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ABSTRACT

The Carr-Purcell pulse sequence, with low refocusing flip angle, produces echoes midway between refo-
cusing pulses that decay to a minimum value dependent on T;. When the refocusing flip angle was /2
(CPgo) and t > T, the signal after the minimum value, increased to reach a steady-state free precession
regime (SSFP), composed of a free induction decay signal after each pulse and an echo, before the next
pulse. When 7 < T3, the signal increased from the minimum value to the steady-state regime with a time
constant (T*) = 2T T»/(T; + T,), identical to the time constant observed in the SSFP sequence, known as the
continuous wave free precession (CWFP). The steady-state amplitude obtained with Mcpgg = MoT>/
(T + T,) was identical to CWFP. Therefore, this sequence was named CP-CWFP because it is a Carr-Purcell
sequence that produces results similar to the CWFP. However, CP-CWFP is a better sequence for measur-
ing the longitudinal and transverse relaxation times in single scan, when the sample exhibits T; ~ Ts.
Therefore, this sequence can be a useful method in time domain NMR and can be widely used in the agri-
culture, food and petrochemical industries because those samples tend to have similar relaxation times in

low magnetic fields.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The Carr-Purcell pulse sequence (CP) is based on the spin-echo
sequence introduced by Hahn in 1950 to measure the transverse
relaxation time, T, [1]. The Hahn sequence uses two 7/2 pulses
separated by a time interval (t), where T, < T < T,. Hahn had ob-
served that this sequence was sensitive to molecular diffusion
through the inhomogeneous magnetic field. To solve the effect of
diffusion in the T, measurement, Carr and Purcell [2] introduced
a pulse sequence that used a 7/2 excitation pulse, followed by a
train of 7 refocusing pulses using the same phase of the excitation
pulse. The time interval between the refocusing pulses was dou-
bled compared to time between the excitation and the first refo-
cusing pulse. This sequence produced echoes with a maximum
amplitude midway through the refocusing pulses. Each echo was
dephased by 180° from the preceding echo. This sequence used a
small 7 value between the refocusing pulses, which minimized
the effect of diffusion in the echoes’ signals. However, Meiboom
and Gill [3] observed that the adjustment of 7 refocusing pulses
was critical and this problem was more pronounced for samples
with long T, (liquid) values and using an inhomogeneous magnet.
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Thus, it was necessary to use short values for 7 and a large number
of refocusing pulses to eliminate the effects of diffusion. A small
deviation from the exact value of = was cumulative; thus, the error
of the refocusing pulses increased with the number of pulses and
introduced error in the T, measurements as a consequence. To
solve this problem, Meiboom and Gill [3] proposed a modification
to the CP sequence by introducing a 90° phase shift between the
excitation and the refocusing pulses. This improvement made the
sequence very robust and insensitive to error in the refocusing
pulse. Therefore, the sequence proposed by Carr-Purcell and im-
proved by Meiboom and Gill, known today as CPMG, is the stan-
dard method to measure T,. This sequence is so robust that we
have recently shown that it is possible to measure T, using very
low refocusing flip angles, as low as /4 [4]. The major advantage
in using CPMG with low refocusing flip angles occurs when it is
necessary to reduce the applied power, as in online measurement
[4] or in fast imaging techniques, to reduce the power deposition
in the samples.

In this paper, the effect of low refocusing flip angles in the CP
pulse sequence is shown. The use of n/2 refocusing pulses pro-
duced signal similar to continuous wave free precession (CWFP),
a special condition of the steady state free precession (SSFP) regime
[6]. The sequence was named CP-CWFP because it is a CP sequence
with 7t/2 pulses and produced results similar to CWFP. Therefore
CP-CWFP sequence can have similar CWFP applications, e.g. be
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used to measure T; and T, in a single experiment. CP-CWFP se-
quence is less sensitive to signal-to-noise in measuring T, and T,
in a single experiment compared to CWFP when T is similar to T;.

2. Experimental

The samples studied were deionized water, acetone, dimethyl
sulfoxide (DMSO), soybean oil and castor bean seeds.

The CP sequence with 7/2 refocusing pulse was /2, — t/2—
(m/2¢ — 1), (Fig. 1).

The experiments at 9 MHz for 'H were performed at 25 + 0.5 °C
on a SLK-1300 spectrometer (SpinLock, Cérdoba, Argentina) based
on 0.23 T Halbach magnet, using a 100 mm diameter probe. The se-
quence used a n/2 refocusing pulse width of 9.5 us, 7=0.3 ms,
5 KHz offset frequency equivalent to i = 37, a recycle delay >5T;
and 16 scans. For a good analysis of the signal composition for
CP with 7/2 pulse it was used =3 ms (7 > T3). In this condition
the sequence was named CP-SSFP due to be composed of a spin
echo and steady state free precession (SSFP) signal.

