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ABSTRACT

High signaito-noise ratio (SNR) is typically required for higher resolution and faster
speed in ragnetic resonanamaging(MRI). Planar microco# as receiver probes

MRI systens offer the potential to be configured into array elemémtg$ast imagingas
well as to enable the imaging of extremely sroajects Microcoils, howeverare
thermal noiselominantand suffer limited SNR. Cryooolingfor the microcoilscan
reduce the thermal noideoweverconventional cryostats are ragtimumfor the
microcoils because thaypically use ahick vacuumgapto keep samples to be imaged
to near roontemperatureluring cryecooling This vacuum gap ig/pically larger than
themostsensitive region afhemicrocoilsthat defines the imaging deptlhich is
approximately the same #ge diameters othe microcoils.

Here mcrofluidic technology is utilized to locally cryocool themicrocoils and
minimizethe thermal isolation gago that the imaging surfacevigthin the imaging
depthof the microcoils Thefirst system consistsf a planarmicrocoil with
microfluidically cryo-cooling channelsa thinN, gapand an imagingrhe microcoil was
locally cryo-cooled while maintaininghe samplebove 8C. MR images using 4.7
TeslaMRI systemshowsan average SNR enhancement of Iald. Second, the system
has been further developed into a ecgmled microcoikystemwith inductive coupling
to cryo-cool both the microcoil and the echip microfabriated resonating capacit@o
further improve the Q improvemerdereinductive coupling was uséd eliminate the

physical connection between the microcoil and the tuning network so that a single cryo



coolingmicrofluidic channel could enclose both the microcoil and the capacitor with
minimum loss in cooling capacit®) improvementvas2.6 foldcompared to a
conventional microcoil with higi@Q varactors and transmission lioennection

Microfluidically tunable capacitonsith the 653% tunability and Q of 1.3 fold
higher compared to @nveitional varactorhave been developeshddemonstrateds
matching/tuning networkas a proof of concept.

Thesedevelopednicrofluidically cryo-coolingsystemand tunable capacitofsr
improving SNRwill potentiallyallow MR microcoils to have highresolution images

over small samples
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CHAPTER |

INTRODUCTION

1.1.Magnetic Resonance ImaginglRl) andSignal to Noise RatiocSNR)

Magneticresonance imaging (MRI) is generatignsidered to be a sigr@l-noiseratio

(SNR) limited technique, particularly in the case of MR microsddp®]. As the signal

to-noise ratio is proportional to the number of spins in a given voxel, all other
parameters remaining constant, decreasing a voxel size by a factor of 10 in each
direction results in a dease in SNR of a factor of 1000. Recovering the SNR loss
through signal averaging is impractical, as the noise only decreases as the square root of
the number of averages, meaning that one million averagedd be required to
maintain the same SNR as ob&d when the resolution was a factor of 10 poorer.

SNR can be enhanced by other means, such as using higher magnetic field
strengths, or in some cases through clever sequence design, but in general one must
reduce the size of the coil to recover some SMRen using very small coils, or
alternatively larger coils with very small samples, it readily becomes apparent that the
dominant noise source is the thermal noise generated by the resistance in the coil
conductor. Therefore, to improve SNR, several redfdlave been made to reduce the
noise of MR coils using liquid nitrogeeryo-cooling or superconducting materials for
MR coils, where SNR improvement offold was reportefll, 3-6]. However, due to
the large size of conventional cryostats and the requirement to keep the sample at near

room temperaturehe distance between receiver coils and samples often increases in

1



cryo-cooled coils, resulting in degradation of the achievable SNR of the coil. It is
generally accepted that the most useful region of sensitivity for a coil exists within
approximately oneoil width above it; therefore, this increased doisample distance
has also limited the use ofyo-coolingto coils with larger dimensiorig, 6], such that a
cryostat severahillimetersthick does not reduce the effectiveness of the coill.

McDougall et al havebeen investigating the use of coils that are small in one
dimension (2nm wide and up to@mm long) as array elemenisr parallel imagind7,
8]. Using 64channel arrays of these elemeritgy have demonstrated imaging in a
plane parallel to the array in a single echo t echni que appropriatel
Echo Acqui si ti omaging[o a0y Asnmih congentioraHmall cdils,
the dominant noise source in the receiver coils (array elements) is the thermal noise of
the copper. Even though tloeils are long in one direction, they are very narrow (the
imaging voxel width in the case of SEA imaging) in the second direction, and thus have
a relatively shallow sensitive region. The application of cryogenic cooling is obviously
of interest to impree the available SNR, but the cryostat must eventually cover an entire
array to work with SEA imaging. Because even a small increase in the distance between
the coil and a target sample can significantly degrade the achievable SNR ahthe 2
wide coil, acryo-cooling system that significantly increases the distance between the

SEA coils and the sample cannot be used



1.2 Microfluidic Cooling System

The use of microfluidics has seen a huge surge in varieties of applications during the
past decade. One importamicrofluidic application is in cooling, mainly for electrical
circuits and components. Increased power consumption of more advanced and comple
systems coupled with smaller system size causes serious thermal managemesmassues
the systemsnust be managed througinopercooling [11]. Many efforts have focused

on developing miniaturized fluidic systems that can drive ligpidse coolants through
micrometerscale fluidic channeld§12-15]. The high surface to volume ratio of
microfluidic channels enhances heat dissipation through the coolant.

Although these miniaturized liquid cooling systems show significantly higher
cooling efficiency over conventional systems, their main applications are for cooling
heated electronic components or systems down to room temperature. This is different
from cryogeniccooling systems which are mainly used to cool components down to
liquid nitrogen temperature for improved sensitivity and low noise. There Ih@en
reports of developing micropumps for compact cryogenic cooling system for high
temperature superconductimystems or chargetbupled deviceg16, 17], but those
systems are not applicable to crywol smallMR coils.

Here,a microfluidic cryo-cooling systemhas beermesigned for integration with
miniature MR coils such as described above. Two features in particular allow for close
placement of thecryo-cooled coil and the sample. First, the system asissof a
microfluidic channebplaced directly underneath the cdhyough which liquid nitrogen

is pumped,cryo-cooling the coil to liquid nitrogen temperature in a very localized

3



manner. When liquid nitrogen flows through a micrometer scale fluidic channel, the
micrditer volume of liquid nitrogen is minute compared adfluidic channel used in
conventional cryostats. Due to the small heat capacity associated with the small volume
of the microchannel, only the area directly adjacent to the microchannel, in this case the
coils, will be cooled down to liquid nitrogegemperature. Secondly, by separating the
imaging surface from theryo-cooledcoil by a thin air gagand flowing nitrogen gas
through the gapthe convection heat transfdo the imaging surfacés minimized

effectively preventing the sample from freezing.



CHAPTER I
SINGLE MICROFLUIDICALLY CRYO-COOLED MAGNETIC RESONANCE (MR)

PLANAR PAIR COIL *

2.1.Introduction

In general, the SNR of a microcoil (céidss dominated) is proportional to the square
root of Q. Thus if the resistance of the microcoitiecreased with better components or
conductors, without changing the coil configuration or distance to the sample, the SNR
will be improved. However, when amycooling, SNR is proportional to both the square
root of temperature (in the cooled portion) ahe square root of overall resistance.
Theoretically, the SNR gain by cooling a copper coil can be predicted using the

following equation4, 6]:

* [C. Koo, R. F. Godley, M. P. McDougall, S. M. Wright, and A. HirA magnet i c
resonance (MR) microscoystem using a microfluidically cryoool ed p, anar C
Lab on a Chip11,21972203,2011]7 Reproduced by permission of The Royal Society
of Chemistry(http://pubs.rsc.orgn/Content/ArticleLanding/2011/LC/c1lc20056a
* [Y. Park, C. Koo, H. Chen, A. Han, and D.H. S@Ratiometric temperature imaging
using environmeninsensitive luminescence of Mioped cores h e | | nanocryst
Nanoscale11, 49444950,2013]7 Reproduced by permission of The Royal Society of
Chemistry http://pubs.rsc.org/en/Content/ArticleLandi2@/L 3/NR/c3nr00290)
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Runioad is the resistance of the coil itself without sample loading angh,R
represents the resistance added by the sample. If the temperature of the coil decreases
from room temperature (bm = 27C (300K)) to liquid nitrogen(LN) temperature
(Teooled = -196°C (77K)), the resistivity of copper coils drops by a factor of ejdB}.
However,because the skin depth is proportional to the square root of resistivity, the high
frequency resistance of the coil at@7decreases by a factor lad) (= 2.83) at-196°C.

Thus, from equation (1), the highest SNR ioy@ment possible when crgmoling a
copperlossdominated coil is 3.32, whens&pe= 0.

From equation (1), the following Q related SNR improvement equation can be

extracted since inductance ang/Rif requency we
3.2

4 1 R 4 1

4 1 4 N ¢

The design concept was to locally cigool the MR coil with microfluidic
channels carrying liquid nitrogewhile simultaneously minimizing the distance between
the coil and themaging surface for maximum SNR, maintaining the temperature of the
imaging surfaceabove the water freezing temperature, and maintaining minimal liquid

nitrogen consumption.



2.2.Design

The device consists of acryo-cooling microfluidic channel through which liquid
nitrogen can flow, integrated with ar@m wide by ¥ mm long planar RF coil and an
imaging surface on which target samples to be imaged can be (frageck 1a).

Poly(dimethylsiloxane) (PDMS, thermal conductivity = O\WW8mK) was used as
the microchannel material. Since only a small amount of liquid nitrogen was carried
through tle micrometeiscale channel, only areas directly adjacent to this channel were
cooled to liquid nitrogen temperatuiiéhe fluidic channetryo-cooledonly the main coil
element and not thRF componentased for matching and tuning the d@tigurelb, c).
Further SNR improvement could laehieved bycryo-cooling the RF componentsbut
this would require a larger channel to cover the RF components and a large cryostat, and
was outside the scope of this studire cryo-cooling microfluidic channel was 30 pm
deepand 2 mm wide to cover the planar coil width.

The coilwas fabricated oa 0.5 mm thickpoly(methyl methacrylate}PMMA)
substrate using microfabrication Since the PMMA material haslower thermal
conductivity(0.17 W/mK) than silicon {.6 W/mK) or glass (1.1 W/mKjit reduce the
heat flux between the liquid nitrogen chanaeld the nitrogen gap.The coil was a
standard planar pair desi§h9], consisting of three copper traces, ebeing0.25 mm
wide with0.5mm spacing between them. The overall length of the coil wasrb. This
design was based on our previous design of a 64 eleam@yt of planar pair coils for

highly accelerated SEA MR imagir{§]. To bond the planar coil substrate and ¢hgo-



cooling microfluidic channel layer, a 0.1 mm thick smioated PDMS adhesion layer
was used.

