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The low signal-to-noise ratio (SNR) of nuclear quadrupolar
resonance measurements has motivated research on signal en-
hancement methods, including multipulse sequences that facilitate
signal averaging, the development of interlaced pulse sequences,
and super-Q coils. More recently, it has been shown that feedback
can be used to automatically optimize pulse sequence parameters,
maximizing the SNR. This paper extends this work by using
feedback to optimize the offset frequency in the strong off-reso-
nant comb pulse sequence. Analysis and results are presented for
a sample of sodium nitrite at both liquid nitrogen and room
temperatures. © 1999 Academic Press
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1. INTRODUCTION

is the strong off-resonant comb (SORC) sequeri@®. (The
SORC sequence has two desirable properties. First, it produces
NQR signals whose amplitudes are approximately one-half that
of a fully relaxed free induction decay. Second, the SORC
NQR signals are generated approximately evEfyseconds,
thereby providing a large number of signals to be averaged per
unit time.

It is well known that the amplitude of the SORC signal is
sensitive to pulse paramete®)( 11). Suboptimal parameters
can decrease the signal intensity by an order of magnitude,
negating any improvement in the SNR obtained from the
coherent addition of consecutive SORC signals. The optimal
parameter values depend on temperatrd), (distance be-
tween the sample and the coil){ and composition of the
substance to be detected).(

The sensitivity of the SORC signal to pulse parameters is of
particular concern in the development of land mine detection

Nuclear quadrupole resonance (NQR) has been investigaigdiems. The optimal parameters will vary depending upon the
as a nonnjtruswe means for detgctlng narcotics and explosn{ﬁ% of land mine, its burial depth, and environmental param-
(1-5. Unlike conventional techniques such as metal detectog{.ers 6). Although a fixed set of pulse parameters can be used

NQR detects the explosive material, not its container. Ther,
fore, NQR enables the detection of minimal metal or com-

pletely nonmetallic explosive devices.

The low signal-to-noise ratio (SNR) of NQR measuremen
presents a challenge in the development of detection syste
Several techniques for improving the SNR have been investi-
gated. Coherent addition of the NQR signals generated B

o simplify operation of the detection system, this approach
yields a suboptimal SNR. A method for automatically optimiz-

kgg pulse parameters is needed so that the NQR detection
rsl}lstem can be used effectively by a nontechnical operator.

sSeveral approaches are available for determining the optimal
Ise parameters to maximize the SNR. One technique is to

easure the SORC signals for a large set of different param-

multipulse sequence$,(7) improves the SNR at the expens , .
of increasing the detection time. Interlaced pulse sequen&g'S: then choose the parameters that yield the highest SNR.

have been developed to lessen the effect of environmentiS approach is undesirable because it is time consuming.
parameters, such as temperature, on the SBYRNQR detec- Another technique is to use a feedback system to automatically
tion systems using high-temperature superconducting coils 8Riimize the pulse parameters. This paper demonstrates such a
also being investigated. The SNR increases as the square fg8flback system and shows that the tuned parameter converges
of the coil quality factor Q), even when the bandwidth of therapidly to its optimal value.
tuned detection circuit is less than the linewidth of the NQR Feedback has already been demonstrated as a means of
signal Q). controlling the state of the nuclear magnetization in NMRB)(

A large catalog of multipulse sequences is available fdihe pulse width optimization of the SORC pulse sequence
NQR detection experiments. Of particular interest in this papesing feedback has recently been demonstratdjl (t was
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shown that a gradient tuning feedback algorithm can determine T

the pulse width that maximizes the SORC signal amplitude.

This paper demonstrates that a similar algorithm can determine Typel Type Il
the offset frequency that maximizes the SORC signal energy.

JIA N
2. MATERIALS AND METHODS g U \/ \_/ \/

The experiments were performed using a 70-g sample of
sodium nitrite, finely ground to avoid the generation of piezo-
electric signals 15). Another approach for reducing spurious
piezoelectric responses, which is well suited to an NQR detec-
tion syste_m, |s.to minimize thg electric field produced by thr%ixed with the excitation frequency_ + Af, so that the
search coil during the application of an RF pul$é,(17. The .

