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EXECUTIVE SUMMARY

This program was initiated to investicate the potential of
nuclear magnetic resonance (NMR) for remote detection. Remote
regions accessible from only one side and the remote detection
of explosives were topics of particular interest.

The program involved the following seven specific tasks and
subtasks: (1) to identify the compounds of interest, both benign
and explosive; (2) to locate and catalog available data on the
compounds of interest; (3) to review current remote NMR technol-
oGy, (4) to identify alternative remote NMR systems; (5) to
define a figure-of-merit suitable for comparing the alternative
NMR systems; (6) to use the figure-of-merit to identify the most
promising of the alternative sgystems; anc (7) to predict the
performance of the chosen system. Each of these tasks was com-~
pleted successfully. '

The present state of remote NMR technology and the principal
conclusions of this study are outlined below.

~ o

* Remote detection by single-sided NMR is feasible.
Present systems produce low static fields {(less than
'300 Gauss) at modest penetration depths (10 cm).

* The most promising advanced remote NMR system con-
figuration utilizes an Inside-Out Helmholtz pair of
current loops to produce the static magnetic field
and a semitorcid coil to produce the rf field.

* The advanced NMR remote detection system will
employ superconducting coils to produce magnetic
fields of 1,000 Gauss or more at panetration depths
in excess of 20 cm. New cryogenic materials and
fabrication technigues should eliminate many of the
difficulties previously associated with the use of
superconducting technology.

* Available data' indicate that NMR remote detecticn
2f the following explosives is ncssible: Compound 3,
. Comopound C-4, PETN, RDX, TATB, and TNT, Data on tne
VMR properties of explosives are sparce. ' )

t may be possible <o define a unique sicnature
or many =2xplosive ccmoounds by <axing advantace »°7

* I
aydrogen-ni<rogen nuclear Laterac:t:ions.

addit:cnrnai labcraccry data and analyses arse raquir2d =2 3etarmine
“ne range of anzlicaniliey of <his technolcay and <o addrass =he
sractical Sreoisems 2sscociatad wita LTS impiemeatation.
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T. INTROODUCTION

The reliable detection of explosives in remote or inaccessable
regions poses difficult technical problems. The purpose of the
present program is to explore and evaluate the potential of one-
sided, or single-sided, nuclear magnetic resonance (NMR) for the
remote detection of exploszves.

’ : NMR utilizes nonlonlzzng'radlatlon to manipulate the weak magnet-
ism of atomic nuclei. The non-ionizing radiation, a combination
of AC and DC magnetic fields, is applied to the region to be
inspected. Shortlyv thereafter, a radio fre juency signal 1is
received from the nuclei. The characteristics of this signal are
related to the chemical properties of the material containing the
nuclei.

This study was limited exclusively to NMR of hydrogen nuclei.

Hvdrogen nuclei give a strong NMR respunse and are abuncdant in

most of the materials of interest. Hydrogen is, without doubt,
the onlv nucleus likely to provide an NMR sxgnal strong enough

for the detection applications ¢onsidered.

: . In addition, under certain conditions, the hydrogen NMR signals
: of many explosive compounds possess an almost-unique signature.
This signature, based upon differences in NMR parameters called
relaxation times, provides the foundation for a simple and direct
detection method.

NMR detection systems are capable of performing well in a field
environment. As an example, an NMR system to detect narcotics in :
the mails was recently field tested at the Worldwayv Postal Center

in Los Angeles (l). The NMR system was desigred to respond to

zhe relaxatiocn cignature of cocaine. A total of 3,330 letters

wera examined. Seven alarm rsesponses were recorded; two were

false alarms, and five were due %o letters containing cocaine.

An important reason for the success of this field test was that
=he NMR system was not forced to. encounter large guantities of
benign and potentially-interfering materials (other than paper)
during the lnsoeﬂt‘on process. Since the volume of the inspec-
sion region in' remote detection NMR i3 limited, 1%t 'should de
otad =hat the NMR svstems discussed in thls reoort‘may displavy
1milarly favorable inspection properties., even ia compiex de-
2ct.cn situations. : -

udy extands Drevious work in resmote detecticn va,

1y S&. sie~3S1ded NMR anpd Inside-Qut 'NMR. P

cns of Singl=2-Sided ¥MR (2,3,

*o 'Jrcd“ca :he regquirad region
- a ~




Inside-Cut NMR (5,6,7) utilizes opposed magnets to produce a
toroidal field geometry. This type of remote NMR system was
developed for gecphysical exploration, i.e., as a borehole
logging tool to evaluate subsurface cock formations and hydro-
carbon deposits.

The principal objectives of this study were to define the problem
of NMR remote detection of expiosives, gather available data on

- the ma“erials of interest, both tenign and explosive; define a
figure-of-merit suitable for comparing alternative instrument
configurations; and utilize the figure-cf-merit to identify one
or more remote cdetection NMR systems with the potential to con-
tridbute to the solution of the detection problem. All of the
princical objectives of this study were achieved.

This repor% is organized along the lines of the study itself, -
' beginring in Chapter II with a brief presentation of NMR
fundamentals. A discussion of the NMR properties and molecular
structures of the materials of interest, which .include both
explosive and benign substances, follows in Chapter III.

A discgussicn of system components for remote NMR is presented in
Chapter IV. A review of the pOSSlble combinations of these
components leads quite naturally to séeveral potential systems.
These systems are discussed and evaluated in Chapter V.,

The most promising configuration for a zingle-sided NMR system is
presented in Chapter VI. The system signal-to-noise ratio is
calculated and practical considerations are discussed. Conclu-
sions and recommendations, which are gquite positive concerning
the potential of single-sided NMR for explosives detection, are
presented in Chapter VII. .



II. NMR FUNDAMENTALS

A. Introduction

The phenomenon of nuclear magnetic resonance {(NMR) arises from
the fact that the nuclei of many atoms possess both magnetic
moments and angular momenta (8,9). In particular, hydrogen
nuclei, ¢r protons, which are found in most materials, exhibit
magnetic properties especially sultable for the observation of |
nuclear magnet;c resonance. :

When subjectea to a static magnetic field, the hydrogen nuclei
align at &r angle to the field, pointing either with the field or
against it, and then precess about the field at a frequency
called the Larmor frequency. The’ static magnetic field is often
calied the Ho field. The Larmor frequency is proportional to the
strength of the applied field, and for an applied field of 1,000
Gauss (abecut 2,000 times the strenath of the earth’s magnetic
field) the Larmor frequency is 4.26 Megahertz (MHz). For
readily=~-attainable magnetic fields, and for most nuclei,. Larmor
frequencies fall within the radio-frequency (or rf) range from
about 0.3 - 300 MHz. '
Nuclear magnetic resonance arises when an oscillating, or rf,
.macnexic field is applied to the precessing nuclei. This rf

field is called the Hl1 field, and lt is applied in a alrectlon
perpendicular to the Ho field.

If the d1 field oscillates at the Larmor frequency, %tien some of
the nuclei that were originally aligned with the static field
will realign against it. The net effect is the resonart absorn-
tion of a very small zmount of energy from the rf field, and this
rescnant absorption is called nuclear magnetic resonance (NMR!.

. 3. Puilse NMR . - S

A common way to observe a nuclear magnetic resonance signal
nvoives slacmng a sample, which contains the nuclei of interzs<s,

1nte a static magnetic field and then apolying a shor<%, intense
ulse of rf £ield at the Larmor frequencv. The technique is

callad pulse MR (10) ' :

£ nulse, the nuclei

Tollowing the 28 - precess in phase. If a coil
is iocated nearpy, this in-phase ~racession of nuclear magnets
induces a transient voltage across it. This %ransient voltage is
<ne NMR signal, which is called the £free induction decay (FID).

A sketch of an NYR FID is shown in Figure II-i. The ad:sacent
zcil, cf=en cailed the sample coil, 15 generally wound around the
samp.2 =0 2nsur=2 =27ficient counling. The sample coil 15 2lso
ised, in many conflgurations, to annly =he rf sulse
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in-phase p
FID signal
degree pul
direction

A pulse of
a minimum
conditions
to the 90~
tip the nu
field by 1

Short, int

ude of the FID signal following the rf pulse depends
uration of the pulse. A pulse of a certain length,
0-degree pulse, produces a maximum in the transient
recession of the nuclear moments and, hence, a maximum
following the pulse. 1In fact, the effect of a 90~

se is to tip the nuclear magnetization away from the
pf the Ho field by 90 deqrees.

twice the length, called a 180-degree pulse, produces
in the transient nuclear precession and, under ideal

» results ir. a zero FID response. In a fashion similar
degree pulse, the effect of a l80-degre€ pulse is to
clear magnetization away from the direction of the Ho
BO degrees.

nse rf fields impressed upon tne nuclear spin system

produce effects that are difficult to characterize in a brief
discussion. For an in-depth treatment of the subject, compre-
hensive references are readily available (10,11).

C. Lahoratpry Pulse NMR Systems

A block diacram of a typical, laboratory-type pulse NMR system is
shown in Fjigure II-2. The magnet applies a static¢c magnetic field
to the sample, while the radio frecuency transmitter generates
the rf pulses. 'The rf pulses are applied to the sanple throuch

receive th

The NMR re
waeak FID s
is respons
the pulses
of data ac

D. Remote

the couplipng network and sample coil, which are also used to

NMR free induction decay (FID) signal.

ceiver, tuned to the Larmor frequency, amplifies the
iocnal pcior to processing and display. The controller
ible for circuit timing; it controls the duration of

, the number of pulses in the test seguence, tne timing
quisition windows, and other similar tasxks. :

Pulse NMR Systems
diagram of an NMR system for remote detection 1s verw

tnat of the laboratory svstem described above. How-
e access to the sample is restricted, remote NMR

1’

imposes special requjrements on both the magnet system and fhe
*
L2 :

e perpendicular to tae direction of thne DC fi b
lutions =Zo =ach of %hrae vroblems will resule .n 3 isea

ill.

tnree problems in implementinc sincle-sided rermote ¥
et geometrv must be defined that will precduce a home-
fi2ld in a remote region where access 1s linlvad <o
ide; (2) an rf field must be produced witaln =ais

ion of OC field; and (3) the direction of zhe r

]

2c%0n NMR O svstem.
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E. Spin-Lattice Relaxation

In pulse NMR, if the rf pulse is of the proper duration and
intensity, the nuclei absorb energy during the pulse 7nd,
therefore, at the end of the pulse, are out of equililbrium with
their surroundings. The characteristic time for the nuclei to
return to eqguilibrium is called the spln-lattlre relaxation time,
Tl. For protons in common substances in typical magnetic fields,
Tl ranges from anundreds of microseconds to hundreds of seconds.

Spin-lattice relaxation times are commonly measured-in. the lab-
oratory with the (180 - tau - 90) pulse saquence shown in Figure
II-3. First, a 180-degree, or "pi", pulse is applied to the
sampie. The nuclear magnetization is tipped by 180 degrees, from
its ecuilibrium value Mo to -Mo. Following the pulse the nuclear
magnetization begins to return toward equilibrium. After a time
tau (the pulse delay time) has elapsed, a 90-degree pulse is
appiied. The magnitude of the FID following this pulse is pro-
oortlonal to the state of the magnetization at time tau. The

initial magnitude of the FID is reccrded, and the experiment is
repeated for a number of different pulse delay times. A plot of
the FID magnitude versus tau provides the characteristic time for
«ne return of the nuclear magnetization to eguilibrium. This
characteristic time is Tl, the spin-lattice relaxation time.

. \ . *

Relaxation times in NMR are influenced strongly by molecular
motions which alter the angles and distances between nuclei. . Ia
many compounds, the rate and nature of molecular motion com=-
pletely determines the spin-lattice relaxacion time Tl. These
~effects are discussed in Chapter III, following a discussion of
the spin-spin relaxation time and the NMR solid ezho.