The imaging surface was 0.6 mm thick and was separated from the coil by a 1.0 mm
thick nitrogen gap and supported by two vertical side support structures. This flowing
nitrogen gap reduced direct thermal conduction betweetryloecooledcoil substrate

and the imaging surface, preventing samples from freezing during MR image acquisition

(a)
Acrylic frame for Ad
the imaging

surface and the
nitrogen gap

Coils on
PMMA sheet

PDMS
LN channel

Acrylic frame

(b)

magng~m = w Sy
surface 4

. b 0.6 mm I’ <_0.25 mm
lg\lggogen 1 1.omm —* " 05mm

v+ 0.5 mm 57Imm
MR coil + 1.0mm
|

LN 10 mm 27y 112
channel o v —

Figure 1. Schematic diagrams of the microfluidically crgooled MR planar coil device.
(a) lllustration of each layer of the device. (b) Cross sectional vietw) of t he
(c) Design of the planar pair coil andygical tuning/matching network (€ matching
capacitor, € tuning varactor, and & DC blocking capacitor), with current paths
indicated



2.3. ThermalSimulation

To predict the temperature of the coil and the imaging surface of the integrated cryo
cooling structure during operation, finite element method (FB&Hjed models were
implemented using commercially available FEM software (Comsol Multiphysics
COMSOL Inc., Los Angeles, CA). Thermal conductivity parameters of 400 W/mK, 0.18
W/mK, and 0.17 W/mKwere selected for copper, PDMS, and PMMA, respectively.
Room temperature (300 K) was used as the initial temperature of the structure and the
surrounding.

It was assumed that heat conduction and convection are negligible in the nitrogen
gap area while nitgen gas is flowing continuously; therefore the nitrogen area was left
as a blank space. The imaging surface temperature was also simulated for varying
microchannel widths, from 0.76 mm (3 times the width of the coil trace) to 2790 um (11
times the width bthe coil trace), and varying heights (0.03 mm to 1 mm). Finally, the
effect of the nitrogen gap height (varying from 0.5 mm to 1.0 mm) on the imaging
surface temperature was simulated.

Figure 2 showsthe simulation resultThe cryecooling microchannel directly
covers theplanarcoil througha 100 um thick protective polymer layer (PDMS). As a
result of this neadirect contact, the simulation resatiowed the coil temperature to be
-194°C, almostidenticalto the liquid nitrogen temperature <f96°C. The temperature
of the imaging surface during crhgmoling was maintained at around °C7 The
temperature decreastml2°C, however when the nitrogen gapepthwas reducedrom

1.0 mmto 0.5 mm. A nitrogen gap depth darger than 1.0 mm was not suitable since
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that would put the phantom outside the optimal imaging deptiegflanar pair coil.

Imaging surface 50

-100
LiqUI |trogen Microcoil

microfluidic channel

Nitrogen gap

-150
10mm

-196

Figure 2. FEM simulation result of thdevice temperature profile when liquid nitrogen
flows through the microfluidic channelemperature at the coil was almost identical as
the liquid nitrogen temperatu(el96°C), and the temperature of the imaging surface was
maintained above the water freezing temperature of 0C whemitf@gen gap was 1.0
mm.

When increasing theryo-cooling microchannelidth from 2 mmto 3 mm, the
imaging surface temperature dpap by 9°C. When varying thdneight from 30 um to 1
mm while maintainingthe width of the microchannelt 2 mm, the imagingsurface
temperature dropped only slightly B§C. Thus, it appears thdahe imaging surface
temperature depended on ttwyo-cooling channel widthmore thanon thethe height.
Simulations showed thato special heat sink apparatwss required for our device
becausdhe cold temperature is very localized right around the liquid nitrogen flowing

microfluidic channel due to the small heat capacity of the microchannel
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2.4. Fabrcation and Assembly

The overall fabrication steps are illustratedFigure 3. A thin PMMA substrate was
prepared first. The 0.5 mm thick substrate was made from.éhenth thick PMMA

sheet (Regal Plastics, Austin, TX) using a hot press (Manual hydraulic 15 ton press,
Specac Inc., Cranstron, RI). Next, chromium and copper films (25 nm / 300 nm) were
deposited on the PMMA substrates using an eledisam evaporator.ie chromium

layer functioned as an adhesion layer for copper. The 0.5 mm thickeoatad PMMA
substrate was then attached to a 1.6 mm thick PMMA sheet using Kapton® tape to
prevent the 0.5 mm thick PMMA substrate from bending during the subsequent
photdithography process. To define the planar coils, a 45 um thick negative photoresist
layer (NR220000P, Futurrex, Inc., Franklin, NJ) was spun on the substrate at 500 rpm
for 10 s followed by spinning at 2800 rpm for 30 s. The substrate was thévaketiat

80°C on a hot plate for 30 min and exposed under UV light using a mask aligner (1800
mJ/cm2, MAG, Suss MicroTec Inc., WaterBury, VT). A post exposure bake step at
80°C for 5 min was conducted, and the photoresist was developed in a developer (RD6,
Futurex, Inc., Franklin, NJ) for 1.5 min. This developer is a whtsed developer and
does not affect the PMMA substrate while developing.

Following photolithography, copper electroplating was carried out in a copper
sulfate solution (CuS© H,SOy : H,O =250 g : 25 ml : 1 L) at a current density of 10
mA/cm2 for two hours using a DC pulsed power supply (DUPR-08, Dynatronix
Inc., Amery, WI) to obtain a 25 um thick copper layer. Photoresist remover (RR4,

Futurrex, Inc., Franklin, NJ) was used to remdive photoresist instead of commonly

11



used acetone to prevent the PMMA substrate from being damaged by the solvent. The
1.6 mm thick PMMA backing was detached, and the copper and chromium film was
etched by copper etchant (ABO, Transene Company Inc., ans, MA) and chrome
etchant (TFE, Transene Company Inc., Danvers, MA). The coil fabricated substrate was
rinsed by deionized water and dried withrogien blow. Finally, PDMS (10:1 mixture of
Sylgard 184 silicone elastomer base and curing agent, Dowr@arMidland, MI) was
spun to a thickness of 100 um at a spin speed of 3000 rpm for 30 s and cured at 85°C for
30 min. This PDMS layer works as an adhesive layer to the PDMSconling
microfluidic channel and prevents the planar coil from lifting ofinir the PMMA
substrate during the extreme temperature cycle between liquid nitrogen temperature and
room temperature.

Next, the cryecooling microfluidic channel for liquid nitrogen delivery was
fabricated in PDMS using soft lithograpf30]. The master mold was fabricated in-SU
8TM (MicroChem, Newton, MA) on a silicon wafer. PDMS qrelymer mixture was
then casted onto the master mold arebassed in a vacuum desiccator {Bel
Products, Pequannock, NJ) for 30 min to remove bubbles trapped inside the PDMS
mixture, followed by curing in m 85°C oven for one hour. After releasing the
polymerized PDMS replica from the master mold, this PDM®-cooling microfluidic
channel and the previously fabricated PDMS coated planar coils were bonded together
after oxygen plasma treatmd1, 22] with an Q plasma chamber (Harrick Plasma,

Ithaca, NY).
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Figure 3. Fabrication steps for the MR planar coil laygrc), the cryecooling
microfluidic channel layer (), and the final assempland tubing insertion (g). (a)
Negative photoresist (NR20000P) patterning on a thin PMMA substrate with Cr/Cu as
seed layers. (b) Cu electroplating to 25 pm height and rdnedvthe photoresist and
Cr/Cu seed layers. (c) Thin PDMS coating. (d)&bhold fabrication on Si substrate. (e)
PDMS casting on the master mold for liquid nitrogen channel layer fabrication. (f)
PDMS channel layer releasing and hole punching for tubmsgriion. (g) Bonding
between the MR planar coil layer and the PDMS liquid nitrogen channel, and inlet/outlet
tubing insertion.
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For fluidic interconnects, 3.18 mm outer diameter (OD) silicone tubing (Helix
Medical, Carpinteria, CA) was chosen. After punghan inlet and an outlet hole
through the PDMS cryeoooling channel using a biopsy tool (Acuderm, Inc., Fort
Lauderdale, FL), the 3.18 mm OD tubes were inserted into the holes. Following tubing
insertion, uncured PDMS was applied on the top surfackeo€hannel layer and cured
to hold the inserted tubing tightly.

For coil matching and tuning, a separate PCB was fabricated on standdrd FR
The match/tune board contained the matching capacitor, a varactor diode (Microsemi,
Irvine, CA) biased over the Rline in order to allow for adjustment from outside the
bore without moving the system, a chip resistor in parallel with the matching capacitor to
prevent DC blocking to the tuning varactor diode, and coaxial connection. The
match/tune PCB was solderedetitly to the end of the planar pdm.this initial design,
the match/tune PCB could not be cigmoled by the cry@ooling microfluidic channel
due to its separate position.

Next, the nitrogen gap and an imaging surface were created in an acrykc bloc
(80 x 210 x12.5 mm, McMasteCarr, Atlanta, GA) using a rapid prototyping machine
(MDX-40, Roland DGA Corp., Irvine, CA). On the inner surface of the nitrogen gap, a
small pillar array (1 mm in width, 2 mm in length, and same height as the nitrogen gap)
was fabricated to prevent the gap from being collapsed under an external clamping force
after the final assembly. Another acrylic board was prepared to support the liquid
nitrogen tubing and nitrogen gas tubing. Seimle cradles were attached to theyéc

board using epoxy (Loctite, Henkel Cor@leveland, OB fitted to the inside shape of
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the acrylic cylinder which formed the inner surface of a conventiodaburse designed
bird-cage type volume coil that will be used in MR image tests.

For thefinal assembly stepthe planar coil substrate bonded with the eryo
cooling microfluidic channel was attached to the acrylic frame using K&pépe to
form the closed nitrogen gap channel. A second acrylic frame was used to clamp this
sandwich structure@sing nylon screws. After the final assembly, the distance between
the coil and the top of the imaging surface was 2.1 mm.

