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Abstract

NQR detection of materials, such as TNT, is hindered by the low signal-to-noise ratio at low NQR frequencies. Sweeping small
(0–26 mT) magnetic fields to shift the 1H NMR frequency relative to the 14N NQR frequencies can provide a significant increase of
the 14N NQR signal-to-noise ratio. Three effects of 1H–14N level crossing are demonstrated in diglycine hydrochloride and TNT.
These effects are (1) transferring 1H polarization to one or more of the 14N transitions, including the use of an adiabatic flip of
the 1H polarization during the field sweep, (2) shortening the effective 14N T1 by the interaction of 1H with the 14N transitions,
(3) ‘‘level transfer’’ effect where the third 14N (spin 1) energy level or other 14N sites with different NQR frequency are used as a
reservoir of polarization which is transferred to the measured 14N transition by the 1H. The 14N NQR signal-to-noise ratio can
be increased by a factor of 2.5 for one 14N site in diglycine hydrochloride (and 2.2 in TNT), even though the maximum 1H frequency
used in this work, 1116 kHz, is only 30% larger than the measured 14N frequencies (834 kHz for diglycine hydrochloride and
843 kHz for TNT).
Published by Elsevier Inc.
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1. Introduction

NQR detection of hidden materials, such as TNT (tri-
nitrotoluene), has several favorable features. NQR is a
bulk technique and can detect fully enclosed material,
as long as the container does not completely block the
RF magnetic field. Since the quadrupolar frequencies
are specific to the crystal structure, false alarms are lim-
ited [1]. However, 14N NQR detection of TNT is hin-
dered by the low signal-to-noise ratio at low NQR
frequencies. To increase the signal-to-noise ratio, double
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resonance techniques have been applied to TNT [2–5].
Double resonance techniques can increase the signal,
at the cost of requiring a magnetic field. Most of these
techniques have used the 1H nuclei as an indirect detec-
tor of the 14N resonance. An alternative approach is to
measure the 14N NQR directly while using the 1H nuclei
to increase the 14N signal. One way to do this is to polar-
ize the 1H at high field and transfer the polarization to
the 14N by energy level crossings as the magnetic field
is reduced. This basic level-crossing technique has been
successfully tested on a few nitrogen-containing com-
pounds [5–7].

In these experiments, we use small magnetic fields to
explore the basic level-crossing technique and other
related methods that use the neighboring 1H to
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increase the measured 14N NQR signal. The small
(0–26 mT) magnetic fields are easily provided by a sim-
ple home-built solenoid. We demonstrate the significant
increase of the 14N NQR signal in a test compound,
diglycine hydrochloride [8], and in TNT. The demon-
strated effects are (1) transferring 1H polarization to
one or more of the 14N transitions, including an adiabat-
ic flip of the 1H polarization during the field sweep when
beneficial, (2) shortening the effective 14N T1 by the
interaction of 1H with the 14N transitions, (3) ‘‘level
transfer’’ effect where the unmeasured third 14N (spin
1) energy level or other 14N sites with different NQR
frequency are used as a reservoir of polarization which
is transferred to the measured 14N transition by the
1H. The best 14N NQR signal-to-noise ratio was
achieved in both diglycine hydrochloride and TNT by
using both effects 2 and 1: first, matching the 1H Zeeman
frequency to the measured 14N NQR frequency to short-
en 14N T1, and then, transferring 1H polarization to 14N
at the other two level crossings. The signal-to-noise ratio
for a fixed amount of time can be increased by a factor
of 2.5 for the 14N site 2 of diglycine hydrochloride, and
increased by 2.2 for the 14N signal near 843 kHz of
TNT, even though the maximum 1H frequency used in
this work, 1116 kHz, is only 30% larger than the
measured 14N frequencies (834 kHz for diglycine
hydrochloride and 843 kHz for TNT).
-1500

0

1500

0 5 10 15 20 25 30

E
ne

rg
y 

/ h
 (

kH
z)

mT

|Y,+>
|X,+>

|Z,+>

|Y,->
|X,->

|Z,->

|Y>
|X>

|Z>

ν
0

ν+

ν-

Fig. 1. Energy levels as a function of magnetic field for one 14N and
one 1H that are dipole-coupled. The energy states are labeled at the
right (high field) side with the 14N state (X, Y, or Z) and the 1H state (+
or �). The arrows indicate the three avoided energy level crossings,
where the 1H frequency equals one of the three 14N frequencies (m+, m�,
or m0). This specific example of the energy levels has the magnetic field
along the 14N quadrupolar Z axis; and the internuclear vector is in the
quadrupolar XZ plane and makes an angle of p/3 with the Z axis. The
dipole coupling, cHcNh=4p

2r3NH, is shown as 50 kHz, larger than
estimated in these materials (7.3 kHz for glycine [13]), in order to show
the avoided level crossings clearly. The 14N quadrupole coupling is that
of site 2 of diglycine hydrochloride (mQ = 780 kHz, g = 0.21).
2. Background

The quadrupolar Hamiltonian is [9]

H ¼ e2qQ
4Ið2I � 1Þ 3I2Z � IðI þ 1Þ þ 1

2
gðI2þ þ I2�Þ

� �
; ð1Þ

where eq = VZZ, the largest component of the electric
field gradient tensor in the principal axes frame,
g = (VXX � VYY)/VZZ, eQ is the quadrupole moment
of the nucleus and I is the spin of the nucleus. As a spin
1 nucleus with g „ 0 (g ranges from 0.17 to 0.30 in these
samples), the 14N nucleus has three energy levels, given
below with their associated eigenstates. The eigenstates
are written in terms of the spin states of IZ, where the
Z axis is defined above by the quadrupolar principal
axes frame.