F. Spin-Spin Relaxation

ffect of the rf pulse is to align the nuclear magnets and,
ne end of a 90-decree pulse, all the nuclei are precessing in
e. They do not precess in phase forever, though. 3ecause

iznporing nuclei are magnetic, each nucleus is found in a

macnetic field that is the sum of the externallv-applied field
ané a local field due to the presence of nevrhoorxn nuclei.
dence, ther2 is a spectrum of precession frequencmes for nuclei
wW1thin %he sampi=2.

If che spectrum of nrecassion freg uenc'es is narrow, taen all cne
n.Clel orecess at essentially the same fregquencv. Following an
rZ pulise, they remain in phase for 2 long time, i.e., many
srecession pericds. If <he spectrdim is broad, then tners ars

arze d:ifferences in tne precession rates between nuclei. Foi-
lcwing an rf zulse, tne phase coherence of the nuclei s zuickly
destrcyed bv these Zifferences in sracession frequenc:iaes,

The characteristic =ime that the nucle:r orecess in pnase, or th
snarac=2ristic =ime Ior the svstam of nuclei ¢o come <o lnternal
2guilibrium, 1s cailad the spin-spin relaxation <ime, TIZ. Since
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the nuclei must be at internal equilibrium before they can be at
complete eguilibrium, then it is obvious that Tl, for a given
material, is always greater than or equal to T2. For protons in
ccmmon substances in typical magnetic fields, T2 ranges from tens
of microseconds to hundreds of seconds.

In many materials, and especially in solids, experimental
ectimates of T2 are relatively easy to make. First, the maximum
magnitcde of the FID is noted. The FID is obscured near the.end
of the rf pulse due to the finite recovery time of the receiver,
so the FID magnitude is recorded just after the receiver system
recovers. Then the FID response is followed until its magnitude
falls to (l/e) of its former value. The time for this decay is
approximately equal to ‘T2, thougn, in fact, the true value of T2
depends upon the exact shape of the FID.

When NMR samples contain two or more substances, it is common to
observe more than one T2 time. A typical example is a solid
compound that 2as absorbed water; one T2 time is ooserved for the
material itself, and 'one for the absorbed water.

The relaxation times T1 and T2 are important because many explo-
sive compounds possess almost-unique values of these parameters.
Therefore, an NMR system may be designed to identify these
compounds in the presence of other, benign materials.

G. 50l1id Echo

Most solid substances exhibit very short T2 times and, as a con-
sequence, much of the FID signal is obscured bv the dead time of
the NMP system (which is sometimes called the recovery ¢time). A
“wo pulse technique, producing a response called a solid echo,
can be used in many cases to recover some of this lost signal.

The solid echo sequence is siiown in Figure II-4. At time zero, a

30-degree pulse is applied to the nuclear spin system. Following

this pulse, the spin system responds with an FID, but much of the

£ID sicnal is obscured by the receiver dead time.

Shortly after the receiver recovers, as shown at time tau in

P qur° IT-4, a second 9%90-degra2e pulse is applied. The rf nhase
thils nulse is shifted oy 90 degrees from that of the first

lse. The 2ffect of the second pulse is to produce an YMR

sponse, called a solid echo, which builds in time, goes through

maximum, and <hen decavys to zero. A portion of the solid echo

s 3lso obscured oy the dead time of the receiver; but if the

lse spacings are properly chosen, then the maximum in =he solid

no will pe cbserwved, as snown at time 2(tau) in Figure I[I-4.

ho can oce ised to improve the signal-to-ncise ratio

The soiid =2c

cf =he swvstem v Lmproving the signal response, and i< can also.
se used =o de%armine %he ccmplete shape of the NMR free induction
decay. I% is anticipated <hat the solid echo technigue will e
us2d i1n any single-sided NMR system for ramote detecticn.
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. H. Signal-to-Noise Ratio

The fundamental limit of sensitivity for an NMR system is deter-
mined by the signal-to-noise ratio (SNR) of that system. 1In
evaluating the technology, it is important to be able to predict
the changes in SNR that will result from changes in other para-
meters.

Laboratory Svstems

For proton NMR svstems in typical laboratory configurations, over
a wide range of operating parameters, the signal-to-noise ratio
scales according to the following expression (l2), '

1/2

SNR « £(Wo’QV/B) (II - 1)

where f is the filling factor of the sample circuit (i.e., the
ratio of sample to sample coil volumes), Wo is the Larmor
frequency, Q is the quality factor of the sample circuit, V is
the volume of the sample coil, and B is the bandwidtia of the
receiver/detector circuitry. ‘

Equation II-1 predicts that the. SNR increases as the Larmor
frequency to the (3/2) power. In fact, this is a conservative
predicticn. A comprehensive analysis of the problem (13) re-
sulted in the conclusion that the signal~to-noise ratio varies as
the Larmor frequency to the (7/4) power. However, over tnhe range
of frequencies under consideration here, the difference between a
{3/72) and a (7/4) power dependence is not significant.

- Remote Dete ion Systems

In remote detection NMR, the precessing nuclear magnetization
induces a signal voltage, i.e., the FID, into a detdctor coil.
The wocltage induced in the detector coil, Es, 1s given dy (6)

Es = NQAWoMo/23 , (II - 2)

2 =a1s expression, N is the number of rurns in the detactor coil
] factor 2 and cross-sectional area A. In addition,
“ne %otal nuclear magnetization precessing at <he lLarmor’
ency Wo, and 2 i3 %he center-to-centar distance between %the
t2 region 27 »nracessing magnetizaticn and =he detsctor coil.

5 issumed =hat ::e dewector coil i35 aligned 1n order %o

i.wize =he induced wroltcace EZs.
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The noise voltage for a remote detection system can be estimated
from the well-known expression for Johnson noise. The noise
voltage present in the sample circuit is given by

1/2

En = '(4kTBR) (II - 3)

where R i1s the resistive compcnent of. the impedance of the sample
circuit, T is the temperature of the sample circuit, 3 is the
bandwidth of the system, and k is Boltzmann's constant.

Combining Equations II-2 and II-3 provides an expression useful
for estimating the SNR of prospective remote NMR systems. The
vecltage signal-to-noise ratio may be written

"SNR = (Es/En) * F CO{IT - 4)

where F is a term that incorporates all of the factors which mav
affect the SNR that are not included in Equations II-Z and II-3.
Examples of these factors include the effects of the system '
recovery time and the FID decay time T2, the effzct of the length
of the ri pulse, che effect of the nomogeneity of the rf field
over the remote recgion, the effects of the precise gecmetry and
orientation of the sample coil, and the effects of noise intro-
duced bv subsequent amplification of the NMR signal. In general,
F is diZficult *o determine guantitatively. However, under a
fairly wide range of conditions, cqualitative estimatas of F are
r2latively easy to make.

Recalling that Mo = Mv * /m, wnere “m is the volume of the remote
regiron and Mv i1s the nuclear magnetization per unit vclume, gives

- -3, , - 1/2 . 3
SNR = (1072)(5/2x) 1% * (womuym/z3) »
-1/2 " =
"NMAQ ) TBR} * T ' (12 - =
The fi.rs% =erm Ln Eguation 1I-3 13 a censtant; the 13 T factor
13 Lncluiced =0 3L.coW uisS2 o =he convenient inilts discussed selow
Tne 32ccnd tarm L8 determined by tie narsicular shys.cal
czcnilTiration oI <ne remots MMR s3vs+<em.  Tha%t 13, a Iiven ramcrte
GMP O 3vsTaEm wWill rasult 1o 2 Flven 3et of =ne narametars Jdc, Tm,
znd P; and 4w wWlll e Zdetermined bHv tThe cSnhnaraceeristics 2L nne2
mat=2rial .n the rRPmcTE ra2ciin. '
ST T TSR S ——
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The third term in Equation II-5 is determined primarily by the
detector coil and its associated circuitry. If the sample cir-
cuit is parallel tuned, rather than series tuned, the resistive
component of the circuit impedance is given by R = QX, where X is
the inductive reactance of the detector coil. With this substi-
tution, the third term becomes

1/2 1/2

Term 3 = (NAQ)(TBR)

1

= (NA) (Q/TBX)

Utilizing X = Wol, where Wo is the Larmor frequency and L is the
inductance of the sample coil, and the fact that the maximum Q of
the sample circuit, Qm, is limited by <the system bandwidth to the
value Qm = Wo/2mB, gives '

Term 3 = (NA/B)(l/2#TL) 172

Qver a fairly wide range of parameters, the inductance of the
detector coil is expressed by (14)

L = cNd

where L is given in’'Henries, N is the number of turns, and d is
the diameter of the coil in centimeters. The constant C is given
by ' ,

c = (10"%2.54)/(18 + 30(4/d)) - (11 - 6}

wnere £ is the length of the cpil in centimeters. This expres-
sion for C is valid for (#/4) ratios greater than 0.4, and it is
ini1%ely 1in remote detection NMR that an ({£’d) ratio greater than
apcut 2.0 wouid oe =2ncountered. Therefore, the constant C ranges

& v
- A
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Incorporating the fact that the area of the coil A = ﬂﬂ2/4,
gives :

Term 3 = (1/4B) (xd3/21C)L72

Substituting this expression into Equation II-5, and collecting
the numerical constants into the first term, gives the following
equation for the signal-to-noise ratio,

SNR = (1075,/8) (5w/k) /% * (WoMwvm/z3) *

3

(1/3) (d3/7c)1/% « (I - 7)

The numerical values and units for the terms used in Eguation
II-7 are given below. '

v

k = Boltzmann s Constant,

-23

= 1.38 x 10 ergs/Kelvin;

Wo = Larmor frequency, in radians/second,
.I 7 . . '
= 2,67% x 10° at Ho = 1,000 Gauss;-
Mv = Nuclear magnetization per unit volume
in the sensitive region, in abamp/cm,

= 3.170 x 1977 (for 6.6 x 10%% spinssce,
Yo = 1,000 Gauss, and sSamplé Temp = 300

e
—

T 701 + Ny - : 3
/m = /olume ¢f sensitive region, 1 cm ;

Z = Center-to-centar dilstance betTween TLCKUD
" zoil and sensitive region, Lln cm;
d = CZiameter c<f pickup coil, i1n <m;
3 = ZBandwidtn of the Jdesecticn system, Lo Hers:




15

T = The temperature of the sample circuit source
resistance, in degrees Kelvin;

cC = a unitless constant that depends upon the
gecmetry of the pickup coil, glven by
Equation II-6;

F = A unitless term incorporating all of the
. : : . factors that affect the SNR not otherwise
included in Eguation II-7.




III. NMR AND THE MATERIALS OF INTERESf

A. Intrnduction

Differences in the NMR relaxation properties of materials form
the basis for NMR methods of explosives detection. Therefore, a
general appreciation of the reasons why different materials
exhibit different NMR properties is cenitral to an understanding
of the ‘detection technique. In the following discussion, all
comments and quantities apply specifically to proton NMR, and not
to NMMR characteristics of other nuclei. -

In general, the relaxation time Tl for protons is influenced by:
(a) the strength of the magnetic interaction between a given
proton and its neighbors; and, (b) the relative motion between
the proton and its neighbors. When the frequency of this
relative motion is at, or very near, the Larmor frequency, then
T! is short. When the frequency of this motion is either much
nigher or much lower than the Larmor frequency, then Tl 1s long.
The strength of the magnetic interaction depernds primarily upon
the nearest neighbor distances between nuclei and upon the
presence, or absence, of paramagnetlc impurities.