. - . : expected frequency of the observed signalis As an exam-
sample of sodium nitrite was packed into a small vial over,

which the orobe coil was tightly wound. Experiments Wergle’ Fig. 1 shows experimental data obtained at liquid nitrogen
b It was tghtly - =XP emperature. The data show that the SORC signal is the super-
performed at both liquid nitrogen (77 K) and roorsZ94 K)

temperature. All experiments were conducted atithéransi- position of tW9 NQR S|gnalsz termgd Type I and Type; Il, that
tion in N are the combination of free induction decays and spin-echoes
The transition frequency_ is 3.757 MHz at liquid nitrogen generated by the pulse sequence. Type .I S|gnqls immediately
. follow RF pulses whereas Type Il signals immediately precede
temperature and approximately 3.6 MHz at room temperatu

When immersed in liquid nitrogen the sample is at a constan pulses.
! lquid nitrogen P A parametric model that relates the pulse parameters to the
temperature, making variations in_, due to temperature,

negligible. In contrast, the room temperature experiments su%(-)RC signal is needed. Using this model as a guide, a metric
gigibie. : b b iS selected to quantify the amplitude of the SORC response.

ject the sample to variations in ambient temperature as well as

: . S U{thermore, the model aids the development of the control
heating caused by the probe coil. This is significant becausea orithm by broviding a means for simulating the response of
room temperature the temperature coefficient ofithéransi- g yp g 9 b

S . the closed-loop system. We first identify a model that describes
tion is approximately—1.0 kHz/K (18). : .
0 . . : ._the steady-state relationship between the offset frequéricy

The v_ transition is dominated by a single spin—lattice . : .

: . . . nd the SORC amplitude. The transient behavior of the SORC
relaxation timeT,, which was measured using the method of. o . . .

. : . . . signal due to changes iaf is considered in Section 4.1.

progressive saturation. The spin—spin relaxation timevas
measured using a two-pulse spin-echo decay. At liquid nitro- _
gen temperaturel,, and T, are estimated as 34 s and 6 ms3-1. Parametric Model

respectively. At room temperature, they are estimated as 0.3 & . — .
. . xperimental data indicate that Type | and Type Il signals
and 6 ms, respectively. ThE; lineshape parameter was de—h P yp yp 9

. ) R ve the form of exponentially decaying sinusoids of the same
termined from the SE'T"EChF’ decay. At both liquid nitrogen ar}giquency. It is reasonable to expect that the time constant of
room temperature$? is estimated as 1 ms.

té1e exponential envelopes to be approximat€y The ob-

The experiments were performed using a cgstom—ma Srved frequency of the SORC signal is sensitive to tempera-
1-kW pulsed spectrometer. The system can acquire data, RE

form calculations, an.d' update pulse parameters ir_1 r?al'.ﬂnt"&ult, the observed frequendyf of the sinusoids may differ
TheQ of the probe coil is approximately 200. To avoid ringin rom the expected offset frequenayf. For this reason the
in the receiver following the application of an RF pulse, thergbserved frequency is expressed as

is a 240us delay between the end of the RF pulse and when
the receiver is turned on. The output of the receiver is passed

through an eighth-order Butterworth lowpass filter with a cut- Af = Af + Af, 1]
off frequency of 10 kHz prior to being sampled at 100 kHz.

FIG. 1. SORC pulse sequence and filtered SORC signal.

fe-induced variations of the NQR transition frequency. As a

whereAf, is the difference between the observed and expected
offset frequencies. Based on these considerations, the Type |

. - . . . and Type Il signals are represented as
The SORC sequence is a periodic series of identical RF yp ¢ P

pulses with widtht,, and periodr. The frequency of the RF

pulses is offsef\f Hz above the transition frequeney. The V,(t) = K,e "Tcog 2m(Af + Af)t + 6,] 2]
NQR signal observed between the RF pulses reaches a steady- )

state waveform. The NQR signal induced in the probe coil is  V,(t) = K,e """Tco§ 27 (Af + Af)t + 6, ]. [3]

3. THE SORC SEQUENCE
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Accounting for a DC offsetV,. at the receiver output, a TABLE 1

parametric model of the steady-state SORC signal is Parameter Estimates for the Parametric SORC Model Based
on Data Collected for Offset Frequencies Af Ranging from 2.1 to

3.0 kHz in 100-Hz Steps

\7('[) = \A/|(t) + \A/u(t) + Vpe. (4]
Temperature K, [V] K, [V] Voc[V] 6 [deg] T%[ms] Af,[HZ]
Equation [4] is defined in the interval & t = 7, wheret = 77 K 0273 0261 -0.11 15 0.60 135
0 corresponds to the center of the RF pulse. 204 K 0.077 0073 -011  -32 1.29 —540