EjY i ¼ hmQ
1þ g
3

� �
; jY i ¼ 1ffiffiffi

2
p ðj þ 1i þ j � 1iÞ;

EjX i ¼ hmQ
1� g
3

� �
; jX i ¼ 1ffiffiffi

2
p ðj þ 1i � j � 1iÞ;

EjZi ¼ hmQ
�2

3

� �
; jZi ¼ j0i;

ð2Þ

where

mQ ¼ 3e2qQ
4h

. ð3Þ
In our qualitative discussions of the level-crossing effects,
we will often assume that e2qQ > 0 and thus mQ > 0. How-
ever, the sign of mQ does not change the results of the level-
crossing effects given the approximations used in our later
analysis in this article. From the three 14N energy levels,
the three resulting frequencies are

mþ ¼ jY i ! jZi ¼ mQ 1þ g
3

� �
; ð4Þ

m� ¼ jX i ! jZi ¼ mQ 1� g
3

� �
; ð5Þ

m0 ¼ jY i ! jX i ¼ mQ
2g
3

� �
. ð6Þ

The first basic effect that we can use to increase the
14N NQR signal-to-noise ratio is the transfer of polari-
zation from the 1H to the 14N at the magnetic fields
where the 1H Zeeman frequency is equal to one of the
three 14N NQR frequencies [10]. A small DC magnetic
field primarily changes the 1H frequency, while the 14N
NQR frequencies are just slightly shifted, broadening
the NQR transitions in a powder sample [3,11]. This is
for two reasons: first, because the gyromagnetic ratio
is much larger for 1H (42.6 MHz/T) than for 14N
(3.08 MHz/T); and second, the 14N NQR energy levels
do not shift to first order in the field [12] because the
expectation value of the magnetic moment is zero in
all directions. (The zero expectation value of the mag-
netic moment in the Z direction can be seen in the eigen-
states given in Eqs. (2).) Because there are three 14N
NQR frequencies, there are three magnetic fields where
avoided energy level crossing occurs, as can be seen in
Fig. 1. At these level crossings, the 1H Zeeman
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frequency equals one of the three 14N NQR frequencies.
If there was no 1H–14N dipole interaction, the energy
levels would cross; with a dipole coupling, the energy
levels avoid crossing each other with a minimum split-
ting determined by the strength of the dipole coupling.
For our measurements of diglycine hydrochloride and
TNT, these level crossings are roughly at 20 mT for
m+, 17 mT for m�, and 2.5 mT for m0. At a level crossing,
efficient transfer of polarization between the 1H transi-
tion and the corresponding 14N transition can occur
via the 1H–14N dipole interaction because the energies
of the two transitions are equal. Generally, the sequence
of these experiments is as follows (see Fig. 2). First, a
small DC magnetic field is applied which polarizes the
1H. Then, the magnetic field is swept down through
the level crossings, transferring polarization to the 14N
nuclei. If necessary, the field sweep can be paused at
the level crossings to allow more time for polarization
transfer. Finally, the 14N NQR signal is measured at
zero field with a spin-lock, spin-echo (SLSE) sequence
[14].
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Fig. 2. NQR sequences: (A) spin-lock spin-echo (SLSE) pulse
sequence used for 14N NQR at zero field, (B) continuous field sweep
across 1H–14N level crossings, (C) field sweep with stops at the level
crossings, and (D) field sweep with RF magnetic field applied during
the sweep to cause an adiabatic flip of 1H polarization between level
crossings.
3. Experimental

Two samples were used in these experiments: diglycine
hydrochloride and trinitrotoluene (TNT). Diglycine
hydrochloride, 2(C2H5O2N) Æ HCl, was used as a test
compound because it has 14N NQR frequencies close to
those of TNT, a fast T1 for rapid data collection, and
1H bonded to the 14N (the NH3 group) to provide signif-
icant 1H–14N dipole coupling. There are 11/2 total 1H per
14N. We should note that despite the term ‘‘diglycine’’ in
the compound name, which often refers to compounds
where the two glycine amino acids are chemically linked,
diglycine hydrochloride has simply two unlinked mole-
cules of glycine for every molecule of HCl. However,
the two nitrogen sites in the two glycine molecules do
have slightly different NQR frequencies. Each 14N crystal
site has three 14N NQR frequencies, m+, m�, and m0. The
14N NQR frequencies of both diglycine hydrochloride
and the orthorhombic phase of TNT were matched as
m+, m�, m0 triples (see Table 1) by measuring T2e, the decay
of the spin-lock spin-echo train. When the 1H Zeeman
frequency matches the m0

14N NQR frequency, T2e

decreases for the associated m+ and m� transitions [16].
All of the diglycine hydrochloride data in this article
are from site 2 (m+ = 834 kHz, m� = 725 kHz,
m0 = 109 kHz). The experiments used approximately
23 g diglycine hydrochloride from Sigma and were typi-
cally run for 3000 cycles (M, Fig. 2) or more, taking
P15 min.

Trinitrotoluene, 2,4,6-(NO2)3C6H2(CH3), has two
crystalline forms, orthorhombic and monoclinic. Each
crystal type has 6 nitrogen sites with different NQR fre-
quencies (see Table 1) [16]. There are 5/3 total 1H per
14N. Fig. 3 has low-resolution spectra of the m+ and m�
frequencies of the TNT sample. The sample is roughly
40 mL (�25 g) of TNT flakes immersed in water for
safety. It is primarily orthorhombic, but does contain
some monoclinic component. The spectra shown
(Fig. 3) were acquired in 6000 cycles (M, Fig. 2) or more
(P8 h). However, signal sufficient for reasonable spectra
could be acquired in 1000 cycles.