Figure4 shows top and bottom views of the completely assembledaoyi@d
coil systemAn initial liquid nitrogen flow testith the 30 um highmicrofluidic channel
resulted inonly gas phas#@iowing from the outlet of the microchannel due to the high
fluidic resistance of the microchannd@ince our simulation results showed that the
height of the microfluidic crya@ooling channeimainly does not affect the localized
cooling capabilityand thetempeature at the imaging surface, the channel height was

increased td& mm

(b)

Matching
network

(0.1% Copper

Figure 4. The fully assembledhicrofluidically cryo-cooledMR coil device (a) Top and
(b) bottomview of the assembled device.
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2.5. Liquid NitrogenSupply

To supply liquid nitrogen through the microfluidic channel, a 20 L dewar (Lab20 with
withdrawal, Chart Industries, Inc., Garfield Heights, OH) was connected with 6.35 mm
OD polyethylene tubing (VWR, West Chester, PA), which was then connected.tith

mm OD silicone tubing inserted into tDMS cryo-cooling channel. The maximum
pressure achievable with the dewar having the withdrawal apparatus is 34 KPa. To
further increase the internal pressure of the dewar for faster liquid nitrogen pumping,
nitrogen gas was pumped continuously during the course of the experiment into the
dewar through a 6.35 mm OD polyethylene tubiaglriving pressure of 45 kPa resulted

in liquid-phase nitrogen flowing from the outlet of the PDMS fluidic chandsingthis

setup liquid nitrogen flowed through the systdor 60 minuteswvithout anydifficulties.

2.6. Temperature Characterization
While liquid nitrogenflows through the PDMScryo-cooling channel,the imaging
surfacetemperaturendthe PDMS channel layer siacetemperatureverecharacterized
To characterize thsurfacetemperature of #n PDMS LN channeluminescence
thermomety using Mndoped CdZZnS coreshell nanocrystals was used. The
nanocrystalsexhibit strongtemperature dependence of the spedired shape while
being insensitive to the surrounding chemicahvironment [23]. Ratiometric
thermometry on the Mn luminescence spectrum wasducted to measure the
temperaturggradientaround the PDMS LNchannel Figure 5a). A thin layer of Mn-

dopednanocrystalérom Parket al.[23] wasspin-coatedon a glassubstrate (% 3 glass
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slide, VWR, West Chester, PAA PDMS thin layer (15 pm) was spiacoatedon the
nanoscrystalsoated glasand cured. Th€ DMS LN channel was made bfack PDMS
Sylgard 170, Dow Corning, Midland, Mto minimize the light scatter and light noise.
Black PDMS was cased on the master moldabricated a 3D printer (ULTRA,
envisionTEC Dearborn, M) for the LN channel (& 3 x 10 mn?, w x h x |) and cured

in an oven aB(’C for 1 hour. Then, the black PDMS was released and permanently
bonded to the nanocrystaieated glass substratéhe PDMS LN channedevice was
placed in theenclosure made of black acetal resin blo@deMasterCarr, Atalanta,

GA). The enclosuréas an inlet and outlettubing for supplyingdry nitrogen gasto
preventfrosting on the glass substrate while maintaining the temperature gradient on the
glass substrate between ambient temperature to liquid nitrogen tempdfagure 5b

shows thallustration of the measurement setupp.365 nm UV LED was used to excite

the nanocrystaisoated glass substrate and a 475 nm pass filter was placed in front of
the LED. Then a dichroic mirror (DMLP505R, Thorlabs, Newton, NJ) was placed to
reflect the light from the LED to the glass substrate and to collect the emitted light from
the nanocrystals on the glass substrate. Two bandpass filters for two intensity images at
600 and650 nm were used in front @ CCD camera (RPLCX, Princeton Instrument
Trenton, NJ) and ah intensity image at 600 and 650 nm wéained using 20 s
integration time. The intensity ratio between 600 and 650 nm was converted to

temperature profile.
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Figure 5. Schematics of theLN channel, the enclosure and the temperature
measurement setup. (@ahe LN device is in the enclosure in which dmtrogen is

constantly pushed.

(b)

The
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and a dichroic mirror. The device was illuminateith a 365 nm LED and imaged with

a CCD detector

The surface temperatugeadient around the LN channel was measured using the

ratiometric thermometry with Mdoped nanocrystal§igure 6a shows theLN channel

device and the imaging ardagure6b,c shows that the color contour plot of the emitted

light intensity (at 650 nm) from the nanocrystala the glass substrate and the

temperature profile converted from the ratio of the intgnat 600 and 650 nm,

respectively. The temperature inside the LN channel is close to liquid nitrogen

temperature (77K;196°C) and the temperature increased gradually up to 293%C)20

over the distance of 12 mm due to the constant flush of dry nitrg@emat 293K. This

measurement matched well with the simulation regtijure 6d). This measurement

result verified that locally crygooling using the LN microfluid channel is possible.
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Figure 6. (a) Schematics of tieDMS LN channetlevice. The imaging area is indicated

by the dashed rectangle. (b) Color comtpiot of the intensity imageaf 650 nm) from

thedevicewhen flowingl i qu i d n ithrougbtgedM chgnoelv (c) Color contour

plot of thetemperature converted from the intensity ratio image. (d) Temperature line

pr oyl ered andtheisichulation result (dashédack at the location indicated in (c)
Next, the effect of the nitrogen gap on the imaging surface temperature was

characterized using a digital thermometer (HH508, Omega Engineering, Inc., Stamford,

CT) and a Ktype thermocouple probe (S8G-K-30-36, Omega Engineering, Inc.,

Stamford, CT) having a temgure measurement range-g@00C to 1372<C. Nitrogen

gap structures with gap depths of 0.5 and 1.0 umsed for simulationsvere prepared.

Nitrogen gas at 70 KPa of pressure was constantly flowed through the nitrogen gap

while the planar coil was being @ed using liquid nitrogen. The surface temperature

was then measured every 30 seconds for 20 minutes using the digital thermometer. The
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effect of the nitrogen gas pressure on the imaging surface temperature was also
characterized. Three pressure setpoi®s, 70 and 97 KPa) were tested with the
nitrogen gap structure having gap depth of 1.0 mm and the temperature on the imaging
surface was measured every five minutes for one hour.

The 1.0 mm nitrogen gap structure was found to keep the imaging surface
temperatureat 6.5 + 1.5°C whereasthe 0.5 mm nitrogen gap structure caused the
imaging surface temperature to fall-29 + 7C (Figure7a). Theseresuls show thathe
deeper nitrogen gap structure greatly reduced the cooling effect of the coil substrate on
the imaging surface.

Figure7b shows thaby applyinga highernitrogen gas pressure to the nitrogen
gap, the temperature drop at the imaging surface could be reduced. This is due to the
reduced heat convection fraime coil to themaging surface. A pressure 80 KPa was
determined to be sufficient to thermally insulate imaging surface from the liquid
nitrogen channel whilaminimizing nitrogen gas consumption. In this condition, the
temperature of the imaging réace was kept aapproximately8.0°C. This measured
resultmatched well with the FEM simulation result.

To assess the temperature gradient along the long axis of thetheoitoil
substratetemperaturgbackside of the coil) was measunasing a thermoouple This
datais shown inTable 1. After 10 minuts of cryo-cooling, the inlet and outlet region
temperaturesonverged and then readched beld®0’C after 20minutes. here was no

temperature gradient along the coil axis
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Figure 7. Imaging surface temperatures at two different nitrogen gap heights and at
three different M gas pressure. (a) 0.5 mamd 1.0 mmhigh gap at70 KPa of N, gas
pressurdn=3), and p) 35, 70, and 97 KPaJjyas pressureith a 1.0 mm high gap.
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Table 1. Temperature on the backside of the colil after @yoling.

Time Temperature Temperature
(min) near the inlet near the outlet
(°C) (°C)
0 21.9 21.9
5 -111.1 -143
10 -181 1777
15 -191 -188
20 -192 -190
25 -191 -193.2
30 -192 -193

2.7. MR Coil Quality Factor (Q) Characterization
The loaded Q factors were measured with anm&@asurement using a network analyzer

(HP4195A, Agilent Technologies, Santa Clara, CA). With the coil tuned to 200 MHz

and matched t

7dB return loss points was measured. The Q valuesadoelated as Q %1
different from the 3dB bandwidth used for standalone resonant cifedjtglue to the
additional losses caused by matching the resonant circuit to the network analyzer.
When the coil was cryoooled using the microfluidic cryoooling channelQ
increasedy a factor ofl.78 £ 0.08 i = 3) compared to the coil at room tempera.
The matching network was bullep that the cry@ooling channel could not cover them

to cryo-cool. When the coil and the matching network were ergoled by immersing

o 50 ohm with
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them into a liquid nitrogen bath, Q increased by a factor of 2.896 ( = 6). This
shows the effects of the resistance of the matching network which was naiooigd

at liquid nitrogen temperature.

2.8. SNR Improvement Characterization through MR Imaging
To compare the SNRs of the planar coil at room temperature caywcooled
temperature, initially two separate coils were prepared, one for room temperature (RT)
characterization and the other for liquid nitrogen temperature (LT) characterization. This
approach straightforwardly eliminated the issues associated witlatehirg and tuning
over the large range associated with cooled and uncooled copper. First, to find out the
required capacitance, a tunable capacitor was used and the coil was matched to 50 ohm
at room temperature aratyo-cooled temperature. The capacitance memliat the two
temperatures was measured, and then equal valued fixed chip capacitors were soldered
on two circuits on a PCB board connected with the two coils respectively. A varactor
diode was added in parallel with the tuning chip capacitor fortlineng from the
outside of the magnet. The distance between the phantom and each coil were the same
because the two coils were fabricated on the same substrate, thus enabling comparison of
the SNRs of the two coils at two different temperatures (RT and LT).

For the test with a single coil for both room temperature and liquid nitrogen
temperature MR imaging, another matching network using dual varactor diodes was
fabricated. Here, one varactor diode was added across the matching capacitor and the

other one tdhe tuning capacitor. Using two varactors enabled a single coil to be tuned
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and matched at both room amdyo-cooled temperatures, eliminating any possible
effects of different positions of two separate coils in the magnet field.

To evaluate the SNR dhe colil, images of a phantom were obtained at both
room and cryecooled temperature in a 4.7 Tesla magnet system (40 cm bore,
Unity/Inova console, Varian, Palo Alto, CAfigure 8 shows the schematic of the MR
imaging test setup. To load the integrated coil system to the center of the magnet, a 90
cm long acrylic board and cradle were prepared. To supply liquid nitrogen from outside
of the magnet to the crymoled cd system, 1.2 m long 6.35 mm outer diameter (OD)
polyethylene tubings wrapped around with insulating sponge foam tapes (Frost King,
Mahwah, NJ) were fixed under the long acrylic board and were connected with the
interface of theryo-cooling channel usinglastic tapered connectors.

