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Abstract We propose a precision method for the in situ

calibration of a three-axis coil system based on the free-

induction decay of spin-aligned atoms. In addition, we

present a simple and efficient method for measuring the

three-vector components of a residual magnetic field.

1 Introduction

Many precision experiments in modern atomic laser spec-

troscopy and quantum optics are carried out in an exter-

nally applied DC magnetic field, produced by a

combination of Helmholtz coils and/or solenoids. The

precise knowledge of the amplitude and orientation of the

magnetic field is a paramount importance for accurate

measurements.

In principle, magnetic field distributions can be calcu-

lated from the known distributions of coil currents. Alter-

natively, the spatial field distribution can be mapped by

scanning an appropriate magnetometer, such as a fluxgate

magnetometer, through the volume of interest. However,

there are several technological issues related to those

approaches. First of all, many experiments are carried out

inside of a passive magnetic shield that will distort the field

produced by the coils, an effect which is difficult to

account for by quantitative modeling. Secondly, there may

be experimental imprecisions associated with the correct

placement of the atomic sample (often a vapor contained in

a glass cell) with respect to the mapped volume. Moreover,

depending on the sample used, the signals from the specific

laser spectroscopy experiment may depend on the volume-

averaged magnetic field (such as in cells with wall coat-

ings) or on the field averaged over the laser–atom inter-

action volume (such as in high buffer gas experiments).

Other types of experiments (such as in atomic beams or in

atom traps) may render it difficult to insert magnetometers

at the positions of interest.

The most elegant way around these complications is a

field calibration method that uses the atomic sample itself,

and in fact such methods have been deployed in the past [1,

2]. Using the atomic sample proper for the calibration has

furthermore the distinct advantage that the aforementioned

volume averages are intrinsically taken into account. The

precise knowledge of all three-vector components of the

field applied to the sample implies two distinct aspects. On

one hand, the coils have to be calibrated, and on the other

hand, one has to determine the residual field components,

i.e., the magnetic field present in the sample, when the coils

are not powered. One expects the calibration constant to be

rather stable over time, unless temperature changes, e.g.,

affect the coil geometry. In that sense, calibration proce-

dures do not have to be executed at short time intervals.

The residual field, however, may change on a daily basis,

because of magnetized material being moved in the vicinity

of the experiment, or because of uncontrollable changes of

the properties of a magnetic shield.

In this paper, we will present efficient methods, both for

calibrating the coils and for determining (and compensat-

ing) the residual fields. The calibration constants are

inferred from the recording and analysis of free-induction

decay signals [3] following an optical pumping pulse with

resonant linearly polarized light, while we use the ground

state Hanle effect to null the residual fields.
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We present a proof-of-concept study using the free-

induction decay of atomic alignment in a paraffin-coated

cesium vapor cell for calibrating a solenoid and two rect-

angular coil pairs. However, the method can be generally

applied to any coil system using any atomic medium, in

which spin polarization (orientation or alignment) can be

created and detected by the interaction with a resonant

laser beam.

2 Coil calibration

2.1 Calibration constants

We assume the laser beam to propagate along the direc-

tion k̂ in the horizontal plane, and assume furthermore

that the experimental setup is equipped with three inde-

pendent coil systems generating fields along k̂ and along

two orthogonal directions. We will refer to the three

magnetic field components as Bk, Bv, and Bh, denoting,

respectively, the components along k̂ and along the ver-

tical ðv̂Þ and horizontal ðĥÞ directions perpendicular to k̂.

In the calibration procedure reported below, we apply

mutually orthogonal magnetic fields B produced by three

distinct coil systems and determine for each field con-

figuration the atomic Larmor frequency xL = 2p mL = cF

|B|, where cF is the gyromagnetic ratio of the ground state

hyperfine level F on which the experiments are per-

formed. The linear relationship between |B| and mL is

assured as long as the field is small enough, so that

contributions from the quadratic Zeeman effect can be

neglected.

Figure 1 shows for each coil the drive scheme used in

our setup: a control voltage generates a constant current by

a voltage-controlled current source that drives the coil(s).

The control voltage has two independent input: Vnull
i for

nulling the residual field and Vi that produces the current Ii

generating the field components Bi.

The calibration constants gi, with i = k, h, v, relate the

corresponding Larmor frequencies mi to the control voltages

Vi, according to mi = gi Vi.