The solenoid to provide the DC magnetic field is a
hand-wound coil with a notch design [17]: two complete
winding layers, with added extra turns at each end to in-
crease homogeneity. The resulting coil (7 cm diameter,
11.5 cm length) provides 2.15 mT/A, with homogeneity
of 0.2% for the diglycine hydrochloride sample shape
and 1.5% for the longer TNT sample. The coil resistance
is 1.2 X and the inductance is 3 mH. The magnetic field
control for the level-crossing sequences uses a 12 bit dig-
ital number from a Tecmag Aries spectrometer. This
digital value is converted to an analog voltage, and that
voltage determines the current output of a Kepco power
supply. The maximum field is limited to 26 mT by the
12 A maximum output of the power supply, while the
sweep rate is limited to �2.5 mT/ms by the coil
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Fig. 4. 14N NQR signal after magnetic field applied for 500 ms (�14N
T1) (normalized by signal without any field sweep) as a function of the
magnetic field strength (in units of the 1H frequency). Data shown for
diglycine hydrochloride site 2 14N, m+ (d) (834 kHz), and m� (h)
(725 kHz) (sequence Fig. 2B). The signal increase when a RF field is
applied at 607 kHz to produce an adiabatic passage of the 1H nuclei
during the field sweep is shown for m+ (m) and m� (}) (sequence
Fig. 2D). Lines show calculations of signal increase from transfer of 1H
polarization: dashed line, adiabatic avoided level crossings with one 1H
and one 14N; dotted line, spin temperature equilibration at level
crossings with 5 1H per 14N; solid line, spin temperature model with
higher two crossings (at 834 and 725 kHz) only 25% effective. The total
cycle time was 525 ms. Data were taken at 33 �C (m+), 37–43 �C (m�),
and 31 �C (adiabatic passage).
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Fig. 3. 14N NQR low-resolution spectra from TNT in water, m+ lines
(838–871 kHz) and m� lines (713–770 kHz). Also shown are the
expected line positions for orthorhombic (+) and monoclinic (·)
TNT, extracted from [15] (see Table 1). The relative intensities of
different lines are strongly affected by the bandwidth of the spin-lock
spin-echo (SLSE) sequence. Spectra taken at 13–16 �C.

Table 1
14N NQR frequencies (in kHz) for orthorhombic and monoclinic TNT
and diglycine hydrochloride

m+ (kHz) m� (kHz) m0 (kHz)

Orthorhombic
TNT

838.8 742.7 96.1
843.6 754.0 89.6
847.4 713.3 134.1
849.5 742.7 106.8
863.4 770.5 92.9
869.4 717.4 152.0

Monoclinic
TNT

838.3 740.7 or 744.3 97.6 or 94.0
844.4 753.6 90.8
845.3 715.2 130.1
849.9 740.7 or 744.3 109.2 or 105.6
861.3 770.3 91.0
871.3 715.2 156.1

Diglycine
hydrochloride

982 815 167 Site 1
834 725 109 Site 2

TNT frequencies are at 13 �C, interpolated or extrapolated from [15].
Diglycine hydrochloride frequencies from this work are at room
temperature.

K.R. Thurber et al. / Journal of Magnetic Resonance 177 (2005) 118–128 121
inductance and the sweep response of the power supply.
The magnet is water cooled with coiled copper tubing.
For the TNT experiments, the sample region was also
water cooled with copper tubing. The TNT sample
had a temperature gradient of 62 �C across the sample
when the magnet was warm. Experimental sequences
with and without magnetic field were always interleaved,
so that the signal change is compared between sequences
done in the same experiment. This avoids any effect of
both temperature and electronic changes over time.
For the diglycine hydrochloride data in this article, the
RF field B1 was perpendicular to the DC field B0. Select-
ed sequences were also run with B1 parallel to B0, and
there were no significant differences (68%). The TNT
measurements were done with B1 parallel to B0.
4. Results

4.1. Level-crossing effect

Fig. 4 shows the diglycine hydrochloride 14N NQR
signal measured after a magnetic field sweep, normalized
by the signal measured without any magnetic field
sweep. The DC magnetic field was applied for 500 ms
(>4 14N T1) in order to include just the level-crossing
effect and not the T1 effects discussed later. The results
are plotted as a function of the applied magnetic field
(in units of the 1H frequency). With the highest field
sweep used (26 mT), the signal for m+ is 60% larger than
without any field sweep. For TNT, we found that simply
sweeping the magnetic field at about 100 kHz/ms
(2.5 mT/ms) through the level crossings gave a minor
signal increase (20%). However, if the field sweep is
paused at each of the level crossings (Fig. 2C), the signal
increase is larger. The need to spend more time at the
level crossing to achieve polarization transfer has been
seen in other 14N double resonance experiments on sam-
ples with NO2 groups [18]. This is presumably a result of
weak 1H–14N dipole couplings in TNT. We estimate
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that the 1H–14N dipole couplings in TNT are [500 Hz,
more than 10 times smaller than estimated for pure gly-
cine (7.3 kHz) [13]. We found that spending 100 ms or
more at the level crossing provided good polarization
transfer for TNT. For a sweep from 26 mT (1116 kHz)
with 100 ms stops at all the level crossings for the four
orthorhombic lines around 843 kHz, the total TNT sig-
nal around 843 kHz at 15 �C was a factor of 2.1 times
larger than without any field sweep. The 12 stops for
the three level crossings of each of the four lines around
843 kHz were reduced to seven stops by stopping only
once for closely spaced lines. The stops were at
854 kHz for the 4 m+ crossings (shifted from 843 kHz
to account for magnetic field broadening), 754, 743 (2
lines), and 715 kHz for the m� crossings, and 132, 107,
and 93 kHz (2 lines) for the m0 crossings.

