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Abstract

DC SQUID Spectrometers for Nuclear Electric Quadrupole and Low Field
Nuclear Magnetic Resonance Spectroscopy
by
Dinh Minh That Ton
Doctor of Philosophy in Physics
University of California at Berkeley

Professor John Clarke, Chair

The dc Superconducting Quantum Interference Device (SQUID) is a very sensi-
tive detector of magnetic flux, with a typical flux noise of the order of 1 y.CI)OHz‘l/2 at lig-
uid helium temperature (®=h/2¢). This inherent flux sensitivity of the SQUID is used in a

spectrometer for the detection of nuclear magnetic resonance (NMR) and nuclear quadru-
pole resonance (NQR). The precessing magnetic field from the nuclear spins is coupled to
the SQUID by mean of a flux transformer. An NMR probe configuration consists of a
static field coil, an audio frequency (af) pulsing coil, and a pickup coil coupled to the

SQUID.

The SQUID NMR spectrometer is used to measure the longitudinal relaxation time

Ty of solid 129%e at 4.2 K down to 0.1 mT. The long relaxation time of ~2000 seconds at

these low fields is of key importance for the long term storage of hyperpolarized 129,

which can be achieved through optical pumping of rubidium and subsequent spin-
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exchange. Xenon can be polarized up to 10° times over the thermally equilibrium value by
this means. The possibility of using highly polarized gases such as 12°Xe and 3He for low
field magnetic resonance imaging (MRI) was also investigated. One dimensional images

of 3He gases and two dimensional images of solid 129%e were taken at static fields down
to 0.5mT, with resolutions of 500 pm and 950 pm, respectively. However, higher resolu-

tion images can be achieved.

A modified SQUID spectrometer is used to detect NQR in zero field. The NQR

configuration consists of a solenoid af pulsing coil and a coaxial pickup coil with a few
turns. The NQR spectrometer is used to detect NQR spectra of 27Al in A1203[C13+] and
Din perdeuterated picoline and toluene. The 2D picoline and toluene spectra have reso-
nances near 40 kHz possibly showing a quantum tunneling rotation within the CD5 group.
The NQR lines of 2’Al occur at a higher frequencies, 359 kHz and 714 kHz. Two-dimen-

sional NQR of 27A1 was also demonstrated; this technique can be used to correlate reso-
nances in more complicated spectra. The spectrometers are designed to cover frequencies

up to 5 MHz, opening up the possibility of detecting pure NQR in many compounds con-

taining N, "Be, !B, and 27Al.

Experiments involving the Overhauser Effect were performed in a single-coil dou-

ble-channel probe. The enhancement of the !H nuclear magnetization was 183 in a

MnCl,/H,O solution. The SQUID spectrometer was redesigned for performing Over-

hauser Effect experiments. If these experiments are successful, the enhanced signal and




reduced T; may revolutionize the field of SQUID-detected NMR.
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Chapter 1

Motivation

High-Field Nuclear Magnetic Resonance (NMR) is an immensely powerful tool to
study many processes at the atomic level. The nuclear magnetic dipole-dipole interaction
or electric quadrupole interactions obtained, in turn, yield valuable information on inter-
atomic distances and local electric field gradients [1-3]. In polycrystalline or disordered
materials, however, the molecules are randomly oriented with respect to the external
applied magnetic field, and the resulting "powder spectra” may well conceal any structural
information, especially if the interactions are relatively weak. One solution to this problem
is to remove the external magnetic field, which defines a spatial direction, and to measure
the Nuclear Quadrupole Resonance (NQR) [4] or zero-field NMR [5] directly; since all
equivalent sites have the same resonant frequency the resulting spectra should be sharp.
Examples of NQR are ’Be, 1B, N, and 27Al and 2D in selectively deuterated organic
molecules; an example of zero-field NMR is the proton-proton dipole resonance in poly-

crystalline materials.