‘If the molecular motion near the Larmor frequency is simple,
i.e., if there is only a single type of motion and all nuclei
participate, then the behavicr of Tl is relatively easy to
characterize. The behdvior of Tl is generally discussed in terms
of t, the correlation tima for the molecular motion. If, for
example, the molecular motion is translational diffusion, then
the correlation time, t, can be thought of as the time between
diffusioral jumps. Or, if the motion is molecular reorientation,
then the correlation tiane can be thought of as the average :time
it takes for a molecule to rotate through an angle of cone radian.
In a brcad sense, the correlation time may be thought of as the
inverse of the frequency of the molecular motion.

Figure III-1l is a loy-log plot of Tl versus the correlaticn time
t for three different Larmor frequencies (A, B and C). In the
region ¢f short correlation times, i.e., for high temperatures in
most substances, the frequency of molecular motion is much nigher
£han the Larmor frequency. Here, the Tl of the material 1s lcng
and increases as the correlation time decreases. Also, i1n this

region, Tl is independent of the Larmor frequency chosen.

when the frequency of molecular motion is roughly equal =o =he
Larmor f{reagquency, Tl goes through a minimum. Since Larmor Ire-
Juencies can be alt2red =xperimentally by chanqlnc Hde, separat=
Tl minima may be opbserved and these are shown in Figura III-I.
When the correlation timées are long, i.e., at low “2mperatursas,
wners +<he freguency of molecular motiocn 1s low ccmpar2d =o <he
Larmor fregquency, then Tl is again lorg and lﬂncgnans with
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increasing correlation time. However, in contrast to the short
correlation time region, the specific value of Tl in this region
depends upon the specific Larmor frequency chosen for observa-
tion. Therefore, some indication of the nature of the molecular
motion can be obtained through studies of the Larmor fregquency
dependence of Tl relaxation times.

The relaxation time T2 is a rather complex function of the two

- parameters that influence Tl, i.e., the frequency of molecular

motion and the strength of the internuclear coupling. However, .
in general, T2 is long if the coupling between nuclei is weak,

and short if the coupling is strong. Both Tl and T2 times are
influenced by changes in the temperature of the substance, since
temperature changes affect the frequency of molecular motion. Tl

and T2 are.also sensitive to the choice of Larmor frequency,

since a Larmor frequency near a frequency of molecular motion

results in a short Tl.

0f all the possible molecular motions occuring in common sub-
stances, taree often occur at rates close enough to the Larmor
frequency to influence Tl and T2. These three motions are:

(a; molecular tuimbling, (b) molecular diffusion, and (c) re-
orientation of mobile groups internal to the molecule. One, or
more, of these three motions generally determines the observed
values of the relaxation times.

In liguids, molecular 'diffusion, tumbling, and possible internal
motions usually proceed at rates fast compared to the Larmor
frequency and, thereforae, Tl is usually long (i.e., longer than,
say, 500 milliseconds).. In addition, since the molecules are in
rapid motion relative to one another, the coupling between nuclel
is weax and T2 is also long. In fact, in many simple liquids, Tl
and T2 are often egual. ' '

in solids, molecular diffusion and tumbling usually proceed at
rates slow compared to the Larmor frequency. Therefore, in rigid
crys=alline solids, Tl is generallv long. In addition, since the
atoms are fixed in place and the nuclei are essentially station-
ary, =ne cougling between nuclei is strong and T2 is short (13).

However, most solids are not rigid crystalline materials. Most
sommon substances are, in fact, composed of complex molecules
=nat possess side chains capable of a wide varietv of internal
.motions. If many side chains are present, then it 1is l:ixely that
scme internal motions will take place near, or apove, the Larmor:
fraguencv (16). Aand, of course, the longer the side chains, %the
mere li<ely it is that scme internal motions will occur near the
Larmer Zraguency. Therefors, Tl 1n mecst commen solid sucstances
15 3nor: ss than apout 500 milliseconds) and, since TZC
n or =2qual to TL, T2 is also shor=%.

i
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B. Mixtures of Compounds

In use, an NMR detection system will often encounter many
different materials simultaneously. Therefore, it is importan
to determine the response of the system in the presence of two
more compounds.

The NMR relaxation time, or times, exhibited by a mixture of
compounds may be difficult to analyze, or to predict, quanti-
tatively. The results depend, in large part, upon whether or
the molecules of the compounds are in intimate contact. If no
and even if the compounds are in very close proximity, then th
situation is described by the separate responses from each of
components of the mixture. 1If so, then the situation is
descrioed by a somewhat more complex combined response. . Each
‘these two situations is discussed below.

Separate Compounds

The description of the relaxation process when a number of
separate, noninteracting compounds are involved is fairly
straightforward. The case of two separate compounds is outlin
here, and these results are readily generalized to account for
additional compounds.

Assume that the two compounds, A and B, are allowed to come to

equilibrium in the static magnetic field and a 180 degree puls
is appiied. The nuclear magnetization, which was Mo before th

pulse, is rotated to ~Mo immediately afterward (see Chapter II
Section E)., At time t later, a 90 degree pulse is applied and
the Z-component of the magnetlzatlon, Mz(t), is determined fro
the FID height.

The return to equilibrium of the Z-component of the magnetizat
is given by the following expression:

. \

‘Mo - Mz(t))/2Mo = ae S/TL(A' L go=®/TL(B) = (prrp _
where & is the nole fraction of compound of compound A, 3 i3 =
moie fraction of compound B, Tl{A) is the spin-lattice r=laxat
zime of ~zcocmpound A, and Tl (B) is the spin-lattice relaxat.on &
=f compound B. '

Alzhcugh i% is difficult to solve Equa*zon III-1 1n general, =
sclution 13 easy to determine in specific regions. For =xampil
when A 13 much greater <“hen 3, then the opbserved T! cf =he
separzT2 ccmpounds, TLISC), is approximately =2quai =¢ Tlla,.
Similarly, when 3 13 much grea:er =han A, then Tl/SC! 1s arperop
masa2iy 2gual to T1!3) S '
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It is important to note, however, that an NMR exglqgive detection
instrument based upon Tl differences will not respond to the
(l1/e) time, or Tl time, calculated from Equation III-l for a
given mixture. Rather, the instrument will respond to the
separate FID magnitudes and Tl times of the individual com-
ponents of the mixture falling within the instrument response
window.

Mixed Compounds

If the molecules of the two compounds aré in intimate contact, as
in solid solutions, then the state of the relaxation process in
one comgound is transmitted to the other, and vice versa. This
communication takes place in a time on the order of T2. 1In the
limit where T2 is short, i.e., the communication is fast, then
the resultlng relaxatlon rate is given by:

'1/T1(MC) = A/T1(A) + B/TL(B), (III - 2)

'wnern *I(MC) is ;he relaxation time for“he mzxture and the other
sympols nave the <ame meanlngs as in Equation III-1.

In order for Equatlon III-2 to apply,, the two compounds must be
mixed cn a molecular level. Therefore, it is extremely unlikely
thdat T1!MC), from Eguation III-2, would accurately describe the
relaxation observed in the simple mixture of, for example, two

powders.

It is not out of the question, however, that situations could
arise which would require a combination of Eguations III-l and
III-2 for an accurate description. Quantitative analysis of
these situations would be difficule. '




C. Explosive Compounds

Many explosive compounds are structurally rigid and as a result,
exhibit long proton relaxation times. In addition, many explo-
sives contain' nitrogen, and the nitrogen atoms are often situated
in close proximity to hydrogen atoms. As a consequence, explo-
sive compounds often exhibit a relaxation effect called hydrogen/
nitrogen level crossing which arises from an interaction between
the two types of nuclei.

Nitrogen nuclei possess a quadrupole moment and tend to align
along electric field gradients in the material. This adlignment
produces nuclear quadrupole resonance (NQR) frequencies which,
under certain conditions, may be equal to the proton resonance
frequency. By adjusting the Larmor frequency, or magnetic field,
the hydrogen and nitrogen nuclei can be brought into in thermal
contact and can exchange energy. This'is called level crossing.

The Tl of the nitrogen nuclei is generally much shorter than the
Tl of the hydrogen nuclei. The energy exchange at the level
crossing frequency shortens the proton Tl. The result is that
many explosive compounds exhibit short proton Tl times at certain
specific Larmor frequencies and long Tl times elsewhere.

The chemical properties and structures of a variety of explosive
compounds are discussed below. If NMR relaxation times for these
compcunds were available, they are included alcng with.comments
on important considerations related to the NMR detection process.

Black Powder

Black powder is a simple mixture of pocassiuﬁ nitrate, charcoal
and sulfer. It contains little or no hydrogen. Therefore, black
cowder i1s not detectable by proton NMR.

Compcund B 15 a cast explosive (18). That-is, it is cast from a
mix=ire intc predetermined shapes. Compound B is an intimate
mixture of approximately 40% TNT and 60% RDX. Some formulations
mavy include up to 63% RDX.and 1% of an unspecrfied wax.

= snculd be possible zo estimate the NMR proper+<ies of Compound
rom the NMR properties of its maior constituents. . The Xncwn
oroperties of TNT and RDX are given below, and :he ~J‘cel*“es
ng =ne relaxation groperties of mixturses are dis-
ticn 8 of =hls chapter. :
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5.3% Di(Z-ethylhexyl) sebacate, 2.l1% polyisobutylene, and 1.6%
motor oil (18). The NMR properties of Di(2-ethylhexyl) sebacate
are unknown. The NMR properties of polyisocbutylene have been
recently measured (17) and.this rubbery polymer exhibits a rela-
tively short Tl of about 30 milliseconds near room temperature.
The Tl of motor oil is unknown but is likely to be a few seconds
or less.

Since Compound C-4 is a simple mixture of these four compounds,
.its NMR relaxation properties likely approximate those of RDX,
its major constituent.

'

HMX

HMX, or 1,3,5,7-tetranitro~-1, 3 5, 7-*etrazacyclooctane, is a pure
explosive compound and the major constituent in a number of
plastic-bonded explosives (18). The chemical structure of HMX is
shown in Figure III-2. ‘ ‘ o .

The NMR properties of HMX are not available.  However, the chemi-
cal structure suggests that, 1n the solid form, molecular motions
are likely to.be slow. Therefore, Tl is expected to be long. In
addition, the presence of a large number of nitrogen atcms indi-
cates that significant hydrogen/nitrogen level crossing effects
may occur. ' '

PETN
ER-EI

Pentaerythritol tetranitrate, or PETN, is a white, moldable
compound with eight hydrogen and four nitrogen atoms per molecule
and a molecular weight of 316 (18). The chemical structure of
PETN is shown in Figure III-3. o

PETN 1s a sensitive and very powerful explosive with a detonation
velocicy of 8,100 meters/second (19). It-is used extensively in
deronating cords and, at times, as a primary or an intermediary
charge.

PETN exhipbits a long'Tl at Larmor frequencies considered suitable
£5r NMR detecti (2). At 3 MHz, the proton Tl is approximately
60 seczcnds. In common with many oxolos:.ves. PETN alsc exhioits
ﬂvdrocen/nlt*ocen lavel crossing. Level crossing occurs at pro-
cn Larmor freguencies of 0.350 ard 0.90 MHz which corresoond to
applied magnetic fields of 117 and 21! Gauss, respectively.
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1,3,5-Trinitro-! .3,5-triazocyclohexane (RDX)

Figure III-4
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RDX, originally developed as a medicine (20), exhibits about the
same explosive power as PETN. However, RDX is considerably more
stable chemically and is much less sensitive to mechanical shock
(19). .

. RDX exhibits very long Tl times at Larmor frequencies considered
suitable for NMR detection. At 3 MHz, the proton Tl of RDX is
312 seconds at 3 MHz (2).

