requirements that are not provided in commercial products.
Here, we focus on applications such as cold quantum gases," preci-
sion measurements, and nuclear magnetic resonance (NMR),” all of
which require high precision ($10 yA/A) and moderate bandwidth
(5100 kHz) magnetic field control.

These requirements stem from the dependence of energy lev-
els on magnetic field B due to the Zeeman effect’ that governs
the energy difference AE between quantum states |1) and |2). It is
common to use oscillating electromagnetic fields [with frequency
w/(27)] to resonantly couple such states, for example, driving Rabi
oscillations with frequency Q/(27). Unwanted changes to B shift
the resonance condition, detuning the transition from resonance
by 6 = AE/h — w. Efficient coupling requires a small detuning, i.e.,
Q > §. For example, in the |F = 1) hyperfine ground state of *Rb, a
1.4 mT magnetic field leads to a AE ~ h x 10 MHz Zeeman splitting
between the three constituent mr sublevels. These states are often

coupled by a radio frequency (rf) magnetic field with typical strength
of Q/(2m) ~ 1 kHz. In this situation, a 10 nT magnetic field stability
would yield acceptable performance, i.e., ten times smaller than that
given by the Rabi frequency.

Although permanent magnets are useful tools for creating mag-
netic fields, most experiments requiring dynamical magnetic fields
use electromagnets created by using coils and currents. Here, we will
focus on Helmholtz coil configurations® that are useful for creating
the homogeneous fields described above. Furthermore, the vector
orientation of the magnetic field dictates the coupling strength,
implying the need for bipolar supplies for complete control.

Our specific application requires magnetic fields in a +6 mT
range with a ~10 kHz bandwidth, which, for our coil geometry,
implies the need for a bipolar supply with currents in the range of
+20 A. The commercially available Kepco BOP series is a bipolar
power supply with low noise and high bandwidth but not ultra-
low noise;’ its typical noise in the current mode is $0.5 mA with
a contribution of 60 Hz line noise at the part-per-thousand level.

We met or exceeded these requirements by constructing a bipo-
lar current source with —20 to 20 A range, below 200 yA noise,
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and with ~100 kHz bandwidth. We quantified its performance by
using three different measurements: by directly detecting the elec-
tric current, by observing the magnetic field, and with spectroscopy
of an atomic Bose-Einstein condensate (BEC). Briefly stated, our
supply’s noise is just 140 yA at 20 A with 90 yA per hour long-term
drift. Although the current bandwidth is 89.7 kHz, our 210 4H coils
reduce the magnetic field bandwidth to 9 kHz.

Stable low-noise current sensing is a key element for achieving
our target current stability. Sense resistors and non-contact flux-
gate or Hall-effect-based sensors are typical devices for measuring
electric current. The first two have excellent low-noise performance;
however, because the bandwidth of fluxgate-based sensors is typi-
cally below 10 kHz, we used a sense resistor. In addition, non-contact
magnetic field-based sensors can be susceptible to changes in the
laboratory magnetic field. We selected a resistor with a small tem-
perature coefficient of resistance (TCR). A small TCR minimizes the
change in resistance, and, consequently, in the sensed voltage drop,
resulting from any change in the temperature. To further improve
stability, we mounted it to a water-cooled cold plate, reducing the
sensitivity to changes in the environmental temperature as well as
Joule heating.

Two straightforward solutions for generating currents in the
+20 A range rely on either metal-oxide-semiconductor field-
effect transistors (MOSFET)" or monolithic high-current opera-
tional amplifiers (opamps).” Owing to the large input offset drift of
high-current opamps as well as challenges with proper thermal man-
agement, we opted for parallel MOSFETs. Because MOSFETSs can be
parallelized, our solution is extendable to larger or smaller current
ranges depending upon the application.

This paper is organized as follows: In Sec. 11, we discuss the cir-
cuit design. In Sec. 111, we quantify the performance of the circuit
by measuring its response on the electric current, magnetic field,
and magnetic resonance. We conclude in Sec. I'V and comment on
lessons learned.

