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Double quantum (DQ) filtering is shown to lead to an effective
separation of the NMR signals from the para (I = 1) and ortho
(I = 2) molecules in solid deuterium. The separation is achieved by
the pulse sequence 90;,-t,—90;,~t,,~90;-t, where the phase-cycled
first two pulses create the DQ coherence. Two components are
observed after the third pulse; the para signal shows the maximum
at a short time t while the ortho signal reaches the maximum at a
longer t. The observed signal can be expressed as 3 2, [F(t,, — t) —
Fi(t,r + t)], where F,(t) is a proper fitting function for the free
induction signal of the para and ortho molecules (with | = 1 or 2,
respectively). Numerical fits to experimental data at 4.2 and 2 K
show that this method can be used to determine the ratio F,(0)/
F(0) and thus, because the initial value F,(0) is proportional to the
respective magnetization before the pulse sequence, the ortho and
para concentrations in solid deuterium. © 2000 Academic Press

Key Words: NMR of solid deuterium; double quantum filtering;
ortho and para concentrations.

According to the Curie law the amplitude, of the FID
components is proportional i¢l + 1). The ortho molecules
have five possible spin states for= 2 and one fol = 0,
which are all equally populated (except at very low tempere
tures and high magnetic fields). Since the molecules Wwith
0 give no NMR signal, only the fractiodof the ortho mole-
cules contributes to the ortho component in FID. Hence, tf
amplitude ratio of the FID components of the para and orth
molecules is given by

A, 2X

" AT s

(1]

whereX is the relative para concentration. If solid deuterium i
in thermal equilibrium at a relatively high temperaturel(00

K), one-third of the molecules is in the para state so ¥at
0.33 andR = 0.2. After cooling down to liquid helium
temperatures the sample starts to approach thermal equil
rium, but extremely slowly. At 4.2 K wheiX =~ 0.33 the
One of the challenges in NMR studies of solid deuterium {gara—ortho conversion proceeds at the rate of 0.02% per hc
the determination of the concentration of ortho and para maethich in R means only a decrease of about 0.4% per dy (
ecules. An attractive method would be to observe the fr@dusR is practically constant if NMR measurements take onl
induction signal (FID) and separate the corresponding comgdew days.
nents in it. Unfortunately, this approach meets considerableln pulsed NMR of solids, especially at low temperatures,
difficulties in solid deuterium. The ortho molecules with thérequently encountered problem is the information lost unde
total nuclear spin = 2, which at low temperatures are mainlhthe dead time, or the time the receiver of the spectrometer
in the rotational ground state= 0, are responsible for a rathershocked by the strong RF pulse. For example, in solid deut
slowly decaying and only weakly temperature-dependent conum the EQQ interaction makes the para component of Fl
ponent in FID. On the other hand, the electric quadrupol@ecay so fast that the relevant information is lost. Furthermor
quadrupole (EQQ) interaction between the pararidlecules there is no universal signal shape which would allow an e>
with the total nuclear spih = 1, which are mainly in the first trapolation back to the center of the RF pulse. Various metho
excited rotational statd = 1, leads to a fast-decaying anchave been adopted in order to overcome this problem, amo
strongly temperature-dependent componeht2( 3, §. The which the solid echo is most popular. Unfortunately, the soli
strong variation with temperature originates from the orientacho does not always reflect the magnetizations of the ortl
tional ordering via the EQQ interaction between para molend para molecules in such a simple way as the partial Fl
cules. Also the ortho molecules undergo a weak orientatioraahplitudes or the areas of the different spectral components
ordering because of the interaction with the oriented patlae corresponding Fourier transform (FT), provided that th
molecules. latter procedures could be carried out reliably. Anomalou

1. INTRODUCTION
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in the case of strong RF pulses. Below the derivation is pursu
to a more advanced point, where the general corresponder
between the FID and DQ signals is found. The dominar
interaction of the nuclear spins is that with the external mac
netic fieldB, corresponding to the Hamiltonigt, = — yAB,

2 |, wherevy is the deuteron gyromagnetic ratio andhe spin
operator. In usual NMR experimenits, is at least two orders
of magnitude larger than the nuclear quadrupole interaction
the para molecules. Therefore it is sufficient to retain only th
secular part of the quadrupole interaction,

signal amplitude

0 500 1000 1500 2000

Ho = wo(312—19)/3, 2

7 (us) o = wo(3l3 (2]
FIG. 1. Comparison of experimental (open circles) and calculated (EWith