The experiments at 85 MHz for 'H were performed at 22 + 1 °C
using a CAT-100 transceiver (Tecmag, Houston) and a 2.1 T Oxford
superconducting magnet (Oxford, UK). The sequence utilized a 7/2
refocusing pulse width of 14 ps, 7= 0.3 ms, 5 KHz offset frequency
equivalent to yy = 37, a recycle delay >5T; and 4 scans. T; measured
from FID was 1.2 ms and 13 ms for 9 and 85 MHz, respectively.

The T; and T, values were measured using the Inversion-Recov-
ery sequence (IR) [7] and CPMG pulse sequences [3], respectively.
The IR intervals varied from 0.15 s to 25 s for acetone, deionized
water and DMSO and from 1 x 1076 s to 2 s for soybean and castor
bean seeds. The CPMG echo times were 500 us for acetone, deion-
ized water and DMSO and 50 ps for soybean and castor bean seeds.

3. Results and discussion
3.1. CP with 1/2 pulses

Fig. 2 shows the real component of the soybean oil signal at
9 MHz, obtained with a CP sequence using 7t/2 refocusing pulses
(CPgp) and T > T5. This figure shows the signal from the first echo
to the signal after 500 pulses. The arrows (A-C) indicate three impor-
tant regions of the CPgq signal. Arrow A points the spin echoes sig-
nals, which decreased to a minimum value. Arrow B indicates the
increase of the signal to a steady-state value (arrow C). These fea-
tures are better illustrated in the expansions presented in Fig. 3.
Fig. 3A-C corresponds to the signals, from 0 to 0.016 s (2A), between
0.016-0.048 s (2B) and 0.640-0.660 s (2C), respectively.

Fig. 3A shows the real component of signal of the first eight ech-
oes for the CPyg sequence. The first echo was stronger than the sec-
ond one, as expected, but with the same phase. This was not
observed in the conventional CP, which used 7 refocusing pulses.
In conventional CP, each echo is 180° out of phase from the previ-
ous one. The third and fourth echoes have similar amplitudes and
are 180° out of phase from the first and second echoes. The same
pattern, 180° dephasing every two pulses, was observed up to

(ty+acg +1t,)

— n

Fig. 1. Carr-Purcell sequence with 7/2 refocusing pulses. When t < T5: t, = 144.5 ps,
t,=67.25pus and acq=160ps. When t>T;: t,=1042.75ps, t,=50pus and
acq = 2000 ps.
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Fig. 2. Real components of the signal for the soybean oil sample obtained with CP
sequence using 7/2 refocusing pulses and t > T3, from the first echo to the steady-
state regime. The arrows A, B and C indicate three regions of the CPqq signal, which
are expanded in Fig. 3.
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Fig. 3. Expansion of the real component of the signal for the soybean oil sample of
Fig. 2. (A) 0-0.016 s, B) between 0.016-0.048 s and C) 0.640-0.660 s.

the eighth echo. However, the amplitudes of the last two even ech-
oes were bigger than the respective odd echoes. The presence of
the odd and even echoes with same phase occurred because it is
necessary to use two 7/2 pulses to invert the magnetization. When
considering the 7/4 pulse (data not shown), four pulses were nec-
essary to invert the phase.

After the eighth pulse (Fig. 3B), the CPgy signals were not echoes
and showed a complex signal up to approximately 0.048 s. After
this time, the signal start to form a periodic pattern (Fig. 3C); it
consisted of a positive signal that decayed to zero at the midway



186 F.D. de Andrade et al./Journal of Magnetic Resonance 214 (2012) 184-188

(A), 10]
0.8
0.6

0.4

0.2

Normalized amplitude

0.0+— T T T T T .
00 02 04 06 08 10 1.2
Time (s)

(B)
0.8
0.6
0.4

0.24

Normalized amplitude

00 02 04 06 08 10 12
Time (s)

Fig. 4. CWFP (A) and CP-CWFP (B) signals of soybean oil acquired at 85 MHz,
Ty/Ty ~ 2.
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Fig. 5. CWFP and CP-CWFP signals of the water sample acquired at 85 MHz,
Ty/Ts ~ 1.

point between the refocusing pulses and became negative, reach-
ing the minimum negative value before the next pulse. These sig-
nals increased and became more stable, reaching maximum
amplitude at approximately 0.6 s (Fig. 2, arrow C and Fig. 3C).
The signal in Fig. 3C was a typical SSFP signal, composed of a FID
after each pulse and an echo before the next one [5]; this means
that the complex signals in Fig. 3B were related to the transition
between the echoes produced in the beginning of the sequence
and the FID and echo signals at the end of the sequence.

