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Nuclear quadrupole resonance (NQR) has a distinct potential to verify the presence of nitrogen bearing
substances based on the unequivocal signatures of their spectra. Therefore, this technique is especially
suitable for remote detection of illicit substances and explosives. Unfortunately, the inherent signal-to-
noise of the most abundant explosive trinitrotoluene (TNT) is very low. Here we present an NQR method
with improved sensitivity for estimation of the probability of TNT presence in the investigated object. The
method consists of a spin-lock spin-echo (SLSE) multipulse sequence for signal excitation and a time
domain matched filter for signal detection. We find that the signal-to-noise increases by shortening
the pulse spacings, even though this means a decrease in spectral resolution. In our case, the decrease
of the pulse spacings from the typical 2 ms to 540 ls resulted in an increase of the signal-to-noise by
14 dB. A theory describing this enhancement is presented and compared to experimental results on
TNT. Issues related to temperature and polymorphism variations are also discussed.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The remote detection of trinitrotoluene (TNT) with 14N nuclear
quadrupole resonance (NQR) has a huge potential [1,2], but it has
not reached widespread use primarily because of TNT inherent
low signal-to-noise ratio (S=N). The later has two principal origins:
(i) a low resonance frequency � 850 kHz and (ii) a long spin-lattice
relaxation time of several seconds preventing fast averaging. The
S=N is further reduced by a very low filling factor of a typical re-
mote detection coil. In addition, there is significant RF interference
in this frequency band from AM radio stations, electronic equip-
ment, power lines, etc... Nevertheless, NQR signal is characteristic
of a solid material, as shown in Fig. 1, and provides means of a reli-
able material identification with very few errors. This is a big
advantage of NQR in respect of competitive techniques used for
explosive detection, since many of them are indirect and detect
only features of the explosive device, but not the explosive itself.
Among these are also the two ‘‘workhorses” of landmine detection,
the prodder and the metal detector. Both generate a big rate of
false alarms and the search for a better technique is an utmost
priority.

The low TNT 14N NQR S=N has been dealt with in several ways.
One of the first approaches to increase the S=N was by modifying
the pulse sequence. Typically, the TNT 14N NQR signal is acquired
by detecting its spin echo. If instead we average several echoes ob-
tained with a CPMG type multipulse sequence, an increase of S=N
for � 6 dB can be obtained with practically no time penalty. Here
ll rights reserved.

ič).
the increase of S=N is determined by the ratio of the spin–spin
relaxation time T2 and signal decay time T�2. The S=N can be in-
creased by much more, � 20 dB, with the spin-lock spin-echo
(SLSE) multipulse sequence [3,4]. Here the inter-pulse distances
are shorter than T�2 and the so called ‘‘spin-lock” effect is created.
The magnetization is locked in the effective magnetic field for
times up to 3T2eff � 150 ms. However, the later technique results
in a reduced spectral resolution. A further attempt involved the
use of double resonance techniques [5,6], by indirectly detecting
14N via its influence on 1H. This technique gives a really big S=N
enhancement but requires a sophisticated apparatus, with a very
homogeneous magnetic field and fast field switching capabilities,
which are too demanding for remote detection. Recently, a modifi-
cation of the above technique which removes the requirement of a
homogeneous magnetic field [7,8] was demonstrated for TNT with
cross-polarization from 1H to 14N. Here 1H magnetization acquired
in the magnetic field is transferred to 14N nuclei, whose NQR signal
is subsequently observed. Only the magnetic field average value
determines the signal enhancement with typical values of 50 for
the laboratory conditions, while practical values for remote detec-
tion are around 10. Other techniques which modestly improve the
S=N include multifrequency NQR [9], circularly polarized RF NQR
[10] and others [11]. In addition to signal intensity increase, the
detection probability can be improved by advanced signal process-
ing. Here the main goal is to obtain the maximum detection prob-
ability from a given NQR response. Traditionally the principal NQR
‘‘signal processing” was noise reduction through averaging, which
is very robust when inspecting an unknown response, but is very
slow for TNT. When the response is known, better approaches ex-
ist. Particularly for TNT a very successful approach was developed
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Table 1
TNT 14N mþ NQR frequencies at T ¼ 300 K for the 6 nonequivalent sites of the two
crystallographic forms.