[8], solid line) DQ filtered signals at 4.2 K with, = 50, 100, and 20@.s from

bottom to top, respectively. Only one parameter, the proportionality fagtor

is determined by least-squares fitting. wo = (3 cosh — 1 + 7 sin?6 cos 2p)3e’qQ/8%, (3]

behavior of the solid echo in solid,Dvas reported and dis Where €’qQ is the quadrupole coupling constant, is the
cussed in Refs.36). asymmetry parameter, arfdand ¢ are the polar angles &,
The FID method for concentration determination can HB the principal axis frame of the quadrupole interaction. It i
utilized in a limited temperature range by using a very short bifePortant to notice thaib, varies with the crystal orientation.
intensive 90° pulse and by decreasing the dead time. Unforfter €ach crystal orientation the corresponding NMR spectru
nately, such improvements lose their advantage at lower tetfi2 doublet with the separationvg.
peratures, where the decay rate of the para signal increased? thermal equilibrium, which is assumed to be the initia
Here we introduce a method based on the creation and defd@te of the system, the density operatorZ)kp(—H./kT,)
tion of the double quantum (DQ) coherence, in which th&&n be written as; = bl,, where the constant part is dropped
relevant part of the signal is not affected by the dead time. TRE as unsignificant. The multiplie equalsfiwo/ZkT,, where
pulse sequence consists of three strong RF pulses:tge K. Z, Ti, and w, = yB, are the Boltzmann constant, the
90,—t.,~9CG—t, whered refers to the phase of the pulse. Theartition function, the sample temperature, and the resonan
first two pulses, separated by the preparation tijereate the frequency in angular units, respectively. The time dependen
DQ coherenceq—10. All of the other coherences are filterec®f o in the frame rotating at the exact resonance frequency
off by a phase cycling. The cycles repeated are §, —x, relative to the laboratory frame is calculated from the equatic
—y} and {y, —y} for the first two pulses and the receiverdo/dt = (i/#)[o, H], where H denotes the Hamiltonian
respectively. In our experiments, carried out at the exact répressed in the rotating frame. During strong RF pulses
onance, the evolution timg, was made quite short to avoideXact resonancél equals —yAB, X I,, where B, is the
unnecessary decrease of the DQ coherence amplitude. ffAlitude of the RF magnetic field. Between the pulses ar
third pulse transforms this coherence back to an observafter themH = Hg as given in Eq. [2]. The magnetic dipolar
form. interaction between the deuterons in a para molecule is abc
In all of our experiments the DQ signal started from zero ank times smaller thaki, (3, 6) and can thus be ignored.
developed two maxima (Fig. 1). The most interesting feature isNext we consider the behavior of the para molecules in tt
the first narrow peak at a smajlwhich turned out to reflect the rotating frame during the first three-pulse sequente(x).
population of the para molecules. The ortho molecules givé® first 9 pulse turns the para magnetization along yhe
rise to the other, broader maximum at a larger value @he axis, which means that,(0) = bl,. During the preparation
position of the first peak shifts toward largewith increasing Period the variation ofr,(t) is easier to calculate by using
t,. The maximum itself is more pronounced than the corré0-called single transition operatdrﬁé‘), wherea is the carte
sponding peak in solid echo, especially after short preparatid@n componenk, y, or z in the rotating frame and the

times, which makes the DQ filtering a very promising tool fopuperindiceg andk indicate that the transition between the
the exact determination of the signal raRo Zeeman statepandk is involved @8). The quadrupole Ham-

iltonian of Eq. [2] produces the time dependence
2. THEORY

o _ _ o) = 2b[(112 + 1 ?¥)cos wet
The DQ filtering experiment of spiné = 1 after the P K Y Y N

described three-pulse sequence was already treated inlRkef. ( + (=12 + 12)sin wqt]. [4]
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The second 9Ppulse transforms the density operatqi(t,) be expressed in terms of the corresponding FID function, bi
to evaluated at shifted timeg = t. It can be seen easily from Eq.
[10] that Sy, = O fort = 0.
0e(0) = —2b(1 F¥cos wety + | ¥sin wety) 5] For the present method to be reliable, the RF pulses mt
fulfill the condition yB; = w; > wq. In the case of polycrys
wherel ( is the desired operator for the DQ coherence. THalline solid deuterium this condition means tat> 3e*qQ/
contribution of| ¥ is removed by a proper phase cycling. Irf#t- If @, andw, are of equal magnitude, the sigrj, will
order to avoid unnecessary decay of the DQ coherence, fif@tain many terms. The one corresponding to Eq. [7] is
third pulse is applied almost immediately after the second one.