Although working in a low field or a zero field environment is an attractive
approach to the acquisition of structural information of noncrystalline materials, the disad-

vantage is that often the signals acquired are very small due to the small resonant fre-
quency of the sample. Typical zero field NQR line of N in the ammonium ion is a few
tens of kilohertz, *N in a NHj is a few hundreds of kilohertz. As a result, the voltage sig-

nal developed across a Faraday coil surrounding a collection of precessing spins in a nor-
mal NMR setup is greatly reduced compared to that at hundreds of megahertz. At a

temperature 7, the magnetization M scales as /T and the induced voltage as ®M, so that

the signal scales as @%/T. As one goes from detecting a signal at 100 MHz to that of detect-
ing a signal at 100 kHz, the reduction in signal by 6 orders of magnitude or more makes it
difficult to observe low-frequency NMR or NQR with a conventional semiconductor
amplifier coupled to a resonant circuit. Alternative methods have been developed. One
method is magnetic field cycling [6,7], which produces the free induction decay (FID)
point-by-point, and is thus rather time-consuming. The principle idea behind that is, first,
the sample is allowed to polarize in a high field region and then allowed to evolve for
some time ¢ in a region of zero field. Quickly the sample is transported back to the bore of
the magnet where the magnitude of the evolved magnetization is detected. The FID is this
magnitude versus the evolving time ¢. Another approach, involving a Robinson oscillator
[8] in a continuous wave (cw) NQR spectrometer, has been successfully at frequencies
down to 200 kHz [9].

In order for the most powerful experiments to become routine, a method need to be
developed for direct observation of the precessing magnetization in zero field. The method

should be capable of high sensitivity and of detecting signal down to a few hertz resonant.



The superconducting quantum interference device (SQUID) is the world most flux sensi-
tive detector, and at kilohertz frequencies, the SQUID can have a noise temperature far
below that of conventional amplifiers [10]. The unique feature of the SQUID is that it can

directly detect flux, rather than the rate change of magnetic flux, so that at a given temper-

ature the detected signal scales as ® rather than as @?. The combination of direct flux
detecting and the high flux sensitivity make the SQUID an alternative approach to the

conventional Faraday detector for the detection of NMR and NQR signal down to the

hertz frequencies.

In Chapter 2, I will discuss this SQUID spectrometer development. Chapters 3-6, I

will report on the many different types of experiment done with the SQUID spectrometer:
to detect NMR and MRI of optically pumped 129%e and 3He, 2D NQR spectra of picoline

and toluene, 2 Al NQR spectra of ruby.

Finally, I will conclude with a current research project involving detection of NMR

and NQR signal with Overhauser Effect using the SQUID spectrometer.
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Chapter 2

Development of a SQUID NMR and NQR Spectrometer

2.1 Introduction
Earlier, Non Q. Fan, a former student of my advisor John Clarke, successfully built

and operated 2 SQUID NMR and NQR spectrometer to detect 1*N NQR of NH,4ClOy, and

NMR of Pt and Cu[l]. The SQUID spectrometer was limited to a frequency range of

about 200kHz. However, there are many nuclei of considerable interest - for example,

9Be, 11, 14N, and 27Al - that have resonant frequencies up to several megahertz. In this
chapter, I will describe the development of a SQUID NMR and NQR spectrometer operat-
ing at frequencies up to 5 MHz. This development will enable NMR researchers to per-
form many different low-frequency pulsed-NMR experiments which have presented

difficulties for the current state of the art of high field solid state NMR techniques, such as

the direct detection of 14N NQR in organic molecules and proteins, or 1B and 27A1 N QR

of ceramic materials and nanotubes.




In the previous SQUID NMR and NQR spectrometer, applications were limited to
resonant frequencies below 200 kHz by the SQUID electronics. The reason for this limi-
tation is that typical dc SQUID electronics makes use of a modulation frequency to be
mixed with the SQUID signal in order to optimize the SQUID system noise performance
in the low frequency regime. In this modulation and lock-in detection scheme, the low
frequency response of the SQUID electronics is not limited by the preamplifier but by the
SQUID intrinsic 1/f noise. The modulation frequency was 500 kHz, and thus the maxi-
mum operational bandwidth of the spectrometer was less than half of this modulation fre-
quency or about 200 kHz. One question to ask is why this modulation frequency cannot
be made higher, say like 10 MHz or so. At such high frequency, the noise of the preampli-
fier is not only much higher, but the gain-bandwidth product (GBW) of typical commer-
cial amplifiers is not large enough to accommodate the high gain required by the SQUID
electronics.