Orthorhombic TNT Monoclinic TNT
mþ (kHz) mþ (kHz)

837.5 836.5
841.5 841.7
846.3 843.5
848.0 847.7
861.0 858.1
868.2 869.7
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Fig. 1. NQR frequencies of some TNT related compounds at 77 K. The rows from top to bottom contain spectra for: m-chloronitrobenzene, 2,4,6-trinitro-1-t-butyl-3,5-
dimethylbenzene, p-nitrobenzonitrile, nitrobenzene, p-nitrotoluene, m-dinitrobenzene, trinitrobenzene, and trinitrotoluene (orthorhombic and monoclinic). Only the mþ and
m� frequencies are shown, while the m0 ¼ mþ � m� frequencies are around 200 kHz. The shaded region shows the part of the spectrum that overlaps with the TNT mþ
frequencies.

Fig. 2. NQR multipulse acquisition. The sample is exposed to a train of RF pulses
(black) and the signal is induced between the pulses (red). The shape of the signal
between two pulses has the form of an echo. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)
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by Jakobsson et al. [12] for cases where the object temperature is
only approximately known: the approximate maximum likelihood
(AML) in time domain and the frequency selective AML (FSAML) in
frequency domain. The later is slightly more robust under certain
noise conditions.

In this paper, we combine the time domain AML detection tech-
nique and the SLSE pulse sequence to substantially improve the
TNT detection probability. Treating both methods together gives
us a deeper insight into the problem and thus the ability to fine
tune the SLSE experiment. Working in time domain also allows
us to use the full response of the SLSE sequence and not only its
most intense part. Most of our experiments include signal
enhancement with 1H–14N cross-polarization, however this is not
essential and is used only to shorten the experimental time. We
have conducted all experiments at a fixed temperature to remove
one degree of freedom. In such a case the AML detector reduces
to a matched filter detection. When the temperature is only
approximately known the matched filter should be replaced by
AML again.

2. Experimental setup

The experimental data has been obtained with a conventional
home-built NQR spectrometer with the addition of a cross-polariz-
ing unit, as described in Ref. [13].

2.1. 1H–14N cross-polarization

This unit consists of a B0 ¼ 1:1 T permanent magnet and a
pressurized transfer tube, which is used to move the sample be-
tween the magnet and the excitation/detection coil. The sample
is first placed in the magnetic field B0. After 30 s the 1H magne-
tization reaches a thermal equilibrium value and the sample is
quickly moved to the NQR coil located 75 cm away, where the
magnetic field is negligible. At some point during this transfer
process the magnetic field decreases to such a value that the
1H and 14N energy levels equalized and some 1H magnetization
is transferred to 14N. Finally, the 14N magnetization of the TNT
sample in the coil is � 50� larger than in a sample without
the enhancement [7] suitable for any conventional NQR experi-
ment. After the acquisition the sample is returned to the magnet
and the cycle repeated.

2.2. Sample

The permanent magnet useful volume is enough for 70 g of TNT.
We have used a commercial grade TNT, which in our case was a
powder of 70% orthorhombic and 30% monoclinic phase. The 12
mþ TNT frequencies we observed lie in the range[4]
837 kHz < mþ < 871 kHz at room temperature and are listed in Ta-
ble 1.
2.3. Probe

The cylindrical excitation/detection coil had a diameter of 2 cm,
was 7 cm long and was wound from a 0:8 mm copper wire. Its un-
loaded Q-factor was 120. The dead time of such a probe at TNT fre-
quencies, � 500 ls, is unacceptably long for multipulse sequences
and was lowered to less than 100 ls with a resistor parallel to the
coil. The coil was then capacitively coupled to the excitation/detec-
tion circuit where the final Q-factor of the resonant circuit was 17
and the probe bandwidth 50 kHz [13]. The large bandwidth al-
lowed us to detect all 12 TNT mþ lines without any retuning. The
apparent 90� pulse length we used was 33ls.

2.4. Spin-lock spin-echo pulse sequence

The signal is obtained by acquiring the NQR response while the
sample is irradiated with the SLSE multipulse sequence [3], which
is widely used nowadays to enhance the S=N ratio of 14N NQR sig-
nals. The sequence (shown in Fig. 2) consist of a preparatory 90��y

pulse followed by a train of Nseg 90�x pulses spaced tc apart:
90��y � ðs� 90�x � sÞNseg

, where tc ¼ 2sþ t90� . In the nth segment,
between pulses n and nþ 1, an NQR echo is formed with a peak
at time tn and its evolution is described by 12 components in TNT