The board was inserted into the acrylic cylinder having the volume coil and
carefully affixed to prevent any movement due to contractions when the cryogens were
applied. Next, the assembly was positioned inside the magneméging. A liquid
nitrogen dewar and a nitrogen gas cylinder were connected with the coil sizgems (
8c), with theliquid nitrogen Dewar located within the RF sar@eom forproximity to
the coil system.

RT MR images of a phantom (0.1% copper sulfate solufiog copper sulfate
per 1 L water)were acquired in the axial plane (perpendicular to the imaggirfgce and
the long axis of the coil) at the magnet isoeemll images used a spin echo sequence
with a matrix size of 256 x 256, TR (repetition time) of 500 ms, TE (echo time) of 50

ms, 2 averages, slice thickness of 3 mm, and spectral width of 20 kHz.LThienages
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were obtained after flowing liquidhitrogen to the planar coil for 3G0 min and
verifying thatliquid phase nitrogen was flowing from the outlet LN tubiiig. prevent

ice formation around the match/tune PCB frigading to unstable tuning during MR
image acquisition, aaxtra 3.18 mm OD tube wassed to direct nitrogen gas at tRé
components. Once cooled, the DC bias voltages todtactors were adjusted to match
and tune the cryoooled coil.Phantom images were obtained with the same parameters

usedfor the RT imaging test.
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N, tubing
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" Cryo-cooled coil device
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5
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Figure 8. Schematics of the MR image acquisition experiment setup using the
microfluidic cryo-cooled planar coil system. (a) The integratego-cooled planar coil
system on an acrylic board. (b) The coil system inserted into the volitrend ready

to be loaded into an MR magnet. (c) Nitrogen gas was used to drive liquid nitrogen out
from the dewar as well as for flowing through the nitrogen gap of the surface coil system
for temperature insulation.
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MATLAB ® was used to display imagesdato evaluate the SNR. First, 2D
Fourier transform was used to reconstruct the magnitude image (256 x 256 matrix)
without any correction filter. Then, the signal magnitude matrix was divided by the
average of the noise value in one large noise regionstéancan SNR matrix. The SNR
profile along a line going through the maximum point of the SNR matrix (the coil
center) was obtained and the ratio of two SNR profiles measured at rooonryand
cooled temperature was calculated.

Table 2 shows five data sets ofi¢é SNRimprovement ratiosvhen usingtwo
separate coils one matched &T and the other one matchedlLat. For each data set
the whole deice was taken out of the magnet and placed into the magnet bore again
before taking the images for five independent experimdigs.ivo columms in Table2
show an averageSNR improvemenbf 1.50 + 0.21 using thepeak SNRcomparison
method(method 1)andan averag&SNR improvement 01.39 + 018 timeswhen using
the SNR profile method method 2).

Table 3 shows three data sets of the Q and SNEasuements acquire@using
method 2)with a single coil first matched and tuned at RT, then atTlie Q of the coil
inside the magnet bore was 2&.2.13at room temperaturandincreased by a factor of
1.82 + 008 after cryecooling to 51.4 + 0.63 The coinciding SNR improvement
calculated from images wds47+ 011times TheRSD was/.5%, which ismuchlower
than the resultvhen usingtwo separate coilsThis is likely due to the fact that when
using two coils, they arg0 mmapart resulting in somenavoidable differences, such as

minor tip angle variations due to inhomogeity in the transmit fieigure 9 shows the
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SNR profile graphs as a function ofppsitionacquiredirom MR images aRT andLT

(using method 2).

Table 2. SNRs before and after cryoooling which were calculated by using theak
comparison method and the profile ratio noethwith two separate coils one is
matched at room temperature and the other one is matched-abotgd temperature.

SNR improvement SNR Improvement
Data Set - Peakcomparison - Profile ratio-
(times) (times)
1 1.81 1.50
2 1.39 1.42
3 1.62 1.63
4 1.35 1.21
5 1.34 1.21
Avg. 150+021 139+0.18

Table 3. SNR before and after crympoling with a single coil matched and tuned by two

varactor diodes at each temperature.

Q factor Measured
Data Q factor (Cryo- Q Improve | Expected SNR SNR
(Room ment Improvement
Set Temp.) cooled (times) (times) Improvement
P- Temp.) (times)
1 29.5 51 1. 73 1.56 14 6
2 27.5 52.1 1.89 1.72 1.58
3 27 .6 51 1.85 1.68 1. 36
Avg. | 28.2+1.13| 51.4+0.63| 1.82+0.08 1.65+ 0.08 147+0.11
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Figure 9. SNR profiles from MR images (inset) at room and ecgoled temperature
are displayed as a function cfpsition

If all losses were due to thermal noise in the copper,-copding should yield a
Q improvemenbf 2.83 and a corresponding SNR improvement of 3.29. Our lower Q
improvement of 1.82 clearly shows the effects of the residual resistance in the matching
network that was not cooletVe estimate that 70% of the resistance at RT was due to
the colil, and theest due to resistance in the matching network. Unfortunately, that 30%
becomes the dominant noise source after-coaing. This emphasizes the importance
of low-resistance interconnects and RQhRF components in the matching network.
Further SNR impsvement could bachieved by cry@ooling theRF componentsWe
are currently developing a revised device where the-coping microfluidic channel
can also cool the tuning and matching network by directly incorporating these

components on the same polmnsubstrate.
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2.9. Conclusions

An integrated microfluidially cryo-cooled planar coil systerfor MR microscopyhas
been developed and SNR improved imagesaobtained using a 4.7T MRI system. The
microfluidic channel effectively cooled the MR planar awmithout anyliquid nitrogen
leakage odamage to the cgibnd made it possible to reduce the distance between the
planar coil and imaging surface withduwezingthe imaging surfaceThe effect of the
liquid nitrogen microchannelon the imaging surface temperatukeas simulated and
evaluated with the fabricated device. In addition, we seleatptbper nitrogen gap
thickness and nitrogen gas pressure to balance bettheeimagingdepth and the
surface temperatur@he SNR improved by a factor df47 £ 011, enabling a reduction

in imaging time by a factor of two while maintaining comparable SNR to an uncooled
coil. The integratedmicrofluidic cryo-cooling methodwill make it possible toobtain
improved SNR from microcoils while maintaining temperatures compatible with living
tissue. Importantlythe microfluidic approach can be extended to large coil arrays,
potentally very important for performing widBeld-of-view MR microscopy[9]. This

work has been publishedh iJournal of Lab on a Chip [69nd the ratiometric

temperature imaging part has been published in Journal of NanfZgjale
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CHAPTER lli
MULTIPLE ARRAY OF MICROFLUIDICALLY CRYO-COOLED MAGNETIC

RESONANCE (MR) PLANARPAIR COILS

3.1. Introduction

The use of arrays of coils to replace phase encoding in MR images hasdemched
to decrease scan tinj&, 25-35]. Since each coil in the coil array obtsithe spatial
information near the coil anthe phase encoding can beplaced by the spatial
localization of each coilthe entirearea ofsample is reconstructed by the sum of the
collected information. As the number of coils used in arrays increfgesnaging time
decreasesnd the rapid imaging can be capable of capturingrapatitive events or
turbulent flow, which is hard for conventional MRI to obtdinSNR of the coils in the
array increase using the microfluidically crgooling methodvithout freezing samples

thecoll array can be used for smaller sample imaging or for more rapid imaging.

3.2.Design and~abrication

The multiple array of microfluidically cryecooled MR planar pair coil systeoonsists
of an array otryo-coolingmicrofluidic channed through which liquid nitrogen can flow,
an array of MR planapair coils (width: 2 mm, length:53 mm) and an imaging surface
on which target samples to be imaged can be pladesl entirestructurewas the same

as the system shown the chapter 2 except the number of cryamoling channels and
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MR planar pair coilsThe materials used for the system we@MSand PMMAfor the
cryo-cooling channel material and the imaging surfgtcecturematerial respectively.

An array of coils was fabricated ora 0.5 mm thick polyetherimide (PEI)
substratePEI has lower thermal conductivity (0.13 W/mK) than silicon (1.6 W/mK) or
glass (1.1 W/mK)minimizing the heat flux between the crgooled coil and the other
surroundingareathat isnot cryo-cooled PEI also hasigher glass transitiolemperature
(215°C) thanPMMA (105°C) or polycarbonate (PC) (180). This makes it compatible
with conventional photolithography where the use of temperatures as higier&sfor
thephotoresishard bakestep were needefdr patterning MR planar coil§he MR coils
were a standard planar pair desiglmame as the SEA coil described in chapter 2
consisting of three copper traces, edmsing 0.25 mm wide with 0.5 mm spacing
between themrlhe overall length of the coils was 53 namd the distance between coils
was 2 mmTo bond the planar coil substrate and ¢hgo-cooling microfluidic channel

layer, a 0.1 mm thick spinoated PDMS adhesion layer was used.

3.3. Optimization of Multiple Cryecooling Channel Dimension

The array of eight cryecooling channels was designtxlocally cryecool the array of
eight MR planar coilsTwo types of channel distribution after the inlet area were tested
(Figure 10). The first one(type 1)used one wide channel connected between the inlet
and each of eight microfluidic channels and the sedtymk 2)used thetreeshape

channel array wiih onechannel divided into two channeisth half of the width Due the
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large treeshape area, the straight crgooling channels covered 85% of the length of

MR planar coils.

@ (b)

LN Outlet

Figure 10. Master mold for fabricating eigletryo-cooling microfluidic channels: (a)
Type 1 distribution channel array and (b) Type 2 distribution channel array

To investigate ifliquid nitrogenevenly flowsfrom one inlet source to each of
eight microfluidic channeldemperaturgof the middle ad the side channel in the array
were measured using a thermocouplile flowing liquid nitrogen through the cryo
cooling channel array. With the type 1 distribution scheme, the temperature difference
between the middle and side channelas 30°C (Figure 11a). With the type 2
distribution scheme, the temperatuliferencewas 9C (Figure 11b), resultingin less
than10% differencein Q improvementThe type 2 distribution scheme provided stable
and equal distribution of liquid nitrogen from one inlet source to each of eight
microfluidic channelsthus the type 2 distribution was selected and used for the next

experiments
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Figure 11. Temperature athe middle and side channel in the coapling channel
array (a) Type 1 distribution channel array#£ 3) and (b) Type 2 distribution channel
array Q= 3)

Then, the effect of channel width on the coil temperature was simulated using
commercially available FEM software (Comsol Multiphy3its COMSOL Inc., Los
Angeles, CA).Thermal conductivity parameteocs 400 W/mK, 0.18 W/mK, and 03L
W/mK were selected for copper, PDMS, andl,P respectively.27°C ambient

temperature was used as the initial temperature of the structure and the surrdtraling.