The parameter3®, Af,, K,, K, 6, 6,, andV are esti-
mated using observed SORC signals for fixed valuesfofr,
andt,,. The unknown parameters are estimated using the least-

squares method which minimize$ Additionally, we observed that these relationships hold inde-
pendent of the values used ferandt,,. Based on this obser-
iy vation, the number of unknown parameters in the parametric

I(T, Afy Ky, Ky, 61, 600 Voo = > [Vi(m) — U, (m)]2 model can be reduced by replacifig with [7] to obtain

m=L
5] V(t) = Ke "Tcod2m(Af + AfJt + 6,] — K,e T2

X co§2m(Af + Afg)(t — 7) + 6,] + Vpe. [8]

The observed SORC sign¥lt) is passed through an eighth-
order Butterworth lowpass filter with a cutoff frequency of 1
kHz. The filtered signaV; (t) is sampled at I = 100 kHz to
produce the sequendg(m) = V;(mT) of lengthM — L + 1
wherem = L, L + 1,..., M. Similarly, the estimated
sequenceV; (m) is obtained by passing the sampled SOR%
signal estimateV(m) through a discrete-time equivalen
eighth-order Butterworth lowpass filter. The fitst- 1 points
are not recorded because the receiver is gated off during
ring down time. In order to improve the SNR of the observed
SORC signal, 1000 consecutive SORC signals are averaged to Af — p + ! ne{..,-2,-1,0,1,2, ..} [9
produceV;(m).

As an example, fixing the pulse width and pulse separation
at 10 us and 1 ms, respectively, the paramef€is Af,, K,, and that the condition for destructive interference is
K, 6, 0,, andVy. were estimated for values dff ranging
from O to 3.0 kHz in 100-Hz steps. Experimental data were —
obtained at liquid nitrogen temperature. For each valuafof tAf=n, nef{...,-2,-1,0,1,2, ..} [10]
the SORC signal reached a steady-state waveform within 30 s.

One thousand consecutive SORC signals were then acquiggderring to [2] and [3], constructive interference occurs when
and averaged to forW(m). In this experimentM — L + 4 _ g 4 271 Replacingd, in terms ofAf using [6] gives
1 = 76 samples of each SORC signal were recorded. [9]. Similarly, destructive interference requirés = 6, +
Data obtained for each offset frequency yielded a leasiz, . . resulting in [10]. It is important to note, for a fixed
squares estimate of the model parameters. It was found that{ag,c of + that the minimum difference between offset fre-
estimated values of%, Af,, K, K, 6, andV, did not vary quencies resulting in constructive and destructive interference
substantially withAf. For this reason, these parameters werg 1/(20).
averaged across offset frequencies to Obﬁ%”: 0.6 mS,  The ability of the parametric model to predict the SORC
Af. =130 Hz,K, = 0.28,K, = 0.27,6, = 17°, andVoc = ragnonse for different values of the offset frequendywas
—0.11 V. The estimate of the remaining parameigrwas  eynerimentally verified at both liquid nitrogen and room tem-
observed to be a linear function Af. In fact, by replacing\f perature using a 100s pulse width and a 1.0-ms pulse

?n this example, both the pulse separatiand the pulse width

t, are fixed. If these parameters are changed, then new esti-
mates ofK,, K,, and 6, are required.

The parametric model [8] reveals the necessary conditions
r both constructive and destructive interference between
t'I'ype I and Type Il SORC signals. Kim et al.1) observed that
&oenstructive interference between these signals occurs when

in terms ofAf using [1], we obtained the relationships separation. As in the previous experiment, the SORC signal
was allowed to reach steady-state, and the subsequent 1000
0, = —2m7Af+ 6, + 7 6] SORC signals were averaged to proddém). The average

signal was obtained for offset frequencies ranging from 0.0 to
—2mr(Af + Af) + 0, + 7. [7]1 3.0 kHz in 100-Hz steps. A subset of the collected data was
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FIG. 2. Comparison of observed and predicted SORC signalafor 1 kHz at (a) liquid nitrogen and (b) room temperature.

used to estimate the model paramefigysAf,, K,, K, 0,, Voe.  can have a significant effect on the performance of the tuning