Fig. 3. Noise autocorrelation function RðsÞ. The solid line is for the in phase part and
the dashed line for the out of phase part. The noise correlation time sc � 20 ls.
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snðtÞ ¼
X12

k¼1

ak exp i2pmkðt � tnÞ �
jt � tnj

T�2;k
� tn

T2eff ;k

 !
: ð1Þ

Here the kth component frequency is mk and ak its real amplitude.
The decay of the kth component echo is described by T�2;k, while
the T2eff;k describes the echo attenuation across segments n. Some
of these parameters depend only on the sample involved while oth-
ers depend also on the particular pulse sequence parameters. Espe-
cially the frequencies mk (Table 1) are usually used as the primary
signature of the sample. The other parameter which is independent
of the experimental setup is T�2;k and is almost k independent. The
intensities ak, depend on the pulse sequence parameters (mainly
tc) as well as on frequencies mk and can be evaluated exactly [13].
The last parameter T2eff;k seems to be quite k independent, but its
increase with the decrease of tc is well known. It also varies with
other pulse sequence parameters [13] and needs further
investigation.

Because the SLSE phase cycling has two steps where the re-
sponse of the sequence with the first pulse 90�þy is subtracted with
the one where the first pulse is 90��y, the term ‘‘single-shot”
throughout the article refers to one complete phase cycle.

2.5. Noise

Any acquisition inevitably contains some noise. The noise from
external sources is dominant in remote detection, but can be suc-
cessfully removed with gradiometric coils or additional antennas
[14–16]. The internal noise however, mainly the coil’s thermal
noise, will remain, and its size is usually much bigger than the de-
tected signal [2]. We are therefore dealing with thermal noise
shaped by the probe and low-pass filters, e.g the resonant circuit
itself and the anti-aliasing filter. In our experimental setup the
probe was shielded, and the noise wðtÞ characterized by its auto-
correlation function RðsÞ ¼ wðtÞwðt þ sÞ is shown in Fig. 3. This
autocorrelation function is much different from the white noise
autocorrelation function RðsÞ ¼ w2

rmsdðsÞ, where wrms is the noise
root mean square value, while dðsÞ is the Dirac’s delta function.
a b

Fig. 4. TNT 14N NQR signal acquired with a SLSE multipulse sequence at mRF ¼ 842 kHz an
phase signal (solid blue) and out of phase signal (dashed violet) and (c) absorption spectru
From the echo decays in a) we find T2eff 	 17 ms. (For interpretation of the references to
In our case, the noise is clearly correlated with a correlation time
sc � 20 ls.

2.6. Signal

A well averaged 14N NQR TNT signal obtained with the above
setup is shown in Fig. 4. Here the excitation frequency was
mRF ¼ 842 kHz, the spacing between the pulses tc ¼ 2 ms, while
the signal was averaged 1000 times. Each signal was enhanced
by a factor of 50 with the cross-polarization technique [7]. In the
spectrum of the second echo in Fig. 4c, 7 of the 12 TNT peaks are
clearly seen. The two peaks at 868.2 and 869:7 kHz were not ob-
served being too far from the excitation frequency, whereas the
three remaining unresolved peaks overlap.

3. Matched filter detection

While it is easy to assign the spectrum in Fig. 4c to TNT after a
comparison with the frequencies in Table 1, such assignment be-
comes unreliable in the presence of a large amount of noise. This
problem can be solved with the use of a numerical procedure
which we derive now.

The acquired signal in time domain y is a vector whose ele-
ments y½i� are the N signal values sampled consecutively every Dt

y ¼ ðy½1�; y½2�; . . . ; y½i�; . . . ; y½N�Þ: ð2Þ

We can write it as a sum of two parts: a noiseless part proportional
to the TNT signal s (like the one shown in Fig. 4a) and noise w

y ¼ qsþw: ð3Þ

Here the signal amplitude q ideally takes only two values: q ¼ 1
when the TNT signal is present in y, and q ¼ 0 when it is absent.
The basic algorithm to determine q from a noisy signal y is by find-
ing the value of q which minimizes ky � qsk2. It can be shown how-
ever[17], that whenever noise is correlated, that is when
RðsÞ–w2

rmsdðsÞ, a better solution is found by minimizing ky � qsk2
R ,

where R ¼ wwT is the noise covariance matrix (RðsÞ defines R and
vice versa). The two vector norms are defined as kak2 ¼ aTa and
kak2