2.2 Free-induction decay of atomic alignment

The calibration procedure consists in inferring the atomic

Larmor frequency from the free-induction decay (FID) of

atomic alignment in a time-resolved pump–probe experi-

ment. A high-intensity pulse of resonant linearly polarized

laser light produces atomic alignment along the laser

polarization direction (pump process). After allowing spin

polarization to build up, the (pump) laser power is stepped

down to a lower (probe) level. The alignment produced by

the pump pulse precesses in the magnetic field to be cali-

brated while relaxing exponentially (free-induction decay,

FID). The decaying precession is probed by monitoring the

time-dependent power of the probe beam transmitted by

the atomic medium. The probe power is chosen such that it

does not significantly influence the polarization during its

evolution in the field. We note that recently similar FID

signals have been used in a vapor-cell-atomic magnetom-

eter monitoring the earth’s magnetic field [4], and in a

cold-atom magnetometer for real-time vector component

measurements [5].

2.3 Model

As discussed in [2], the laser power transmitted through an

(optically thin) atomic medium is given by

PðtÞ ¼ P0 � P0j0Lþ P0aj0Lm2;0ðtÞ; ð1Þ

where j0 is the peak optical absorption coefficient, L the

column length of the vapor, and a � aF;F0 the specific

alignment analyzing power of the F ! F0 hyperfine tran-

sition introduced in [2]. The numerical values of the con-

stants j0, L, and aF;F0 are irrelevant for the procedure

outlined below.

Optical pumping with linearly polarized light creates a

tensor spin polarization (alignment) in the medium that is

described by the longitudinal atomic multipole moment [6]

m2,0 in a reference frame with quantization axis along the

light polarization ê: Under the torque exerted by the mag-

netic field, the alignment undergoes a free-induction decay

m2,0(t), which manifest itself as a damped oscillation of the

transmitted power by virtue of (1).

The dynamic evolution of the initial alignment

m2,0(t = 0) prepared by the pump pulse is governed by a

set of five linear differential equations, given, e.g., in [2].

Under the assumption that the longitudinal ðC0Þ and two

transverses (C1 and C2) relaxation rates are equal to C, the

time dependence of the relevant longitudinal alignment

m2,0(t) is given by

ν

Fig. 1 A control voltage produces a constant current using a voltage-

controlled current source (V/I) driving the coil(s). Vnull
i is used to

nulling the residual field, while Vi controls the current Ii generating

the field component Bi which induces Larmor precession at frequency

mi or 2mi. The calibration constant gi connects the Larmor frequency to

the control voltage via mi = gi Vi
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The Larmor frequencies xk and x\ are associated with

the magnetic field components Bk and B\ that are,

respectively, parallel and perpendicular to the light

polarization ê: They obey
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2
k þ x2

?

q
¼ xL ¼ cF jBj:

It has been shown before [2, 8] that the orientational

dependence of alignment-based magnetometers depends on

a single geometrical parameter h, viz., the angle between

the light polarization ê and the magnetic field. The above

result (2) can therefore also be expressed as
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¼ 3 cos2 h� 1
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where C2;qðh;uÞ ¼
ffiffiffiffiffiffiffiffiffiffi
4p=5

p
Y2;qðh;uÞ: It is interesting to

note the similarity of (4) derived here and Eq. (14) of [2]

describing the ground state Hanle effect with linearly

polarized light. This is not surprising since the experi-

mental method described here is the time domain equiva-

lent of the experiments reported in [2], so that Eq. (14) of

[2] is the x = 0 component of the Fourier transform of

m2,0(t) derived here.

One sees that a pure longitudinal magnetic field (h = 0,

equivalent x\ = 0) does not produce any time-dependent

(FID) signal. All calibration experiments are thus carried

out in pure transverse fields (h = p/2), for which the time

dependence of the alignment reduces to

m2;0ðtÞ ¼
m2;0ð0Þ

4
1þ 3 cosð2xLtÞ½ �e�Ct; ð5Þ

which, after insertion into (1), yields for the power after the

cell

PðtÞ ¼ A1 þ A2e�Ct þ 3A2 cosð2xLtÞe�Ct; ð6Þ

with

A1 ¼ P0ð1� j0LÞ ð7Þ

A2 ¼
1

4
P0aj0Lm2;0ð0Þ ð8Þ

The FID signal (6) represents an oscillation at twice the

Larmor frequency with initial amplitude 3A2 superposed on

a background signal of amplitude A2, both decaying

exponentially at rate C toward the asymptotic power

level Pðt� C�1Þ ¼ A: The contrast of the FID signal (i.e.,

the ratio of the oscillatory and the asymptotic values of the

photocurrent at t = 0) is given by

4A2

A1

� m2;0ð0Þaj0L; ð9Þ

to first order in j0L.