The new SQUID electronics is operated in a flux-locked loop using a modified
version of the direct offset integration technique (DOIT) with additional positive feedback
(APF) developed by Drung et. al. [2-4], in which the output of the SQUID is directly cou-
pled to a low noise amplifier operated at room temperature. Since the SQUID is not flux
modulated, the frequency response of the system is determined entirely by the design of
the flux locked loop. This design lacks the low frequency sensitivity of the modulated
flux-locked loop scheme; however, since we are working at frequencies greater than a few
tens of hertz, this noise problem is irrelevant. This circuit has been used by Thomasson
and Gould [5] in a circuit configured for NMR measurements at frequencies up to about

300 kHz and by me to frequencies up to 5 MHz[6]. I will briefly describe the operation of




a dc SQUID and then go into detail on the different aspects of the new SQUID NMR and

NQR spectrometer.

2.2  SQUID Basics

The principle operation of a dc SQUID is extensively discussed elsewhere [7].

(a) {,IB ®) o=, , @=@HO,

»0O

O«

Figure 2.1: (@) Schematics of a dc SQUID; (b) current-voltage (I-V) characteristics for
an applied flux @ of n®( or (n+1/2)®; (c) voltage-flux (V-®) curve for constant

bias current Ip, indicating how a small flux ®(®) is converted into voltage V().



However, I will, for completeness, summarize its essential points here. A dc SQUID con-
sisted of a superconducting loop of inductance L interrupted by two Josephson tunnel
Junctions [8] of self-capacitance C as shown in Figure 2.1(a). The Josephson junction is
damped by a resistance R to produce the nonhysteretic current-voltage (I-V) characteristic
shown in Figure 2.1 (b). When one changes the magnetic flux applied to the SQUID

loop, the critical current oscillates between a maximum value at @ = n®;, and a minimum
value at @ = (n+2)®; thus, the period of oscillation is ®j, where @ is a flux quantum
(®g=H/2¢). For our operation, the SQUID is current-biased at a point Iz above the maxi-
mum critical current where the modulation depth (V{-V,) is a maximum value. In the cur-

rent-biased mode, the SQUID voltage V changes as a function of flux & as shown in
Figure 2.1 (c). The SQUID is locked on the steepest region of the V-@ curve to optimize
its sensitivity. In effect, the SQUID is a flux to voltage transducer with a transfer coeffi-

cient Vg=(dV/0®);. Often, the detected flux ®(w) is much smaller than @y; the resulting

SQUID output is V(®) = ®(0)Ve

2.3  SQUID and Flux Transformer

The direct connection of the SQUID to the room temperature preamplifier some-

what restricts the kind of SQUID needed for the new spectrometer. Current commercial
ultra-low noise amplifiers have a typical voltage of 1nVHz /2; since the flux noise of a
typical SQUID is about 1 to 2 udyHz V2, a transfer function Vi of at least 500 LV/®; to
1000 pwV/®y is needed to ensure that the dominant noise is not due to the room tempera-

ture amplifier. Computer simulations [9] for an optimized SQUID yield a maximum value



of Vg max = R/L; our design values of R = 3Q and L = 100 pH yield Vip ax = 60 LV/®.
This value is still way below that needed for an adequate SQUID transfer function. Unfor-
tunately, we can not change the SQUID parameters to make Vg, larger because making R
larger could result in a hysteretic I-V characteristics, and making L smaller could reéult in
a SQUID that is less efficient in magnetic flux coupling. However, as will be shown later
on, the APF circuit proposed by Drung et. al. increases this transfer function by a factor of
10 and thus enables us to bypass this crucial problem.