The same type of signal has also been observed with other low
values of the refocusing pulse (data not shown). Therefore, the CP se-
quence with 7/2 pulses was composed of a spin echo and SSFP sig-
nals; thus, it was named the CP-SSFP sequence. Consequently, the
sequence can have a similar application to the SSFP sequence, as
do most of the signals produced by this sequence in this condition.
When t < T3, the SSFP sequence shows a special condition known
as continuous wave free precession (CWFP) [6,8]; thus, the CP se-
quence with 7/2 pulses using T < T; has been named CP-CWFP.

3.2. Comparison between CWFP and CP-CWFP pulse sequences

The CWFP regime is obtained when a train of pulses with same
phase and amplitude, separated by a fixed time T <« T; < T, is ap-
plied to a sample. Fig. 4A shows the magnitude of a CWFP signal

o 1.0

©

=1

£ 08

£

< 0.6 CWFP

®

g 044

o N

S ol CP-CWFP

00 01 02 03 04 05 06
Time (s)

Fig. 6. CWFP and CP-CWFP signals of soybean oil acquired at 9 MHz, T;/T, ~ 1.
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Fig. 7. CWFP and CP-CWFP signals of castor bean seeds acquired at (A) 9 MHz, T,/
T, ~ 2; and at (B) 85 MHz, T;/T, ~ 10.

(soybean oil) from thermal equilibrium to the steady-state regime.
This signal obtained with an offset frequency or precession angle
W = (2n+ 1)m, where n is an integer and 7 < 1/2T5;, shows two
transient regimes before reaching a constant steady state [6,8].
The first transient regime was characterized by an alternation of
the signal amplitude between even and odd pulses [6,8,9]. The
alternation of the signal after the odds pulses decays to an interme-
diate amplitude, governed by a time constant related to T [6,8].
The signal after the even pulses starts from the minimum value in-
creased to the same value observed after the odd pulses. When the
amplitudes of the signals after each of the even and odd pulses
were similar, they reached the quasi-stationary state (QSS). After
this time point, the signal exhibited a slower decay, controlled by
T:/T, and reached a steady state regime at approximately 5T,
where T* is the time constant of the QSS decay. When the CWFP
signal was produced by the train of m/2 pulses and
Y =(2n+1)n, T" was dependent on the T; and T, provided by
Eq. (1) [6] and the amplitude of the steady-state Mcwrp by Eq.
(2). The CWFP signal of the soybean oil (Fig. 4A) has T*=0.18 s
and Mcwrp = 0.36.

. 2T
Tinp) = T +To) (1)
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Table 1
The relaxation times T; and T, of water, soybean oil and castor bean seed measured with IR and CMPG pulse sequences at 85 and 9 MHz.
Sample v (MHz 'H) T T, Ty/T,
Water 85 2.96 £ 0.05 2.45 +0.01 1.21
9 2.73+£0.01 2.20+0.01 1.24
Soybean oil 85 0.28 £ 0.01 0.14 £ 0.01 2.00
9 0.12+0.01 0.11 £0.01 1.09
Castor bean seed 85 0.16 £0.01 0.015 +0.001 10.67
9 0.029 +0.001 0.014 + 0.001 2.07
M _ MeT, 2) CP-CWEFP sequence can be a more useful technique than CWFP to
CWFP = 7mv . .
(T1 +T>) measure the relaxation times on low field NMR spectrometers,

The magnitude of the CP-CWFP signal for the same sample
(Fig. 4B) showed some differences and similarities in the CWFP sig-
nal. The first difference was that the signal decayed to a minimum
value after even and odd pulses; then, the signal increased to reach
a steady-state regime.

Although CWFP and CP-CWEFP have these differences, they share
some identical properties. The signals from QSS in CWFP and the
minimum amplitude in CP-CWFP reached a steady-state regime
with the same time constant T*. When the CP-CWFP signal was ac-
quired using 7/2 pulses and the precession angle = (2n+ 1)x, T*
was governed by T; and T, (Eq. (1)) and T* = 0.18 s identical to the
one observed in the CWFP signal of the soybean oil (Fig. 4A). The
CP-CWFP and CWFP showed an identical normalized steady-state
amplitude Mcp_cwep = 0.36, given by Eq. (2) (Fig. 4B).