1. CIRCUIT DESCRIPTION

The circuit has three high-level modules depicted in Fig. 1: cur-
rent sensing module, feedback module, and current generation mod-
ule. In the current sensing module, a sense resistor transduces the
load current to a voltage. The feedback module uses an opamp-based
proportional-integral (PI) servo to maintain the sensed voltage at a
target value. Finally, the output of the feedback module is used to
govern the MOSFETS’ gate voltage, thereby determining the current
through the load.

A. Current sensing

The high power sense resistor R in Fig. 1 is a POW-
ERTRON model, SHR 4-3825, with a 0.01 Q resistance, a TCR of
£5uQ/(QK), and a 50 W maximum power rating. R, transduces the
electric current I to the voltage by V' = IR, where V; is the volt-
age drop across R;. Larger values of Ry increase the signal, thereby
reducing the relative importance of noise and drift from other sys-
tem components at the price of increased Joule heating causing a
larger temperature change. Our choice of Ry = 0.01 Q would have
been too large for a system relying on passive cooling alone; how-
ever, we mounted it to a water cooling plate [0.01 K/W at 3.78 I per
minute (63 ml/s)] to maintain a constant temperature.
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FIG. 1. Schematic of the current sensing of the bipolar current source. The current
sensing, feedback, and current generation modules are depicted in purple, yellow,
and gray, respectively. The resistor in series with the load inductor models the
distributed resistance of the load.

A complete schematic of the circuit is shown in the
supplementary material and illustrates two important design details.
First, we use a differential amplifier (AD8421) to measure V and
produce a signal for external monitoring. Second, the internal signal
V., is referenced to an internally defined zero-voltage floating refer-
ence node. This avoids uncontrolled voltage drops across parasitic
resistances in the return current path.

The sense voltage Vs is the output of this module and provides
the input to the feedback module, which is described in the follow-
ing. In addition, V is buffered and amplified by an instrumentation
amplifier, providing a monitor output Vy,.

B. Feedback

The feedback module controls the amount of current gener-
ated by the current generation module and delivered to the load. The
feedback module consists of the PI circuit enclosed by the yellow box
in Fig. 1. In essence, this circuit compares V7, the voltage out of the
current sensing module, with a fraction R,/(R; + R;) of the exter-
nal setpoint V' and then outputs a signal to the current generation
module to make these voltages equal.

As shown in Fig. 1, V; is connected to the positive input ter-
minal of a zero-drift opamp (OPA388). The negative input terminal
receives the voltage-divided setpoint Vet x Ry /(R; + Ry ). Therefore,
the setpoint voltage defines the desired output current Is = gV,
with gain g = Ry/[Rs x (R1 + Rz)]; in our design, g =2 A/V. This
gain was chosen so that typical laboratory control voltages in the
+10 V range would yield the desired +20 A output current.

The properties of the PI loop are governed by the network
composed of RF;, CF;, and CF, with impedance Z = 1/[sCF,
+1/(RF; +1/sCF,)] that link the output and the inverting input
of the opamp. Different components would be selected for different
loads to optimize the response of the feedback loop. In our imple-
mentation, these components are mounted in a socket header to
facilitate tuning.
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This idealized description omits several properties of real
opamps that need to be understood to achieve the desired perfor-
mance. As shown in the supplementary material, our circuit includes
Rig = Ri9 and Ri7 = Ry to compensate for the bias current of the
opamp. Assuming that the bias current of the input terminals is
equal, this introduces equal offset voltages to these terminals that
vanish in the differential signal. In addition, real opamps have an
input offset voltage Vs that changes the output current to

I :nget + == (1)
S
We see that Vs adds an offset to Is and any drift of Vs gives rise
to a corresponding drift in I, reducing the long-term stability of
the current source. It is for this reason that we selected the zero-
drift opamp (OPA388) with typical and maximum drifts of 5 and
50 nV/K, respectively.
The output of the feedback module provides the control signal
that is the input of the current generation module.