The 9@G pulse transforms—2bI{™® into a single quantum dSoq = Ag(wg) (wy/F)sin Ftysin Ftysin Ft,
coherence, which varies during the acquisition period as X sifwo(ty + bty + 3t.)]
Tadt) = 20[(112 — 129)cos wgt X siwg(t + 5t,5) ]dwg, [11]
+ (12 + 1) sin wgt]. [6] whereF = (0! + w3/4)"% The lengths of the successive

pulses aré,,, t,,, andt,;, and the RF field is assumed to have
The latter term in Eq. [6] produces a signal proportional tthe same amplitude during all these pulses. Although the ter
sin wot. Each spectral component, resonatingagtrelative to  in Eq. [11] cannot be used alone instead of Eq. [7], it gives
the exact resonance frequeney, yields its own maximum at possibility of evaluating the magnitude of the error when Ec
t = @/ 2w,. According to @) we call the efficiency of the [10] is used. In addition it shows that the lengths of the RI
pulse sequence, in creating the DQ coherence among differpokses contribute to the preparation and acquisition times.
spectral components and transforming it into observable form,Unfortunately, the present derivation is valid only for spin:
the DQ transfer functionyhich in our case equals singt,sin  with | = 1, when the quadrupole interaction dominates th
wet (cf. Egs. [5] and [6]). Each spectral component thespectral shape. A similar calculation could also be performe
contributes to the observable signal by an amount for the ortho molecules with = 2 if H, were the dominant
factor determining the NMR absorption curve. Then, instead ¢
dSoo(tpn t) = Ag(wg)sin wotp,Sin wetdwg. [7] sin wotySin wet in Egs. [7] and [8] there would be a more
complicated function. Even such derivations cannot be used
Here g(wo) is the normalized absorption curve of the parthe case of ortho molecules in solid deuterium, because t
molecules and the proportionality faci&iis determined by the magnetic dipolar interaction between neighboring molecules
number of para molecules, the receiver amplification, the nukown to have an important role in the NMR spectrum. There
ber of turns in the sample coil, and other experimental factofére, when we use Eq. [10] to describe the dependen&of
When the contribution of all the spins= 1 (para molecules) of ortho molecules on the timeg andt, the only justification
in the sample is taken into account, the DQ filtered signid its good agreement with the experimental data.

becomes
3. RESULTS AND DISCUSSION

_ : : As pointed out above, the derivation of Eq. [10] is strictly
Soalt 1 AI 9(wq)sin watysin wotdw. — [8] speaking valid only for spink = 1. Its validity for spinsl =

2 was, however, tested empirically in a straightforward way b
mparing the curves calculated from Eg. [8] with a series ¢
filtered signals measured with different preparation time

o The absorption curvAg(w,), used in the numerical inte
gration, was the Fourier transform of the experimental FIL
- measured under the same experimental conditions as the I

Srin(t) = A J g(wg)cos wotdw. [81  signals. In all DQ experiments listed here the evolution time

- was 10us while the preparation tintg, varied from 25 to 200
us. As shown in Fig. 1, the calculated curves follow very wel
By using Eq. [9] and the well-known trigonometric identity sithe behavior of the experimental DQ signals. We want t
x siny = 3[cos(x — y) — cos(x + y)], EQ. [8] becomes  emphasize that each calculated curve contains only one pare
eter, the overall scaling factor, which was equal for both th

Sooltpn ) = 2[Sep(ty — t) — Sep(ter + )] [10]  ortho and the para signals.

A critical examination of Fig. 1 shows, however, that the

Thus the DQ filtered signal after the three-pulse sequence caaximum of the para component for shoiis slightly under-

—o

. . . . 0
If the induction signal of the same sample is observed uno%
exactly identical experimental conditions its intensity will bet
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6k tions on the positive side, producing the broad maxima of th
DQ filtered signal, have a positive half-cycle under the intens
narrow peak while the oscillations for larg&p values tend to
average out the contribution from broad parts of the spectr
Also the separation resulting from this averaging seems |
work better with shorter preparation times.

