
.-*

ANL-HEP-CP-98-135
LA-uR-98-4575

Large NMR Signals and Polarization Asymmetries
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Abstract

A large modulation in the series Q-meter can lead to nonlinear NMR
signals and asymmetric polarization values. With a careful circuit analysis
the nonlinearity can be estimated and corrections to polarization
determined as a function of the strength of the modulation. We*EIVED
the recent LAMPF polarized proton target experiment, its
measurement and corrections to the measured polarizations.
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The accuracy of present high-energy and nuclear physics experiments with polarized targets
require a small polarization uncertainty. In spite of our progress with NMR technology and
better understanding of the polarization measurements, the largest uncertainty in the results
of polarized target experiments is very often related to the target and mainly to knowledge
of target polarization. The recent deep inelastic scattering experiments at CERN and SLAC
that studied the spin structure of the nucleon, have considered carefully the polarization
errors associated to the present NMR measurements. In these experiments the final proton
polarization uncertainties were 2.5% [1,2]. We need to aim to this accuracy level in order to
avoid the polarization uncertainty to be the dominant error in coming experiments with
polarized proton targets.

Polarization measurements in most of the present polarized targets are done using the
constant-current series Q-meter NMR [3,4] which consists of the Q-meter and the sampling
resonant circuit that typically is series tuned. The resonant circuit has a room-temperature
tuning capacitor which is coupled to the sampling inductor with a tuned coaxial cable. A
NMR signal is measured by sweeping the oscillator frequency across Larmor frequency

COWAn advantage of the series Q-meter is that it is commercially available, it is easy to tune
and a large experience and knowledge have been accumulated with it. A serious
disadvantage of the circuit is that the resonant circuit has a fixed tuning; it is tuned only at
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small part of the frequency range of the sweep. Distortions outside the resonance are
difficult to estimate because of the complicated contribution of the connecting coaxial cable.

In this paper we assume that for the Q-meter circuit used in this experiment the constant-
current condition [3,4,5] holds and we concentrate only to polarization nonlinearities
caused by the large NMR signals, i.e. large modulations of the base RF level of the circuit.
This will occur if the coil impedance is strongly changed by target nuclei when the NMR
frequency is swept over the Larrnor frequency. Though the modulation is symmetric the
impedance of the sampling circuit seen by the Q-meter through the coaxial cable is
distorted. This can take place especially with the spin-1/2 nuclei such as protons, which
have a narrow line width and the large nuclear magnetic moment. Discussion of the other
sources of nonlinearities of the series Q-meter can be found in these proceedings.

Formalism

The absolute nuclear polarization P is proportional to the integral of the absorptive part of
the RF susceptibility Z(O)= ~ (~) – ix’ (CO)[6]

(1)
<Iz> *

P=— = ~~’’(co)d~.
I

The experimental goal is to determine this int$ral with a high precision typically by
performing a frequency sweep over the resonance and by measuring the output voltage of
the Q-meter during the sweep. The absolute value of the nuclear polarization, P, is obtained
by comparing the value of the integral to the value of the integral at the thermal equilibrium
(’IX) where the lattice temperature and magnetic field can be well determined and
polarization Pm calculated using the Boltzmann law:

~S(~(@))d@-7S(z(@)=o)d~
(2) P=q~ w

&(@))d@-~S(@) = O)d@‘T’ ‘
w w

here S(Q) is the output voltage of the NMR circuit. ~S(X(0) = O)d@ is the background
w

signal measured at off-resonance where ~(co) a O. The challenge for the Q-meter NMR
ciqmit is that it has to be linear over a large dynamic range because of the ratio of the
integrals in equation (2) can be up to 400:1 as it can be when the target nuclei are protons.
Figure 1 shows the schematic of the typical series Q-meter circuit and its resonant part. In

this experiment we increased the input impedance of the amplifier [7] by adding Ril= 18.7LI
to improve the constant-current condition.

Next we will go through the formalism in the level necessary for discussions in this paper.
The more thorough derivations can be found in Refs [3,4,8,9, 10]. The real and imaginary
part of the voltage Z4ican be written as

U. Re{Z}+ Y(Re2{Z)+ Im2{Z}]
Re{~i}= —

(3)
~ [(1+ YRe{Z))2+ Y21m2{~]

Im{Z)

‘{ui} = ~ [(1+ YRe{Z})2+ Y21rn2{Z}]’



here Y=MRi+MRO,where Ri is the total input impedance of the amplifier, Ri=R1i+R21 (here
we assume that R ii is purely resistive), RO is the current limiting resistance, G is the
amplifier gain and UOis the output voltage of the oscillator.
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Figure 1. Schematic of a typical series Q-meter circuit and the sampling resonant part of the

circuit.