A picture of the dc SQUID is shown in Figure 2.2. Modern SQUIDs are made

I-V leads APF
coil

input coil

I-V leads
Figure 2.2: A picture of a dc SQUID.




from thin films deposited on silicon wafers and patterned photolithographically. The
SQUIDs are fabricated in batches of 144 on a 50' mm-diam oxidized silicon wafer.
SQUIDs designed in our laboratory have a Pb/In counter electrode; details of the fabrica-
tion process can be found in Fred Wellstood’s thesis [10]. Each SQUID consists of a Nb
square washer[11] with inner and outer dimensions of 25 and 900 m on which are fabri-

cated two Nb-NbO,-Pb (5% In) Josephson junctions. The process begins with a clean
(100) Si wafer of 1 um thick SiO,. The CuAu shunt is first patterned with lift-off. Then

a damping CuAu resistor is added. This damping resistor is designed to remove possible
hysteretic and resonant behavior of the SQUID -V characteristic, due to inductive or
capacitant coupling of the SQUID to its input coil, by suppressing the circulating current
flowing around the SQUID loop[12,13]. After that, a first Nb layer is sputtered, patterned,
and etched to form the SQUID washer and a 4-turn feedback coil surrounding the SQUID.
Next, two SiO insulation layers are deposited through a lift-off mask to define the two
Josephson junctions, 2umx2pm in size. Then a second Nb layer is patterned to form the
input coil, crossovers, pads, and leads, following a photoresist layer patterned to protect
these junctions and a milling step to clean the crossunder from the first Nb layer. The
wafer is then patterned for a Pb/In lift-off step and diced to provide individual SQUID
chips before the last Pb/In evaporation step is completed. The last process involves a mill-
ing step to clean off the Nb layer, an oxidation step in an Ar/O2 (90%/10%) plasma dis-

charge to form NbOy, and the final Pb/In evaporation step to form the second

superconducting layer of the junctions. Another SiO layer can also be added to protect the

Pb/In layer, which deteriorates with time.

10




The SQUID inductance, measured from the critical current modulation depth ofa
hysteretic SQUID, is approximately 100 pH, of which about 60 nH arises from the washer
and 40 pH from the slit in the washer separating the two junctions. Each junction has a
typical critical current of 20 pLA and is shunted with a 3 Q resistor. In practice, the SQUID
is still nonhysteretic even when the critical current is as high as 40 pA. The damping
resistance across the SQUID slit is about 6 Q The 48-turn Nb spiral input coil deposited
on the square washer has a mutual inductance to the SQUID of 3.5 nH and an estimated
self-inductance of about 150 nH. I made the superconducting contact to the input coil by
wire-bonding 50 wm-diameter, annealed Nb wire to the Nb contact pads of the input coil,

as shown in Figure 2.3, after spot welding the wire to a Nb foil. The annealed Nb wire is

Nb foils annealed Nb wire wire bonded aluminum wires

to pickup coil
LV leads

Nb contact pad

spot welded ’ !
of input coil

SQUID chip

Figure 2.3:  SQUID fiberglass holder. Annealed Nb wires connect the SQUID Nb con-
tact pads of input coil to the Nb foils. Aluminum wires connect the SQUID current
and voltage leads to the copper pads on top of the fiberglass piece. The whole
assembly is then hermetically sealed leaving only the Nb foils and the copper pads
exposed for connection.

11




made by passing a 0.51 - 0.54A current through a 15 cm length of 50 pm Nb wire in vac-
uum for 5 minutes. The SQUID current and voltage leads are wire bonded to the copper
pads on top of the fiberglass SQUID holder. The SQUID is enclosed in a hermetically
sealed G-10 fiberglass container that is surrounded by a Nb tube.

The sample is coupled to the input coil of the SQUID via a nonresonant supercon-
ducting circuit as shown in Fig 2.4, giving the spectrometer a broad bandwidth. The
pickup coil is connected to the SQUID input coil by sandwiching the Nb pickup coil leads
between Nb washers and the Nb foils to which the input coil is connected. A flux ®(w) in
the pickup loop induces a counter current I(®) = -<I>(0))/(L,-1-Lp) in the flux transformer

loop, where L; and L, are the input and pickup coil inductance. Passing through the input

coil, this current produces a flux -®@(w)M/(L;+L,) through the SQUID; M; is the mutual

sample -
M;
¥ N\
J i g
pickup coil input coil
L
p) @

Figure 2.4:  The flux transformer. The sample is placed in the pickup coil of inductance
L,. The flux from the sample induces a current which feeds flux into the SQUID

loop as it passes through the input coil of inductance L;.