We note that, according to (2), the contamination of a

nominally pure transverse field x\ by a small longitudinal

field component xk � x\ leads to the appearance of a

Fourier component at xL, whose amplitude relative to the

dominating 2 xL component is (2 xk/x\)2.

3 Experiments

3.1 Apparatus

We carried out the experiments reported below in a

spherical (30 mm diameter) paraffin-coated Cs vapor cell

[7] at room temperature using a linearly polarized diode

laser beam. The laser frequency was actively stabilized to

the Fg ¼ 4! Fe ¼ 3 hyperfine component of the

D1 ð62S1=2 ! 62P1=2Þ transition. The power of the

transmitted light was detected by a biased photodiode

followed by a current-voltage converter, and the FID

signals were stored on a digital oscilloscope. We used a

(600 mm long, 209 mm diameter) solenoid for the Bk field

and two pairs of (600 mm long, 184 mm wide) rectan-

gular coils in Helmholtz configuration for the Bh and Bv

fields, respectively. The cell and coils were mounted

inside of a two-layer mu-metal shield (inner diameter =

550 mm, length = 1,200 mm) without end caps. The

current through the rectangular coils was controlled by

two independent (nominally identical) home-made volt-

age-controlled current sources, producing up to

	20 mA ð	9 lTÞ with a precision of 2 nA. The current

source for the solenoid produces up to 	4 mA ð	6 lTÞ
with a precision of 0.4 nA.

3.2 FID recording

Prior to recording the FID signals proper, we have carefully

compensated the residual field components to a level of 1

nT using the method outlined in Sect. 5.

Free-induction decay signals were recorded in the fol-

lowing way. First, the atomic vapor is excited by a 1.5 ms

long light pulse of typically Ppump ¼ 200 lW; after which

the light power is reduced to a level of typically Pprobe ¼
4 lW for �150 ms. The laser power control is achieved by

a combination of an electro-optic modulator and a linear

polarizer. The pump pulse prepares the atomic alignment,
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whose free evolution and relaxation is then detected by

monitoring the time dependence of the transmitted probe

beam’s power, yielding a signal SFID(t) proportional to (6).

The signal SFID(t) is recorded on a digital 8-bit storage

oscilloscope by averaging 512 time traces of &150 ms

duration.

In this way, we calibrate the three coil systems

sequentially, by recording the FID signals for a set of

control voltage values Vk; Vh and Vv, respectively, using

the geometries shown in Fig. 2.

In all three geometries, the light polarization ê is

orthogonal to the direction of the field to be calibrated

(h = p/2), so that the FID signal is expected to contain no

oscillation at the fundamental of the Larmor frequency

xL.

4 Data analysis and results

The upper trace of Fig. 3 shows typical raw data

SFID(t) of an FID signal recorded during calibration the

field Bk. In the off-line analysis, we first apply a digital

high-pass filter to the data (details given in ‘‘Appendix’’)

to suppress the constant and exponentially decaying

background given by the first two terms of (6). The

central trace of Fig. 3 shows the high-pass filtered data,

together with a fit of the form S
hpf
FIDðtÞ ¼ 3B cos ð2p2mLtÞ;

yielding 2mL=1,766.45(2) Hz. The decay time of the FID

signal is C�1 ¼ 35:04ð3Þ ms:

The lower trace DS represents the difference in the raw

data (upper trace) and the fitted function of the middle trace

of Fig. 3. These background data show a signal decaying

with a time constant of 116(8) ms and a superposed

oscillation at 250 Hz, due to a photocurrent pickup con-

tamination of unknown origin, as expected from the first

two terms of (6). These background data show a signal

decaying with a time constant of 116(8) ms, as expected

from the first two terms of (6), and a superposed oscillation

at 250 Hz, due to a photocurrent pickup contamination of

unknown origin.