This basic level-crossing effect has been reviewed sev-
eral times [6,10,11,19–21], though often from the point
of view of measuring the 1H NMR, rather than the
14N NQR. One model for the level-crossing effect is
from a spin temperature approach [10]. In this model,
at each level crossing, when the 1H Zeeman frequency
is equal to one of the 14N NQR frequencies, those two
transitions come into thermal equilibrium with each
other. We derive the spin temperature model as follows.
Let NH and NN be the number of interacting 1H and 14N
nuclei. The initial populations of the two 1H levels are
approximated as NH

2
ð1� xÞ and NH

2
ð1þ xÞ in the high

temperature limit with x ¼ hmH
2kT . mH is the frequency where

the 1H were in thermal equilibrium with temperature T.
The initial populations of the 14N levels are NN

3
ð1þ aÞ,

NN

3
ð1þ bÞ, and NN

3
ð1þ cÞ, for the |Yæ, |Xæ, and |Zæ states,

respectively, with

a ¼ �EjY i

kT
¼ � hmQð1þ gÞ

3kT
; ð7Þ

b ¼ �EjX i

kT
¼ � hmQð1� gÞ

3kT
; ð8Þ

c ¼ �EjZi

kT
¼ 2hmQ

3kT
. ð9Þ

Using conservation of the number of 1H and 14N nuclei,
conservation of the energy, and the high temperature
limit, this model leads to equations for the new popula-
tion differences after the level crossing, xnew, anew, bnew,
and cnew. For example, the following equations are for a
level crossing with the m+

14N frequency [10,19]

p ¼ NH

NH þ 2
3
NN

; ð10Þ

xnew ¼ ð1� eð1� pÞÞxþ eð1� pÞ c� a
2

� �
; ð11Þ

anew ¼ �epxþ 1� 1

2
ep

� �
aþ 1

2
epc; ð12Þ
bnew ¼ b; ð13Þ

cnew ¼ epxþ 1

2
epaþ 1� 1

2
ep

� �
c. ð14Þ

The parameter, e, describes whether the transition
comes into complete thermal equilibrium. If e = 1, the
1H and the 14N transition have fully equilibrated; if
e = 0, nothing happens at the level crossing. The factor
of 2/3 in p arises from the fact that the 1H are coming
into equilibrium with one of the 14N transitions, which
involves two out of the three 14N energy levels, thus only
�2/3 of the 14N nuclei are involved in the high temper-
ature limit. In this model of a level crossing, two of the
14N energy levels thermally equilibrate with the two 1H
energy levels, while the population of the third 14N ener-
gy level does not change. The other two level crossings
at m� and m0 result in similar equations when derived
with the assumptions of the spin temperature model.
The results for several consecutive level crossings can
be modeled by using the new values of x, a, b, and c

as the initial conditions for the next level crossing. An
example of the calculations with the spin temperature
model is shown in Fig. 5. To first order in NN/NH and
the population differences, and assuming complete ther-
mal equilibrium for all three level crossings, the 14N
NQR signal after a field sweep, normalized by the signal
without any field sweep, Snew/S, is given in [6],

ðSnew=SÞmþ ¼ 1

8
13

mH
mþ

� 2
m�
mþ

þ 1þ 9þ 8
m�
mþ

� 21
mH
mþ

� �
NN

NH

� 	
;

ð15Þ

ðSnew=SÞm� ¼ 1

8
5
mH
m�

þ mþ
m�

� 2þ 4þ 3
mþ
m�

� 3
mH
m�

� �
NN

NH

� 	
;

ð16Þ

ðSnew=SÞm0 ¼
1

8
8
mH
m0

þ 6
mþ
m0

þ 4
m�
m0

� 18
mH
m0

� �
NN

NH

� 	
.

ð17Þ

Without going through the detailed calculations, the
general nature of the change in signal for the 14N tran-
sitions can be seen qualitatively (see Fig. 5). As the field
is reduced from high field with polarized 1H, the first le-
vel crossing is with the highest 14N NQR frequency
(m+ = |Y æfi |Zæ). At this level crossing, the population
of |Zæ is increased and |Yæ decreased. At each level cross-
ing, the 1H polarization is reduced by the amount of
energy transfer to the 14N. However, the 1H polarization
is reduced by very little if there are many 1H per 14N. At
the second level crossing with the middle 14N NQR fre-
quency (m� = |X æfi |Zæ), the population of |Zæ is again
increased and |Xæ decreased. At the third level crossing
with the lowest 14N NQR frequency (m0 = |Y æfi |Xæ),
the population of |Xæ is now increased, and |Yæ
decreased. For the m+ = |Y æfi |Zæ transition, the