12



inductance between the SQUID and the input coil. To a first approximation, flux transfer
from the pickup loop to the SQUID is optimized when L; = L, and these results hold for
frequencies ranging from zero up to the frequency at which parasitic capacitance becomes

significant. For a 2-turn pickup coil of 1 cm diam, the inductance is about 100 nH.

2.4  Additional Positive Feedback and Flux-Locked Loop

The SQUID connected to the APF circuit is shown in Fig 2.5 (a). In essence, the
SQUID is shunted by a coil of inductance L, to which it is inductively coupled, in series
with a cold MESFET (HMF 24020-100) that is used as a voltage-controlled resistor (Rapf)
in the range 2-25 Q. The coil is the 4-turn Nb wire microfabricated around the SQUID
washer, and is patterned in the same layer; the mutual inductance M, between the loop
and the SQUID is about 380 pH. When a flux ® is applied to the SQUID, the coil pro-
vides feedback that is positive or negative depending on the sign of the transfer function.
The degree of the feedback is determined by the values of the mutual inductance, the feed-
back resistance, and the SQUID transfer function. As a result, the transfer function
becomes asymmetric, with a steeper slope on the portion for which the feedback is posi-
tive as shown in Figure 2.5 (b). The transfer function is thus enhanced from a value of
typically 50 pV/® up to values as high as 500 uV/®,. The new transfer function Vg,
can be quickly calculated as follow. The current flowing through the APF circuit is
approximately VIR, feeding a flux M,,/V/R ;¢ to the SQUID loop. The flux to voltage
equation is then given by:

(@ + MypV/R gy Vep = V.
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Solving for V/®, we have

VI® = Voo pews = Vol (1-1),
where the feedback parameter N=MpVo/Rypr The value of Vg, ,,,, is large when is 1
approximately 1 and small compared to Vi when 1) is negative; hence, its name "positive"

feedback. To maintain stability, Il must be keep less than 1 for all possible values of Vi,

(a)

(b)

Figure 2.5:  (a) APF scheme for the dc SQUID. (b) The V-® curves for different bias
currents of the SQUID with APF circuit. ‘
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It is important to think about the best values for M, and R, and the conse-
quences of adding this circuit. To ensures that there is little phase shift in the APF circuit
that can make the whole circuit unstable, @3,pL,, must be much less than R, where
W3,4p is the desired 3dB cutoff frequency of the spectrometer. Thus, patterning the addi-
tional positive feedback coil directly on the SQUID chip rather than using a Nb-wire coil
is good practice since this will keep the inductance low for the required value of M,

Another important requirement is that the flux noise due to this additional positive feed-

back circuit be not much larger than the SQUID intrinsic flux noise <I>Nz(16kBTR)%L [71.
The flux noise due to the APF circuit is the current noise in the feedback resistor passing

through the feedback coil, (4kBT/Rapf)% M_,¢ For useful feedback n = 1 or

Mapr= Rypd Ve = LR,,#R,; this gives (16kBTR)%L(RaprR)% < 2@y or R;,r < 4R. Essen-

tially, the feedback resistance must be less that 4 times the SQUID shunt resistance. Our

typical R ,r = 10  ensures this condition.
A bias current I generates a voltage V across the SQUID which is coupled

directly to a low-noise preamplifier, as shown in Figure 2.6. Details of the flux locked
loop electronic circuit can be found in Appendix A. The preamplifier consists of four

AD797 (Analog Devices) amplifiers connected in parallel to reduce the voltage noise by a
factor of two to a measured value of 0.65 nVHz ™ at frequencies (x100Hz) above the 1/f

noise. The voltage gain is 6.5. The current noise, about 4 pAHz'y’, produces a negligible

voltage noise across the SQUID, and the Nyquist noise of the leads connecting the SQUID
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Figure 2.6  The SQUID flux locked loop. The output voltage is given by R{M; times
the applied flux.

to the room temperature preamplifier is also insignificant. The preamplifier is followed by
a second stage of amplification (Comlinear CLC 425 or AD797), variable from 15 to 40,
and a single-pole integrator with an integration time constant ;. The output from the inte-
grator is coupled via the feedback resistor Ry to the feedback coil that is coupled to the
SQUID with a mutual inductance Mf This coil, consisting of 20-30 turns of Cu wire, is

glued into a small hole in the mount below the SQUID. This flux locked loop maintains

the SQUID near the region of largest Vg The buffer stage provide noise isolation between
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the SQUID and the outside environment.