"RDX also exhibits a hydrogen/nitrogen level crossing effect which
lowers the proton Tl time at certain values of the applied field.
Level crossing occurs (2) at fields of 423, 798 and 1,221 Gauss,
which correspond to proton Larmor frequencies of 1.8, 3.4 and 5.2
MHz, respectively. ‘ '

'

TATB

TATB, or.l,3,5-triamino-2,4,6-trinitrobenzene, is a bright yellow
pure explosive compound with the chemical structure indicated in
Figure III-3 (18).

The proton NMR relaxation properties of TATB were determined by
Garroway and Resing (21). At a Larmor frequency of 60 MHz, TATB
exhibits fairly constant proton Tl times of about 30 seconds over
a wide range of temperatures indicating little molecular motion.
at high frequencies. No data were available concerning hydrogen/
~nitrogen ievel-crossing effects in TATB.

TNT

TNT, or 2,4,6~trinitrotoluene, is a light brown compound with
five nhydrogen and three nitrogen atoms per molecule and a molec-
ular weight of 227 (18). TNT is consilerably less powerful, and
less sensitive, than RDX (19). The chemical structure of TNT is
shown in Figure III-6. .

'Compared to PETY and RDX, TNT exhibits shorter Tl times a= the
Larmcr Zrequencies appropriate to NMR detection (2}). At 3 MHz,
the proton Tl of TNT at 3 MHz is approximately 25 seconds:.

Level-crossing fields in TNT are comparable to those found in

PETN. Hvdrogen/nitrogen level crossing occurs at applied fields
/ J g 3 o

of 133 and 204. Gauss. These fields correspond to protcn Larmor

Sraguencies of 9.79 and 0.87 MHz, respectively.
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D. Benign Substances

The molecular structures and NMR properties of some of the benign
substances that may be encountered during the inspection process
are discussed pbelow. It should be noted that few, if any, of
these materials will exhibit the hydrogen/nitrogen level.crossing
effects characteristic of many explosives.

‘Bakelite .

Bakelite is a thermosetting phencol formaldehyde resin often used
as an electrical insulator. The chemical structure of bhakelite,
wnich appears to be quite rigid, is shown in Figure III-7.

Though no NMR data are available, the bakelite structure suggests
that molecular motions are restricted. Therefore, it is likely
that Tl times in bakelite are long. .

Glass : . ' .
Glass is a silicate and contains no protons. Therefore, therc is
no proton NMR response from glass.

Meta:is . » ' ‘

The presence of metals will interfere with the NMR inspection
process. At best, the sensitivity of the NMR instrument may be
raduced,, At worst, no signal at all will be received.

For example, i1f an explosive is placed in a metal container or
wrapped in metal foil, “here will be no response {rcm the NMR .
instrument. ©On %he other nand, tha presence of metal i1tems, cr

of mertal foil that does not enclose the explosive, will produce a
loss of sensitivity that may or may not be nominal, depending

upon =he relative placement and orientation of the materials.

Plex.z.3as . : o C

Poilvmennv]l methylacryvlate is a hard clear thermoplast:ic gclymer
wizn trade names such as Plexiglas and Lucite. The structure cf
solvymezhv! methvliacrvla%e 1s shown in Figure III-3.. AT rocm tam-
ceratir2 and at 2 Larmcr Ireguency of 19 MHz, 2l.2xiglas 2xXnldits
a 7. =f 38 milliseconds (221,

oc.ymeziyl metnylacrylate has short s:impi=2 s:ide Chains <nact
=2rminate in methvl groups. This 15 a molecular 3tructirs
zazan.2 of 2xhidbiting a wide range oI Lntermal moticn Ireguansi2s
in Toe sclid 3=a%e, 3and tnese meticns are, ac doupt, I23TAnSidl2
: ne snort I. %imes cpserved for <ais comoound.
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Polyethylene

Polyethylene is a soft clear thermoplastic polymer with the
structure shown in Figure III-8. It is a very simple linear
polymer with a repeating group consisting of one carbon and two
hydrogen atoms. A single Tl measurement at room temperature and
19 MHz gave 92 milliseconds (22).

The opportunities for‘complex motions are limited in polyethyl-
ene, but "crankshaft" rotations and chain end diffusion may occur

.over a wide range of frequencies. The presence of these motions

is likely the reason for the short Tl observed in this compound.

Rubber

The structure of polyisoprene, or natural .rubber, is shown in
Figure III-9. Tl times observed in rubber are quite short, e.g.,
34 milliseconds at 19 MHz at room temperature (22). : '

This compound possesses a simple repeating unit with very simple
side chains. Both the side chains and the repeating units are
capable of a wide range of motional freguencies, and this is
consistent with the ezoerlmental observatzon of very short Tl

_times.

Styvrofoam

The principal, and perhaps only, component of styrofoam is poly-
stjfene. The structure of polystyrene is shown in Figure III-10.
Tl times for styrofoam at 19 MHz (22) range from 0.75 to 0.82
seconds which are somewhat 'longer than those observed for many
other polymer compounds.

Polystyrene is a linear polymer with a carbon backbone. Phenyl
groups are connected to every other carbon on the chain. The
si1ze of the phenyl groups hinders many of the possible modes of
molecular motion and likely slows down side chain reorientations

and "crankshaft" rotations considerably.

vl oolymers are used <o fabricate a wide varlet/ of i1tems. A
1cal example is elec+trical =-ape, which is an adhesire-backed
v1 compound. The measured Tl <1ime for electrical <z.e i3 122
: conds at room temperature and 3 Larmor frequency 2f 19 MHz
22 . Ccmpared %o the T! =imes {or explosives, the ralaxatiocn
or vinvyl Zompounds are lixkely o be wvery short%.

'
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Wood/Paper

The principal constituent of wood and paper is cellulose. A
Haworth diagram of the repeating unit of a cellulose chain is
shown in Figure III-1ll. In both wood and paper, these chains are
of irregqular length and are arranged in an amorphous fashion.

Wood and paper exhibit short Tl times over a wide range of Larmor
frequencies (22). An examination of Figure III-1ll indicates that
a variety of molecular motions are possible in cellulose, includ-
ing side chain reorientation, "crankshaft”" rotations of a group
of repeating subunits, and end-of-chain diffusive motions. These
likely occur over a wide range of frequencies and give rise to
the observed relaxation behavior.
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IV. SYSTEM COMPONENTS FOR REMOTE NMR

A. Introduction

The purpose of this program i3 to explore and evaluate the
potential of nuclear magnetic resonance (NMR) for remote detec-
tion applications. Reqgtons that are accessible from only one
side are of particular interest.

Sinile-si1ded NMR remote detection systems differ from laborators

NMR svstems 1n that the required reqgion of homogeneous DC trald,

1.2.;, Ho, must be produced remotely. The required rf field, HI,.
must Also be produced remotely. As in the case of laboratory NMR
systems, Hl in remote detectinn systems must bea Jirvected perpen-

dicular to the steady field Ho.

The following section of this chapter presents alternate methods

of producing remote reqions of DC magnetic field, The third

saction of this chapter discusses alternate methods for producing .
remote raqions of rf field., In the final sectior, a2 firrare-of -

merit 13 defined which allows comparizson of alternate systoms of

NMMEP ramote Jeteaction,

'

B, DC Field Configqurations

An NMIR ayatem must be capable of producing a magnetic field +hat
13 Constant on time, G Le,, a4 DC magnetic Field, In mest ccasen, .
i 13 desirable that this DC fiald be homogeneons 1n the rogion

ter he axamined, In the case of a singla-gided NMPE < patem, thin
homodgenaonus tegron of ataady madgnetr o freld must bhe produeed

rnmnf'n] "‘_

Gevaral alternate methods of prodgcing toemate fralda are fis-
cmsaed an the following sect iong, Frrest, the torordal gqeomet
af Inside-oOnt NMIC j3 prosented, Thent, A dr=teegaasran of 11 shapesd ™
iron magqnet tachpnologye o3 fol lowerd ey detagrtod treatment of
oppomed ol and o lanonda,

‘ot

1
-

veresene] .'4.1"]nn' oyt At pon

An oprosted magnet ot reprrrat poay, Cermesed Pesimot e Trsndes ot MY,
wasn devaloped A A ool Tonr st el er dewppipeeg 05, 0, e
oamengenties oyt vesep o ot omagnest oo fopes Tl s pvpeduicesd b b e e
magnet 5 o alaong A Tane, s chown oo Foaqures B0 THee Tane 10
Dones ot peemmient pos Lo b e peeten A P hee paalesss b M ey g et

10! ¢ ‘I!"'I)",('ll .

Tl et et ceinn e bt s e vt aveddal e o ool oot g,
Voo Thies v dal ety ool Bioticeqerstiesoage b e b o abintees b 0
Vives elaanies trAat o cn cepaebr st vt et geresir D ipes Uy awaepnpet oy
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OPPOSED MAGNETS PRODUCE REGION
OF HOMOGENEOUS RADIAL MAGNETIC

FIELD NEAR MIDPLANE

Tilgure IV-1
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‘perpendicular to the line éonnecting them. The field is directed
radially ocutward, perpendicular to the line of symmetry.

In practice, the homogeneous region of field may be produced by
permanent magnets, electromagnets, or superconducting coils.
However, since the homogeneous region results from magnets in
opposition, the maximum field strength is limited. This is
illustrated by the data (7) shown in Figure 1IV-2.

In this example, an electromagnet capable of a maximum field
strength of about 15 Kilogauss in a typical laboratory
configuration produced a homogeneous field of only about 120
Gauss .in the opposed magnet configuration. In the laboratory
configuration, the field was produced over a.region l0.cm in
diameter and 2.5 c¢m long, i.e., a'2.5 cm pole face gap. In the
opposed magnet configuration, the field was produced over a
toroid approximately 14.5 cm in didmeter, with a cross-sectional
diameter of approximately 3 cm.

U-Shaped Magnet Configuration

Magnets with U-shaped yokes can be used to produce magnetic

fields in remote regions. Both electromagnets and permanent
magnets are suitable. A sketch of such a system is shown in
Figure IV-3. . :

The U-shaped yoke confiquratinn has been recently used in NMR
systems to measure moisture levels in structural concrete and in
subsurface soils (3,4). The remote region of magnetic field is
not as well defined as that produced by the oppcsed magnet
configuration and, in addition, is not as homogenaous. That is,
field gradients within, and near, the region of constant field
are greater in the U-shaped conflguratlon than in the opposed
magnet conflauratlon.

In fact, the cylindrical region of uniform field sketched in’
Figure IV-3 represents a gross simplification of the actual
situation. Between the two poies, within the indicated region of
aniform field, the lines of constant field actually coaform to
tae snape of a saddle.

The maximum strength of the remote field produced by a U-shaped
magnet configuration would naturally bhe expected to be somewnat
graa:er than +<hat precduced by configurations of coposed magnets
or ¢olls. Available information on the system used to measure
molsture levels in ceoncrete indicates that this is, in fact, the

sxde dimension of %he iron yoke for the magnet usnd 1n =he

The i:

svs<em for concrete molsture level measurements 1s ll inches
27.2 cm). At maximum current, this system procduces a f:i21d of
424 3auss at a maximum remote distance of 6 inches :15.2 cm).
This distance is very close to the diameter of the remote {ield
=zcroid 1n the ocposed magnet example discussed apove. The fi2ld
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DC Field
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Flgure I7-3

An, Tlectreomagnet With a J-Shaped Tfoke
Produces 2 Remote Pegion of Unifcorm Field
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strength in the remote region, though, exceeds that of the
opposed magnet example by more than a factor of four.