X>

14N energy
levels

Y>

Z>

Normalized population differences (N/NN - 1/3) x 1010

a/3 = -300
b/3 = -200

c/3 = +500

Initial
After ν+ =
Y> Z>
level crossing

After ν- =
X> Z>
level crossing

After ν0 =
Y> X>
level crossing

-500
-200

+700

-500
-350

+850

-1025
+175

+850
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population differences given are the differences from the uniform 1/3 of
the nuclei in each energy level. The differences are normalized by the
total number of 14N nuclei (NN) and are multiplied by 1010. For
numerical simplicity, this example is for mQ = 750 kHz, g = 0.20,
T = 160 K, the 1H polarized at mH = 1200 kHz, many protons per
nitrogen (NN/NH fi 0), and complete thermal equilibration between
1H and 14N at the level crossings. At each level crossing, the nitrogen
transition involved polarizes to a normalized population difference of
1200 · 10�10. The resulting theoretical signal increase is (850 + 1025)/
(500 + 300) = 2.34 for m+, (850�175)/(500 + 200) = 0.96 for m�, and
(175 + 1025)/(�200 + 300) = 12 for m0.
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population of |Zæ has been increased twice and |Yæ de-
creased twice, so the signal is increased as seen in
Fig. 4. For the m� = |X æfi |Zæ transition, the population
of |Zæ has been increased twice, but the |Xæ population
has been shifted in both directions, so qualitatively,
the signal change could be either positive or negative,
and is negative in the low field used in our experiments
as seen in Fig. 4. For the m0 = |Y æfi |Xæ transition, the
population of |Yæ has been decreased twice, but the |Xæ
population has been shifted in both directions, so qual-
itatively, the signal change could be either positive or
negative. However, the last level crossing is with the m0
transition, so after the level crossings, the m0 transition
is in equilibrium with the proton polarization. This
can be seen in the first term of Eq. (17), where (Snew/
S)m0 = mH/m0 for many 1H per 14N (NN/NH small). So
generally, the m0 signal will be strongly increased, for
example by a factor of 12 for the case calculated in
Fig. 5.

The m� signal decreases for a complete set of level
crossings with our small magnetic fields. However, if
one desires an increase in the m� signal, this can be done
by an adiabatic flip of the 1H polarization during the
field sweep (see sequence D in Fig. 2). A RF magnetic
field is applied at a frequency in between the m� and m0
frequencies. The m+ and m� level crossings are done nor-
mally with positive 1H polarization, which benefits the
NQR m� signal. Then, as the field sweeps down, the
1H nuclei pass through resonance with the RF field.
The result is an adiabatic rapid passage done by sweep-
ing the magnetic field, rather than sweeping the RF fre-
quency. The 1H polarization is flipped to negative by the
passage. The m0 level crossing is then beneficial to the m�
signal (and detrimental to the m+ signal). The result of
such a field sweep with RF is shown by the second set
of symbols (m, }) at 1116 kHz in Fig. 4. The m� signal
(}) is increased, and the m+ signal (m) is not increased.
Thus, for diglycine hydrochloride, either m+ or m� signal
can be increased with a DC field sweep: m+ without a RF
field, and m� with a RF field. For TNT, the m� signal can
be increased simply by choosing to stop and allow time
for polarization transfer only at the level crossings that
are beneficial to the m� signal. This implies not stopping
at the m0 level crossing. For example, the TNT m� signal
at 743 kHz was increased by 80% by a field sweep from
1116 kHz field that just stopped at m� (743 kHz) (100 ms
stop, 5 s cycle time at 15 �C).

The simple spin temperature model fits the diglycine
hydrochloride data (Fig. 4) well for the lower field
sweeps which only cross the lowest frequency (m0) level
crossing. For field sweeps which cross the two higher
field level crossings, an acceptable fit to the data results
if the two higher level crossings are assumed to proceed
only 25% of the way to equilibrium. Another way to
show that the two higher level crossings are not provid-
ing very much signal enhancement under these condi-
tions is to measure the enhancement without crossing
the lowest level crossing (m0). As mentioned earlier, a full
field sweep from 1116 kHz to 0 increases the m+ signal by
60% relative to measurement at 0 field without a field
sweep. We can also sweep the field from 1116 kHz and
stop at 300 kHz (above the m0 level crossing at
109 kHz). Then, measuring the 14N NQR at a field of
300 kHz (7 mT) shows an increase of the m+ signal by
only 13% relative to measurement at 7 mT field without
a field sweep. These results demonstrate 13% signal ben-
efit from the two higher level crossings, and approxi-
mately 60%–13% = 47% from the lowest crossing. The
spin temperature model for 5 1H per 14N would suggest
42% signal benefit from the two higher level crossings,
and 91%–42% = 49% from the lowest crossing. This
again clearly suggests that the lowest level crossing is
providing signal enhancement as expected from the spin
temperature model, but that the higher two level cross-
ings are not. The most likely reason for the low polari-
zation transfer at the higher two level crossings seems
to be that the field sweep is too fast to allow full thermal
equilibrium between the 1H and 14N transitions. Howev-
er, because of the fast 1H T1 (7–10 ms) of diglycine
hydrochloride, stopping or slowing the field sweep to al-
low for full thermal equilibrium between the 1H and
14N, also results in more 1H relaxation during the sweep.
We should note that even for complete thermal equilib-
rium, the most important level crossing is the lowest
crossing (m0), for our very small magnetic fields.