These parameters are chosen to minimize algorithm. As described earlier, the SORC signal is passed
through a Butterworth lowpass filter and sampled to produce a
J(T%, Af,, K, Ky, 6, 0y, Vo) sequence&/;(m). Three possible metrics faf;(m) are consid-
ered: peak-to-peak voltage, midsignal amplitude, and signal
oo . , energy.
=2 2 [Ve(m; Af) = Ve(m; AF)T? [11]  The peak-to-peak voltage is defined as
i=1 m=L

for a fixed r andt,,, and offset frequencieaf, = 2.0 kHz + Vop = |mr?x{vf(m)} - mn:n{Vf(m)}I. [12]

1001 ranging from 2.1 to 3.0 kHz19). Table 1 lists the
estimated model parameters at both temperatures.
The estimated value oF% is consistent with that obtained
from the linewidth of a single spin-echo. In addition, the ratios
of K, at 77 K toK, at 294 K, ancK,, at 77 K toK,, at 294 K Vo= ‘V<M> ‘ [13]
are approximately 3.6. The expected ratios, based on the fact 2
that the magnitude of the NQR signal is inversely proportional
to temperature, is 3.8LD). has also been used as a measure of signal interiijy The
The estimated parameter values based on data obtainedtliid metric is based on the signal energy (
offset frequencies ranging from 2.1 to 3.0 kHz were used to
predict the SORC signals for an offset frequency of 1 kHz at

The midsignal amplitude

M
both liquid nitrogen and room temperatures. Figure 2 shows Vo= (Vi(m) — Vpo)?, [14]
that the observed and predicted SORC signals are in close m=L
agreement.

whereV . is the DC offset measured at the filter output in the
absence of an NQR signal.

Before developing a feedback algorithm, a measure of theln order to determine the sensitivity of each of these metrics
SORC signal intensity must be chosen. The choice of mettr variations in the offset frequencif, the metrics were

3.2. Signal Metrics
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FIG. 3. Normalized metric intensities as a function of offset frequency for a sample of sodium nitrite at 77 K. The open circles show experimental data while
the solid curves are obtained using the parametric model.

applied to both experimental data obtained at liquid nitrogen Of the three metrics considered, the energy metric exhibits
temperature and SORC signals generated using the paraméhéclargest sensitivity to variations in the offset frequeady
model in [8]. The experimental data are the same as those ubedomparison, the midsignal amplitude metric is nearly flat for
to generate the parameter estimates in Table 1. Figure 3 shaffset frequencies less than 800 Hz. The extrema of the peak-
each metric normalized by its maximum value over the range-peak voltage metric are not as sharp nor as deep as those for
of offset frequencies. The open circles correspond to mettlee signal energy metric. Unless otherwise noted, the signal
values obtained using experimental data, while the curvesergy metric will be used to quantify the intensity of the
correspond to metric values obtained from the paramet®ORC signal.
model [8] using the parameters in Table 1.

Regardless of the metric used, Fig. 3 shows that the intensity 4. FEEDBACK OPTIMIZATION
of the experimental data depends on the offset frequency. The OF OFFSET FREQUENCY
cyclic variation with respect to the offset frequency is due to
the interference between Type | and Type Il signals. Data inlt is well known that the amplitude of the SORC signal
Fig. 3 also show that the parametric model accurately predictspends on the pulse parameters,, and Af (7, 11). In an
the intensity of the SORC signal as a function of offset fresarlier paper it was demonstrated that feedback can automati-
quency for each of the three metrics considered. Because th#ly determine the optimal pulse width, in the sense of max-
model parameters are estimated using data with offset frequamnizing the SORC signal amplitude, for fixed values of offset
cies ranging from 2.1 to 3.0 kHz, it is significant that the modétequency and pulse separatid). We now consider the task
successfully predicts that the second peak in the signal eneafychoosing the optimal values of offset frequency and pulse
is larger than either the first or third peaks. Furthermore, tlseparation for a fixed pulse width.
location of extrema predicted by [9] and [10] closely match the The dependence of the SORC signal intensity on pulse
experimental values for the peak-to-peak voltage and sigs&paration for a fixed offset frequency and pulse width is
energy metrics. Using [9] and the estimated valfe = 135 considered first. A set of experiments was performed at liquid
Hz, maxima are expected at 0.365, 1.365, and 2.365 kHhutrogen temperature using a L& pulse width and an offset
Similarly, Eq. [10] predicts minima at 0.865, 1.865, and 2.86f%equency of 4.0 kHz. The pulse separation was varied from
kHz. 0.5 to 3.0 ms in 0.025-ms steps. For each pulse separation,
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FIG. 4. Normalized signal power as a function of pulse separation; open circles show individual data points.