The examples in Fig. 2 suggest that the DQ transfer functic
becomes more selective with decreasing preparation time. Tl
is demonstrated also in Fig. 1, where decreasingsults in a
decreasing overlap of the maxima. However, it is not possib
to separate the DQ filtered ortho and para signals complete
because both of them start from zero time (cf. Eq. [10]). Thu:
a fitting function, consisting of independent ortho and par
parts, is required for the determination of the amplitude fatio
For shortett,, there is less correlation between the paramete
\ | belonging to the different parts of the fitting function. How-
A \/ \/ ever, the choice of the optimal preparation time is not s

1
6

IS
T
&

\
T W17

straightforward because longgy gives better signal-to-noise
ratio which compensates, at least partly, for the decreasi
separation of the signals. In order to find the optimal conditior
we worked out a brief statistical analysis of a series of DC(
filtered signals.

FIG. 2. Solid D, absorption curves (thick lines) at 4.2 K (a)a2 K (b) The good fit of the calculated and measured curves shown
and examples of the DQ transfer function &igt,sin wot with t,y = 50 uS — Fig 1 suggests that the best fit of Eq. [10] to the DQ filtere
(solid lines) and 20@s (dashed lines). On the positive side long (410-466 . . . .
us), corresponding to the broad maxima in Fig. 4, while on the negative siﬁlﬁgnal requires °“'Y a small adjusltment, of the best-fit FIL
t is shorter (52-236s), corresponding to the narrow DQ maxima. parameters determined from the induction signal measur

under the same experimental conditions. This is of great help
searching for a proper fitting function, since good candidate
estimated. Thus, it is worth noting that the inaccuracy in FIDor FID can be found in the literature. We tested differen
originating from the dead time, appears in the FT as an osa@bmbinations of three analytical functions. The ortho signe
lating baseline. That happens if the FT is calculated correctigquires inevitably a fitting function, which is able to reproduce
by replacing the unreliable points by zero instead of justamped oscillations in FID. The simplest such function, widel
shifting the zero time to the first reliable point. In the case afsed in solid state NMR studies i$1-13
the very fast decaying para signal the amplitude of the baseline
oscillation was much higher than the amplitude of the spectrum fee = A exp(—at?)sin bt/bt.
itself. Understandably, the baseline-corrected spectrum may

then contain errors. The most sensitive part of the calculatgtyecond candidate for fitting the ortho signal is obtained b

DQ curve for possible errors in the baseline correction is ﬂ?@placing the sine function ifi with the first-order Bessel
narrow maximum at shottwhich is determined by the broadfunctionJl (12,14

and weak para spectrum (Fig. 2).

The absorption curves of solid deuterium at 4.2 arK and
examples of the DQ transfer function, with the valuest of
corresponding to the two maxima of the DQ filtered signal, are . | ) )
shown in Fig. 2. Actually the DQ transfer function is symmet! NiS iS supposed to give a better result tignif the zero
ric relative to the center of the absorption curve, but for brevif§©SSings of the induction signal are not equally spaced. A
we show the curves for narrow and broad maxima on opposité!ly, the FIDs show such behavior (cf. Fig. 5a) but the
sides of the center. The transfer function witborresponding sj[at|st|cal analysis stlll_proveﬂJs shg_htly better. For the para
to the narrow maxima of the DQ signals with shogt(solid Signal we adopted a simple gaussian,
curves plotted for negative values Ab) obviously picks out
the broad component of the absorption curve whereas the fy= A exp(—at?),
corresponding function with long, (dashed curves on the
negative side) is effective also under the intense central peakth only two adjustable parameters. The fitting of the oscil
This indicates that the separation of the ortho and para signlafng functionf  to the para signal proved meaningless sinc
works better with shorter preparation times. The transfer funitie strong correlation between the shape parametensd b

|
6 4 2 0 2 4
Av (kHz)
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TABLE 1
Best-Fit Parameters and the Corresponding Amplitude Ratios R of Para and Ortho Signals