The fact that the decay constants of the FID proper and of

the background differ is probably due to the fact that the

longitudinal and transverse relaxation rates are different. The

bottom trace illustrates well that there is no contribution at xL

in the data, as expected from the chosen geometry ðê ? B̂kÞ:
The fit quality is also evidenced in Fig. 4, where we

show the filtered FID signals, together with fitted curves

and fit residuals for two selected field values.

ε ε ε

(a) (b) (c)

Fig. 2 Geometries used to calibrate the coils producing the fields Bk

(a), Bh (b), and Bv (c), respectively. ê represents the light polarization

used for the three calibrations. The laser beam propagates along k̂:

The same beam serves to pump and probe the atoms. During the probe

process, the laser intensity is lowered. PD indicates the photodetector
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Fig. 3 FID data recorded in the geometry of Fig. 2a with a control

voltage Vk = 0.390 V. Upper trace raw data SFID(t) with overlaid

background from bottom figure. Middle trace high-pass filtered FID

data SFID
hpf (t) (dots) together with FID fit. Lower trace difference of raw

data from upper trace and fitted function from middle trace, together

with a fitted function (exponential decay plus constant amplitude sine

wave). These background data, together with their fit, are overlaid in

the top figure
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4.1 Calibration results

Figure 5 shows a typical example of calibration data for the

solenoid (Bk-field). The FID oscillation frequencies were

measured both for positive and negative Vk values, and the

results are symmetric as expected.

Data were taken with two different combinations of

pump/probe power (see caption of Fig. 5) and the data

were fitted by linear dependencies on Vk, i.e., Bk = gk

Vk ? Bk
res.., allowing for a residual field Bk

res. whose value

compatible with zero. The fitted residual field value is

compatible with zero and the calibration constants were

found to be gk ¼ 2:264ð7Þ Hz/mV for the 18/2 lW data

and gk ¼ 2:260ð5Þ Hz/mV for the 200/4 lW data. From

the consistency of the two values, we conclude that the FID

frequency does not critically depend on the pump and

probe power. The average of the two calibrations yields

gk ¼ 2:262ð4Þ Hz/mV corresponding to a relative precision

dgk/gk = 2 9 10-3.

4.2 Discussion

We note that the typical statistical uncertainty in the Lar-

mor frequency determination from a single (time averaged)

FID trace is on the order of 10 mHz, corresponding to dmL/

mL on the order of 10-5. This precision is compatible with

the expectation for a Cramér-Rao (CR) limited frequency

determination [9] of a damped sine wave with a signal/

noise ratio that is 20 dB above shot noise.

The fact that the achieved precision is two orders of

magnitude worse than the precision of the individual fre-

quency determinations can be traced back to the % pre-

cision of the individual measurements of the control

voltages Vi performed by the oscilloscope.

We have applied the same procedure for calibrating the

Bh and Bv coils and obtained calibration constants with a

similar precision. At an earlier stage, we have calibrated

the same coils using the ODMR method with circularly

polarized light discussed in [1, 2]. The calibration constants

from those measurements are compatible with the present

determination and have comparable uncertainties.

5 Residual magnetic field

As stated in the introduction, the precision control of the

magnetic field involves, besides coil calibration, the precise

compensation of the residual magnetic field components

that are present when the coils are not powered. Currently,

we determine the residual field vector using the ground

state Hanle effect with linearly polarized light (LGSHE).

LGSHE resonances are recorded by monitoring the
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Fig. 4 Filtered FID data recorded in the geometry of Fig. 2a,

together with fits and residuals for Bk & 267 nT (top traces) and

Bk & 524 nT (bottom traces)
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of 200/4 lW (red squares). Bottom fit residuals
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transmitted laser power while scanning a selected field

component Bs through Bs = 0.

In [2], we have derived algebraic expressions for the

lineshapes observed in LGSHE spectroscopy. Here, we

make use of the fact that no resonance is observed when the

scanned field is perfectly parallel to the light polarization ê;
i.e., when there are no spurious field components in the

directions perpendicular to B̂s: This is illustrated in Fig. 6,

where scan the component Bh parallel to the light polari-

zation ê ¼ ĥ: The central plot of the figure shows the

absence of the Hanle resonance, when the components Bk

and Bv are perfectly nulled, while the left and right plots of

Fig. 6 show the appearance of a Hanle resonance in the

presence of small field components along B̂k and B̂v;

respectively. Using the disappearance of the Hanle peak as

a criterion, one can null the spurious field components in

this way with a precision of &1 nT. The residual compo-

nent of the scanned field (here B̂s ¼ B̂h) can be determined

from the offset position of the Hanle resonance with

respect to Bh = 0.