1000 steady-state SORC signals were filtered and averaggutimized. Fourth, Fig. 4 shows that the amplitude of the local
and the signal energy was calculated as described earliraaxima varies greatly with pulse separation. In contrast, Fig. 3
Because the data window size is proportional to the pulshows that the amplitude of local maxima of signal energy does
separation, it is necessary to compare signal intensity in terawst vary significantly with offset frequency. This fact simpli-
of power instead of energy. The signal power metric is olfies the design of the control algorithm, which must only find
tained by dividing the signal energy metric for each pulsglocal maxima when varying the offset frequency.
separation by the corresponding data window size. In order to design a feedback algorithm that optimizes the
Figure 4 shows the normalized signal power as a function gffset frequency, the transient response of the SORC signal
pulse separation. There are two important observations to drgiénsity to variations in the offset frequency must be known.
from the data. First, the envelope of the curve increases 9§ far we have only considered a parametric model that relates
smaller values of pulse separatienSecond, the envelope isthe steady-state signal intensity to changes in offset frequency.
modulated by the interference of Type | and Type Il signalghe gynamics of the SORC pulse sequence have been ad-
according to [9] and [10]. The first observation indipates Fhﬂ?essed earlier20—22. However, a closed-form expression
we should use the smallest valuergiossible. In practice, this g|ating the transient response to changes in the pulse param-
value is limited by either the ring down time of the probe COilyer5 is not available. The next section uses experimental data

or the maximum duty cycle of the transmitter. In addition, 1@, «haracterize the transient behavior of the SORC signal.
avoid a significant loss in signal intensity, it is necessary to

choose the offset frequency and pulse separation to satisfy the
condition stated in [9] for constructive interference. 4.1. Transient Response

Based on these observations, we chose to fix the pulse
separation at a small value and automatically tune the offsetfWo experiments were performed to observe the transient
frequency to maximize the SORC signal intensity. This apesponse of the SORC signal energy. The first experiment
proach has several advantages. First, in addition to increasiggeals the transient response at the start of the SORC sequence
the signal intensity, a small value of pulse separation alf® a fixed offset frequency of 2.50 kHz, while the second
increases the number of SORC signals available for averag@xperiment shows the transient response caused by a step
per unit time. Second, fixing the pulse separation provideschange in the offset frequency from 2.55 to 2.50 kHz. Exper-
constant window size for comparison of signal energies. Thirents were performed at room and liquid nitrogen tempera-
by fixing 7, the time required to obtain a single averaged SOR@res, with the pulse width, and pulse separationfixed at
signal is not dependent upon the parameter which is bei#@.0 us and 1.0 ms, respectively.
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FIG. 5. Transient response of signal energy for an offset frequency of 2.50 kHz.

Individual SORC signals are indexed by the integewhere V,(nr) obtained using the time constants in Table 2. At liquid
n = 0 corresponds to the SORC signal following the first RRitrogen temperature, more than one time constant is present.
pulse. In the first experimenif is fixed at 2.50 kHz and the In contrast, at room temperature, only one time constant is
SORC signals are recorded starting fram= 0 until the observed. At both temperatures, the dominant time constant is
SORC signal energy reaches a steady-state value. about one-half the spin—lattice relaxation tiffig.

In the second experiment, the offset frequency is fixed atNext we consider the transient response of the SORC signall
2.55 kHz for the firsN, RF pulses. The number of delay pulseg a change in offset frequency. The open circles in Fig. 6 show
Nq is chosen so that the SORC signal energy reaches a steafl¥-signal energy of the measured SORC signals versts
state value during the time intervidly. Starting with theNth (n — Ng), where the offset frequency is stepped from 2.55 to
RF pulse, the offset frequency is fixed at 2.50 kHz. In thig 5 kHz att = 0. As in the previous experiment, the data were
experiment, SORC signals are recordedrior N,. fit to an exponential curve using the least-squares method. The