P ¼ aTP�1a. Minimization of ky � qsk2
R is also the starting point

in the derivation of the AML detector[12] and many other signal
processing techniques. The above minimization yields the most
likely amplitude of the reference signal s in the acquired noisy sig-
nal y

qmfðyÞ ¼
sTR�1y
sTR�1s

: ð4Þ

which is then used for comparing against a predetermined threshold
value to give a true/false answer. The Eq. (4) is one of the many forms
used to express the matched filter (mf) or optimal detector [18,19].
c

d tc ¼ 2 ms: (a) full acquisition with all segments, (b) second echo only, with the in
m of the second echo showing characteristic TNT 14N NQR frequencies from Table 1.
color in this figure legend, the reader is referred to the web version of this paper.)
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a b

Fig. 5. Standard deviations rmf ;rcc, and rwhite dependences on (a) sampling interval
and (b) pulse spacing, as found by a numeric procedure from a real signal (denoted
by a red arrow).
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The vector y contains signal acquired in all segments, so that its
size N can be a large number of the order of 105 and the size of the
matrix R;N2, is then unmanageable. However, the noise correlation
length sc � 20ls (see Fig. 3) is substantially shorter than the
acquisition length NDt � 150 ms and also the segment length tc ,
therefore most values in the matrix R will be zero. With this in
mind, we can replace the true matrix R by its approximation,
which assumes that the noise in different segments is fully uncor-
related. This is certainly true for two nonconsecutive segments due
to sc 
 tc , however, the noise in two consecutive segments is cor-
related at the boundary between them. In our case, this is not a
serious issue because sc is much shorter than the experimental
dead time (� 100 ls). With the above considerations R becomes
a block diagonal matrix

R ¼

eR 0 � � � 0

0 eR ..
.

..

. . .
.

0
0 � � � 0 eR

0BBBBB@

1CCCCCA ð5Þ

where each block is the single segment covariance matrix eR. We
will similarly split also the vectors y; s, and w into Nseg vectors
yn; sn, and wn containing only elements from the nth segment, so
that the covariance matrix eR is written aseR ¼ wnwT

n; ð6Þ

but is n independent. The matched filter amplitude from Eq. (4) is
then written as

qmfðyÞ ¼
P

nsT
n
eR�1ynP

nsT
n
eR�1sn

: ð7Þ

For a set of identical single-shot acquisitions, we obtain a set of dif-
ferent vectors y due to the presence of noise and correspondingly, a
set of different amplitudes qmfðyÞ. The amplitudes average value is
�q ¼ qmfðsÞ ¼ 1 when the TNT signal is present in y and �q ¼ 0 in its
absence. On the other hand, the amplitudes standard deviation

rmf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqmfðyÞ � �qÞ2

q
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

nsT
n
eR�1sn

q ð8Þ

is same for both cases (�q independent) and is a measure of the
detector’s single-shot detection capabilities. We expect a good sin-
gle-shot detection only when rmf 
 1, i.e. when the scattering is
much smaller than the difference between the two average values.
Another common way of characterizing the detector’s efficiency is
its single-shot signal-to-noise ratio

S=N ¼ ðqmfðsÞÞ
2

r2
mf

¼
X

n

sT
n
eR�1sn: ð9Þ

We owe another explanation before proceeding. In the above
derivation the vectors y, s and w are assumed to be real,
whereas the NQR signal sðtÞ and noise wðtÞ are usually expressed
as complex quantities (in-phase and out-of-phase components
after demodulation). But, because the pursued amplitude q is
real, we build the corresponding vectors y, s, and w as real vec-
tors. This can be done in several equivalent ways, e.g. by alter-
nating the real and imaginary part of the signal
y ¼ ½. . . ; yreðmDtÞ; yimðmDtÞ; . . .�.

3.1. White noise approximation

It is here insightful to deal first with white noise, by assuming
RðsÞ ¼ w2

rmsdðsÞ. The corresponding covariance matrix (Eq. (6)) be-
comes diagonal
eR ¼ w2
rmsI ð10Þ

and the matched filter amplitude qmfðyÞ simplifies to the well
known cross-correlation

qccðyÞ ¼
sT y
sT s

; ð11Þ

which estimates the similarity of two signals. For a set of identical
single-shot acquisitions the cross-correlation amplitudes qccðyÞ will
again be scattered around two values: �q ¼ qccðsÞ ¼ 1 and �q ¼ 0,
whereas the corresponding standard deviation is found by inserting
Eq. (10) in Eq. (8) as