Opposed Coil and Solenoid Configurations

Current-carrylng coils and solenoids c.n also be used to produce

remote regions
configurations
that partially
configurations

of homogeneous magnetic field. In particular,
of coils and solenoids designed to produce fields
cancel may be particularly useful (2,23). These

are commonly called opposed coils or opposed
solenoids. : '

The’

‘A.schematic of an opposed coil pair is shown in Figure IV-4.
In

system consists of two concentric coils of different radii.
the coordinate system used here, the center of the coils is
assumed to be the origin, and the 2-axis is perpendicular to the
plane of the coil windings. The currents in the coils flow in

opposition; that is, they produce magnetic fzelds which tnnd to

cancel.

Since the.radii of the two coils are different, the fields that
they produce will not cancel in all regions of space, even if
they cancel in a specific region. For example, assume tnat the
currents are adjusted so that the magnetic field at the origin of
the coordinate system is zero. Along the Z-axis, the field due
to the inner coil will fall off more rapidly with increasing 2
than the field due to the outer coil. Therefore, as Z increases
from %he origin, the total magnetic field, i.e., the vector sum
of the fields from each of the two coils, must first increase.

However, when 2 becomes large, the fields from each of the coils
go to zero and, hence, the total field is zero. Therefore, along
the positive Z-axis, the magnetic field from this coil pair is
zero at the origin, increases with increasing 2, goces tiarough a
maximum, and then falls back to zero.

This behavior is shown in the 'plot of Figure IV-5. The point of
maximum field occurs at a distance 2m from the origin. The
oracise location of Zm depends upom the ratio of the radii of the
two colilis and the ratio of the two current flows. In tihls
2xample, <he radius of the larger coil is assumed to be 10 units
and that of units. Each produces a field of
Ani_j magnitcude at The maximum in the resul=ant
occurs at 5.73 uni+ts aiong

-

the smaller coil 5

the origin,
“he

field, with a magnitude 29f 0.369,

Z-axys !

Apout <he point Zm, the homogeneity of the magnetic Zi2id can be
aupressed within specified. limits. The size of the req;on told
acmocenecus f.=2id, i.e., t=he homogeneous volume, depends not only
:zen =ne limits specified, but also upon the ratios of =ne <oi.
radii and current Zlows.

<he regicn 13 Sulrt2

hcmogenacous

ncmogeneous
though, che

dimens.cnal shao
To a crude aprro

X(D
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region of
homogeneous
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Opposed Coi ls'.'
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region can be assumed to be spherical in shape. This
approximation was made in the analyses that follow in a
section.

The magnitude of the field at its maximum and the size o
homogeneous region can be altered by offsetting the two
from one another. This is shown in Figure IV-6, which i
sketch of opposed coils offset by a distance S. The ori
i.e., 2 = zero, is assumed to be at the center of the co
closest to Zm, the point of the remote field maximum. T
configuration shown in Figure IV-6 is termed a negative
If S extends in the -2 direction, this is terme
shife«.

It is of interest to note that there are particular comb
of coil radii, coil currents and offset distances that p
region around the point Zm where not only the first deri
but also the second derivative of the field with respect
distance goes to zero. By analogy to Helmholtz coils, t
called Inside-Out Helmholrz configurations (23).

Inside-Out Helmholtz coils produce a larger region of ho
field than do pairs of coils with arbitrary spacing and
A sketch of an Inside-Out Helmholtz pair is shown in Fig
and the corresponding plot of fields along the Z-axis is
Figure IV-8. Inside-Out Helmholtz opposed coils require
positive shift, which means that the smallest of the two
closest <o the remote region of homogeneous field. -

Fields that partially cancel can also be genersted by op
solenoids. As shown in Figures IV-9 and IV-10, opposed
can be either aligned or offset. These configurations a
analacous to the coil configurations discussed above, an
coordinates used for the two 'systems are identical.

RF Coil Configurations

(@]

addi«ion to the steady magnetic field, an NMR remot=a
stem must also produce a radio frequency, or rf, field
e r=gion of interest. This rf field must be aligned o
iar =o <he steady field in order toc produce an NMR

n
7

O r -4
b
-

8

:

r2sy

b5

later

£ the
coils
s a
gin,
il

e
hift.

d a pesitlive

inations
roduce a
vative
to

hese are

mogeneous
currents.
ure IvV-7,
shown '1in
a

coils is

posed
solenoids
re

the

fetection
within
arpendi-
ponse .

3ecause of practical limitations on the amount of rf pcwér chat

1

~an be ‘conveniently generated and delivered, it is generally not
f2as:bi2 to use nefficient rf coil configurations (=2.g., opposed
icops) when shor= rf pulses are required. A consegquence|of this
constraint is that appropriate rf coil configurations will likelvy
crcoduce an rI field that 1s inhomogeneous over the useiul raglon
-f ZC field. However, with careful design, it should be|oocssibl=
©c minimize the 2Ifz2cts of this inhomogeneity.

hWree rf coil configurations are 2xamined below. A spiral
drnilzuracicn . 1s iiscussed first, and znis is Zolicwed by
i1scussicns cof =he solencid and semi-torcid configuritions
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Spiral Coii

The spiral, or spiral-wound, coil is a two dimensional coil
which, for analysis, can be considered to be a series of con-
centric single-turn colls. Spiral coils are sometimes called
spiral-wound coils or pancake coils. A spiral coil is shown
schematically i1n Figure IV-1l{a). .

Near the coil, and along the axis.of symmetry, a spiral coil
produces a fxald perpendicular to the plane of the POLI winding.
This L1s 1llustrated in FLqurn IV-11l(v}.

For appchatlons an rf coxl 1n MMR remote detoction, the
spiral coyrl must used 1n conjunction with a 3vstem that
produces a DC tield perpendicular to the symmetry axis ot the
spiral coil. ©Of the systems discussed above, only the U=-shaped
confrgquration sarl’fxns this constraint.

U
O u

There 1s one obvious drawback to the use of a spiral rf <oil 1in
single-sided NMR, which 1s that the rf field is not focused, or

directed, toward the region of interast. If a sprral rg =o1l 13

placed flush against the reqgion to be examined, 30 that the rf
f12ld penetrates into the region, then an rf field of equal mau-

‘nitude 13 also produced outside the reqion of interest,

This 1nefficiency 13 reflected, 1n part, by the rf powar
requirements of the system designed and built to measure woistures
tevels in structural concrate (3}, In this system, an rt pualse
powar of 00 kilowatts 13 required to produce a1 10 mL'rn,v«nnu,
40 dearae pulse at a Larmor frequency of 2.1 MHz.

soienoid ol

A solenotd coirl, which 13 commonly used in laboratory SiMe
instrainents as tlhe sample corl, 13 shown schematically o Frgure
['7-12. From *his figqure 1+ 13 obvious that the solonoid oop |
prodaces 3 roemote, or fringe, fFreld that in some pegrons 1y
barnllo! toothe o]l axies of symmetry,, '

™o Jdirection of the rf frald prodogced bes o molanogd ool mak oo,
troarnraprtatas for agne wirth oo thor the o boragpadal 1t Dbl v v
Sty R e annesod omagnetr cgeomet e oor Ve boea b e et s e b s afryetesy

spcmed Toopes gaeh s S e Tnacde sant HBolmbo Iy 20 00 e b e
Sainted gt Fhiar b he smmest s oot e b g er e TR NP 1
sttt pdeal b e v Fhe ool pesemiest oy b o] e
roit o et b han rfeal U gty Wt A T fer e BRI
AR LTSRS S FT R S A N S SRR A A 251 T SRR PIPS SRS ST VI S S S T AT |
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Spiral Coil (Face View)
Figure IV-11(a)

Spiral Coil (Edge View)
with Field Lines

§

Maure I7-11(3)
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Semitoroid Coil

The semitoroid coil (24) can be thought of in two ways: "(a) as a
solenoid coil which has been bent into a semicircle; or, (b) as a
donut shaped, or toroidal coil, which has been cut in half. A
sketch of a semitoroid coil and its accompanying field lines, is
shown in Pigure 1V-13.

The semitoroid rf coil produces an Hl field which is perpendic-
ular to the axis of symmetry of the coil, i.e., the Z axis. This
means that the semitoroid coil is appropriate for use with the
Inside~Out Helmholtz configuration for generating the DC field. .
In addition, the semitoroid coil produces an rf field pattern

that is directed toward the remote region of hcmogenecus field.

Therefcre, the semitoroid coil should be more 2fficient in '
single~sided NMR systems than either spiral or solenoid coils.

Use of the semitoroid coil to produce the rf field has other
potential advantages. The design parameters are very flexible

and a given coil can be operated over a wide range of frequen-
cies. Tield shaping is also possible, since actual coils could
subtend major angles greater than, or less than, 180 degrzes. -

In addition, semitoroids can be constucted to reduce significant-
ly the electric field associated with the rf pulse. This may be
impertant in some of the anticipated applications.

D. Figure-of-Merit

In order to evaluate and compare alternate spectrometar configu-~
rations, a figure-of-merit is reguired. A figure-of-merit allows
potentially~-interesting geometries to be screened witihout =he
necessity of performing detailed calculations for each one..

at the figure-of-merit, assume that an NMR speczro-
duces a remote region of field and, Zurther, =hat the
this remote region is located a distance Zm from the : '
the coils producing the field. The total nuclear
ization, Mo, within this remote region 1s proportional =o
the oroduct of <he volume of the remote recion, Ym, times =he DC
' s=rangth, Ho. That is,

m O (D

Mo d /m * Ho 7 - L
Tre zuan<ity Mc 13 31 measure of =
iic=24 v Tne specirometar, Ltnat L
In scme s2ns2, Mo 13 3 figure-ofi-
fizuire-ni-meric needed =z identif
filzurasicns Ior ra2mot=2 detacwion

0o




Schematic of Semitoroid RF Corl

Flanre 17-17
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Pollowing a 90-cdecree pulse, the voltage, Es, induced in an rf
pickup coil located a distance 2 away is

2s € Mo * WO/Z3 . IV - 2)

wnere Wo is the Larmor frequency. Compining (I) and (II), using
the fo~t that Wo is provorticnal to Ho, and letting Z = Zm allows
Fs, the figure-of-merit, to be defined: ‘

Fs = Vm * Hol/Zm> (IV - 3)

fs is a measure of the NMR signal voltage induced in an rf pickup
co1l for a given swectrometer ccnfiguration. Since the volume of
<he homogeneous region of field Vm is provortional to Zm cubed
{at lezast to a first approximacion, for the cases studied here),
and since Ho depends only uvon the DC currents applied to the
coils, it follows that Fs provides a simple measure for comnaring
comzeting configurations.

v




V. SYSTEM CONFIGURATIONS FOR REMOTE NMR

A. Introduction

Desirable qualities of a single-sided NMR system for remote
detection applications include: '

'* '3 penetration depth of 15 - 20 ¢m, or more

* oertability, perhaps with a moveaple inspection
aead; and,

* 3 well-defined region of homogeneous magnetic
field with a strength of at least 1,000 Gauss.

To elaporate, a minimum penetration depth in the range of 15 to
20 cm will be required in many of the anticipatsd inspection ap-
plications. In ceneral, of course, the greater the penetration
depth, the bett

In scme applications, portability of the resulting system may be
raqguired; ia otners, portability may be very desirable. Trans-
zortapility, in contrast to por=ability, will b2 important in
virw2aily all potential applications.

2 stren ath of at lzast 1,000 Gauss will be requirzd for an
e sxanal-*o -noise ratio and, in addition, for utilizing
ote ntlally-unlque NMR signatures as hydrogen/nitrogen level
nc. A well-defined reglon of homogeneous field will be

ant in applications where =he precise location of the

al of interest must be detarmined.