The output voltage V; from the flux-locked loop in response to an input flux @ at
the SQUID is

Vo = Q(RIMHG(0)/[G(@)+1],
where G(®) = (R/Mf)Vq,GaGi(m).
Here, G, is the voltage gain of the first two amplifier stages and G;(®) is the gain of the
integrator, 1/iwr; at frequencies above about 1 kHz. For low frequencies G(®) is very
large; thus the output voltage is approximately proportionally to the flux in the SQUID.

As o increases, there will be a frequency ®3,4p at which IG(@;4p)l=1; this frequency w34

1] 11 1] L L) l_ll ¥ ) ) L SR B3 ) lI 1] ¥ 1 L L) ITI L L ¥
NS -
§ C
0.1 1 1 |1 [ ] llll' 1 (] 1] 1 ll_lll 1 1 | lLll' 1 11
10° 10* 10° 10°
| frequency (Hz)

Figure 2.7:  Closed loop gain IV(f)/Vy(1kHz)l of flux locked SQUID at 4.2 vs fre-
quency, normalized to value at 1 kHz. Data were collected in three separate fre-
quency ranges.
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is defined as the bandwidth of the spectrometer. The gain is high if (R/Mp) is also high;
however, one must chose the value of Rrand Mg so that the Nyquist noise of Ry will not
couple a large flux noise into the SQUID via M Also, since G(®) is proportional to
V@ new» One should maximize the APF circuit to give the best possible transfer function.

To determined the frequency response of the system, a small flux (~®y/20 peak-to-
peak) is applied to the SQUID and Vy(f) is measured as a function of frequency. Figure
2.7 shows IVy(N/V(1kHz)I=IG(A/[G(f)+1]l versus frequency for M= 220 pH, Rr= 5k
G, =150, 7; =26 ns, and Vg = 300 uV/®,. We see that the response is very nearly flat to
1 MHz with a peak at about 3 MHz. The 3 4B point is at approximately 5 MHz. The cal-
culated frequency at which IGl = 1 is 5.9 MHz, in quite good agreement with the measured
frequency.

Figure 2.8 shows the voltage noise at the output.of the flux-locked loop divided by
AVy/®g at 1 kHz; AV, (=R¢/Mp) is the change in output voltage produced by the application
of one flux quantum to the SQUID, and ranges from 50 mV to 250 mV. The flux noise is
approximately white, with a value of 3.5 ].L<I>0Hz’l/’, from 1kHz to 1 MHz; 1/f noise from
the preamplifier becomes dominant below about 100 Hz. There is a peak near 2 MHz
associated with the peak in the gain in Figure 2.8.

It should be mentioned that using a CLC 425 for the second preamplifier stage
tends to be less stable than an AD 797. However, since the CLC 425 has a very high
GBW, it is still a very useful component if the instability can be worked out. Most of my
measurements, however, were done with the AD 797 in the second stage. In the latest

electronic design, the SQUID box contains two AD797 amplifiers after the preamplifier,
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Figure 2.8:  Flux noise of flux locked SQUID at 4.2 K. Data were collected in three

separate frequency ranges.

providing a large, stable gain for the flux locked loop.

2.5 Spectrometer

Figure 2.09 is a block diagram of the spectrometer, which, apart from minor modi-
fications, is similar to that used previously [1]. The SQUID probe part of the spectrometer
contains a cell on which different coil forms such as the static field, field pulse, and pickup
coil are wound. The figure shows the cell for NQR application; I will, however, later dis-
cuss different cells used for specific experiments. The cell holding the sample is enclosed
in a cylindrical superconducting shield and the dewar is surrounded by two concentric 1-

metal shields.
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Figure 2.9:  Block diagram of NQR spectrometer. Dashed lines enclose flux locked
loop, and dotted lines the NQR cell