rwhite ¼
wrmsffiffiffiffiffiffiffi

sTs
p ð12Þ

This is now a very simple expression and one can draw a rather
obvious conclusion. In order to minimize rwhite and thus increase
the robustness of detection, one has either to: (i) decrease noise
wrms or (ii) increase signal sTs. The first option makes sense only
to certain extent, as wrms value for a single-shot detection is deter-
mined by the detector bandwidth and temperature. The bandwidth
is usually chosen so that the whole signal is observed, and its
reduction reduces sTs as well. However, the probe bandwidth also
determines the detector Q-factor, which will increase upon band-
width decrease, and consequently increase sTs. The overall effect
of bandwidth change is an interplay of the two effects, and not fur-
ther discussed here. Noise wrms can be decreased also by lowering
the detector’s temperature, e.g. by immersion in liquid nitrogen,
but this option requires specialized hardware. On the other hand,
there are at least two ways of increasing sTs easily: (i) acquiring
more points with faster sampling and (ii) acquiring more echoes
by reducing SLSE pulse spacings. Both options seem interesting
also from the remote detection point of view and we explore them
now.

3.2. Approximation for colored noise

Instead of repeating the acquisition at every possible combina-
tion of Dt and tc we use the acquisition s from Fig. 4a to numeri-
cally obtain the signal s0 which would be obtained with other
values of Dt and tc. This procedure is not equivalent to a real exper-
iment, however, it allows us to study the Dt and tc effects indepen-
dently from the well known T2eff and ak dependence on tc [13]. On
the other hand, the noise autocorrelation function RðsÞ is indepen-
dent of Dt and tc so that the corresponding matrix eR is easily deter-
mined from RðsÞ in Fig. 3.

The dependence of rmf on the sampling interval Dt is obtained
with the help of decimation. The signal s was acquired with a short
sampling interval Dt ¼ 3:6 ls. Therefore, s0 sampled every
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Dt0 ¼ mDt is easily obtained from s by retaining only its every mth
element. The standard deviation rmf is then found by replacing s
with s0 in Eq. (8) together with an appropriate eR. The results for
various Dt0 are shown in Fig. 5a. As it is expected rmf decreases
with decreasing Dt0 as long as Dt0 is longer than the noise correla-
tion time sc. In this region the acquired noise appears white so that
rmf ¼ rwhite and one could easily use cross-correlation qccðyÞ in-
stead of the matched filter qmfðyÞ, the former being much easier
to calculate than the later. Decreasing Dt0 below sc brings no fur-
ther reduction of rmf . In this regime the acquired noise is colored
(correlated) due to the applied filters, although the noise at its ori-
gin (thermal noise) is white. Because the signal and noise are sub-
jected to the same filters, no further information is obtained when
Dt0 is decreased below sc so rmf stays the same. We should remark
here, that the matched filter average value �qmf ¼ 1 is independent
of Dt0 by definition.

It is less straightforward to determine the influence of pulse
spacing tc on rmf . In this case the signal s0 at shorter t0c is found
by a suitable reduction and interpolation of the signal s. For exam-
ple, when tc is halved, the number of segments is doubled. In every
new segment an echo at the center appears, so that we have twice
as many echoes as before. The new odd echoes are obtained from
the old echoes simply by dropping their first and last quarter
(the region around the echo peak is kept), whereas the new even
echoes are obtained by averaging their odd neighbors. This proce-
dure is easily generalized to obtain the signal s0 at any t0c < tc and
the results for 100ls < t0c < 2ms based on a signal with tc ¼ 2ms
is shown in Fig. 5b. The results are surprising. When t0c decreases,
rmf monotonically decreases as well. The smallest value of rmf is
thus found at t0c ¼ 100 ls, and is more than 3 times smaller than
rmf at tc ¼ 2 ms. Such an increase of sensitivity is translated to a
significant � 10 dB S=N increase. The effect is not difficult to ex-
plain however: when tc > 6T�2 the main contribution toP

nsT
n
eR�1sn comes from magnetization in the segments central re-

gion, around the echo peak, whereas segment extremities contain
little magnetization; the magnetization either starts to buildup
from noise or has already fully decayed below the noise level.
When tc is reduced so that tc < 6T�2, the magnetization has no time
to fully decay but rather decays to a finite value. Similarly, also the
buildup starts from a finite value rather than from noise. This mag-
netization at extremities increases with decreasing tc , and its con-
tribution to

P
nsT

n
eR�1sn and thus rmf becomes increasingly more

important.
The values of rmf 
 1 indicate a very high S=N. In fact, in the

above example the signal single-shot S=N is 16:5 dB and such a
large value is due to the 50� signal enhancement with 1H-14N
cross-polarization technique. Here, the presence of TNT in y is eas-
ily determined also with an inspection ‘‘by eye”. This single-shot
S=N ratio should not be confused with the 30 dB higher S=N ratio
of the experiment in Fig. 4, where 1000 averages have been done.
a