A zhese goals in mind, five alternate system configurations
:=motn NMR detection were considered. These five system
izurations are briefly described below. ’

214

‘“ ‘
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tilizing :he scroidal geometry oL tiae CDCO
f guraticn. In %213 svstem, OpRLOSLIAC mMagn
2 produce :he ramote ragdion of ncomogenecus

3 solencid coil is used to »roduce tne ri Ii
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4. A system configuration in which opposed coils or sole-
noids are used to produce a homogenecus region of rf
field, and the required DC field is produced by an al-
ternate -configuration, e.g., a semitoroid. ;

5. An instrument configuration in which pboth the DC and
rf fields are produced by semitoroids and are relatively

nonuniform.

Development work has been carried out previously on the first two.
configurations and the results of this work.are described in the
next section. This is followed by a discussion of advanced-
design single-sided NMR remote detection system~ . In <he-Iinal
section of this chapter, the proposed single-sided systems ares,
evaluated using the figure-of-merit developed in Chapter IV.

8. Present Technoclogy

Recent work: in remote detection NMR has been directed toward two
principal applications. Remote Inside-Out NMR was conceived and
developed as a borehole logging tool for geophysical evaluation.
Single-sided NMR using a U-shaped magnet was developed Zor '
‘measurements of moisture in structural concrete and 'subsurface
scils. These two technologies are discussed in the Eollow1n9
sections.

Inside-0Out NMR

uids

Inside-Cut NMR was developed for the remote detection of ui
a B, 7).

trapoed in porous rock fcrmations adjacant to a borehol
An Inside-Out NMR system combines =wo of the components dlS‘
cussed. in Section IV.B: an opposed magnet system (*Q nroduce a
toroidal region of DC field)'and a solenoid coil (to produce a
nerpendicular rf field in the remote region).

A"‘

U\r—‘

A sketch of an Inside-Qut NMR svsten is shown in Figurs V-
The rf coil is located nalfway be*ween, and on the axis of,
i o) macﬂe*s that produce the DC field. The magneti teld
=croidal region is direc+ted radlal;v outward, and the £
d c¢f the solenoid rf coil incgrsects the DC £1=213d a

2

13

plied to the solenoid coil, as shown
magnetization in the remete ragion

riam sCsi=ticn The duration <I =2
h of che rf field determine <ne =ic
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While the geometry of Inside-Out NMR is ideal for remote detec-
tion in well logging applications, it is less suitable for those
applications where access is limited to only one side. In
addition, at the penetration depths required, it is unlikely that
the Inside~Out geometry could produce the required field
strengths of 1,000 Gauss, even with superconducting coils (25).

Single-Sided NMR

Single~-sided NMR systems have been developed in recent years to
measure moisture levels in structural concrete and in subsurface
soils. Like Inside-Out NMR, discussed above, these systems also
utiiize two of the components discussed in Section IV.B. First,
.an electromagnet with a U-shaped yoke is used to produce the DC
magrnietic field. Then, a spiral rf coil is used for both trans-
mitting the rf pulse and rece‘v1ng the NMR signal. A sketch of a
single-sided system of this type is shown in Figure V-3 (3).

The single-sided NMR system for moisture detection in structural

concrete (3,4) employs an iron-core magnet with a U-shaped yoke.

The interior length of the U-shaped yoke is 1l inches, the center
to center distance between the magnet pole faces is apbout 153 '
inches (38 cm), and the system is designed to operate at a field

strength of 494 Gauss.

The useable-penetration depth of this system is about 10 cm,
although the magnet produces 494 Gauss fields at distances of up
%o i5 cm., Presumably, limitations in the rf components preclude
operation a: penetration depths between 10 and 15 c¢cm. As con-
figured, the systnm operates at 2.l Megahertz and requires 200
Xilowatts of rf power to produce a 30 microsecond 90- decre=
pulse. ,

At a penetration depth of 2.5 cm, the sensitive region is
approximately 7.3 cm in diameter and 0.6 cm thick. As expected,
the sensitive volume increases with increasing distance Zrom the

instrument.

Single-sided systems designed around iron magnets with J-shaped
vOKes are, by necessity, guite heavy. The electromagnet for the
svstem descrited apbove weidghs aoorox;matel/ 600 nounds, and the
asscc-ated aguipment WEL”hS an additicnal 450 pounds.

)

. advanced Single-Sided NMR Systems

wbacks of the Inside-Out NMR geometry for single-sided NMR,

The dra

azgilcations ar2 obvious. Furthermore, it would be diZficulet,
zernaps 1mpossiole, S0 engineer a single-sided NMR systam
;ncor;orating a C-shaped, iron-core magnet +“hat would =2xhibic al.l
zne desiracle zualities discussed in Sec=icn A of zhis chapter.
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Major improvements to present technclogy‘are required in three

principal areas:

1. The strength of the magnetic field in the remote
region must be increased.

2. The penetration depth, or distance to the remote
region of homogeneous field, must be increased.

3. The coupllnq of the rf field to the remote reglon
- of homogeneous field must be meroved.

To address these issues, three potential single-sided NMR con-

figurations were considered. The first utilizes Jpposed loops

and/or solenoids to produce the remote region of DC field and a
semitoroid to produce the rf field. This is termed Opposed Loop/
Semitoroid Remote NMR.

The second utilizes a semitoroid to produce the Ho field and

opposed loops or solenoids to.produce the remote rf field. This
is termed Semitorcid/Opposed Loop Remote NMR.

The third utilizes two semitoroid coils, one for the DC field and
the other for the rf field. This is termed Double Semitoroid
Remote NMR. These three possible system .configurations are dis-
cussed below. ' '

Opoosa2d Loor/Semitoroid Single-Sided NMR System

An cpposed loop/semitoroid single-sided NMR system is shown in
Figure V-4, Steady currents flowing through the cpposed loops
produce the remote region of homogenecus Zield, Ho, which is
directed along the Z-axis. The rf field, Hl, is produced by a
semitorolid and is directed perpendicular tc the Ho field.

An advantage of this configquration is that the homogeneous region
of f£ield is large and well-defined. However, a potential draw-
oack :1s that the rf field may vary significantly over the wvoclume
cf <che Ho field. It is quite likely, though, that fieid shaping
couid se used -0 optimize coupling be:iween the two fi=lds.

Semi=croid, Opvosed Loop Single-Sided MMR Svstam |

A semitcroid./opposed loop single-sided NMR system is snown in
Tlgure 7-3. The DC field, Ho, is produced by a semitcrnid and :is
directaed pervendicular %o the Z-axis. The rf currents flowing
tarcugn the opposed loors sroduce a acmegeneous region oI i
I:214, Hi, wnicn 15 directed along <he Z-axis.,

Zompar=24d <c the srevious confiiguraticn, %tais systam cifars Iaw
advantaces. The ri f£i21d 1s uniiorm within the z=27ion of




SRy W
B cadiie
ISESE IR
by
* =
%

- ‘region of
homogeneous
OC field

rf Coil

NC Coil

‘Opposed Loop 7 Semitorold
Remote NMR

Tilgure V-4




CC Coil

65

e >z

region of
uniform
OC field

rf Coil

Semitoroid / Opposed Loop
Remote NMR

Flgure 7-5




66

interest, but significantly more rf power is required since the
field is produced by opposed loops.

In addition, the Ho field in this system is significantly more
inhomogenecus. In principle, this allows the region that the NMR
signal arises from to be specified more precisely. However, the
penalty in signal-to-noise' ratio, resulting from a much smaller
sample volume, would likely be elgnlflcant.

Double Semitoroid Single-Sided NMR System

A doubl= semitoroid single-sided NMR system is shown in °Lcur°
v-6. 30th the DC and rf fields are oroduced by semitoroid coils.
The sSemitoroids are aligned at 90 degrees to one another and to
the 2 axis. As a result, the Ho and Hl fields are perpendicular.

An advantage of this configuration is that the rf coil is more
efficient that of the semitoroid/opposed loop system above.
However, the rf coil in this system is identical to that of the
opposed loop/semitoroid system, and that conelcuratzon has the
additional advantage of a homogeneous DC field.

D. Evaluation of Alternate Remote NMR Systems ~

The proposed SLngle-SLded NMR systems based upon opoosed coils or
solenoids to produce the DC field and semitoroid coils to croduce
the rf field possess clear qualititive advantages over the cother
potential configurations discussed in the prev10us section. In
order to select the most attractive of the remaining systems, the
figure-of-merit, introduced in Chapter IV, was employed.

The figure~of-merit, Fs, was calculated for each of the four
possible systems. Since semitoroids are utilized as rf coils,

the systems differ in the methods used to produce the DC fields.

The DC magnetic fields are produced in four different ways: with
opposed solenoids, with opposed offset solenoids, with opposad
loops, or with opposed offset loops in the Inside-Out Helmholtz ‘
configuration. Each of these cases 1s discussed in turn below. '

The notation used in these discussions is similar to that used be
Rath, 2t al f23). The diameter of the largest coil or solenoid
15 assumed to se 10 units. The field produced at the center of
-nis coi1l or solencid is assumed to nave a magnitude of cne. The
iiameter of the smaller coi1l or solanoid, the fie2ld it produces,
i sffset distance (if any) are all adjustable parameters.
The 2flects of lnnomogeneity in the rIi field are igncerad. '

An analvsis of several opposed sol=noid cenfigurations i3
n Tapla2 T-1 3ef;arding -he =slumn headincg ¢gs, Im is the 2cint °n
=n2 2 axis wher= =ne maximum in £i=21d occu rs, 3m is <he ralative
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Table V-1

FIGURE-OF~-MERIT AND CHARACTERISTICS
OF OPPOSED SOLENOIDS .

The diameter of the outer solenoid Ra = 10 units, and the magnitude
of the field at the center of this solenoid is a s 1.0. The diameter
of the inner solenocid is Rb, and the magnitude of the field at the
center of this solenoid is b. The outer and inner solenoids are c<ach
1000 units long, and the .offset distance is zero. '

The point of maximum field on the 2 axis is Zm. The field strength
at Zm is Bm. The diameter of the homcgeneous region, defined by a
100 ppm change in B, is dZ and the volume of this region is Vm. Mo
is the nuclear magnetization, and Fs is the figure-of-meérit.
Notations of the form x(Z+Y) mean "times ten raised to the Y¥Y-th
oower", ' .

j Vm ‘Mo rs

Rb b Zm Bm dz (2E+4) (xE+4) (xE+8)

3 1o 30724 0.as0 o.103 s.72 2.46 205.

3 1.5 4.844 0.338 0.106 6.24 2.11 62.9
3 2.0 5.795 0.274 0.110 6.97 1.91 26.9
5 1.0 4.934 0.260 0.126 10,47 2.72 58.9
3 1.5 7.510 0.148  0.132 12.04 1.%3 - 6.23
5 2.0 10.133 0.082 0.146 16.30 1.34 ~1.06




magnitude of the field maximum, and d2 is the diameter of the
remote region. In these examples, the remote region is deflnea
by a field homogeneity of 100 parts per million and, tor
simplicity, is assumed to be spner1ca1

The quantity Vm is the volume of the remote region, and Mo is a
quantity related to the magnitude of the induced nuclear magnet-
ization within the remote region. The quantity Fs is the figure-
rof-merit defined in Section 1IV.D.

Several facts are immediately obvious from Table V-1. First, as
the current in-the small-diameter solenoid increases (i.e., as
"b" increases), the distance to the remote region (Zm) increases
and the magnitude of the remote field (Bm) decreases. Also, as
the diameter of the smaller solenoid increases, the distance to
the remote region increases and the magnitude of the remote fieid.
decreases. , . .