We need to consider only the real part of the signal because of the detection of the Q-meter
is the real-part detection [4]. The impedance Z of the resonant part of the circuit is

(4)
1

Z= RD+—+ZC
‘L+ ‘ctm(yczc)

iti ZC+ ZL tanh(yCIC) ‘

where RD is the damping resistor, C is the tuning capacitor, ZCis the impedance of the
coaxial cable, 1 is the length of the coaxial line and the coil impedance Z~ is expressed in
terms of the RF susceptibility and effective filling factor of the nuclear polarized material q
by
(5) ZL = R~ +iOL{l+q[# (co)-i~’ (a)]} ,

here R~ and L are the coil inductance and resistance, respectively. The propagation

constant ‘yC= u + i~ and characteristic impedance of the coaxial transmission line ZCare
given by

(6) ?’. =4
()”

(RC+i@LC)(GC +iaKC)s i~~~ 1+~ and

(7) Zc=
“Yc=13%w%k)

assuming that the Q-factor of the cable is QC= OLC/ Rc and for low-loss coaxial lines

RCcc(oLC, GC<COCC.The damping resistor RD is an offset impedance to prevent the circuit
impedance to become negative when the negative polarization reduces the circuit

impedance. The cable length has been chosen so that on the resonance, 0)0, tanh(yCIC)is
purely real



(8)

where n is the number of half wavelengths of the coaxial cable.

According to the above equations we cannot expect the response fimction of the series Q-
meter circuit to be linear. In order to study the nonlinearity of the series Q-meter circuit
Niinikoski expanded the real part of equation (3) to power series of the dative frequency
offset, x = (O – coO)/co., from the Larmor frequency [3,8]:

&Re{ui}— =~. AQ(~)+ 4(~)n@?’ ‘ (~)+A’ ~ (x)qolz~ (x) +
(9)

+A2(X)(T@.)2[–~ ‘2 (x) + ~ 2 (x)]+ A’z (x)(q@2 ~ (x)2 ‘(x) + ...

The multipliers Ai(.x) are given in Ref. [8] in a case of a narrow frequency sweep, fairly
high QCand low Y. Ai(x)s depend only upon circuit parameters. The f~st term AO(X) is
independent on the target material and represents the baseline of the NMR signal. In
equation (9) the two last terms give the nonlinear contribution to a NMR signal but also the
multipliers Al(x) and A’, (x) have a weak nonlinear frequency dependency [8]. When the
sign of polarization changes, only the linear terms, second and third term, will change their
signs. This leads to an asymmetric polarization value; negative signal is enhanced and
positive signal is decreased. The nonlinearity depends on the size of the signal itself which

in turn depends on the target material ~(m), the filling factor q and the inductor L. The
nonlinear contributions are related to the modulation strength of the RF level of the circuit.
The modulation, which is easy to measure, is defined as a ratio of the absolute height of the
NMR signal to the RF-level of the circuit:

(lo) ~= w(%))–w(%) =0)
s(~((f.)o)= o) “

Experiment E1178)

The polarized taget experiment El 178 ran in 1995 at LAMPF in the Low Energy Pion
Channel. The experiment measured analyzing powers for the z-~ + z“n reaction over a
broad angular range at incident kinetic energies of 98.1, 138.8, 165.9 and 214.4 MeV
[11]. Gamma rays from the n“decays were detected by the Neutral Meson Spectrometer
(NMS). Analyzing-power measurements for the nN system are particularly sensitive to the
interference between partial waves, and can provide crucial information for partial-wave

decompositions of the TWamplitudes. These measurements aim to quanti~ topics such as

the violation of isospin invariance in the nN system across the A(1232) resonance and the

negative-energy extrapolation of the x,Namplitudes for extraction of the n.l!l sigma term.

In the experiment the pion beam interacted with the 2 l-cm3 dynamically-polarized proton
target that consisted of l-butanol beads cooled bellow 0.5 K by a dilution refrigerator. The
target was polarized at 2.5-T field which has the homogeneity of 10-4 over the target



volume. The polarization direction was perpendicular to the horizontal scattering plane.
The details of the experiment can be found fromRefs[11,12].

Target and Refrigerator

For DNP the l-butanol target material was doped with 5x1019 atomslcm3 of EHBA-Cr(V)
complex + 5% HZO. The material was prepared in the form of frozen beads about 1-1.5
mm diameter. The beads were hold in a basket which was 5 cm long, 2.5 cm high and 1.7
cm wide and made from 0.1 mm thick perforated Teflon sheet. The packing fraction of the
beads was measured to be 50%. The Teflon basket was inside a copper hood; 17 cm long,
3 cm high and 2.5 cm wide. On the top of the Cu hood was a slotted millimeter wave
guide. The bottom of the hood was covered by a fine Cu screen which conllned
microwaves inside the hood which served also as a container for the 3He rich phase at the
mixing chamber of the dilution refrigerator (DR). The refrigerator was the CERN-type DR
[13]. DR was modified for El 178 to reduce the thickness of the cryostat walls on the pion
beam. DR achieves a cooling power of 50 mW at 0.5 K with the 3He circulation of 30
mmole/s. DR has been designed to be operated either in the vertical or horizontal position
with only minimal modifications. A beam could be brought to the target either along the
cryostat axes (allows a thick target for neutron scattering) or through the side walls of the
cryostat. In El 178 on the axis of DR next to the polarized proton target was mounted an
unpolarized background target which consisted of a mixture of “dry ice” and carbon [11].