Signal tyr Model T(K) A, a,(kHz%) A, a,(kHZ%) b,(kHz) R AR/R

FID fg + fgs 4.2 5.40+ 0.06 117+ 2 25.98+ 0.02 0.920+ 0.003 3.317+ 0.002 0.208 0.012
FID fg + fy 4.2 5.40+ 0.06 107+ 2 25.84+ 0.02 0.645+ 0.003 4.058+ 0.002 0.209  0.012
FID fgs t fys 4.2 5.18+ 0.08 64+ 7 26.02+ 0.02 0.924+ 0.003 3.318t 0.002 0.199 0.016
FID fg + fgs 2.0 7.60= 0.30 450+ 20 56.20+ 0.02 1.231+ 0.003 3.600+ 0.002 0.135 0.040
FID fg + fy 2.0 7.30= 0.30 400+ 20 56.04= 0.03 0.925+ 0.004 4.400+ 0.003 0.130  0.042
FID fgs t fys 2.0 7.60%= 0.50 450+ 6500 56.20+ 0.02 1.231* 0.003 3.600t 0.002 0.135 0.066
DQ 25 fg + fgs 4.2 4.30*+ 0.06 107+ 3 20.80*+ 0.20 0.860+= 0.030 3.220+ 0.030 0.207 0.024
DQ 50 fy + fos 4.2 3.82+ 0.03 112+ 2 17.87+ 0.08 0.850+ 0.020 3.270+ 0.020 0.214  0.012
DQ 100 fg + fgs 4.2 3.78+£ 0.03 110+ 3 16.69+ 0.05 0.880+ 0.020 3.350t 0.010 0.226 0.011
DQ 150 fg + fgs 4.2 3.55*+ 0.03 106= 2 15.65=* 0.03 0.846+ 0.008 3.408+ 0.007 0.227 0.010
DQ 200 fy + fos 4.2 3.34+ 0.03 98+ 2 14.93+ 0.03 0.865+ 0.007 3.462+ 0.006 0.224  0.011
DQ 25 fg + fgs 2.0 8.35+ 0.08 600+ 10 41.00% 0.30 1.070= 0.040 3.590t 0.040 0.204 0.017
DQ 50 fg + fgs 2.0 7.96* 0.05 580+ 10 40.10= 0.20 1.310+ 0.020 3.480+ 0.020 0.199 0.011
DQ 100 fy + fos 2.0 7.65+ 0.07 550+ 10 37.17+ 0.07 1.240+ 0.020 3.620+ 0.010 0.206  0.011
DQ 150 fg + fgs 2.0 7.22+ 0.06 620+ 10 34.33= 0.05 1.229+ 0.009 3.672+ 0.008 0.210 0.010
DQ 200 fy + foo 2.0 7.11+ 0.07 620+ 10 33.10+ 0.04 1.261+ 0.009 3.754+ 0.007 0.215  0.011

Note. The relative standard error of the amplitude rd®igs calculated from{AR/R| = [AAJ/A,| + |AAL/A,|.

deteriorates the stability of the fitting process, which is indiFhe best fits of Eq. [13], using the modgl + f,, to the DQ
cated by a huge increase in their standard errorsa(feeea; filtered signals at 4.2 ah2 K are shown in Fig. 4. The middle
in Table 1). The standard error of the parameber (not curves in Figs. 4a and 4b are shown in the same arbitrary un
tabulated) increased even more abruptly with decreasing tems-the curves in Figs. 1 and 3 but, in order to draw attention
perature. the varying amplitude ratio of the narrow and broad maxime
The FID shapes of solid D(X ~ 0.33) attemperatures of the upper and lower curves are scaled so that all three cury
2, 3, and 4.2 K were found to be well described by a sum bhve equal amplitudes for the broad maxima.
two analytical curves, All of the fitting was performed with commercial software
using the Levenberg—Marquardt algorithm. No weighting wa
used. The statistical results are summarized in Table 1. T
Seo(t) = O Fy(1), [12] standard errors are given as error limits of the parameters. T
-1 fitting functions are normalized so that each constant multiplie
A, equals the initial amplitude of the corresponding FID eom

wherel = 1 for the para and 2 for the ortho signal. Théonent. The best fit of Eq. [12] or [13] to the corresponding

parametersA, a, and b of the fitting model are indexed experimental data then gives the ratio of para and ortho co

correspondingly. The nearly perfect best fits of the mdglet ~ centrations in the sample &= A./A,.

fqs are shown in Fig. 3The best-fit parameters for alternative

models are shown in Table 1. At 4.2 K the amplitude r&iis

in rather good agreement with the expected v&tue 0.2 for

all models listed. However,t& K the corresponding result

clearly underestimates the amplitude of the para signal.
The substitution of Eq. [12] into Eq. [10] gives the fitting

function for the DQ filtered signal,

Y [y o<}
< (=) <

signal amplitude
b2
[=)

SDQ(tpn = % E F (tpr F (tpr t)] [13]

1 1 1 1 1
0 500 1000 1500 2000

Two analytical models were tested with Eq. [13]. In the model
fgs + fqs the shape parameters of the para signal proved again t(us)
unstable but the combinatiofy + f,, which was the best Fig 3. Bestfits of the model, + f, to the FIDs at temperatures 4.2, 3,
model with FIDs, worked well also with the DQ experimentsand 2 K from bottom to top, respectively.