2 mm, 1 mmand0.5 mmwide straight cryecoolingchannels wreselected. With 2 mm
33



and 1 mm wide cry@ooling channels, the coil temperature is close the liquid nitrogen
temperatureWith 0.5 mm wide cryecooling channel, the coil temperature range was
between194°C t0-182°C (Figure12), resulting in Q improvement of 2.5 fold which is

close to the Q improvement of 2.8 fold when cooled at liquid nitrogen temperature.

Temp (°C)
27

Planar coil Temperature range 0

(Copper, 2 mm width) (-194%C to -182C)

>

Coil substrate (PEI)/'/o\‘__O-_‘ -50
Cooling channel -100

(PDMS, 0.5 mm width)

-150
- -196

Figure 12. FEM simulation resl of the device temperature profile when liquid nitrogen
flows through thearray of microfluidic channed. With the 0.5 mm wide cry@ooling
microfluidic channel, the temperature range of a 2 mm wide SEA coil was-fre4fC

to -182°C, close tahe liquidnitrogen temperaturgl196°C).

Then, he temperature profile on the imaging surfacas characterized with
devices havinghree differentryo-cooling channel widths such &% nm, 1 mm, and2
mm to verify the optimized widthof straight cryo-cooling channes. The surface
temperaturavas measured every 5 minutes for 1 hour usinthpermocoupleFigure 13
shows that the array of 2 mm wide channels ancatheey of 1mm wide channels did
not maintain the temperature of the imaging surface abt@eThe temperature of the
imaging surface dropped beld®C within 10 minute cryecooling. With the array of

the 0.5 mm wide channels, the imaging surface was kept03@efor 60 minute crye
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cooling. However, when the crnaoling was over 1 hr, the 0.1 % copper sulfate
solution on the imaging surface started to be frozen. To solve this problem, an array of
0.3 mm wide cryecooling channels was fabricated and tested, butigoéd phase of
nitrogen was not able to flow through the 0.3 mm wide straight-copting channels

and the temperature of the coil was not dropped close to liquid nitrogen temperature, but

over-50°C.
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Figure 13. Imaging surface temperaturegith 3 different arrays of cryecooling
microfluidic channels having 2 mm, 1 mm, and 0.5 mm wide channels

3.4. Q Factor Characterization
The Q factor of each MR cowasthen measured with an;$measurement using the

network analyzeHP4195A)after tuning the coil to 200 MHz and matching it to 50
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ohm with 30dB return loss or bettet, he bandwi dt h pf bet ween
points was measure@he Q values are calculated as Q# f ddfecoil #1 (locatecbn

the side) and the coil #4 (locatemh themiddle) were connected to matching/tuning
network EFigure14) and Q factor okach coilwas measured abom temperature and
cryo-cooled temperaturd.he array of cryecooling microfluidic channels is symmetric
so that the coil #1 and coil #8 (located on another swge¢expected to have similar Q
improvement.With all three different channel arrays havidgnm, 1mm and 0.5 mm
width, respectivelyQ improvements of coil #1 and #4, when they were -cgoled,
wereclose t01.8. The coil #4ended toshowhigher Q improvement thathe coil #1

The crycecooling microfluidic channels was designed to provide even distribution of
liquid nitrogen,but small difference of fluidic resistance of each ecpoling channel
made during the fabrication steps generated diffdrgaid nitrogenflow betweenthe
channed #3 to #6 placed near the middlef the cryo-cooling channehrray) and the
fluidic channel #1, #2, #7, and #Bl4ced closed tmide of thecryo-cooling channel
array). However both coik #1 and #4 have @nprovementof over 1.7 fold and are

expected to have about 1.45 times SNR improvement based on the result of chapter 2.
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Coil #4 Coil #1

Q improvement

2 mm width 1mm width 0.5 mm width
Coil #1 1.74 1.69 1.72
Coil #4 1.88 1.84 1.81

Figure 14. The assemblenhultiple microfluidically cryo-cooledMR planar paircoils
device Two coils (placed at side amdiddle) were testedor Q characterizatioriThe Q
enhancement was close to 1.8 fold which is similar to the Q enhancement obtained in

chapter 2.

35. Conclusions

The developed singleryo-cooling channelin chapter Zhas beerapplied to a array of

MR planar pair coilso canductfiSingle Echo Acquisition (SEA) imaging with multiple

SEA coils for small sample imagingThe array of eight crygooling channels was

designed to have liquid nitrogen flow evenly through eight-cgaling channel placed

above the array of eight MPlanar pair coilsA significant improvement iQ factor was

demonstratedimilar to theQ improvement(1.8 fold) obtainedin chapter Within 1 hr

cryo-cooling, the temperature on the imaging surface was able to maintain abGve 0

and it may enable multipleryo-cooledplanar pair coils to conduct fast imaging with

improved SNR.
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CHAPTER IV
MICROFLUIDICALLY CRYO-COOLED MR PLANAR MICROCOIL WITH

INDUCTIVELY COUPLING

4.1. Introduction

Magnetic resonance (MR) microscopy has been ledalargely by the enhanced
sensitivity obtained when using a microcoil, a small diameter coil that matches the
sample size in scale, inducing a higher RF magnetic field strength per unit ¢86ent
37]. Variousminiaturized transceiver or receivenils such as solenoidal microcoils and
planar microcoil$have been developed iretipast decad87-49].

As coils getsmaller, thermal noiséom the conductors becomes the primary
source of loss, reducing SNR as compared to what could be achieved if the sample were
the dominant noise sourc€onventional thought would suggest cigaoling of copper
coils or the use ohigh temperature superconduct (HTS) coils to minimize the
Johnson (thermal) noise of the coils and to improve $NRB, 50-56]. In fact, ayogenic
cooling techniqus have been used in a fevemall Centimeteiwide) coils using
inductive coupling 3, 56-58]. Due to the bulkiness of coamtional cryostats, however,
the coil to sample distance is typically not suitable for @goling microcoils since the
most sensitive region of a coil is within approximategydiametey requiring a very
small sample to coil distance.

A microfluidically cryocooled MR coil systenmusing planar pair coilsvas

developed as described in chaptearZl preliminary data foa microfluidically cryo
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cooledspiral microcoilwere presente[b9-61]. The systensuccessfully gro-cooled the
coil locally to liquid nitrogen temperaturel96°C) using a cryo-cooling microfluidic
channelenclosingthe coil, and demonstrateglality factor Q) enhancement of 1.8
times andSNR enhancement of.5 times wthout freezing samples placéess than 2
mm away from the cailHowever, tlese values were lower than the theoretically
predicted Q factor enhancement of 2.8 times and SNR enhancement of 3.34{imes
Further investigatin revealed that the resistance of the tuning and matching network
was higher than that of the microcoll itsedfjdthought to behe probable cause of the
lower-thanexpected Q and SNR enhancement However, cryecooling the
matching/tuning networkvas rot possible using the microfluidic method due to both the
bulkiness of conventional offhip capacitos used for matching/tuning (several
millimeter in widths and height) as well as the ditteahsmission line€onnectiorto the

MR system that prevents dacarofluidic channel from enclosing all these components for
cryo-cooling.

To overcome these challengesméerofluidically cryo-cooled planar microcoil
with an integrated microfabricated parallel plate capacitas developed and is
presented hereThe plarar and integrated nature of the microfabricated capacitor
allowed both the microcoil and theapacitor to be embedded insidecryo-cooling
microfluidic channel, while maintaining all the advantages of microflaitiiccryo-
cooling, namely the small ceib-sample distance and minimized temperature effect on
the imaging surface from the liquid nitrogen flowing through the -coaling

microfluidic channel Physical transmission line connections to the microcoil were

39



eliminated by using inductive coupling brder to allow cryacooling of the integrated
resonating capacitor, in which signals detected by the primacyocoil in close
proximity to the sample are coupled inductively to a secondary coil, which is then
directly connected to the MR system througttransmission lineThis method also
increased cooling efficiency, since it prevented heakagethrough the transmission

line. In addition to enabling thenicrocoil and the resonating capacitor to be cooled
efficiently, a second minor but possibly ionpant advantage of the inductive coupling
arrangement is that it lets the microcoil be repositioned more easily than would be the
case if the transmission line were connected to it diréEtis may be advantageous due

to the small fieldof-view of the microcoil [62].

While inductive coupling does degrade the SNR somewhat due to additional
losses caused by the secondary @8], it has been shown that such degradation can be
kept to a minimunj64]. In fact, despite themalldropin SNR, inductive coupling has
been used for several applicatiansMRI, such asnabling easily reconfigurable coil
arrays[65], implantable probefor organ imagind66], widening the bandwidth of the
coil [67], and parallel MR imaginf58]. Recently,inductive coupling haalsobeen used
swccessfully in conjunction with microcoils.Sakellariouet al. used an inductively
coupled solenoidal microcoil around a capillary tube to conduct a magic angle spinning
experiment[69] and Utz et al. presenteda solenoidal microcoil inside a commercial
NMR probe to monitor flow inside a capillafy70]. Ryan et al. presented planar
microcoils on a microfluidic chipnductivelycoupled to a NMR probe[44]. However

inductive coupling of planar micfabricatedcoils for MRI applications haveiot been
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utilized in microfluidically cryo-cooled coil apfcations to maximize the cooling
efficiency.

This chapterdescribesan inductively couplednicrofluidically cryo-cooled spiral
microcoil with an integrated microfabricated parallel plate capaegituch is able to be
fabricated in the formation of an ayraof coils for potential applications in MR

microscopy or laln-a-chip systems.

4.2. Theory

4.2.1.Effects of Cooling

When thermal noise from the conductorshis dominannoisesourcein coils, the SNR
is proportional to the inverse of the square m@iotemperature and resistara® can be

seen in(3) [71]:

vy @ @ g P v
0 , —9% — o o
o TQYYQ WYY “YX* Qb

where k is the Boltzmann's constant is the temperature, R is the electrical resistance
of the caoil, f is the frequenc¢y is inductance of the codnd Q is the qualitfactor. In a
series resonant circuit, Q2 fL/R. Reduced R results in smaller thermal noise, leading
to a higter Q.

L does not change when the coil is cooled and the frequenaycisanged

therefore, th@xpectedSNR improvement by cooling the coil can be given by:
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When copper isooled from room temperature biguid nitrogen temperature
(77K), its resistivity decreaseévy a factor of eightl8]. However, becausthe «in depth
is proportional to the square root of resigyivthe high frequency resistanceaapperat
room temperaturelecreases by a factor ) (= 2.83) atliquid nitrogen temperature
Thus, the ideal SNR improvement obtaineyl cryo-cooling a copper coil to liquid

nitrogentemperatures 3.3 fold[4].