The simple spin temperature model ignores any ef-
fects from energy in the dipole couplings [22], and any
effects caused by a finite number of coupled spins.
Another useful model for the level crossing with differ-
ent assumptions is an energy level avoided crossing



124 K.R. Thurber et al. / Journal of Magnetic Resonance 177 (2005) 118–128
model. Fig. 1 shows the energy levels of one 14N and one
1H as a function of magnetic field. The energy level
crossings become avoided crossings because of the di-
pole coupling between the 14N and the 1H. First, the
magnetic field is set above the level crossings, and the
populations of the energy levels allowed to come into
thermal equilibrium. Then as the field is reduced, the
populations will follow the energy levels if relaxation ef-
fects can be neglected and the field sweep is slow enough
to be adiabatic. To be specific, the populations of the
|Y,+æ and |X,+æ states will end up in the |Yæ 14N state,
|Z,+æ and |Y,�æ populations will end up in the |Xæ state,
and |X,�æ and |Z,�æ populations will end up in the |Zæ
state. As a result, the 14N polarization is increased at
zero field. On the other hand, a field sweep fast enough
to be completely diabatic will not polarize the 14N at all.
For a completely diabatic sweep, the populations of the
|Y,+æ and |Y,�æ states will end up in the |Yæ 14N state,
and similarly for |Xæ and |Zæ. In this case, the 14N polar-
ization does not benefit from the 1H polarization.

The adiabatic condition can be expressed generally as
[22]

A ¼ ðDxminÞ2
dx
dt

� 1; ð18Þ

where Dxmin is the smallest frequency difference be-
tween the states and dx/dt is the rate of change of
the frequency. Of course, the probability of an adia-
batic transition can be more precisely specified [23],
but that is beyond the scope of this article. In our
case, Dxmin is roughly 2p times the dipole frequency,
mNH. The splitting, Dxmin, will depend on the angle be-
tween the magnetic field and the dipole coupling axis,
and so will vary for different crystallites in the powder.
Another way of looking at this adiabatic condition is
that the time spent in the level crossing region,
2pmNH/(dx/dt), must be long relative to the character-
istic time for the dipole interaction to operate, 1/mNH

[24].

2pmNH

dx
dt

� 1

2pmNH

. ð19Þ

For pure glycine, the 1H–14N dipole coupling was esti-
mated as 7.3 kHz [13]. The sweeping magnetic field pro-
duces a change in the 1H frequency of approximately
100 kHz/ms, so the adiabatic parameter is
�(2p Æ 7.3 · 103)2/(2p Æ 100 · 106) = 3 for diglycine
hydrochloride. For TNT, the dipole couplings are esti-
mated to be [500 Hz, more than 10 times smaller than
in diglycine hydrochloride. This results in an estimated
adiabatic parameter of A[ 0.02, so A is clearly not
�1 for TNT. Thus, in this adiabatic model, the digly-
cine hydrochloride experiments are expected to be bor-
derline adiabatic, while for TNT the level crossings
during the swept field will not be adiabatic. This is con-
sistent with the observation that stopping at the level
crossings is required for significant polarization transfer
to occur in TNT.

The connection between the avoided level crossing
and spin temperature models can be made. The spin
temperature model with complete thermal equilibration
approaches, in the limit of many coupled spins and high
temperature, the result for equalizing the populations of
the pairs of energy levels that almost cross at each avoid-
ed level crossing. The spin temperature model can result
naturally if the relaxation is fast enough to equalize the
populations between the energy levels when split by the
1H–14N dipolar coupling only, but the relaxation is neg-
ligible when the energy splitting is larger. The relaxation
of the 1H–14N dipolar order may happen by interactions
between the 1H via the 1H–1H dipolar coupling. The
spin temperature model is thus most appropriate when
the relaxation is fast relative to the level-crossing time
at frequencies comparable to the dipolar coupling. If
the relaxation is slow, an avoided level-crossing model
seems more appropriate.

4.2. T1 effects

A second effect of the 1H nuclei that can be used to
increase the 14N NQR signal is a shortening of the effec-
tive 14N T1. Our two materials allow two different re-
gimes to be studied: 1H T1 <

14N T1, and
1H T1 � 14N

T1. The first case applies to the site 2 14N of diglycine
hydrochloride. Site 2 14N of diglycine hydrochloride
has a T1 of roughly 100 ms for m+ and m� [25] (m+ T1

�115 ms, m� T1 �105 ms at room temperature, 22–
23 �C). The site 1 14N and the 1H both have T1�s roughly
10 ms. The 1H T1 of 7.8 ± 1.5 ms at 607 kHz and
9.6 ± 1.5 ms at 1116 kHz was measured indirectly at
23–26 �C. The sequence used is shown in Fig. 6A.

Since the 1H T1 is much shorter than the site 2 14N T1,
matching the frequencies at a level crossing shortens the
effective T1 between those two 14N energy levels, as long
as the 1H–14N dipole coupling is strong enough to pro-
vide a sufficiently rapid exchange of energy. Effectively,
the 14N can equilibrate to the lattice temperature by a
two step connection [11]. For the first step, the 1H relax
with a fast T1 to the lattice temperature. For the second
step, the 14N equilibrate with the 1H nuclei via the
1H–14N dipole coupling. The recovery of the m+ signal
after saturation when the 1H frequency is matched to
various 14N frequencies can be seen in Fig. 7A. The
shortest effective T1 is when the 1H frequency is matched
to the measured 14N frequency, but there are significant
effects for matching to the other two 14N frequencies.
The shortening of the 14N T1 is also seen in Fig. 8, where
the entire cycle time of the sequence shown as Fig. 2B has
been reduced to 60 ms (<14N T1). Clear peaks are seen at
the level crossings where the effective 14N T1 has been re-
duced (thus increasing the signal seen with the 60 ms cy-



0

1

2

3

4

5

A
rb

. u
ni

ts

1

1.5

2

2.5

3

0 100 200 300 400 500 600 700

R
at

io
 o

f s
ig

na
l

ms

A

B

Fig. 7. (A) m+ signal recovery after SLSE saturation for diglycine
hydrochloride: ·, without any field sweep; ¤, d, and h, with field
sweep to m0, m�, and m+ level crossings, respectively. (B) Ratio of signal
with field sweep to signal without any field sweep, for data from part
A. Data were taken at 25–27 �C.