Fig. 6. TNT 14N NQR signal acquired with a SLSE multipulse sequence at mRF ¼ 842 kHz a
with the in phase signal (solid blue) and out of phase signal (dashed violet) and (c) absorp
than in Fig. 4c. From the echoes in a) we determine T2eff 	 43 ms.
It is often the case that due to its simplicity cross-correlation
qccðyÞ is implemented rather than the matched filter qmf ðyÞ even
if the noise is colored (correlated). Under such conditions the
amplitudes qccðyÞ average value is still �q ¼ 1, when TNT is present,
and �q ¼ 0, when it is not, but the standard deviation would be
erroneously described by rwhite in Eq. (12) as shown in Fig. 5. The
correct value for qccðyÞ standard deviation when eR–w2

RMSI is easy
derived as

rcc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
nsT

n
eRsn

q
P

nsT
nsn

ð13Þ

and is much larger than rwhite. Also, the value of rcc should always
be larger than rmf , because qmfðyÞ is derived by properly consider-
ing the noise correlation while qccðyÞ is not. However, we find a very
small difference between rmf and rcc which hardly justifies the use
of the matched filter instead of the cross-correlation as shown in
Fig. 5. This is probably due to the fact that at the origin the thermal
noise is white but later, the noise as well as the NQR signal are both
subjected to identical filters.

4. Experimental results and discussion

To check the conclusions in Section 3.2 we repeated the exper-
iment in Fig. 4 with a very short tc ¼ 540 ls: The response aver-
aged 2000 times is shown in Fig. 6a. It is immediately evident,
that we have acquired much more magnetization than when a
longer tc was used. Moreover, the relaxation time T2eff 	 43 ms is
now considerably longer than T2eff 	 17 ms at tc ¼ 2 ms and addi-
tionally contributes to the acquired magnetization. In Fig. 6b, only
the second echo is shown, with its Fourier transform in Fig. 6c. The
spectral resolution is now limited by a short tc and is � 2 kHz. The
spectrum is severely smeared so that its comparison with the fre-
quencies in Table 1 is nontrivial, and a reliable attribution to TNT
difficult.

In contrast, the corresponding single-shot standard deviation
rmf , obtained by inserting the new response s (from Fig. 6a) in
Eq. (8) is very small indicating a good detector. We find an encour-
aging value of rmf ¼ 0:03 or a S=N ¼ 30:5 dB, whereas the values
for the acquisition with tc ¼ 2 ms are rmf ¼ 0:26 and
S=N ¼ 16:5 dB. Thus simply by reducing tc we have increased S=N
by 14 dB. Some of this enhancement is due to the longer T2eff ,
whereas the main part is due to the increased number of observed
echoes.

Of course, the S=N ¼ 16:5 dB is already sufficient for a reliable
detection, and at first its increase to 30:5 dB does not seem neces-
sary. However, in all the above experiments we have used the 50�
signal enhancement by cross-polarization which increases S=N by
34 dB. If this enhancement is removed (e.g. because such
enhancement values are almost impossible to obtain outside the
b c

nd a very short pulse spacing tc ¼ 540 ls: (a) first 100 echoes, (b) second echo only,
tion spectrum of the second echo. The individual lines are here less clearly resolved



Fig. 7. TNT signal intensities qmf distributions of low-resolution NQR signals with
three different number of averages (NS): 100 experiments with empty detector
(green, lighter bars) and 100 experiments with the presence of TNT (red, darker
bars) but without signal enhancement. The averages used in each setup were: 3
(top), 12 (middle), 48 (bottom). The solid curves represent predicted distributions
from the signal in Fig. 6. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)

Fig. 8. Comparison of the ROC curves for (i) high-resolution NQR signals in 1 min
(blue curve) (ii) low-resolution signals in 1 min (solid green) and (iii) low-
resolution signals in 16 min (dotted green). The ROC curve is here a parametric
function of a threshold value (not shown) and a histogram (Fig. 7). For each
threshold value we count the number of false and true positives in the histogram, so
that these values define the ROC curve’s x and y coordinate. The aim of any detector
is to get as close as possible to the upper left corner of the graph. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this paper.)
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laboratory), a tc ¼ 540 ls detection would only result in
S=N � �3:5 dB. This value is now smaller than the threshold value
of 10 dB, usually required for an acceptable rate of false alarms [2],
but nevertheless a good starting point. For example the value of
10 dB is obtained, if the enhancement is not completely removed,
but rather reduced to 4:7�, obtained with a small magnetic field
of � 120 mT. Or, instead of requiring a single-shot detection, we al-
low some time for averaging. Only 22 averages without any
enhancement are now needed to obtain a S=N ¼ 10 dB. Both op-
tions seem a reasonable solution for remote detection.