4.2.2.Inductive Coupling

Figurel15illustratesthe concept of inductively coupled coils. The mutual inductaace
indicator of the degree of coupling efficiency, can be written asQ 0 0 [70],

where Kk is the coupling constant angldnd Ls are the inductance of the primary coil

(microcoil) and the secondary coil, respectively
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Figure 15. Conceptual circuit diagram for inductively coupled primary microcoil and
secondary coil. j.and Ls are the inductance of the microcoil and the secondary coil,
respectively. R and R are the resistance of the microcoil and the secondary coil,
respectively. gis the capacitor to resonate the microcoil at 200 MHz

Measuring tk variation in inputesistance of the secondary dsih standard and
straightforward indicator ahe mutual inductance or coupling efficiensincethe level
of couplingchangeswith coil geometry and relative placement of the two cdilst a
coupled system abomtemperature, hie ratio of the SNR of the coupled coil system to

the SNR of the primary coil alone can be estimatefbd)

YOY Y Y
YO 'Y Y

Rin and R are the input resistance of the secondary coil coupleéldetprimary
coil and the resistance of the secondary coil alone, respectively. To prevent a decrease in
SNR of mae than ten percent, we can show thatsRould exceed that of the secondary

coil alone by a factor cdpproximatelyfive:
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Since ideal direct couplin@fransmission line connectiomyould create severe
heatlossessustaining a decrease in SNR of 10% or less due to inductive coupling was a
reasonable sacrificdn the case where the secondary coil is at room temperaleare,
resistive noise contributed by the secondaniyis at a highenoise temperatureand Eq.

5 can be modified to:

-3 R § o
% aT, i
\/Rn + Rs%-kp 1 :

where T is the temperature of the secondary coil andis the temperature of the

primary coil For a room temperature system, Egeduces to Edp, as expectedn this

case Eq6 can be modified to:

a 3 ¢
Rn 2 Rsza& Jaa’zaeE }E (8)
1- ¢ ge Ea_p =

Again, for a room temperature coil, Ejreduces to Eg6, as expectedn this

case, to ensure the factor of less than ten percent degradation in SNR by using inductive
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coupling rather than physical connectiong, can see thag, 2 17R; when the primary

coil is cooledto 77K andthe secondary colil is at room temperatdree decrease in
resistance of the cooled primary coil will account for nearly #ofaof 17 increasein

input resistance through the equations for the coupled cirtliitmately this places a
lower bound on the size of the coil that can be used with a particular secondary coil

without incurring an unacceptable loss in SNR due to itikicoupling

4.3. Designand Fabrication

The cryacooled and inductively coupled microcoil device is composed of four layers as
shown inFigure 16; a spiral surface microcofbr MR imaging(primary coil), a crye
cooling microfluidic channel through whidiguid nitrogen (LN)flows, a secondary coil

for inductive coupling, and an imagjrsurface structure. The dimensions of the primary
microcoil were choseto be similar to that of Massin et al., who reported a planar spiral
microcoil with high sensitivityf37]. A planar micreoil (2 mm inner diameter (ID), 3
turns, 40 em trace W&ot hlwas@riraeedon®.pranc i n g,
polyetherimide (PEl)sheet PEI has lower thermal conductivity (0.13 W/mK) than
silicon (1.6 W/mK) or glass (1.1 W/mKjninimizing the heat flux between the cryo
cooled coil and the othesurroundingareathat isnot cryacooled PEI also hasigher
glass transitioriemperaturg215°C) thanpoly(methyl methacrylate) (PMMAY105°C)

or polycarbonate (PC) (130). This makes it compatiél with conventional
photolithography where the use of temperatures as hijf&€ for thephotoresishard
bakestep were needed for the integrated parallel plate capacitor microfabricdteon
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resonate the microcoil at 200 MHthe Larmor frequency othe 4.7 Tesla (T) MRI
systemused for imaginga parallel plate capacitor (6.3 rharea)with a 15¢ nthick
SU-8 dielectriclayer was microfabricatedA 3 mm wide and 1 mm highicrofluidic
channel was fabricated usimply(dimethylsiloxane) (PDMSand bamded underneath
the A mi c rooacppadi t or (micrefabdcatedt micracroil+ microfabricated
parallel plate capacitir allowing for ayo-cooling of the entire microcoil resonator

structure.

@ (b) Primary
Primary Imaging E— lcrocon
microcoil surface

Nitrogen
gap g =
"\ secondar
y Cryo- .
coil cooling LI\II\/' Secondfcr)ﬁ
channel inlet/outlet

Figure 16. Schematic of thenicrofluidically cryo-cooled and inductively coupled MR
microcoil device. (a) Primary spiral microcoil (2 mm inner diameter (ID), 3 turns, 40 um
trace width, 30 um spacing, and 25 um thickness) with achigncapacitor and the
secondary coil (1 cm ID, 3itns using 18 gauge magnet wire). (b) Cross sectional view
of the integrated devicelThe nitrogen gas gap is 1.0 mm wide and the microcoil
substrate is 0.5 mm thick. The total distance between the microcoil and the imaging
sample is 1.8 mm. The distanceveen the primary microcoil and the secondary coil is

5 mm

The secondary coil 1 cm ID, 3 turn solenoid) for inductive couplingashand
wound from 18 gauge wire and positiongtterthe primary microcoibonded with the
cryo-cooling channel To fix the position of the secondary coll, the coiagsealed with
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additional PDMS after alignment. The matching network of the secondary coil was
designed and constructedgth conventional capacitors and conneoteth standard RG
58 50 qcadetwm the MRasystem

The imaging surfacen which samplesare placedwas separated from the
microcoil substrate usingl mm high nitrogen gas gapupported by two vertical side
support structuresThisprovided thermal isolation during crgmoling of themicrocoil
system to prevent samples from freezing during MR image acquisitiovhile
minimizing the coil-to-sample distanceThe final distance between the coil and sample
was 1.8 mm less thanthe severalmillimeters of coil-to-sample distancg@reviously
reported by other research¢®s, 72, 73). It is worth noting thaBrukerds Cryoprobg&
provides 1 mnseparation between the coil and samplat does requirean additional
heaing device to keep the sample frdmeezing[74].

Figurel7illustrates the overall fabrication stepdteé MR surface microcoil and
the integrated parallel plate capacitok chromiundcopper (30/300 nm) seed lay®sas
deposited on a 0.5 mm thick and 76 mm x"i PEI substraté{tem® 1000, SabicGE
Plastics, Boedeker Plastics, Shiner, TX) using an eletteam evaporatoF(gurel7a).
Then, a 35um thick photoresis{NR21-20000P, Futurrex Inc., Franklin, NJ) was spun,
and the microcoil and the bottom side plate offiheallelplate capacitor were defined
usinga photolithographyrocess Figure 17b). Following photolithography, 2%m of
copper was electroplateginga copper sulfate solution (CugOH,SO, : H,O =250 g :
25 ml : 1 L) at a current density d0 mA/cnf. The photoresist was removed by

photoresist remover (RR4, Futurrex Inc.) instead of commonly used acetone to prevent
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the PEI substrate from being damaged by the solvent. The chrésopper seethyer
was etched bghrome etchant (TFE, Transe@ompany Inc., Danvers, MA&nd copper

etchant CE-100, Transene Company In@jigurel7c).

Figure 17. Fabricationprocesses for the spiral microcoil and the integrated parallel plate
capacitor (a) Cr/Cu seed layer deposition on a thin subst(ajenegative photoresist
patterned to define the lower capacitor plate and the micro¢oji€u electroplating to

25 pum feight, removal of the photoresist and the Cr/Cu seed.l@)eBU-8E patterned

for the dielectric layer of the capacitor and the connection post between the coil and the
capacitor, followed by Cu electroplating) Cr/Cu seed layer deposition on the-8ft)

layer and negative photoresist patterning to define the upper capacitor plate and the
connection traces between the coil and the capag¢fjoCu electroplating to 25 pm
height, removal of the photoresist and the Cr/Cu seed layer.

Afterwards, the coil substrate was coated witth pm thick SU-8E 2015layer
(MicroChem, Newton, MA)asthe dielectriclayer betweenthe parallel plate capacitor
A post for electrical connection between the microcoil and the capacitor was defined

using a second photolithography stéplowed by electroplatingopper to a thickness of
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15 um (Figure 17d). Therelative permittivityof SU-8E is 41 at 1 GHz at room
temperaturg75]. The substrate wathen placed ona 150°C hot plate for 30 mirio
hardbake theSU-8 layer. Thenanotherchromium/copper (30/300 nm) seed layersw
deposited on the substrate and gqu8bthick NR2120000P photoresisayerwas coated
on it to photolithographically define the top side plate of the parallel plate capacitor
(Figure 17e). After electroplating of a 25 pm thick copper layer using the
photolithographically defined electroplating mabdl the top capacitor plate, the metal
seed layer and the photoresist were remofeglife17). Finally,a30 um thick PDMS
layer was coated on the substrate to bdinel microcoil resonatasystemto the crye
cooling microfluidic channel This alsoprevented the microcoilresonator systerfrom
being detached from the substrdtee to thermal stress duriogyo-cooling.

The cryacooling microfluidic channel for liquid nitrogen deliverip the
microcoil was fabricated in PDMSising soft lithography(Figure 18). The acrylic
master moldvas cut using aapid prototyping machine (MDXO0, Roland DGA Corp.,
Irvine, CA). After 3.18 mm outer diameter (OBjlicone tubings were placed dhe
inlet and outlet areafadhe master molduncured PDMS was applied to the mold. The
releagd polymerized PDMS replica from the master molds then bonded tothe

previously fabricated mrocoil substrate coated witithin PDMS layer

49



Figure 18. Fabrication steps for the chamoling microfluidic channel structure. (a)
Acrylic master mold fabrication using a rapid prototyping machibe Silicone tubing
insertion and PDMS pouring. (c) PDMS curing and releasing

The fcondary coil was positioned 5 mm below the primary microcoflHgure
19a, b. To fix the position of the secondary coils, the coils were sealed with additional
PDMS after the alignmentThe nitrogen gap and the imaging surface were created in an
acrylic block (80 x 210 x 12 minusing the rapid prototyping machiné small pillar
array (1 mm in width, 2 mm in length, and same height as the nitrogen gap) was
fabricated inside the nitrogen gap to prevent the gap from cwitapader an external
clamping force required for the final assembly.