DC B
field

0
SLSE

DC B
field

0 SLSE

Match at
ν+/γH for 1H to
14N transfer

ω/γH

Saturate 
1H at ω

Vary 1H
pol. time

Saturate 
14N at ν+
(SLSE)

Vary 1H
pol. time

DC B
field

0 SLSE

Match at
ν0/γH for 1H to
14N transfer

Saturate
14N at ν+
(SLSE)

Vary 1H
depol. time

A

B

C

Fig. 6. Sequences used for indirect 1H T1 measurements: (A) sequence
used for diglycine hydrochloride. With magnetic field on, saturate 1H,
then vary time for repolarization before the 1H–14N level crossings. 1H
polarization seen indirectly as variation in the increase of 14N m+ signal
from thermal equilibrium (or decrease of m� signal). 14N is allowed to
fully relax between measurements. (B) Sequence used for TNT.
Polarize 1H for a variable length of time, then the field is swept
directly to 0 for 14N m+ saturation (in a time � 1H T1 at zero field). The
field is increased to the m+ level crossing to transfer polarization from
the 1H to 14N. The field is swept back to 0 to measure transferred
polarization at m+. (C) Sequence used to indirectly measure 1H T1 at
zero field for TNT. 1H is polarized with magnetic field, then the field is
swept down to zero. Next, a variable amount of time is spent relaxing
at zero field. Then the 14N m+ is quickly saturated, before going to the
m0 level crossing to transfer polarization from the 1H to 14N. Finally,
the field is swept back to 0 to measure transferred polarization at m+.
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Error bars are roughly the symbol size, and lines are drawn to guide
the eye.
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cle time), which were not seen in Fig. 4 when the cycle
time was 525 ms (>4 T1 for 14N). This shortening of
the effective 14N T1 helps increase the signal-to-noise
for a fixed amount of time. The best sequence that we
found for diglycine hydrochloride was to sweep the mag-
netic field as follows. First, a 16 ms sweep to 727 kHz
(m�) where the

1H help to relax the m� transition. Second,
a 10 ms sweep to the maximum field (1116 kHz) to polar-
ize the 1H. Third, a 10 ms sweep to 844 kHz (m+) where
the 1H transfer polarization and help to relax the m+ tran-
sition. Finally, a 15 ms sweep to 0 field. Then the m+ sig-
nal was measured. These times include both the time
spent to change the field (5–15 ms, depending on the
amount of field change), and the time spent sitting at
the magnetic field. The total cycle time including the
SLSE measurement was 70.1 ms. Part of the benefit to
the signal-to-noise ratio is from the short cycle time
which allows an increased number of cycles to average.
For the NQRmeasurement without a field sweep, the cy-
cle time with the best signal-to-noise was 135.1 ms, while
96.1 and 193.1 ms cycle times had signal-to-noise a few
percent worse. This reflects the optimal cycle time for
the unperturbed 14N T1 of �115 ms. The benefit of the
decreased cycle time used with the field sweep is included
in the signal-to-noise ratio for a fixed amount of time by
dividing the signal per cycle by the square root of the cy-
cle time. Including both the increased signal per cycle
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For the field sweep, the field is set to the m+ level crossing (854 kHz to
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715 kHz) and the m0 level crossings (132, 107, and 93 kHz). The 14N
NQR measurement is done at zero field in 55 ms (<1H T1 at zero field).
Spectra taken at 15 �C.
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and the reduced cycle time, the field sweep sequence pro-
vided a signal-to-noise ratio for a fixed amount of time
2.5 times better than without a magnetic field sweep.
While this sequence was the best measured for the 14N
site 2 of diglycine hydrochloride, other variations that
included brief stops at the level crossings had increased
signals that differed by only a few percent.

For TNT, the 1H T1 varies significantly with frequen-
cy [2]. The long 14N and 1H T1 relaxation times result in
long experiment times for measuring the TNT 1H T1 by
the same methods as we used for diglycine hydrochlo-
ride. But because of the small amount of 1H–14N inter-
action for TNT during a fast field sweep, we could use
different sequences to measure the 1H T1 indirectly in
TNT (see Figs. 6B and C). The 1H T1 is roughly 0.45 s
at zero field, 10 s at 550 kHz, and 11 s at 1116 kHz at
14–17 �C. These measurements of 1H T1 are consistent
with [2], which quoted T1 values at 25 �C: � 0.5 s at zero
field, increasing to 4.6 s at 200 kHz, and about 30 s at
0.8 T = 34 MHz. The 14N T1 ranges from 8 to 14 s for
the four lines around 843 kHz at zero field and 14 �C,
and is �9 s for the same four lines averaged together
at 13 mT = 554 kHz and 16 �C [25]. Since the 1H T1 is
not shorter than the 14N T1 at the upper level crossings,
matching the m+ level crossing with initially unpolarized
1H did not shorten the effective 14N T1 significantly.
However, because the 1H T1 at zero field is 0.45 s, the
14N NQR measurement at zero field can be done in less
than the 1H T1 so that the 1H polarization from high
field does not fully relax at zero field. The remaining
1H polarization can be used on the next field sweep cy-
cle. At the beginning of the next field sweep cycle, the
magnetic field is turned on, and the 1H frequency is
matched to one of the 14N NQR frequencies. The unre-
laxed 1H polarization can then be transferred to the 14N
nuclei, which have been saturated by the NQR measure-
ment. This helps shorten the effective T1 recovery of the
14N. When the 1H frequency was matched to the 14N m+
region around 843 kHz, with the 14N NQR measure-
ments at zero field taking only 90 ms, the effective 14N
T1 was only 4 s. This shortening of the effective 14N T1