The open circles in Fig. 5 show the signal energy of eaghyimated signal enerdy.(nr) based on the time constants in
r_neasured SORC S|gr?al In th_e first experiment asa funCt'on'ﬁible 2 is indicated by the solid curves in Fig. 6. Note that two
timet = nr, wherer is the fixed pulse separation. The datg o constants were required to describe the observed relax-
obtained a.t bqth temperatures suggest an overdamped ransifBh for data obtained at liquid nitrogen temperature. In con-
response in signal energy trast, only one time constant was required when the sample was

R at room temperature.
Vdnt) = Ag+ Aje "™+ Ae "+ .- [15]  Data for both experiments show that the SORC signal en-
R ergy reaches a steady-state value within approximakghg.
whereV,(nr) is an estimate of the observed signal energy afhis observation is consistent with previous resultd).( In
the nth SORC signalyg; are time constants, andl are ampli- terms of the control design, if the feedback algorithm updates
tudes. The time constants describe the rate at which the
signal energy metric, and hence SORC waveform, approach

steady-state. In contrast, the time constant in the parametric TABLE 2

model describes the shape of the steady-state SORC wavefogtimated Time Constants Observed in the Transient Response

The parameters;, andA; are chosen to minimize of the SORC Signal Energy

~ Temperature Experiment Time constants (s)
J(Th AI) = E [Ve(nT) - Ve(nT; Tiy Ai)]zv [16]
n Liquid nitrogen 1 12.5 1.91 0.18

2 7.73 0.20 —

whereV(nr) is the energy of thath measured SORC signal.Room 21 8'117870 - -

The solid curves in Fig. 5 show the estimated signal energy
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FIG. 6. Transient response of the signal energy for a step change in offset frequency from 2.55 to 2.5 kHz.

the offset frequency on the order ©f;, these results indicate based on the steepest ascent method is used to optimize the

that the algorithm must take into account the dynamic behavigffset frequency. Figure 7 shows the modified SORC sequence

of the system. On the other hand, if the feedback algorithused to implement the gradient algorithm. The pulse separation

varies the offset frequency on a time scale larger fhanthe 7 and pulse width,, are fixed across the entire sequence. The

task of choosing\f simplifies to a static optimization problem.integerk indexes segments of the pulse sequence that use a

fixed offset frequencyf(k). At the start of thekth segment,

4.2. Gradient Algorithm the firstN, SORC signals are not recorded. During the interval
The selection of an algorithm that automatically adjusts tf«™ the energy of successive SORC signals approach a steady-

offset frequencyAf is guided by several considerations. BeState value. The subsequeNt SORC signals are filtered,

cause a closed-form dynamic model relating changes in f@mPled, and averaged. The energy of the averaged SORC

offset frequency to variations in the SORC signal energy ®dnal is denoted a¥.(k). The interval during the remaining

unavailable, the algorithm cannot be model dependent. THe SORC signals represents the computational delay required

algorithm should not be computationally intensive so that it cdft determine the offset frequendyf(k + 1) for the k + 1)th

be implemented in real-time. Finally, the algorithm shoul§egment of the pulse sequence.

have a minimal number of free design parameters to reduce jtd "€ OPtimization objective is to choose the offset frequency

sensitivity to variations in operating parameters. For exampff(K) that maximizes the performance index

in land mine detection applications, the exact temperature,

positi(_)n of the m_ine with respect to th_e probe coil, anc_j the J(AF(K)) = I(k) = Vy(K).

electrical properties of the soil separating the probe coil and

mine are not known a priori.
In light of these considerations, a gradient tuning algorithifhe optimal offset frequency is found using the method of

Af(k-1) Af(k) Af(k) Af(k) Af(k) Af(k+1)

Average Na
signals

Computational
delay l\é pulses

Delay Nd
pulses

k k+1

FIG. 7. SORC pulse sequence for gradient tuning algorithm experiments.
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FIG. 8. Response of the closed-loop system at liquid nitrogen temperature for an initial offset frequency of 2.0 kHz and a delayNtime &0 s.
Experimental data and simulation results are shown by circles and squares, respectively.