C. Current generation

The current generation module uses N-channel MOSFETSs
(NMOS, IXFN520N075T2) for positive current and P-channel
MOSFETs (PMOS, IXTN170P10P) for negative current, as shown
in Fig. 2. To generate larger currents, these MOSFET's can be par-
allelized; in our case, two of each type are sufficient to generate
currents up to +20 A. The channel resistance of these MOSFETs is
a function of the Vg, the voltage difference between the gate and
the source. As a result, we control this resistance and, consequently,
the current via the gate voltage. The threshold voltage for nominally
identical MOSFETs can differ significantly. As a result, it can be nec-
essary to sort through several MOSFETS to create matched pairs of
NMOSs and PMOSs with the same threshold voltage, ensuring that
they open simultaneously.

To avoid crossover distortion when the feedback signal passes
below the threshold voltage of the MOSFETS, we used a class AB
amplifier design.”” MOSFETs have a threshold gate voltage Vi,
below which they do not conduct; the AB amplifier design adds a
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positive offset voltage to the NMOS gate and a negative offset voltage
to the PMOS gate. In our circuit, this is implemented with a pair of
non-inverting summing amplifiers (based on LT1363 opamps) that
use trim pots to tune these offset voltages close to the threshold volt-
age of the MOSFET. These components also introduce a suitable
gain (of about 10 in our case) on the feedback signal to bring it to
the correct level for the MOSFET gates.

The threshold voltages of NMOS and PMOS have opposite
polarity, so only one group of MOSFETSs will turn on for a spe-
cific control signal. For example, when the control signal is positive,
the gate voltage of the NMOS and PMOS will be greater than
their thresholds, allowing the NMOS to conduct while disabling
the PMOS. The LT1363 opamp cannot supply sufficient current
to rapidly charge the MOSFET gates. To overcome the bandwidth
limit, we added 250 mA BUF634 buffer chips between the LT1363
summing amplifiers and the MOSFETs.

At high current, the inherent negative thermoelectric feedback
in MOS transistors should prevent thermal runaway; to further mit-
igate this concern, we balanced the current load by adding 2.5 mQ
resistors in series with each MOSFET. The £15 V rails for the MOS-
FETs are generated by a pair of high-current Agilent 6690 A supplies
wired in series and can provide up to 440 A, powering several current
supplies with no difficulty.

D. Long-term stability

The two most significant factors that degrade the long-term
stability are changes in the sensing resistance R, (e.g., from a tem-
perature change) and drift in the input offset voltage Vs of the main
opamp (U,) in the feedback module. Hence, these effects limit both
the precision and accuracy of the circuit.

Our sense resistor has an electrical resistance of 10 m(), a ther-
mal resistance of 1.6 K/W, and an expected TCR of 5 uQ/(Q K)
at 293 K. At the 20 A maximum current, the power dissipation is
4 W, implying a 6.4 K temperature change and a maximum 0.32 yQ
change in resistance in the steady state, which would correspond to
a 640 uA change. We note that the TCR of the sense resistor falls to
zero at 313 K, making that an ideal operating point. In addition, a

IS5V 15V

 Parallel
1 NMOS
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10 K temperature change of the control opamp gives a 0.5 yV max-
imum change in the offset voltage, which would correspond to a
50 uA change in current at £20 A. We sum these quantities to obtain
an upper bound of 690 yA noise at 20 A for the worst-case drift,
dominated by the TCR of the sense resistor.

Ill. CHARACTERIZATION OF THE CURRENT SOURCE

We characterize the completed current source in three ways.
First, we focus on its electrical performance by directly measuring
the current noise both with a short circuit and when connected to
a realistic test coil. Second, we measured the magnetic field noise in
this test coil, and finally, we measured the stability of field-sensitive
atomic transitions subject to a field controlled by the source.