Egs. (1) and (2) can be rearranged to Egs. (3) and (4) [6]. With
these equations, the relaxation times T; and T, can be calculated
from the time constant T{,_, , and the normalized magnetization
amplitude Mcp_cwrp/Mo or Mcwrp and thermal equilibrium (Mp).
The amplitude of My was assumed to be the intensity after the first
pulse and Mcwgp Or Mcp.cwrp after reaching a steady state. There-
fore, the CP-CWFP sequence can also measure T; and T, in a single
experiment, as CWFP [5].

T /2
T, = (o0=m/2) 3
"= Mewr/Mo ®)
Tz _ T(*ot:n/Z)/z (4)
1 — Mcwrr /Mo

Figs. 5-7 show a comparison between CWFP and CP-CWFP for
the samples with T;/T, ~1 (water), T;/T, ~2 (soybean oil) and
T1/T, ~ 10 (castor bean oil), using two magnetic fields at 0.23 T
(9 MHz) and 2.1 T (85 MHz) with T; = 1.2 and 13 ms, respectively.
The T; and T, values for these three samples at 9 and 85 MHz were
measured with IR and CMPG (Table 1).

Fig. 5 illustrates the advantages of CP-CWFP over CWFP to mea-
sure the relaxation times when T, ~ T,. This Fig. 5 shows the mea-
surement at 85 MHz, which was very similar to those measured at
9 MHz. When T; ~ T, the difference in amplitudes during the QSS
in the CWFP signal was minimum, and the error for T* measure-
ment was more than 10%. Therefore, it was necessary to have a
very high signal to noise ratio in the CWFP signal to have a good
fit of T". Conversely, the difference in the amplitude during the
QSS in CP-CWEFP was the maximum and increased from the mini-
mum value to the maximum amplitude of the steady-state signal,
equivalent to 0.5M,. This large difference in the amplitudes made
fitting T less dependent on the signal to noise ratio. Similar results
are shown in Fig. 6 for soybean oil at 9 MHz with T; ~ T,, in con-
trast to the same sample at 85 MHz with T; ~ 2T,. Therefore, the
CP-CWFP sequence is normally a better sequence than CWFP to
measure the relaxation times in lower magnetic field spectrome-
ters because T; and T, tend to have similar values. Therefore, the

which are normally used in the agriculture and food industries
[8,10-13] with By <0.5T (20 MHz) and in the well logging NMR
tools with By ~ 0.05 T (2 MHz) [14].

When the samples exhibited values of T; ~ 2T5, as soybean oil at
85 MHz (Fig. 4) or the castor bean seeds at 9 MHz (Fig. 7A), the
CWEFP and CP-CWFP had similar variations in the amplitude during
the QSS decay. Therefore, both techniques could be used to calcu-
late T* and the relaxation times. Conversely, when T; > T>, e.g., the
castor bean seeds at 85 MHz with T; ~ 11T, (Fig. 7B), the CWFP had
higher variations in the amplitude of the QSS decay compared to
the CP-CWEFP. Therefore, for a viscous sample at a high magnetic
field and when T; > T,, CWFP was a better option compared to
CP-CWEFP to measure the relaxation times.

4. Conclusion

The Carr-Purcell pulse sequence with 7/2 pulses produced spin
echoes signals which decays with T;. Then the signal increase to
reach a SSFP regime with a FID signal after the pulses and an echo
before the pulse. When the sequence uses T < T3, 7/2 pulses and
precession (/) in odd numbers of 7, the signal showed several sim-
ilarities to CWFP. Therefore, CP-CWFP can be used in the simulta-
neous measurements of T; and T, in a single scan, as CWEFP.
However, CP-CWFP has greater advantage over CWFP for samples
with T;/T, ~ 1. When T;/T, ~ 1 the variation in the amplitude of
CP-CWEFP signal, during the QSS, was maximum. Conversely, the
variation in the QSS amplitude in the CWFP signal was minimum.
Therefore, the fitting of T* in CP-CWFP is less sensitive to signal to
noise ration than in the CWFP sequence.

Therefore, CP-CWEFP is a better sequence compared to CWFP in
the measurement of relaxation times in lower magnetic field spec-
trometers, where T; tends to have values similar to T,. Therefore,
the CP-CWFP sequence can be a useful method in low-field NMR
spectrometry, which is widely used in the agriculture, food and
petrochemical industries.
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