The spectrometer is controlled by a Macintosh equipped with a Techmag pulse
programmer that controls the pulse sequences, turns the flux-locked loop on and off, and
acquires the data. Triggered by the computer, a function generator (HP 3314A) produces a
pulse sequence between 1 and 30 cycles, starting at zero phase. The pulse is amplified by
an ENI 1040L (10 kHz-500kHz) amplifier and is coupled to the transmitter coil via a low
pass filter and four stages of crossed diodes. These diodes present a high impedance to the
transmitter coil when the pulse is turned, off, thus minimizing the noise coupled in the
SQUID during the measurement. During this large audio-frequency (a.f) pulse, a photo-

coupled analog switch (Siliconix DG308) is triggered to short out the integrator, thereby
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Figure 2.10: JFET switch for zeroing the unwanted signal before amplification.

preventing it from being saturated. Even after the pulse sequence is turned off, there is
some dead time before the flux-locked loop can be operated: this arises from ringing of the
transmitter coil, which is not particularly well matched to the output impedance of the a.f.
amplifier. For a peak-to-peak pulse at the sample of 1 mT, the dead time is about 60 s at
50 kHz and less than 10 ps at 500 kHz or higher. At the end of this dead time, the flux-
locked loop is enabled and the FID flux signal is coupled into the SQUID via the super-
conducting flux transformer. The output of the SQUID electronics is band pass filtered,
gated with a JFET switch (Figure 2.10), and amplified. The data is acquired using a
Techmag for frequencies below 200 kHz, and a digital oscilloscope for higher frequencies;
the data are subsequently transferred to a computer. The JFET switch zeros out all the sig-
nal that is not part of the FID which can saturate the amplification stage, mainly the

remaining transient from the af pulses.
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Chapter 3

NMR of Laser-polarized Xenon at 4.2 K

3.1 Introduction

Xenon is one of the most intensively studied nuclei. 129, with a nuclear spin of
1/2, is used as a sensitive probe of the local environment because of its chemical inertness,
its large polarizability, and its relative ease of detection by typical high field NMR[1]. Dis-

tortion of the diffuse electronic cloud due to collisions with its surroundings leads to a

large detectable chemical shift of the xenon nuclear spin. The 129%e chemical shift is, typ-
jcally about 100 ppm[2] and can be easily measured in a high field NMR experiment;
however, the shift is a minuscule 10 Hz in a 100 kHz Larmor line. Such a measurement is

not realistic, given the typical linewidth of the 129%e lines, even with a SQUID.

However, one special and important property of 129%e is that its nuclear polariza-
tion can be easily increased by 5 orders of magnitude over that of thermal equilibrium at

room temperature and 4 tesla through a process called spin exchange, which takes place
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via Fermi contact interaction between xenon nuclei and optical pumped rubidium

atoms[3-5]. The increase of the 12°Xe NMR signal by this “hyperpolarization” has made
possible a number of novel experiments, among them enhanced magnetic resonance imag-

ing (MRI) of organisms [6-10] and enhanced NMR of surfaces and solutions [11-13]. This

type of enhancement is feasible, provided a significant fraction of the 129 polarization
can be transferred to the spins of the nuclei interest. A considerable body of current
research is aimed at transferring the xenon polarization to systems in which the signal-to-
noise ratio is very small, such as low spin-density species and surface spin species. In
view of its function as an NMR/MRI contrast agent, a spin-polarization source for cross

polarization [14-16], and a potential low-temperature NMR/NQR matrix [17], previous

investigations have addressed the question of 129% e relaxation in gas [18], solution [19],
and solid phases [20-22]. Of particular relevance for the long term storage of this hyperpo-
larized xenon at low temperatures is the decay of polarization via spin-lattice relaxation as
the magnetic field is reduced towards zero. Gatzke et al. [22] reported the >°Xe spin-lat-

tice relaxation time, 773, at 4.2 K in magnetic fields ranging from 0.2 T to 5 mT, corre-

sponding to 129%e Larmor frequencies of 2 MHz to 50 kHz. They found that T} depends

strongly on magnetic field in this range.

This work is an extension of that experiment. Using the SQUID NMR/NQR spec-

trometer, 12Xe NMR has been observed down to 200 Hz, near the xenon dipole-dipole
interaction[23]. In the first part of this chapter, I will discuss general NMR theory; then I
spend some time on the spin polarization transfer during an optical pumping process.

Fin