For the final assembly step, the planar coibsitate bonded with the cryo
cooling microfluidic channel was attached to the acrylic frame using Kapton tape to
form the closed nitrogen gap chahfleigure 19c). Nylon screws were used to clamp
this sandwich structuréo an acrylic cradle which was loaded to the center of the
magnet The liquid nitrogen tubing and nitrogen gas tubi6@% mm OD polyethylene
tubing were attached to the acrylic wdaand the liquid nitrogen dewakgb20 with
withdrawal, Chart Industries, Inc., Garfield Heights, Gifd the nitrogen gas cylinder

were connected to the liquid nitrogen tubing and nitrogen gas tubing, respeciiely
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drive liquid nitrogen out from thdewar, nitrogen gas was pumped into tlesvar. To
prevent heat loss due to conduction and conveatidhe polyethylene tubingised for
liquid nitrogendelivery to the PDMS microfluidic channe¢he tubing was wrapped with

insulating sponge foam taper¢st King, Mahwah, NJ).

Phantom
(0.1 % CuSO,)

Figure 19. (a) Microfabricated spiral microcoils with an integrated parallel plate
capacitor for resonating at 200 MHz at RT and LT. (b) Integrated device with the
microcoil resonator, a LN cryooolingchannel, and a secondary coil. The image shows
two systems on a single substrate. (c) The device having an imaging phantom (0.1%
CuSQ) on top of the imaging surface ready for MR imaging.

4.4.Characterization dinductiveCoupling Efficiency

Before characterizing the Q factor of the fabricated microcoil resonator system,
coupling efficiency between the primary microcoil resonator and the secondawasoll
first characterizedInputresistancef the secondary co{bpencircuited)was masured
using a network analyzer (HP 4195A) and used as the indicator cdtitbeof the SNR
of the coupled coil system to the SNR of the primary coil alamexplained irthe

theoretical discussion of inductive coupling above
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The measurement @in input resistance less than 1 ohm using a conventional
network analyzer is extremely difficult because the accuracy of a network analyzer is
over 1 ohm error in input resistance for a 50 ohm sy§#h Hence, the Q of the
secondary coil at 200 MHz was measured instead of the resistauacthe resistance of
the secondary coil was then calculated usingthe® ci rcui t equation of
where ¥ is the angular frequency and L is 1
resistance of the isolated secondary coil at 200 MHzcalesilated to b€.690hm.
Whenthe secondary coil wasenteredd mm abovethe cryecooled microcod
capacitor resonatpran input resistance of 7.22 ohms was measuresince this
resistance was abolg.6 times larger than the input resistance measured without
inductive coupling, this inductive coupling resulted in approximaté¥ legradation in
SNR As described irthe theoretical discussion of inductive coupling above (Section
4.22), the input resistance should increase 17 timesdmtain less than 10 percent
degradation in SNRTherefore, in future workptobtain higher coupling efficiency, the
number of turnson the microcoil need to be increased or the coil (microcoil and
seondary coil) dimensions and geometry should be optimized. Howewerthé
purpose of demonstrahg the effectiveness of microfluidically crymooling the
resonating capacitoas well as the microcoilit was not necessary to optimize the

inductive coughg.
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4.5.Characterization ahe McrofabricatedCapacitor

The characteristics of the microfabricated capacitoo@t temperatureRT) andliquid
nitrogen temperature (LT) were important parameters to be consderwhen
characterizing the Q and SNR improvement dueryo-cooling. Therefore, ® examine
changes in theelative permittivity ofthe SU-8 layer at RT and LTwhich would affect
resonant frequencigand thedielectric lossat RT and LT (which would affet relative
Q improvement)an isolated parallel plate capacif@ mmx 4 mm)with a 15 pum thick
SU-8 E dielectric layer was fabricated without an accompanying microcdihe
network analyzer was calibrated with a coaxial probe using port extension and
compensation. This probe waghen soldered to the microflsicated capacitor. The
capacitance and series resistance of the capacitor were meadRifedrat then LTafter
immersing the capacitor in a liquid nitrogen bathorder to characterize the effecs
the microfabricated capacitor alone.

At RT, the microfabricated capacitor had a capacitance of 31AdFLT, the
capacitancelecreased t@4 pF. Based orthe measurement, the relative permittivity of
SU-8 at 200 MHz can be estimated to be 4.R&tand 3.4 atT. The22% decrease in
capacitance measured after coapling resulted ina shift of the resonant frequency of

the microcoil resonator anmbrresponded well to an observed 12% increase in resonant

frequency during cry@ooling according tahe LC resonance equatigh  pfVi, #.

The practical effect of the change of the relative permittivit8\df8 is that two separate
microcoils were required to be fabricated in order to tune the coils at RT and LT,
respectively.
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Unfortunately, along witlthe dielectric constant, the dielectric loss in the&U
also changed with temperature (higher at room temperature), making the Q improvement
(Q atLT (Qrr1) vs.Q atRT (Qrr)) for the microcoilcapacitor resonatartificially high
(Q improvement 06.8times). The dielectric loss of the microfabricated capacitor was
characterized by measuring its series resistance. At RT, the microfabricated capacitor
had aseriesresistance of 1.5 ohms and at LT, the series resistance bemasm@all to
measure.The hgh series resistance of t&#J-8 layer atroom temperature (5 ohm$
resulted inalow Qgrr Of the microcoil resonator, artificially increasing the ratio of @
Qrt. Therefore, theomparisorwas made to the Q oh conventional merocoil atRT
(descibed inthe nextsection(Section4.6)), instead of the microcedapacitor resonator

at RT.

4.6.Q Improvement

To characterize the expected improvement in SNR that could be achieved by the
microcoilcapacitorr esonat or compared t o ha Qidfcttenvent i c
microcoilcapacitor resonat@t RT and LT wasneasurean the bencland compared to

the Q of a conventionally tuned and fed microcoiSpecifically, the same spiral

microcoil was usedat RT and LT, but tuned with higiQ varactors NV34009,
Microsemi,Lowell, MA) rather than the microfabricated capacitor and connected with a
transmission line rather than inductively coupld@the microcoicapacitor resonator was

tuned to the operating frequsnof 200 MHzby trimming small areas of the capacitor

under a microscope until the desired resonant frequency was reached.
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The Q of the microcoilcapacitor resonatawas measured a3 = fo/gd, wherefy
is the center frequency of the resonator @it the half power bandwidth, from the;S
measurement after two decoupled probes were brought close to the micapemitor
resonator. For the Q measurement of the conventional microcoil, the transmission line
of the conventional microcoil was connedtto the HP 4195A network analyzer, apd f
and gqf7qs (bandwidth of the7dB points on the 2 measurement) &re measured The
measurement with this technique has been shpyewviouslyto agree with the dual probe
method for unloaded Q measuremig4, 77].

To cryoc o o | t he Aconventional mi crocoil o0,
network was physically dipped in liquid nitrogeisince such setup is not feasible for
imaging, these comparison measurements were restricted to the bench measurement of Q
factors. The Q factor improvement of the microcodpacitor resonator was
characterized by comparing the Q factor of the micrecaacitor resonator at LT to the
Q fador of the conventional microcoil at RTThis Q factor improvement was then
compared to the Q factor improvement of the conventional microcoil at LT against RT.
The expected improvement in SNR using the micrecajlacitor resonator against the

conventimal microcoil was estimated by

C—QT) w
XX

as described theoretically Bg. 4

55



Table 4 summarizes the Q measurements acquaedRT and LTfrom two
microcoils,one using highQ varactors with a transmission line (conventional microcoil)
and another one using the microfabricab@echip capacitor without a transmission line
(microcoilcapacitor resonatar) With the microcoil using higi®Q varactors, the Q
increased by 1.8 fold when microfluidically crgooling only the microcoil. The Q
further increased by 2.4 fold when botle timicrocoil and the matching/tuning network
were cryecooled through direct dipping in liquid nitrogedhe Q improvement when
comparingthe conventionamicrocoil at RT, Qrrvar (= 26.7) to themicrocoilcapacitor
resonator at LTQyr chipcap(= 70), was 2.6 fold. This improvemematches well tdhe
theoretically predicted enhancement of 2#8ld when cryocoolingoth the coils and
the matching/tuning network6l], andis significantly higher £ 14%%) than the Q
enhancement of 1-#®ld previously achieved by our team when eogwling only the
microcoil and not the matching/tuning networkn addition, as validation, this Q
improvement of 2.6 times obtained fraime micocoil-capacitor resonatowas in line
with the Q improvement of 2.4 (= 63.7/26.7) obtained when comparing the Q of the
conventionalmicrocoil at RT Qrtvar = 26.7) to LT (QLtvar = 63.7) obtained when
directly dipping the conventional microcoil and vadoas into a liquid nitrogen bath.
Therefore, the developed microfluidically crgooled microcoil resonator system
performance is in line with a microcoil system with-offip varactors, at the same time
providing much better integrabilitgystem companesspracticality,andease of system

production.
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Table 4. Q factor of a directly coupled-@irn microfabricated spiral microcoil at room
temperature and liquid nitrogen temperatur(Gray indicates room temperature
components andlackindicates cryecooled components.

QLT,both
Qur (Cryo-cooling both
QrT (Cryo-cooling only microcoil and
microcoil) matching/tuning
network)
Microfabri -
cated coil
resonated varactor
varactor varactor
with high-
J Q QRT,Var =267 QLT,Var =471 QLT,both,Var =637
varactors
(Qut,vad Qrrvar= 1.8) (QL oth,vad Qrr,var= 2.4)
Microfabri -
cated coil on-chip on-chip
capacitor capacitor
resonated
. . QRT,ChipCap= 12 QLT,ChipCapz 70
with on-chip
. (Note: Q ofmicro- (Qur.chipcaf Qrr,var = 2.6)
capacitor
fabricatedcapacitoiis very
low due to lossy SkB)
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4.7.MR Imaging

Imaging was performed in a A MRI system (40 cm bore, Unity/Inova console, Varian,
Palo Alto, CA). RT MR images of a phantom (0.1% copper sulfate soluiveng
acquired in the axial plane (perpendicular to the imaging surface and the plane of the
coil), with the coil operating in transmit/receive mode in order to avoid the additional
complexity of decoupling from a separate transmit coil. All images wengradqusing

a standard spin echo sequence with a matrix si2Z@®k 128 field-of-view of 50 x 30

mm, TR (repetition time) of 500 ms, TE (echo time) 3f ms two averagesslice
thickness 0f0.5 mm, and spectral width of 20 kHzOnce 10 and 16 dB for0918(°
tipping was selected, Rimages were acquired in the axial plab& images were then
obtained after flowing liquid nitrogen to theicrocoil.