4.1. Detection with pure NQR

To check the detectability of the pure 14N NQR TNT signal, that
is without the use of any signal enhancement, we have made a ser-
ies of 100 experiments, a set of 100 y vectors, with the tc ¼ 540 ls
as in Fig. 6. Here, the expected signal exactly retains its form but is
50� smaller than the reference signal from Fig. 6a. Because the sig-
nal is now so minute and not seen ‘‘by eye”, also 100 responses of
the empty coil have been measured for comparison. In both cases,
the signal amplitude is determined with qmf ðyÞ using s from
Fig. 6a. We expect now an �q ¼ 1=50 when TNT is in the coil, and
�q ¼ 0 when the coil is empty. The single-shot standard deviation
around these values is however unchanged as can be verified by
Eq. (8). Thus, the expected rmf ¼ 0:03 is now big compared to
the difference between the two average values D�q ¼ 1=50 and
we decided to look at signals from few small number of averages.

The histograms of the 100 amplitudes qmfðyÞ are shown in Fig. 7
for three representative number of averages (NS). In Fig. 7a NS ¼ 3
with a total acquisition time of 1 min. Here the individual TNT
response (not shown) bears no resemblance with the one in
Fig. 6 since it is now totally dominated by noise. But the qmfðyÞ dis-
tributions already show some clues. The red (darker) columns in
Fig. 7a represent the distribution of qmfðyÞ with the presence of
TNT in the coil, whereas the green (lighter) columns show only
the empty coil response. The centers of gravity of the two distribu-
tions clearly do not coincide. When the coil is empty, the distribu-
tion is centered at �q ¼ 0 as expected, when the coil is filled with
TNT, the distribution center moves to �q ¼ 0:03. This value is
slightly larger than the expected 1=50, presumably because a
non-optimal polarization transfer between 1H and 14N (the gain
is smaller than 50). The width of the distributions is here compara-
ble to the separation between them so that the averaging time of
1 min results only in S=N ¼ 4:9 dB; not enough for a useful detec-
tion. With averaging, the two distributions centers of gravity do
not change, while their widths are proportional to 1=

ffiffiffiffiffiffi
NS
p

. In
Fig. 7b we show the distribution of 100 amplitudes qmf ðyÞ deter-
mined after the acquisitions have been averaged 12 times, that is
for 4 min. As expected, the result is now much better with a
S=N ¼ 11 dB. If the averaging time is further extended to 16 min
with 48 averages, the detection becomes almost perfect as shown
in Fig. 7c, with a S=N ¼ 17 dB. For an easier comparison with other
detectors, the results of Fig. 7 are shown also with the receiver
operating characteristic (ROC) curve in Fig. 8.

Of course, the detection time of 4 min for the sample in the coil
does not seem promising at first. In remote detection the sample
would be located a few cm away from the coil and significantly
more averages would be needed for a similar level of reliability.
We should not forget however, that we have used a realistic anti-
personnel landmine quantity of TNT (70 g) at room temperature,
whereas in a typical study [4] a large sample (> 400 g) was cooled
to 77 K to obtain an acceptable S=N.

4.2. Q-factor optimization

In the present setup a passive coil-ringdown suppression circuit
was used. This is an effective but very primitive realization and
calls for an improvement. We are in a process to build and active
coil-ringdown suppression circuit [20], with same or shorter dead
time, but larger Q . We believe that for TNT an optimal bandwidth
is around 15 kHz, so that the target resonant circuit is Q � 56. Such
a bandwidth would be enough to capture all TNT lines in the range
837–852 kHz, with negligible loss in total intensity. The foreseen
S=N increase compared to the present setup is 5:2 dB, just about
the value required for a useful detection in 1 min. A Q � 56 might
not bring a much better result, as the narrow bandwidth will
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decrease the number of detected lines, but this needs to be checked
experimentally [21,22]. Another limiting factor of a high-Q probe is
its temperature stability. Whereas in our configuration with
50 kHz bandwidth probe the magnitude of TNT intensity is almost
T independent in a region of interest �10� < T < 40

�
, an extremely

narrowband detector focused on a single TNT line might see con-
siderable variation of the intensity, as a consequence of the focused
line moving in and out of the observation window with the change
in the object’s temperature.