plus stopping at the m� and m0 level crossings provided
a signal-to-noise ratio increase for a fixed amount of
time of a factor of 2.2. Fig. 9 also shows a factor of
2.2 increase of the signal-to-noise ratio when both cycle
times are fixed at 5 s, rather than varied to optimize the
signal-to-noise. This increase by a factor of 2.2 for the
TNT signal-to-noise ratio is not that much larger than
the factor of 2.1 mentioned previously from using the
maximum field available (26 mT) with the level cross-
ings, but here we have used only 20 mT field.

4.3. Effects of other 14N energy levels

A third effect that can be exploited with small mag-
netic fields is to use the polarization that remains in
14N energy levels that have not been measured. The
1H nuclei can be used to transfer some of this polariza-
tion to the measured transition. For example, measure-
ment of one of the 14N transitions tends to saturate that
transition, which equalizes the population in the two
energy levels involved in the transition. However, the
population of the third 14N energy level has not changed
as long as the 14N T1 relaxation has not been significant.
One sequence to demonstrate this is to field sweep to
match m+ and then measure m� at zero field, and then
quickly (<14N T1) field sweep to match m0 and again
measure m� at zero field (see m�s Fig. 8). The m+ field
sweep provides a small increase of the m� signal, while
also polarizing the m+ transition, and thus reducing the
population in the |Yæ state. The population of the |Yæ
state mostly remains the same during the m� measure-
ment because the m� transition does not involve the |Yæ
state and the cycle time is kept less than the 14N T1. Dur-
ing the subsequent m0 field sweep, the thermal equilibra-
tion of the 1H transition and the 14N m0 transition
transfers some of the population from the |Xæ state to
the |Yæ state, thus enhancing the m� signal (see m�s
around 100 kHz in Fig. 8). This effect of using polariza-
tion remaining in the third 14N energy level was also
seen in TNT. Starting with unpolarized 1H, a field sweep
from 0 field to the m0 level crossings (107 and 96 kHz,
100 ms each) benefits the m� signal at 743 kHz by 40%
for a 5 s cycle time. This can be explained as follows.
At the m0 level crossings, the unpolarized

1H nuclei help
to equalize the population of the two states involved in
the m0 transition, |Yæ and |Xæ. The m� signal (|X æfi |Zæ)
thus benefits from the polarization of the |Yæ state. This
technique of using the third 14N energy level can benefit
the 14N NQR signal, while requiring only a tiny
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magnetic field (2.5 mT). We should also mention that
another possible way to use the polarization of the third
14N energy level is to apply an inversion pulse or satura-
tion of the m0 transition, instead of the field sweep to the
m0 level crossings.

In TNT, there are 6 nitrogen sites with different NQR
frequencies for each crystalline type (monoclinic and
orthorhombic) (see Table 1). The polarization of any
one 14N frequency could potentially be replenished by
transfer from other nearby 14N crystal sites. It is possible
for level crossing to happen directly between different
14N sites, depending on the geometry of the electric field
gradient tensors. However, since the 14N–14N dipole
couplings are small (estimated as �10 Hz in TNT), a di-
rect 14N–14N process will be slow at best. Instead, the 1H
can be used to move polarization from one 14N site to
another. We found that a sequence designed to use this
process by stopping at the level crossings for other 14N
sites could provide an increase of the signal-to-noise ra-
tio by a factor of 2.1. This sequence started with two
magnetic field stops in the vicinity of other 14N sites
(100 ms each at 873 and 880 kHz). Then, there was a
2.3 s stop in the m+ region of the measured sites
(854 kHz). Finally, the field was swept down with
100 ms stops at m� (770 and 715 kHz) and m0 level cross-
ings (132, 107, and 93 kHz). The 14N signal in the 835–
855 kHz region was measured at zero field at 843 kHz.
However, because of the closely spaced lines of TNT,
it is not clear whether the benefit of the additional stops
arises from the level crossings of other 14N sites or just
because the stops are also near the level crossings of
the measured sites. Measurement of the signal enhance-
ment as a function of the position of a magnetic field
stop around m+ did not resolve the m+ level crossings
of different 14N sites. The best overall sequence that
we found for TNT m+ signal was as described in the cap-
tion of Fig. 9: to match the field to the m+ level crossing
and then stop at the m� and m0 level crossings as the field
is swept to zero.
5. Conclusions

Small amounts of magnetic field can be produced by
a simple solenoid to create and manipulate 1H polariza-
tion in several ways to increase the signal-to-noise ratio
of low frequency 14N NQR. The increase that can be at-
tained depends on a number of factors, including the
magnetic field available, the ratio of the T1�s of 1H
and 14N, and the number of 1H nuclei per 14N nucleus.
We have found that the benefit to the signal-to-noise ra-
tio can be significant even for very small magnetic fields,
providing much more benefit than a first glance ap-
proach of comparing the achievable 1H frequency to
the measured 14N frequency. In these experiments, we
demonstrated an increase of 2.5 in the signal-to-noise
ratio for a fixed amount of time for the 14N site 2 (the
slower relaxing site) of diglycine hydrochloride using
26 mT and an increase of 2.2 for the multiple 14N sites
of TNT near 843 kHz using 20 mT.
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