MATLAB ® was used t@econstrucimages and evaluate image BN An SNR
matrix wasobtainedby dividing the signal magnitude matrix by the average value of a
large noise region outside the phantom.

Figure 20a shows theosition of the primary microcoil anithe secondary coill,
the nitrogen gap, and the phanttonbe imaged Figure20b shows the image obtained
by the secondary coil without the microcaihpacitor resonator coupled. It shows a
much larger areaxcited by the secondary coil than when the micrecayacitor
resonator coupled-{gure20c). This shows thahe sensitivity pattern of the inductively
coupled systemis dominated by the primary coil, as suggested by the resistance
measurements with the microcoil coupled to the secondary Egure20c and d show

the transverse images obtained at RT and LT with the microcoil coupled to the
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secondary coil. SNR comparison of both images was not coedidatid due to the
artificial Q improvement between RT and LT discussed in Sedttn
(a) (b)

N, gap Secondary
coil

¥

Phantom
(CusO,)

Microcoil

(d)

1 mm

1 mm

Figure 20. Transverse spin echo images, acquired tighsecondary coiRT microcoll
and LT microcoil (using50 x 30 mm field of viewand approximately 90° 180° flip
angle3. (a) lllustration of the position of the phantom, the microcoil, and the secondary
coil. (b) Secondary coil image (no microcoil coupled). (c) RT microcoil imédeLT

microcoil image.
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4.8.Analysis the Effets of Coilto-Sample Distance
In this design, thenitrogen gap of 1 mm, the microcoil substrate of 0.5,mand the
imaging surface of 0.3 mnogether lead to a ceib-sample spacing of 1.8 mnAs the
focus of this particular work was to increase thgrovement in Q achieved with
microfluidic cryocooling to match the theoretically predicted Q improvement,
minimizing the coilto-sample distance was not of immediate concern. However, for
completenessthe system was modeled predict the coHto-sampé spacing at which
cryo-cooling no longer provides a benefit over a conventional, uncooled coil placed
directly on the sampleThe microcoil dimensions used in the simulation were the same
as the cooled coil described above (inner diameter: 2 mm, trdte Wb pum, trace gap:
30 um, and the height of trace: 25 um). The feed loop trace was 100 pm below the main
trace and the capacitor used to resonate the microcoil at 200 MHz was assumed to be
lossless. A coil-to-sample spacing 00.2 mm was used which was the minimum
distance in practice due to the thickness of the imaging surface substrate

Figure 21 shows the simulated relationship between tleemalized relative
SNRs of a cryecooled microcoil and an uncooled microcoil against-tm#ample
distance. Theormalizedrelative SNR of the uncooled microcoil with 0.2 mm of <oil
to-sample distance is abo0t95 To match this or provide improvement, the cryo
cooledmicrocoil needs to have a cad-sample distance of 1.25 mm or lesi$.10%
degradation in SNR, which is a reasonable sacrifice due to inductive coupling, is taken

into account, the distance has to be 1.15 mm or less.
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Figure 21. Simulation result of the normalized relative SNR of uncooled and cooled
microcoil against the cotio-sample distanceaVhen the sample is placed 0.2 mm above
the uncooled microcoil, theormalizedrelative SNR is about 0.95. Trave equivalent
SNR,the cooled microcoil needs to hagecoilto-sampledistance of 1.25 mm or less.

Coil-to-sample distance in the current design can be reduced to 1.3 mm with
relative ease byeducingthe imaging surface substrate thickness from 0.3 mm2o O.
mm and byreducng the thickness of the substrate on which the microcoil is fabricated
from 0.5 mm to 0.15 mr{Figure22). Further reduction in coilo-sample distance needs
to beachieved through reducing the depth of the nitrogen gas gap. A nitrogen gas gap
reduced to @ mm (currently atl mm) is expected to give the same relative SNR as the
uncooled microcoil with the sample placed right on top of the microcoil. Thus, any
further reduction in this gap will result in net SNR improvement over conventional
microcoil at room temperaturéOne strategyor achieving a shallower nitrogen gas gap

without influencing theimaging surface temperature is to utilize wamitrogen gas
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instead of room temperature nitrogen gas that is currently being used, thus improving the

insulation capability of the nitrogen gas gap.

@) (b)

Imaging

f 10 mm
Surase . v 0.1~0.2 mm
Nitrogen ACI’IIC PMMA kR 28 mm
gap g o mm _I_ 1.0 mm
PE| . 0.5mm
Primary 1.0 mm -:"\
coll I 0.1~0.2 mm
LN + 4.0 mm

channel d/'
Secondary coll

Figure 22. Optimization of the coito-sample distance: (&@urrent structurand(b)
structure after optimization

For the comparison of the probe sensitivigspecially for spectroscopy
applicationssome investigators report the limit of detecti@®D) [78-87]. Massinet al.
presentecan LOD of 115 Mol at 300 MHz[37]. The primary coil reported here is
essentially the same in structurethe coil ofMassinet al. except for using three turns
rather than two turnsTaking into @count theSNR ratio between the uncooled coil with
the coil-to-sampledistanceof 65 um (Massinet al) and the cooled microcoil with the
coil-to-sample distance df.8 mm (our resul), the estimated LOD of our coil at 300
MHz is 272 nMol. If the coitto-sample distancés reduced furtheto 1.3 mm as

describedcabove our expected.OD will be 143nMol.
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4.9. Conclusions

A microfluidically cryo-cooled spiral microcoil system with an integrated
microfabricated capacit@nd utilizing inductive couplinfor MR microscopy has been
developed and significant improvement iQ factor wasdemonstrated The use ofa
microfabricated parallel plate capacitor integrated with the micramed inductive
coupling to eliminate transmission line connections allowed botmtbecoil andthe
resonatingcapacitorto be enclosed by the microfluiditly cryo-cooling system. This
enabled localizedcryo-cooling of the entire microfabricated microcoitapacitor
resongor structurewithout freezing the samplevhile maintaininga coil-to-sample
distance within a coil width of the microcoil The system mvided a 2.6 fold
improvement in Q factor compared tacanventional microcoil with higiQ varactors
and transmission lineonnection and provided the expected improvement over our
previous system that reported an improvement of 1.8 with only the cbitrya-cooled
The result validate that cryecooling both the microcoil and the matching/tuning
network provide a larger Q improvemerthan cryo-cooling only the microcoil itself
with the achieved2.6 fold Q improvementbeing close to thetheoreticaly predicted
maximum Q improvementf 2.8 fold. This system may allow multiple primary
microcoils to be used with a single or multiple secondary doileffectively enabhg

larger or multiple fieldsof-view MR microscopy.

63



CHAPTER V

MICROFLUIDICALLY TUNABLE RF COMPONENT

5.1. Introduction

In many RF applications, tunable RF components such as variable capacitors are one of
important component$88, 89]. Mechanically tunable capacitors and electronically
tunable capacitorsuch as semiconductearactor diodes are typically used in the RF
circuit. For magnetic resonance (MR) coil application, tunable capacitors are used as
matching and tuning capacitors imatch the coil impedance to 50 ohm and to tune the
resonant frequency of the coil. Thus those capacitors can be adjusted from outside a
magnet bore without moving the coil circuit. Theechanically tunable capacisoare

not proper to be controlled remotdrom the outsidef the magnet borand varactor
diodes have relatively lower Q factor than fixed capacif®@3. MEMS tunable
capacitors have high Q factor, but they have towability due to the limitation of
geometric displacemei®1-107. Alternatively, if dielectric materials of capacitors are
replaced with dielectric fluidsthe capacitance can be changed remotely without
medianic apparatusedn addition, &rge tuning range can be obtained by selecting a
fluid having a large permittivity constaand pecise control of capacitance is possible

by micro-controlling the position of fluids within microchanneRhe fluidically tinable
capacitorrequires power for moving fluid only when changing capacitamdesreas
varactos need a voltage to keep a capacitaraoed the fluidically tunable capacitor has

longer life time than MEMS tunable capacitors having moving parts.
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The concept of using microfluidics for tunable capacitors tgntrolling
dielectric fluidsbetween metal platdss been reportedh the pasf103 104]. However,
therearevery few researches on thetualRF circuitapplication ofmicrofluidic tunable

capacitos.

5.2. DesigrandFabrication
Capacitor consists of a pair of conductors and a dielectric between the conductors.
According to the parallel plate model (€0 A/ d ) |, capacitance incr e:
and dielectric (U0), and decr e allecapaotarst h s ep
using the change of the area and the separation, if a microfluidic channel places between
the pair of the plate and supply various dielectric materials, it changes the capacitance.

Figure23 shows the proposedicrofluidically tunable capacitor structiweOne
is the parallel plate type (PPT) capacitor and the other is the interdigitated type (IDT)
capacitor. The PPT capacitoonsists of 2 5 mnt copper plates and a 130m thick
PDMS microfluidic channellayer between two copper plates. Agigid substratefor
supportingthe copper plates, a 3030 mnf glass slide was use@ihe IDT capacitor has
33 fingers which are 100m in width and is 85@m in length.The gap between fingers
is 100um. A PDMS layer covers the IDT capacitor to use the finger structure of the IDT
capacitor as a microfluidic channel through which a dielectric fluid flows. The entire

size of the |07 capacitoris 1 x 1.8 mnf.
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Figure 23. Concept of microfluidic tunable capacitofg) parallel plate typ€PPT) and
(b) Interdigitated typ€IDT) capacitor

Figure24 illustrates the overall fabrication steps for the PPT and IDT capacitors.
For fabricating a PPT capacit@r22 x 5 mn? copper tape (3M 1194, 3\&t. Paul, MN
was attached on a 5075 mnY glasssubstrate (\WR, West Chester, PA The copper
was coated withuncured PDMS using a spin coater at 1000 RPM for 30 sec and placed
in an oven to cure PDMS. Microfluidic channels were etched using a laser
micromachinng equipmentPLS 6.120D, Universal Laser Systems, Inc., Scottsdal¢, AZ
with a 1% power, 24% speed, and 400 pulse per inch (PPI) resolution contiite).
anothePDMS coated copper plate substrate was prepared and they bonded to each other
usingoxygenplasma trement.

For fabricating a PPT capacit@chromiunicopper (30/300 nm) seed layeas
deposited on & mm thick and50 x 75 mm? glasssubstrate using an electrbeam
evaporator. Then, a 3bn thickphotoresis{fNR21-20000P, Futurrex Inc., Franklin, NJ)
was spun, and theectangular shapef the parallel plate capacitor asdefined usinga
photolithography process. Following photolithography, 25um of copper was

electroplatedisinga copper sulfate solution (CugOH,SO,: HOO =250g:25ml:11L)
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