steepest ascent which is an iterative approd@. (The offset
frequency is updated as
Af(k + 1) = Af(k) + AV J(k), [17]

whereA is a positive learning factor arid,; J(k) is the gradient

The functionG(x) is similar but not equal to the function
sign(x). For x = 0 the functionG(x) is equal to one while
sign(x) is equal to zero. This definition is necessary to ensure
that the gradient approximation is bounded. Using the approx-
imation in [19], the gradienV,;J(k) can only take values of
+1 or —1. As a result, the learning factarin [17] represents

of the performance index with respect to the offset frequendiye step-size by which the offset frequency is changed. Be-
Af. The gradient¥ , J(K) represents the ratio of the change itause the gradient never vanish&§k) can only converge to
signal energy to the change in offset frequency. This gradight optimal value in a limit cycle whose radius is equal to the

can be approximated as

I - Ik — 1)
T Af(k) - Af(k— 1)

V,J(K) [18]

To reduce the sensitivity of the gradient to noise, especi
when the change in offset frequency is small, the gradi
V. J(K) is replaced with

Vard(k) = G(J(k) — I(k — 1))G(Af(k) — Af(k — 1)),

[19]
where the functiorG(x) is defined as
1 x=0
G(X):{—l x<0. [20]

o

step-sizea.

The choice of the step sizeis important. If the step size is
too large, the offset frequenayf(k) may not converge. On the
other hand, if the step size is too smallf(k) will converge
slowly. Earlier we pointed out that the minimum distance
tween offset frequencies corresponding to constructive and
structive interference is 1KR This observation places an
upper bound on the step-size. Through trial and error, it was
found that the step-size af= 0.1/(2r) allows the algorithm to
locate the optimal offset frequency within approximately 10
iterations.

When the number of delay pulsBg is sufficiently large so
that the SORC signal energy reaches a steady-state value
before data is acquired, the parametric model can be used to
simulate the response of the closed-loop system. Simulation
data are presented along with experimental results in the next
section.
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FIG. 9. Response of the closed-loop system at liquid nitrogen temperature for an initial offset frequency of 2.8 kHz and a delayNtime &0 s.
Experimental data and simulation results are shown by circles and squares, respectively.

4.3. Experimental Results Figures 8 and 9 show that the gradient algorithm tuned the

offset frequency to about 2.3 kHz, in both simulation and

The ability O,f thg gradient algorithm to maximize the signfaéx eriment. This is consistent with the result expected from
energy by adjusting the offset frequency was assessed i A Using = 1 ms and taking into account the estimafe =

series of experiments. In each experiment, the parameters 135 Hz, constructive interference is expected at offset frequen-

1 ms,t, = 20.0us,N, = 1000,N. = 2, andA = 0.1/(2r) = . .
: - ciesAf = 0.365, 1.365, an@.365 kHz. The algorithm tuned
50 Hz were fixed. The initial offset frequenayf(0) and the both initial offset frequencies to the closest valueAdfyield-

number of pulsesl, over which the SORC signal is allowed to. S
constructive interference.

reach steady-state were varied. The experiments show W]%'he third experiment is performed at liquid nitrogen tempera-
effect of different values olNy and the initial offset frequency third experiment 1S p 'quid nitrogen temp
ture withNyt = 2 s, which is more than an order of magnitude less

Af(0) on the performance of the gradient algorithm. . . o
The first two experiments were performed at liquid nitrogeWanT“' Experimental results obtained for initial offset frequen-

temperature. The estimated valueAd is approximately equal cles of 2.0 and 2.8 kl—_iz are shown.in Flg 10. Note thqt the tuned
to the value shown in Table 1. Choosing the delay thie = offset frequency oscillates about its initial value, while SORC

30 s was sufficient to allow the SORC signal energy to reasignal energy decays toward zero. This failure is gxpected because
a steady-state value before data were acquired. the grgdlent ascent algorithm does not take into account the
In the first experiment the initial offset frequenayi(0) is dynamics of the SORC sequence. By reduding to a value
set to 2.0 kHz. Figure 8 shows experimental results along withch smaller thaffy, the SORC signal energy does not reach a
computer simulations of the closed-loop system generated §i&ady-state value before data acquisition occurs. Similarly, the
ing the parametric model. The upper plot in Fig. 8 shows tH@rametric model is based on the steady-state SORC response,
signal energyV, while the the lower plot shows the tuningand so it cannot be used to accurately simulate the behavior of the
history of the offset frequencif. Both V., andAf are plotted closed-loop system.
as a function of time. The time between adjacent data points isThe final experiment is conducted at room temperature using
(Ng + N, + N7 = 31 s. The experimental and simulatiorg delay timeN,m = 1.5 s which is about five time§,,. The
data are shown by open circles and squares, respectively. Eiperimental response of the gradient tuning algorithm is
second experiment is identical to the first, except that the initigthown in Fig. 11 for an initial offset frequency of 2 kHz.
offset frequency is set to 2.8 kHz. Figure 9 shows the expeWithin six iterations that span 15 s, the gradient algorithm
mental data and simulation results. tuned the offset frequency to maximize the SORC signal energy.
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FIG. 10. Response of the closed-loop system at liquid nitrogen temperature for initial offset frequencies of 2.0 and 2.8 kHz, and a delblytime .