We note again that the calibration constants are expec-

ted to be rather stable over time, but that varying laboratory

fields require the residual fields to be checked at regular

time intervals. The Hanle resonance method has proven to

be a fast and efficient method for achieving this.

An alternative—not yet evaluated—method for nulling

the residual field components could use the FID signals

proper. Since most modern digital oscilloscopes have a

built-in fast Fourier transform (FFT) capability, one might

monitor the Fourier spectrum over a frequency range

scanning mL and 2mL while shining a periodic sequence of

the pump–probe pulses. By iteratively adjusting all three

field control voltages such that the peaks at both mL and 2mL

vanish, one could achieve perfect field-free conditions. The

sensitivity of this method is currently under evaluation.

6 Summary and conclusion

We have presented a simple method for calibrating a three-

axis coil system based on the free-induction decay of atomic

alignment prepared by optical pumping with resonant line-

arly polarized laser light. We have demonstrated that the

fitting of high-pass filtered FID data can—in principle—

provide 10 ppm precision in the FID frequency determina-

tion. In the proof-of-concept measurements reported here,

the precision of the calibration constants was limited to the

% level because of the 8-bit resolution of the oscilloscope.

We have previously used optically detected magnetic

resonance (ODMR) spectroscopy for field calibration,

which, because of the same limiting factors, has yielded a

similar % precision. Compared to the ODMR method, the

FID method presented here offers three main advantages: (1)

the experimental apparatus is simpler: no rf magnetic field

and no lock-in detection is needed; (2) the calibrations of all

three coils are independent, and (3) the calibration curves all

depend in a linear manner on the field control voltage.

We finally point out that the presented calibration in

frequency units circumvents the requirement to know the

magnetic field on an absolute scale, which is of practical use

when measuring, e.g., frequency shifts or relaxation times.
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Appendix: Digital high-pass filter

The raw data consist of a discrete time series of voltages Sn

with n ¼ 0. . .N � 1; representing an oscilloscope trace of

N = 1,000 values. In order to suppress the DC and expo-

nentially decaying background signals (first two terms of

6), we apply a high-pass filter to these raw data, yielding

N - 2L frequency-filtered data points given by the

convolution

Shpf
n ¼

XL

l¼�L

alwðl; LÞSnþLþl; ð10Þ

(with n ¼ L; . . .;N � L� 1) of the raw data with the filter

transfer function, where
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Fig. 6 Ground state Hanle effect with linearly polarized light as an efficient method for measuring (and zeroing) residual magnetic field

components
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wðl; LÞ ¼ cos2 1

2

pl

Lþ 1

� �
ð11Þ

is Hanning apodization window. The filter is laid out as a

finite impulse response (FIR) filter [10], whose effect on

the time-series data is given by the 2L ? 1 filter

coefficients al in (10). We use the error function to

model the filter transfer function (defined for positive and

negative frequencies) as

Hðf Þ ¼ 1þ 1

2
erf

f � f0

df

� �
� erf

f þ f0

df

� �� �
; ð12Þ

where f0 = 275 Hz represents the frequency for which

H = 0.5, and where the filter steepness is parametrized by

df ¼ 32 Hz: The filter parameters were chosen such as to

suppress the most significant part of the 1/f noise, the

background of (6) as well as 50 Hz perturbations, while not

affecting signal components above 500 Hz. The filter

transfer function H(f) is shown in Fig. 7 as dashed (blue)

line.

The filter coefficients al = a-l in time space are given

by

al ¼
1

fs

Zþfs=2

�fs=2

Hðf Þ cos
2plf

fs

� �
df ; ð13Þ

where l ¼ �L; . . .; L, and where fs is the rate (20 kHz) at

which Sn is sampled. The solid red line in Fig. 7 shows the

digital filter transfer function

Hdðf Þ ¼
XL

l¼�L

alwðl; LÞ cos
2plf

fs

� �
ð14Þ

using 2L ? 1 = 123 coefficients.
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