The NMR coil was a loop of Cu/Ni tubing 2 mm in diameter which was buried into the
target material. The coil was about 7-cm long and it was covered by two layers of Teflon
spaghetti. Inside the refrigerator RF signal was carried by a 115-cm long Be/Cu cryogenic
coaxial cable4 of 2 mm in diameter. Outside the refrigerator the copper coaxial cable was
used. Temperature of the target material was monitored by a calibrated ruthenium and
germanium resistor.

NMR System

The proton polarization was measured using the series Q-meter which was coupled to the
signal conditioner where the DC gain was introduced after the Q-curve background was
fust removed. This was performed by measuring f~st the background and gain at off-
resonance. The measured background was saved into the memory and was then fed back to
the signal conditioner where it was summed with a Q-meter signal during a frequency
sweep. This allows a use of high DC gains without saturation. The background
measurement was typically performed once per day. If the tuning of the circuit drifted
between the measurements, the effect of the new background was only a fraction of percent
in polarization.

To model the circuit we have to know the circuit parameters. To reduce the number of
unknown fitting parameters we measured separately as many parameters as possible. With
a network analyzer we measured for instance the propagation speed (=205,734,000 m/s)
and attenuation coei%cient for the Be/Cu coaxial cable at different temperatures. The results
are shown in table 1.

4Uniform Tubes, Inc. Micro-coax, partno. UT-T-85-B-B.
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Table 1. Attenuation and RF resistance of the Be/Cu cryogenic coaxial cable.

Freq. (MHz) Temp. (K) a (dB/m) Rc (Q/m)
16 77 0.0185 0.925
16 300 0.0328 1.64

100 77 0.0617 3.09
100 300 0.0869 4.35

At 100 MHz and 77 K (inside the refrigerator one end of the coaxial cable is at 0.5 K

whereas the other end is at 300 K) we obtained a=O.0617 dB/m. If ZCS50 ~ then

RC=2ZCa=6.17 Wm. By allowing RCto vary in the fitting we obtained RC=5.3 Wm. These

values give CC=97.21pF/m and LC=0.244@I./m. The values of the parameters of the series
Q-meter in this work are given in table 2.

Table 2. Parameters of our series Q-meter.

Center frequency &106.44 MHz
Sweep width A&512 kHZ

Coil inductance L.=0,2 uH
m

Coil resistance I R,=12.4 !2 I
I

Filling factor of the coil I TI:O.3
[ Tuning catxicitance I i=l-20 OF I

Constant current resistor RO=1500fl
Total amplifier input resistor Ri=68.7 $2
Length of coaxial cable l=n k/2, n=4
Damping resistor I R~=30.7 Q

Polarization Asymmetry

For a simulation of the series Q-meter we needed a line shape for l-butanol. Measured
FWHM of the line shape was 72 kHz. The absorption part of the susceptibility of l-butanol
is well given by [10]

(lo)

where ~ is the static susceptibility and Am is the line width between derivative extremes of

the line shape. The dispersive part of the susceptibility, ~’, is calculated using the Kramer-
Kronig relations.

We f~st fitted the RF baseline, the term AO(X) in equation (9), to determine the circuit
parameters. Then with the realistic line width TE signals were fitted to obtain the final



circuit parameters and falling factor q. Using the circuit parameters enhanced signals were
fitted to equation (9) to determine Al (x)rpM#’ term which is proportional to polarization.
The ratio of the corrected polarization and meaw.ued polarization gave the correction factor
which is shown as a function of modulation in figure 2. When the E 1178 target was fully
polarized, modulation was close to 50% and 35% for the negative and positive
polarizations, respectively. After the corrections the average polarizations of El 178 were
+8070 and -90%. The uncertainty of the polarization correction is 20-30%. The final
uncertainty of the El 178 polarization values is 4.590 [12].
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Figure 2. The polarization correcting multiplier as a function of the modulation.

In the following figures we demonstrate how a large modulation can lead to asymmetric
polarization values. Figure 3a shows the absorptive and dispersive parts of the
susceptibility for positive polarization.
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Figure 3a. Dispersive and absorptive susceptibilities with 11=0.2
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Figure 3b shows the nonlinear terms four and five in equation (9) which are related to

72 –Z’2 and 7 z‘. Figure 3Cshows the summed line shapes for the positive and negative
signals. The negative signal has been inverted to allow the comparison. Figure 3Cshows
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Figure 3c. The positive (dashed line) and negative summed line shapes. The negative signal
has been inverted.

how the signal height of the negative (positive) polarization has increased (decreased) and
how the line width has decreased (increased). In the example the modulation of the positive
signal is 1870and the modulation of the negative signal 23%.
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