A. Electrical characterization

To confirm our desired performance level, we must measure
100 4A on a 10 A background. Observing noise at this scale requires
more than 16 bits of digital resolution.

We overcame this technical problem by using a homemade
battery-powered instrumentation amplifier with a gain of 54.1 dB
and 200 kHz bandwidth, reading the voltage across an additional
SHR 4-3825 sense resistor in series with the load. The DC compo-
nent of the amplified signal was eliminated by a 3 mHz high-pass
filter. The remaining signal was read by a signal and spectrum ana-
lyzer. We tested the performance of the circuit under two cases: (a)
no coils (sense resistor as the load) and completely under battery
power; and (b) a 210 yH coil in series with the sense resistor as the
load and with the circuit powered by supplies connected to a 110 V
ACline.

Figure 3 shows the power spectral density (PSD) measured for
drive currents of 20 A (blue) and background noise with the cir-
cuit unpowered (orange). Panel (a) shows the data taken with the
output terminals short circuited and with the circuit under battery
power, while the data in panel (b) were taken with a realistic induc-
tive load and with the circuit powered by 110 V AC. In both cases,
engaging the circuit produces a background noise level of about

— 20A ~— background
(), —
10-3 F Short circuit load and battery powered
N .
E -
L 1075} \\‘
< " )
k]
10-7 TR R P T
() -
10-3 F Inductive load and AC powered
N
.
< o AA'W»NW ’JW
10-7 1 PRI EEPETEETITY BT BT B

10~ 100 10! 102 103 10 10°
Hz

FIG. 3. The 20 A and background electrical noise spectrum is tested under two
cases, i.., (a) no coil and battery powered and (b) coils in the load and AC
lines powered. The measurement is performed combining three datasets. From
0.1 to 20 Hz, we used an FFT audio analyzer, while for the remaining frequency
range, we combined measurements from a spectrum analyzer performed in two
frequency ranges, from 20 to 500 Hz and from 500 Hz to 200 kHz.
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FIG. 4. The long-term drift (orange) of 10 A of the bipolar current source over
8000 s with the filter time constant of 16.6 ms. The blue points show the same
data with a 1 min high-pass filter applied. The green line shows the rolling average
of the orange points. The drift for the first 4 x 10° s is 90 yA/h. The drift from
4% 10% to 8 x 10 s is 10 wA/h.

107 A/+/Hz. Because the PI loop is optimized for an inductive load
[as shown in Fig. 3(b)], the short-circuit case exhibits a resonance
around 200 kHz. In Fig. 3(b), the broadband background-subtracted
noise is 0.8 yA/Hz"* from 10 Hz to 100 kHz. The RMS noise from
0.1 Hz to 100 kHz for cases (a) and (b) are 260 and 140 A, respec-
tively. Negligible noise difference is found between 20 and —20 A,
thereby only 20 A is shown in Fig. 3.

The noise spectrum has peaks at 60 Hz and its harmonics. These
peaks persist when the background noise is subtracted, and even
when the circuit is completely battery-powered. Additional peaks
above 1 kHz appear when the circuit is powered off but connected to
AC power. We find that, in the former case, the 60 Hz features result
from ground loops introduced by the spectrum analyzer (which is
AC powered). We were unable to identify the origin of higher fre-
quency features, but we speculate that a poorly designed switching
supply is introducing noise onto our mains.

A second performance metric is the ability of the current source
to consistently deliver the commanded current over very long time
scales. This long-time behavior is generally characterized by an
apparent drift of the current that is not described by a white noise
process. In our atomic physics experiments, this drift can be as
important as the higher frequency noise performance. Figure 4 plots
the change in current on top of a 10 A set point over a multi-hour
period, showing a drift of 100 A per hour. The current is transduced
to voltage by an additional SHR 4-3825 sense resistor in series with
the load, which was measured by a 7.5-digit multimeter.