However, the most interesting observation is. that tne figure-of-
merit, Fs, decreases when the diameter of the smaller solenoid ..
increases, and also when the current flowing through the smaller
solencid increases. The calculated values of Fs are comparsd to
other configurations in the sections selow. ‘ ‘

Opcvosed Loon/Semitoroid System

Similar calcula+rions for an ocposed loop/semitoroid system are
oresented in Table V=2. There are a number of similarities
between the opposed loop and upposed solenoid systems, including
the 2xpected dependences on the inner coil diameter and current.

The most interesting result, however, and c¢ertainly the nmost
impertant, is that there appears to be little or no advantage in
utilizing solenoids over loop in a single-sided remote NMR K
system. When the inner loop is operated at lower currents, the
figures~-of-merit are cocmparaple to those of the upposed solencid
s3ystem. At higher currents, larger values of Fs ar=s obtained Zor
the cpposed loop system. . ' ‘

b

Dffser Ocpoosed Solencid/Semitoroid Svstem

The figure-of-merit was calculated for a series of ofiiset cpposed
sclenoids. These solenoids were assumed %o be semi-infinite,
wizn a diameter of 10 Zcr the outer solenoid and 3 Zor =he inner.
Zach was assumed to produce a field of uanity wag itude at the
crigin. The results arz presented in Table V-3

The offsets range freom =-2.3 uani%s to «2.3 units. A pcesisive
-Zffset means <nat the outa2r-.solencid is mowved dack, in zhs
necative Z dir=sctlon, 2y a distance 3, zné amount of <ne ofisetn
Tfisetting <ne <wo solenoids results in dramatic changes i zne
svstam figura-oci-meric Ffor e2xample, wiza z2ro offsetn, =he
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Table V-2

FIGURE-OF-MERIT AND CHARACTERISTICS
OF OPPOSED LOOPS

The diameter of the outer loop is Ra = 10 units, and the magnitude of
.the field at the center of this loop is a = 1.0. The diameter of the
inner loop is Rb, and the magnitude of the field at the center of the
inner loop is b. The offset distance is zero.

. The point of maximum field on the Z axis is Zm. The field strength
at Zm is Bm. The diameter of the homogeneous region, defined by a
100 ppm change in B, is dZ and the volume of this region is Vm. Mo
is the nuclear magnetization, and Fs is the figure-of-merit.
‘Notations of the form x(E+Y) mean " times ten raised to the Y-th
power".

- vm Mo Fs
Rb b Zm - Bm dz (xE+4) (XxE+4) (xE+8)

3 1.5 5.09 0.511 0.095 4.49 2.29 88.9
3 2.0 5.67 0.454 0.095 4.49 2.04 5C.8
5 1.0 5.73 0.369 0.112 7.36 2:72 53,3
5 1.3 7.32 0.256 0.109 6.78. " 1.74 11.3

5 2.0 8.73  0.182 0.112 7.36 1.34 3.66
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Table V-3

FIGURE-OF-MERIT AND CHARACTERISTICS
OF OFFSET OPPOSED SOLENOIDS

of the field at the center of this solenoid is a =|1.0. The diameter
of the inner solenoid is Rb = 5 units, and.the magnitude of the field
at the center of this solenoid is b = 1.0.  The outer and inner
solenoids are semi-infinite; the offset distance isg given by S.

. The diameter of the outer solenoid Ra = 10 units, Ind the magnitude

The point of maximum field on the 2 axis is Zm. The field strength
at 2m is Bm. The diameter of the homogeneous region. defined by a
100 ppm change in B, is dZ and the volume of this region is Vm. Mo
is the nuclear magnetization, and Fs is the figuretof-merit.
Notations of the form x(E+Y) mean "times ten raised to the Y-th

oower”.
' vm Mo Fs -

S Zm Bm dz (xE+4) {xE+4) (xE+8)
2.5 1.438° 0.:76  o.125  10.2  .e6 7770,
-2.0 2.042 0.428 0.124 9.98 34.27  21s50.
-1.3 2.690  0.382 0.124 9.98 1.81  748.
-1.0 3.386 0.338 0.124 . 9.98 3.37  294.
-0.5 4.133  0.298 0.124 9.98 3.97 126.

9 4.934 0.260 0.126 10.5 S 2.72 - 58.9
0.5 5.291 0.226 . 0.12¢ 11.0 2.49 37.9
1.0 5.702 0.196 0.130 11.5 2.25 23.8
1.3 5.164 0.168 0.134 12.6 .12 15.2
2.2 6.674 0.1456 0.128 13.8 £.91 9.90




calculated value of Fs is 58.9 x (E-8). As the offset is
increased to S = +2.5, Fs falls to 6.56 x (E-8), almost a factor

of ten.-

However, when the solenoids are offset in the opposite direction
to $ = ~-2.5, Fs increases to 7.7 x (E-5). This represents an
increase of over a factor of 100. The latter value of Fs
represents a significant improvement over any of the previous
configurations. .

Inside-Out Helmholtz/Semitoroid Svstem

Calculations of Fs and other relevant parameters for Inside-Out
Helmholtz, Semitoroid systems are presented in Table V-4. Al-
thougn the maximum attainable field strengtns for these systems
are comparable to those of the previous configurations, the
emcte 'regions of homogeneous field are much larger. This leads
to a direct increase in the figure-cf-merit. ' :

For axampie, with an inner coil diametar of five, a set of simple

cpposed loops gives Fs = 53.3.x (E-8). The comparable value for
an Inside~Out Helmholtz configuration is Fs = 22.5 x (E-%), which
is over a factor of 400 larger. ' In addition, this Fs is almost a

factor of three larger than the most favorable configuration of
"offset opposed. solenoids.
The figure-of-merit is a strong function of the diameter of =he

inrner coi1l, and as this diameter increases, Fs decreases., How-

aver, bpoth the overall size of the coil system and the .

penetra=ion depth increase with increasing inner co.l diameter, '
so 0ract;cal considerations may lead to compromises 1in the cholc

of svstem ccnfiguration.




73

Table V-4

FIGURE-OF-MERIT AND CHARACTERISTICS
OF INSIDE-OUT HELMHOLTZ OPPOSED COILS

The diameter of the outer coil is Ra = 10 units, and the magnitude of
the field at the center of this coil is a = 1.0. The diameter of the
inner coil is Rb, and the magnitude of the field at the center of the

. inner coil is b. The offset distance is S.

The point of maximum field on the Z axis is 2m. The field strength
at Zm is Bm. The diameter of the nomogeneous region, defized oy a
100 opm cnange in B, is dZ and the volume of this region is Vm. Mo
is the nuclear magnetization, and Fs is the figure-of-merit. '
Notations of the form x(E+Y) mean "times ten raised to the VY-th
sower", : ' '

vm Mo
Rb o S. Zm ~ 3m az (XE+2) (xE+
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VI. ADVANCED SINGLE-SIDED REMOTE DETECTION NMR SYSTEM

A. Introduction

The figure~of-merit evaluations of the previous chapter lead
directly to a preferred configuration for an advanced single-
sided NMR system for remote detection applications. Specific
features of the preferred configuration, estimated signal-to-
ncise ratics, and practical considerations associated with

implementation are discussed in this chapter.

3. System Configuration

Based Jpon the figure=-of-merit calculations, it appears that a
sincle-sided remote NMR system that utilizes Inside-Ou+ Helmholtz
coils to produce the steady Ho field possesses clear advantages
cver competing conficurations. With proper design, such a svstam
snouid exhibit all or most of =he desiraplie attributes discussed
:n the previous chapter, i.e., a reascnadble penetration dentih,
zortaoility or transportablilty, and a well-defined remote racicn
of inspection.

xe=ch of the proposed system is shown in Figure 7I-l. In %his

tch, %“he semitoroid is shown with a4 major diametsr approxi-

21 gual to the diameter of the inner coil of the Inside-Out
vpair, ' The optimum cenfiguration would, of course,

on the oartlculdr choice of 'Inside- =-Out Helmhol=z

owever,,assumlng Ra = 2(Rb), the configurat:ion

2d would provide an rf Zield strength at =ne center

e ragion approx;mately 20 = 25% of the fi=sld szranc
at tnhe semi+toroid face In addition, tne Lnahcmege
field over the remote vol"me lS astimated <z ze .2

, wnich is verv.attractive,.
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C. Signal-To-Noise Ratio

Equation II-7 was used to calculate the signal-to-noise ratio
expected to be observed from a single-sided NMR system producing
a 1,000 Gauss field in a remote region 10 centimeters away.
Under the following conditions,

Proton Densxty = 6.6 x 102“-

Sample Temperature = 300 Kelvin;
System Bandwidth, B = 42.57 KHz;
Ra = 2(Rb) = 40 centimeters

d =2m; 2 = 3Z2m/2; 4&/d = 0.5;

and with the factor F set equal to unity, the SNR was calculated
to be

SNR = 11.4.

Alzhough there are a number of effects that will act to reducse
the 2xpected SNR from the calculated value, this is an encourac-
ing result. In addition, it is likely that tne above conditions

could sce optimized to produce an even greater estimated SNR.

An interaesting result, which arises from tae geometry of the
Inside-Cut Helmholtz system, is that the estimated SNR for a

- par=icular configuration i1s indepzandent of zhe penetration degti.

That is, if the size of the above system is doubled, and the Ho
field in the remote region remains the same, then the pradictad

SNR is again 1l1.4. The reason is that the volume of =he remota
recicn varies as tne cube cf tiie penetration depth. Therefors,
at constant Ho field, th: signal-to-noise ratio is independent of
sene=ration depth. Of course, pracfical constraints con coil
s1z2, ri field strengtih and the like, make it very zniixkel, =hat
=Je 3WR would ce penetration depth independent, and =hese 2ffaces
ara addressed celow.

It saculd also se notad =nat zhere are 2ffacts which wil. act =o
raduce the signal-to-noilse rati~ calculataed apbove. Firs:t, =he
SNR Zepends dirsctly upen <he nroton deansitv, and 2 mazarial wisth
3 nigh proton Zdensity was assumed. However, manv 2Xz.osive
Tzsmzeounds 2lso nhave nigh sroten densities, sO %his mav 1ot nosa 3
s2ricus problien

Secend, =ae SNR calculatned abeove assumes <hat F = 1.3, The
Fiantity F 1s a Izactcor that includes the eifsc<s of Zinize rf
sulse leng=n, ri I:212 inhomogeneicty, svystam racover, time and
sizna. .oss due o sphort T2 times. Small changes in ¢ Dulse




lengun or system recovery time can lead to substantial reductions
in the observed SNR. Since most explosive compounds exhibit
short T2 times, these effects are likely to be significant.

It would be difficult to determine the factor F guantitatively,
but gualitative estimates are fairly straightforward. F is
likely to be a weakly=-varying function of penetration depth for
small 2 and a strongly-varying function of penetration depta for
large 2. A reasonable assumption, based upon experience with
Inside~Out NMR systems (7,25), is that

Foa Z °, for 2 << Zo;

Fe& 2 °, for Z >> 20;

wner2 Zo 1s a characteristic distance denoting the chancge in
ragions.

An analysis of the electrical and pnysical characteristics of the
rf coil in the system above shows that the Q and inductance re-
quirements can he met for coil diameters between apout 1l and .27
centimeters. While the lower limit dozs not present a serious
constraiant, the upper limit suggests that the transition region
occurs near Zo = 27 cm.

The svstem recovery time depends, o some extent, upon the Larmor
frequency, or static field, chosen for observation. The nigher

‘the frequency or field, in general, the shorter the rsccvery

time. In addition, the shorter the T2 of the material under
study, the greater the loss of signal during the recovery time.