SEPARATION OF ORTHO AND PARA SIGNALS 331

by increasing the number of averaged signals, which is n
possible when using FIDs. Contrary to the FID method the D¢
filtering seems to become more reliable with decreasing ter
perature, which provides an even more effective way to ir
crease the signal-to-noise ratio.

Although the DQ filtered para signal becomes stronger ar
sharper with decreasing, the lowest relative error oR is
found whert,, ~ 150 us. This is probably due to the increased
signal-to-noise ratio with increasirig. However, the expected
value of R is best reproduced by the signals measured wit
L . L L . short preparation times. Experiments with longgrtend to
slightly overestimate the para concentration in the samp
although many of them give the predicted result within th
error limits.

The DQ filtering method can be used to determine the pa
concentration without any calibration, although the use of
sample with a known initial concentration may increase accl
racy. In order to measure very low para concentrations, say le
than 1% R < 0.004), thestandard error of the parametds
andA, has to be lowered at least by one order of magnitud
This should be possible, when experiments are done at a low
temperature and more signals are averaged.

signal amplitude

signal amplitude

0 500 1000 1500 2000

£ (us)
5. EXPERIMENTAL

FIG. 4. Best fits of Eq. [10] using the modé] + f, to the DQ filtered
ws from bottom to top. The middle curves in (a) and (b) have the same scal'@gribed in 0_5) The sample was prepared by a slow depositio
as in Figs. 1 and 3 but the other curves are scaled so that the broad maana . ) . .
have equal amplitudes. of deuterium gas on the cold substrate at 4.2 K. During 30 mi
2 mmol of D,, originally at room temperature, was condense

on an area of about 95 nfmThe thickness of the sample

In principle, both the FID and the DQ methods should givéhould be then about 0.5 mm.
equal initial amplitudes. However, the DQ method yields The NMR detection was based on an old electromagn
somewhat lower absolute values fay, except forA; at 2 K, which is used for X band ESR measurements and for protc
where the FID method fails. In the DQ experiment batrand NMR experiments at frequencies up to 30 MHz. However
A, decrease with increasing preparation time Also the with deuterons this means a resonance frequency of only &
amplitude ratioR varies but the relative changes are smalld¥iHz. Hence, the resonance circuit of the old setup had to

and more random in nature. modified. Because the NMR sensitivity of deuterons is onl
100th of that of protons, special attention was paid to th
4. CONCLUSIONS sensitivity of the resonance circuit. The key words are hig

inductance and good filling factor of the NMR coil. Because
We have shown that the pulse sequencg-80-90,—t.— our sample was a flat disc, both quantities could be optimize
90—, consisting of three strong RF pulses/27 ~ 80 kHz), by making a short coil with many layers. Of course, in any coi
can be used to excite and detect DQ coherence in solidiiz  the capacitive coupling between successive turns decreases
detected signal is well interpreted in terms of the FID shapelical current during the pulse and also shunts part of tt
functions, evaluated at shifted timés + t (Eq. [13]). The induced signal. In a multilayer coil, however, there is ar
corresponding amplitudes offer a promising method for detexedditional coupling between successive layers which may |
mining the ratio of the para and ortho NMR signal amplitudemore critical because the voltage difference between neighbc
and thus also the para concentration (cf. the last two columing turns, which belong to different layers, is higher than th
in Table 1). At 4.2 K the FID and DQ filtering methods carvoltage difference between successive turns.
have a comparable success in the concentration determinatiorin order to satisfy the conditiom; > wq required by the
if the 90° RF pulse and the spectrometer dead time are shdneoretical treatment we tried to make the 90° pulse as short
However, at 2 K the DQ method is already clearly better. Apossible. The high power in combination with a relatively higk
examination of Figs. 3 and 4 indicates that in the case of thluctance brought up an additional problem, namely sparkir
DQ experiment the statistical error of the fit can be diminisheaf the circuit. In a series resonance circuit a high inductanc
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results in a high quality facto@ = w,L/R, which in turn 10 F
results in a high voltage over the reactive components. In an :
ideal circuit the maximum voltage over the capacitor as well as 20 a

over the coil isQ times the amplitude of the pulse. That limits
the usage of a multilayer coil where the first and last turns may
be relatively close to each other. It is also worth noting that
although the capacitance decreases with increasing inductance
the physical size of the capacitor must be increased because of
the sparking problems.