In our laboratory,'” we often use atomic transitions to strobo-
scopically measure and servo the magnetic field with a feedback time
constant of around 1 min. The blue curve shows the same data with
a 1 min high-pass filter applied, showing that, in our implementa-
tion, long-term drift can be made irrelevant. This, along with the
multimeter’s internal ~17 ms time constant, gives a high-frequency

noise estimate of 2 uA/Hz""2.

B. Magnetic characterization

In our application, we employ the current source to generate
magnetic fields using air-core electromagnets, and in this section, we
characterize the associated magnetic field performance. We used a
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low-noise fluxgate sensor for the magnetic field measurement; how-
ever, its measurement range is £100 uT. To avoid saturating the
fluxgate, we drove independent currents through the anti-Helmholtz
coil pair shown in the inset of Fig. 5 to null the magnetic field at the
midpoint. We used nominally identical 60-turn coils with 210 yH
inductance and 0.1 Q resistance. The currents were sourced by inde-
pendent current supplies and we needed slightly different currents
in the coils to reach the null point.

We then measured the short-term magnetic field noise for the
two cases shown in Fig. 5. Each case is the average over ten measured
time sequences captured by an oscilloscope. The orange curve shows
the background field noise obtained with the two independent cur-
rent sources turned off. The blue data show the noise spectrum with
20 A and with the background subtracted. By integrating, we obtain
the RMS noise level Buoise = 46.0 nT at 20 A from 20 Hz to 1 kHz.
As with the current noise, 60 Hz and its harmonics still contribute
significantly.

We also used the fluxgate for the current to magnetic field cal-
ibration. This was achieved by scanning the current in one coil over
a 100 mA range (as large as possible without saturating the flux-
gate) with the current in the other coil fixed and obtaining the ratio
0B/dI = 1.147 mT/A. From this, we find the short-term 40 yA noise
at 20 A from 20 Hz to 1 kHz.

C. Response time

In our application, we change the magnetic field on the 100 us
time scale. The response time is limited both by the bandwidth of our
supply and the inductive time scale of the coils. Therefore, we first
measured the current response time and then separately obtained
the field response time.

The current response was obtained from the built-in sensing
resistor with the same 210 yH coil used in the stability test as the
load. The impulse response function for a step from 1.8 to 2.2 A is
plotted in Fig. 6(a) showing an ~5 us response time. The 10%-90%
rise time is 3.9 ps, giving a 3 dB bandwidth of ~90 kHz.

Our fluxgate sensors are insufficient to measure the field-
response time because their bandwidth is less than 1 kHz. Therefore,
we constructed a pickup coil to measure the derivative of the mag-
netic field impulse response function, as shown in green in Fig. 6(b),

i 20 A
10* i background
i
!
10° |
|
S |
E 1071 g |
21072 F e
i
|
1073k i
!
i
I
102 108 10%
Hz

FIG. 5. Short-term noise spectrum for the background magnetic field (orange), and
magnetic field at 20 A (blue) over 50 ms with a 5 x 10* s=! sampling rate. The
vertical dashed line indicates the bandwidth of the fluxgate. The inset shows the
setup of the current stability measurements. The fluxgate is placed at the center of
an anti-Helmholtz coil pair.
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Time(us)

FIG. 6. Response of a current jump from 1.8 to 2.2 A for the bipolar current source
with a 210 H inductive load. (a) The current read from the built-in current mon-
itor. (b) The magnetic field time derivative dB/dt read from a pickup coil. (c) The
magnetic field B by the numerical integral of (b). The current rise time is 3.9 us,
and the magnetic field settling time is 39.7 us. The vertical dashed line indicates
the time when the current turns on.

and numerically integrated these data to recover the magnetic field
response shown in Fig. 6(c). The magnetic field response exhibits
a brief ~2.5 us delay followed by a slower, inductively limited,
approach to the set point. The 10%-90% rise time is 39.7 us, giving
a 3 dB bandwidth of ~9 kHz.