4.3. Spurious signal rejection

Looking back at Fig. 6c it seems that the NQR primary
advantage over competing techniques for explosive detection,
its unequivocal signature, has been lost because of resulting
reduction due to the short acquisition time. The spectrum losses
many of its characteristic features when short tc is used, and
the prospect of further tc reduction to additionally increase
the S=N will make things even worse. However, a resolution
where all TNT lines coalesce might still be good enough to dis-
criminate TNT from other materials. In Fig. 1 we have collected
[23] the NQR frequencies of some nitrobenzenes with similar
molecular structure as TNT. As it is evident, the region is
� 600 kHz wide and the overlap with the TNT frequencies, as
chosen in this experiment, is minimal. Of course many more
compounds with NO2 groups exist and are not shown. Their
NQR frequencies will very likely be in the same frequency
range, and possibly overlap with the TNT frequencies. If this
happens to be the case or problem, there is a secondary TNT
characteristic parameter, T2eff . While the frequencies are influ-
enced by the 14N averaged local environment, roughly defined
by the �NO2 group, the relaxation times are determined by dy-
namic phenomena, mainly the motions of small molecular frag-
ments, e.g. �CH3 and other �NO2 groups. The specific
combination of them will compensate for the reduced resolu-
tion. As an example, at the same experimental conditions in
TNT T2eff � 43 ms, while in paranitrotoluene (1 nitro group in-
stead of 3) T2eff ¼ 400 ms, a distinguishable change [13].

A low resolution response has another advantage in the case of
TNT. The two polymorphs, orthorhombic and monoclinic, have
overlapping NQR frequencies. In the low resolution response they
become indistinguishable and remove another unknown parame-
ter, the sample relative composition.

4.4. Obtaining a realistic reference signal for remote detection

The determination of the amplitudes q with a matched filter
requires precise knowledge of the reference signal s and the
noise autocorrelation function RðsÞ, whereas their determination
with cross-correlation requires only the signal. Obtaining the
noise autocorrelation function is in principle easy. The same is
not true for the reference signal. In fact, obtaining a noiseless
reference signal is a very tough condition to fulfill for TNT. Its
low intrinsic S=N makes this impossible without some kind of
signal enhancement. For example, the signal in Fig. 6a was ob-
tained with 2000 averages and with the 50� enhancement. A
pure NQR (no enhancement) experiment would take 2500 times
more averages to obtain a similar S=N meaning 5 million aver-
ages, or a prohibitively long time.

In the field an additional problem is that the target from which
we need to obtain the reference signal is hidden and its tempera-
ture unknown. The solution to this problem is signal modeling
through Eq. (1) at various T . Because the NQR signal dependence
on T is nonlinear, the matched filter approach becomes unsuitable
and needs to be replaced. An example of a very efficient algorithm
which takes these nonlinearities into account is the ETAML algo-
rithm[24]. Because both algorithms minimize the same quantity,
the performance increase will be similar. There are other parame-
ters important for efficient signal modeling. Some of these param-
eters are known (mk), some are easy to obtain (T�2;k and ak), while
some are more difficult to obtain (T2eff ;k) and need additional inves-
tigation. In particular T2eff;k dependence on tc; T and RF field
strength should be well understood.
5. Conclusions

We use the matched filter to determine the presence of TNT sig-
nal in the 14N NQR SLSE response.

We derive a theoretical expression for the detection S=N, and
use it to optimize the SLSE pulse sequence parameters. We find
that the easiest way to improve the detection performance is by
determining the optimal pulse spacing tc and sampling interval
Dt. Then, based on a reference TNT SLSE signal, we numerically
investigate the S=N dependence on tc and Dt. Contrary to intuition,
the S=N steadily increases when tc decreases, so that a low spectral
resolution acquisition becomes much more advantageous than a
high resolution one. In contrast, the increase of S=N upon the de-
crease of Dt reaches its terminal value when Dt equals the noise
correlation time sc . We also assess the detection capability of the
SLSE matched filter with optimized parameters on TNT with pure
NQR without any signal enhancement. Our conclusions are not
limited to the SLSE pulse sequence, but are valid for a wide range
of newer multipulse sequences which create the spin-lock effect.
We envisage that multipulse sequences with short pulse spacings
can significantly shorten the time for TNT detection or increase
the reliability of detection.
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