Our rough optimization procedure resulted in a monolayer
coil with 60 turns followed by a cylindrical capacitor with
about 3-mm-thick Teflon insulation between the cylinders. The 24 L L L L L
coil was about the same size as iig), Fig. 1], 14 mm in 0 20010001500 2000 2500
diameter and 15 mm in length, but the capacitor was huge 1 (us)
compared to that in the figure, about 10 mm in diameter and
over 100 mm in length. Also the connection to the capacitor 0,02
was different. The outer cylinder was grounded to the outer
conductor of the NMR cable and the wiring from the coil to the 0,00
inner cylinder of the capacitor was covered by about 1-mm-
thick Teflon insulation. A 483 resistor was used for imped-
ance matching.

The Q value of that circuit was about 20 and the maximum
pulse amplitude, which did not produce any sparking, was
about 140 V. The sparking in such conditions is not surprising
because 20140V = 2.8 kV. However, it was a bit amazing
that while testing the last version of the circuit in air we found o 200 100 00
that the electric discharge did not appear over the coil or
through the insulation in the capacitor but just from the coil to
open air. I;I(I5 5. dT|r:]|eDX (opengi:ﬁlesl_) ang (solid ci_rcrliz)ﬁcimpomtent_s r?tf Ie_a slig?tly

H ) H alance a) an e linear regressio stral Ine) 1o

In all of the experiments reported here only 90 DUIsesf Wltﬁ]ctan(x/y) (open(ci)rcles) ina selectec? range of the F(I!)D((b). 'gll'he cor)relatior
a |ength of 3us were used and the number of averaged SIgN&Rtricient of the fit, as high as 0.98, indicates that the absorption curve
was 64 at 4.2 K and 32 at 3 and 2 K. The relatively longymmetric and no information is lost when using this method for the phas
spin—lattice relaxation tim&, = 8.6 s (measured at 4.2 K) correction.
limited the number of averaged signals. To be sure that the
sample is relaxed when the pulse sequence starts we set the
repetition time to 30 s, which was also kept constant during the
whole series of experiments. Before fitting, all of the signal¥e can assume thdft) is still the desired signal in the DQ
were normalized with respect to the number of averaged sRjPeriment. The easiest way to extrég) from the quadratic
nals and the receiver gain of the spectrometer but the effectc@mponents is to make use of the formata® + y*. Unfor-
the temperature on the amplitude was left as such. tunately this may result in an increased amplitude of the par

In order to fulfill the conditions assumed in the theory the Where the sign of the signal is determined by noise. In order:
component of the quadrature-detected signal was tuned ca&¢oid this problem we used another method.
fully to zero. Unfortunately in the case of an electromagnet The phase angldwt + ¢ is equal to arctan(/y), which
there is always some drift in the magnetic field appearing agives a nice straight line for those parts of the signal wher
curvature in thex component. If it is possible to tune one of they > x (Fig. 5). After computing the linear regression to tha
guadratic components to zero the signal can be expressed @t we can extendwt + ¢ over the whole signal and extract
f(t) from they component. Moreover, the linear behavior of
arctan/y) proves that thex component does not contain any
information, which is not tested when using the formifta =
Vx* + y°. In order to apply the arctam{y) method one has
where f(t), Aw, and ¢ are the amplitude of the rotatingto keep in mind that the tuning must not deviate too far fron
magnetization, the offset in angular frequency units, and thiee ideal, since the division gfby cos@wt + ¢) results in a
deviation of the receiver phase from thexis in the rotating large scatter of the corrected signal if the value of the argume
frame, respectively. If the tuning is only slightly out of balancstarts to approach /2.

signal components

-0,02

Ap + Awt

-0,04

-0,06

1 (us)

y = f(t)codAwt + ¢) and x = f(t)sin(Awt + ¢),



=
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