D. Transition energy characterization

In our experiments, we use magnetic fields to control atomic
energy differences in atomic Bose-Einstein condensates (BECs) via
the Zeeman effect. This sensitivity provides a very accurate method
for measuring the in situ magnetic field stability.

We prepared N = 1.7 x 10° atom ¥ Rb BECs in a crossed optical
dipole trap' in the |f = 1, mF = 1) hyperfine ground state. The mag-
netic field was monitored by driving the field-sensitive ~6.834 GHz
microwave transitions between the |f=1,mp=1) and |f=2,
mp = 2) states.

The magnetic field was provided by eight separately controlled
coils'” to generate a magnetic field along e;.

We selected a magnetic field detuned by 440 kHz from res-
onance and then ramped on the microwaves in 3 ms to a Rabi
frequency of about 10 kHz. Then, we swept the magnetic field to
the resonance in 30 ms and finally reduced the microwave Rabi fre-
quency Q/(27) = 1.5 kHz in 32 ms. After a 60 ms hold time, the
microwave field was abruptly turned off. The spin populations N;
and N in the two hyperfine states were measured following a 10 ms
time of flight.

The expected fractional population

N 1
flz—lzl—

N —_—— 2
1+(8+ m)

only depends on the dimensionless detuning § = §/Q, where 8 is the
detuning from microwave resonance.

The fractional population fi for 150 repetitions of the exper-
iment spanning about 120 min is shown in Fig. 7. The observed
standard deviation 0f, = 0.034 corresponds to a transition frequency
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FIG. 7. Fractional population f; in |1,1) and |2,2) comprising a microwave-
dressed state (blue). The linear fit (orange) has a slope of —0.7(40) x 1073 /h
corresponding to a magnetic field drift of —0.1(6) nT/h.

noise, magnetic field, and current noise with standard deviation of
113 Hz, 5.4 nT, and 18 yA, respectively. Since this noise resulted
from the noise of eight independent supplies, we estimate the noise
for a single supply to be 18/+/8 = 6.4 uA. The effective bandwidth of
this measurement is approximately equal to the microwave Rabi fre-
quency, and thus, the noise density can be calculated as 165 nA/\/Hz
for frequency lower than 1.5 kHz. We note that this is an over-
estimate of the true noise because it included the statistical and
systematic errors associated with detecting and counting the atoms.
The long-term drift is estimated to be 0.6 4A/h with an uncertainty
of 3.6 pA/h. This estimate omits the uncertainty in the spin popula-
tion measurements and is, therefore, an upper bound on the supply
noise.

IV. CONCLUSION

We developed a highly stable bipolar current source by using
parallel MOSFETSs controlled by a zero-drift opamp. The current
output ranges from —20 to 20 A with short-term noise 140 yA and
long-term drift of 90 yA/h of the output current and 0.6 pA/h
obtained from atomic spectroscopy.

The current and magnetic field bandwidth is up to 90 and
9 kHz, respectively, for an inductive ~200 yH coil. Adjustable pro-
portional and integral gain can be tuned for different loads. This
bipolar current source could be used for magnetic field control in the
cold atom and NMR experiments and other applications requiring
bipolar current control.

While this circuit is highly performant, our experience devel-
oping it indicates further avenues for improvement. To further
eliminate thermal effects, it would be desirable to stabilize the sense
resistor around 313 K (for the optimal TCR) and to split the current
into more than one resistor (to reduce Joule heating). The coil picks
up changing laboratory magnetic fields from DC to >10 MHz and
the resulting current is rectified by non-linear circuit elements and
then detected by our sense resistor. It would be desirable to strongly
filter the output of the current sensing module above the system’s
closed-loop bandwidth. The installed system picks up additional line
noise from the external voltage set point. It would be desirable to

scitation.org/journal/adv

include a precision on-board digital to analog converter, connected
by optical fiber or high-speed ethernet to break all ground loops.

SUPPLEMENTARY MATERIAL

The complete circuit schematics are included in the
supplementary material. We made all our schematic diagrams
and printed circuit board layouts available online."”
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