5. DISCUSSION operated by nontechnical individuals. We have shown that-

The ability to automatically optimize pulse parameters feedback control provides a means for maximizing signal en-
important when NQR is used in detection instrumentaticgrgy through automatic adjustment of offset frequency in the

FIG. 11.
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Response of the closed-loop system at room temperature for an initial offset frequency of 2.0 kHz and a delajtime @f5 s.
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SORC pulse sequence. In order to understand how the offdet pulse width and the offset frequency to obtain the maxi-
frequency affects the steady-state SORC signal, and to enablem signal energy. Although it is possible to apply both
simulation of the gradient tuning algorithm, a parametrioptimization methods back to back, we are currently investi-
model that relates the offset frequency to the steady-stgi@ing algorithms that simultaneously tune both pulse width
SORC signal was identified. The parametric model in [&nd offset frequency.
accurately predicts the constructive and destructive interfer-The results presented in this paper were obtained using a
ence patterns of the SORC pulse sequence as the offset finaterial that provides a single, narrow NQR line and serves as
quency Af is varied. The offset frequencies that result im proof of concept for an autocalibration algorithm. In the case
extrema located by [9] and [10] are consistent with previousbf explosives, there are multiple, wide lines. For example, in
reported experimental resultd). When used to compute theRDX there are 6 transition frequencies. The lines are separated
signal metrics considered in this paper, the parametric mod® a minimum of 48 kHz with a maximum linewidth of 460 Hz
results were nearly identical to experimental values. (4). In this case there is still sufficient separation between the
Regardless of the method used to adjnto maximize the resonance frequencies to allow the excitation of a single tran-
SORC response, a metric of the SORC signal intensity stion. Therefore, we expect the optimization algorithm pre-
needed. Both simulation results and experimental data indicaented in this paper to be applicable to RDX. On the other
that, of the three metrics considered, the signal energy is th@nd, in TNT there are 12 resonance lines corresponding to six
most sensitive to variations in offset frequens;. distinct nitrogen sites2). Because the separation between
There are many approaches for choosing the offset fradjacent lines is only several kilohertz, the tuning algorithm
quency that maximizes the SORC signal energy. For examphnuld require modifications if multiple lines are excited.
one could use an FFT of the average SORC waveform to
determine the actual offset frequency. However, for a 1-ms 6. CONCLUSION
pulse spacing the frequency resolution of an FFT is 1 kHz. On
the other hand, the gradient tuning algorithm is able to locateThis paper presented a parametric model that accurately
the optimal offset frequency to within50 Hz. The parametric predicts the steady-state SORC waveform as the offset fre-
model was successful in simulating the gradient tuning algquencyAf is varied. A gradient tuning algorithm that automat-
rithm as long as the delay timé,r was sufficiently large to ically adjusts the offset frequency to maximize the SORC
allow the signal energy to reach a steady-state value. signal energy was demonstrated. The gradient tuning algorithm
This paper demonstrated that a gradient tuning algorithm cavethod affords several advantages. It allows a nontechnical
successfully optimize the offset frequency in the SORC seperator to automatically calibrate an NQR detection system.
quence. This gradient algorithm has only one free desigie algorithm does not require a detailed dynamic model, and
parameter, the learning factar. However, by settingh = is therefore insensitive to variations in the dominant time
0.1/(2r), the offset frequency approached an optimal valusnstants of the NQR signal response. In addition, because the
within 10 iterations. This design parameter is chosen indepetigorithm is not computationally intensive, it can be imple-

dent of the sample temperatui®,, T,, T%, andt,,. mented in real-time.
The insensitivity of the algorithm to variations in sample
temperature is important because the NQR resonant frequen- ACKNOWLEDGMENTS

cies are strongly dependent on temperat@®. (As an exam-
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mately —1 kHz/K (18). Not surprisingly, the value oif, was Engineering Research Laboratories under Contract DACA 88-95-K-0002.
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