These considerations were collected intc the following ad hoc ex-
pressicn for the factor F,

wnere D and Zc ars constants and Ho is =he apoliad fis=ld :n
K1logauss Since the T2 times oI most axplosive compcunds ars
simiiar, and snor<, =he dependence of F cn T2 was not =xziici=zly
tncluaded. Implicic in this =2xpression is the assumption =hat ¢ne
2ffzct Of tne recovery =ime 41‘. reduce the availables SNR zv 2
Zaczcr =f f1l,2) at a fi2i1d of 1,200 Gauss, and mor2 at .Lcwer
Z-21ds




The effects of rf field inhomogeneity and coupling inefficiencies
were then assumed to further reduce the SNR by a factor of two at
a field of 1,000 Gauss and a penetration depth of 10 cm. The
factor F was then evaluated under the conservative assumption, 2o
= 20 cm.

With the inclusion of these numerical values, Equation VI-l
becomes: _

F = 58.0 * exp(-1/ffo)/(2%(1 + 2%/625)), (VI - 2)°

where again Ho is the applied field in kilogauss.

Zquations II-7 and VI-2 were used to estimate sicnal-to-noise
ratios for a variety of penetration depths and applied fields.
The results are presented in Table VI-1l, and the strong depen-
dence of SNR on applied field is'immediately obvious. at 0.5
Xllogauss, a penetration depth of 2 cm provides a barely adeguats
SWR, while at 1.5 kilogauss, penetration deptiis of SC cm appear
feasible. . '

The SNR also depends strongly upon the configuration of the
Inside-Out Helmholtz coils. Predicted signal-to-noise ratios for
a variety of configurations are presented in Table VI-2. Two

cases are covered in this table. |In the first, the Ho fields in

the remote regions are assumed to vary as indicated in Table V-4,

with a 1,000 Gauss field for the Ra = 40 cm system. Ia the

second, a. 1,000 Gauss field is assumed for all ¢onfigurations.

It is obvious from Table VI-2 that the SNR is strongly dependent
apon the system configuration. Unfortunately, the most .attrac-
tive configurations, from a practical standpoint, also exhibit
the lowest signal-to-noise ratios. -




Table VI-1

SINGLE~-SIDED NMR SIGNAL-TO~NOISE RATIO
VERSUS PENETRATION DEPTH AND APPLIED FIELD

Signal-to-noise ratios for single-sided remote detection NMR systems
as a function of the penetration depth in centimeters and the static
field in kilogauss. An Inside-Out Helmholtz geometry with Ra = 2(Rb)
is assumed. ‘

SIGNAL-TO-NOISE RATIO

Zm (cm) 0.5 KG 1.0 KG '1.5 KG

2 0.497 5.40 17.0

5 0.304 3.30 10.4
10 0.193  2.09  6.38
20 0.096 1.05 . 3.29
30 ‘ 0.053 ' 0.575 1.81
40 0.031 0.341 - 1.07
50 0.020 0.217 . 0.682

60 : 0.014 0.147. 0.461
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Table VI=-2

. SINGLE-SIDED NMR SIGNAL-TO-NOISE RATIO
VERSUS COIL CONFIGURATION

Signal-to-noise ratios in single-sided NMR systems employing Inside-
Qut Helmholtz coils. As indicated below, the penetration depth is 10
centimeters, and the diameter of the inner coil (Rb) is 20 centime-
ters. The diameter of the outer coil varies depending upon the
particular Inside-Cut Helmholtz configuration chosen.

Signal-to-noise ratios are presented for two separate cases, (A) and
(B). The signal-to-noise ratios presented in column five, Case A,
assume that the ampere~turns in the large diameter outer cecil is held
constant, independent of configuration, and that the field strengta in
tne remote region varies as indicated in Table V-4. Furthermore, for
BEa = 40 centimeters, the static field is assumed to be 1,000 Gauss.

The signal-to-noise ratios pra2sented in column six, Case B, assume

that the field strength in the remote region is independent of
configuration. A field of 1,000 Gauss is assumed for each case.

Ra . Rb Zm ' Ho SNR (A) SNR (B)

s6.- 0.0 lo.0  l.40 1l0.5 - 4.0z
50.90 2C.0 10.0 1.30 4.74 2.79
40.0 20.0 10.0 1.06G 2.09 2.09
33.3 20.0 10.0 0.799 0.809 1..63
28.5 20.0 10.0 0.601 0.242 1.31
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D. Practical Considerations

In order to implement the proposed single-sided NMR svstem, a

number of practical considerations must be addressed. In

particular, the currents required to oroduce the steady field,

the physical advantages and limitations of specific coil

geometries, and any electrical/electronic limitations must be

taken into account. These topics are discussed in the three

sections which follow below. .

The required number of ampere-+turas %o produce a given fizld
strencgth in the remcte region was calculated for several Inside-

Out Helmnholtz coil geometries. The results for one particular
geometrv, i.e., the Ra = 2(Rb) gaometry, are shown in Figure

7I-3. This is a plot of the ampere-turns required in the large
diameter coil as a function of the penetration depth, 2m, and tiae
field strength in the remote region, Ho. It can se seen that .
well over 100,000 ampere-turns are required to produce a remote
field of 1,000 Gauss at a distance of 10 cm. |

The recuired number of ampere-turns depends upon the specific
geometrv of the Inside-Out Helmholtz pair. For constant
penetration depth and remote region field strength, the reguired . i
number of ampere-turns 1n the outer coil is a minimum for the . Ra
2{Rb) geometry. This is shown in Figure VI 4, which assumes an
outer coi. diameter Ra = 10 units. .

The reguired number of ampere-turns for the inner coil of =ae
Inside-Cut Helmnholtz pair is shown in Figure VI-53. The calcu-
lations for this plot also assume ar outer coil diameter cof 10

from the results shown in Figures 7I-3, VI-4 and YI-3, .t is

~obvious that it would be very dl‘f'cult, and likely impossio

L,
t0o preduce substantial fields at significant penetration deptihs
ising conventional resistive coil technology.- Pulsed f£ieids .
could te used in certain applications, but the resultinT system
would iikely be guite complex, =2specially since =2xplosives tand

“0 =2xnibit long Tl times.

Zmploving superconducting coils may be an attractive soliticn o

©nLs Sroolem since it 1s likely that superconducting <cil3 couid .
oroduce iseapl2 ramote fi21d strengtnhs and penetration ZIenths.

~f zourse, “herz ars drawpacks =0 %“ne use of superconduc=ing

zclls, cut tnese drawpbacks could Ze overcome in many ICtential .
applicasions. Several imoor=ant considerations inve.ved Wit Tae

232 = superceonducting coils ar2a discussed under Tae 32CTLo

2n=iti2d "Zoirl Limitations” oelow. ‘
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Second, the maximum remote field attainable from a superconduc-
ting Inside-Out Helmholtz pair :may not be adequate. The maximum
field depends upon the maximum current that can flow through the
coils, and zhe maximum current is determined by the magnitudes of
the fields produced at the sites of the coil windings.

Superconducting materials can only tolerate magnetic fields up to
a certain maximum pefore reverting to tneir normal state. The
fields at the sites of the coils of an Inside-Out Helmholtz nair
are determined by the conficuration chosen and by the currents in’
the coils. The maximum remote field is reached when the limiting
current is reached in one or both of the coils. :

To acddrass this prcoblem, we contacted Jr. James Carolan, Pras-
ident of the Nalorac Cryogenics Corporation, a manufacturer of
superconducting coils and asscciated components., Dr. Carolan
analyzed this problem using a computer program developed for .this
purpcse (26). . His conclusions, for the Ra = 2(Rb) geometry, were
that a 1,000 Gauss remote field with a penetration denth of 30 cm
is zertainly pcssible and that remota fields up to 2,000 Causs .
may de achievazle,. '




VII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The results ¢f this study lead to the following principal
conclusions regarding remote detection of explosxves 1sing
single-sided NMR technology.

.

1. Remote detection by single-sided NMR appears
sasible, The present analvsis i1ndicates taat
useable penetration dertas and adequate signal-
to-noise ratios are attainable.

2. NMR remote detection of certa:in explosives is
possible, but detailed data on the NMR »roper-
ties of explosives are sparce. It may also e
Dessible to define a unigue sigrature, using
aydrogen/aitrogen level c¢rossing, for each

-explosive compound. Add.tional data and
analyses are required.

3. An advanced NMR remote detection system will
raguire superconductlng coils to producn the
magnetic field. .

4. The preferred configuration will employ an
Inside~Out Helmholtz pair to produce the
magnetic field, and a semitorocid coil to
proauce the rf field.

3. Recommendations

These conclusions lead dlre ¥ to the two recommendaticns
sented velow.

Recommendation 1. Acguire NMR ddta on the compcunds
>f direct iaterest. Proton relaxation simes and
._ne nxfect; cf nydrogen/nitrogen interactions are
cf particular impor<tance..

Jecommendation 2. Perform a fe2asibiliwy studv Ior a
f.2id-useapie system. Use <he data from Reccrmmend-
3czon 1, asove, to address the 20ssi01:i1%ty of
discriminac-on vetween raricus =2yplesives. IZstimaze
iaszect under ‘arious 3275 of conditicns

LlL2n Times

Q0

(]



95

VIII. NOMENCLATURE

t! n Time. For random rocesses such as molecular

n, a measure of the time dependence of the fluctuations.
R, correlation %imes near the inverse of the Larmor
reguency produce shert T! times.

Dead Time. The time for the NMR system tc recover following
an rf pulse, i.e., the time it taxes for an FIC to be visiole
afz=sr a pulse. Also calied the recoverw tine.

ee induction decay signal following the
an rf pulse, or pulses, at the Larmor frequency.

FID. The NMR £
application o

r
£

free Induc+=ion Decay. See FID above.

Ho Fi2id. The externally- applied macnetic field responsible
fcr nuclear precession at the Larmor ‘fregquency.

.y

3. Field. The rf fieid applied at the Larmor freque... to tip
<he nucliear magnetization. The Hl field is agplied perpendi-
sviar to the Ho field.

A\

Inside-0ut Helmnoltz. A set of coils with spacing, radii and
current £lows arranged to produce a remote regicn of homcoge-
necus field. At the remote field maximum, ooth the first and
second derivatives cf field strength with respect to distance
ars zero.

Iins:de-Out NMR. A particular type of remote NMR configuiation
:n wnich opposed magnets are used to produce a toroidal remota

region of homogeneous £ield. Criginally develcped for well
logging applications. -

-

Larmer f£reguency. The frequency at which the NMR experiment .s
so*formed; the precession frequency of the nuclei :1n the static

field.: The Larmor freguency i1s propor=icnal o the

3 the static machetic field and, for prc=cns, i1s 4.268

MAE2 at 1,000 Gauss. '

-
Py
I3
18

N -~ . laal m 3 . 4 - fa
2c.ar.zaticn Tinme. The duration 2L 2ime that =he Lo2m =C se
inscec=ed 13 rmmersed in the static magnetn.c I.2.4 zelcre

Lni2rrcgatisn oy che NMR pulse seguence.
zeccuary Tine, Sea.4ead =ime apove.
2T Radic-fraguency; in MR, fresguenc-2s .n the ringe oI
- PR PRURN
sceu= J.3 - 200 MHzZ.
ours= 2% £ 2nerzTy ancli2d 2o =mae
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RF Pulse Sequence. A seguence of rf pulses designed to elicit
a specific response from the nuclear spin system.

Solid Echo. A response from stongly coupled nuclei in solids
produced by a sequence of two closelv spaced rf pulses. The
solid echo is often used to improve the SNR in systems while
observing signals from short T2 materials.

SNR. The signal-to-noise ratio of the NMR system; usually
refers to the voltage SNR.

Snin-Lattice Relaxation Time. See Tl. .

Spin=-Scin Pelaxat:ion Time., See T2.

Static Fieid. See Ho field abcve.

Tl. The spin-lattice relaxation time of the nuclear sn»in
system. The characteristic %ime for the nuclear spin svstem
o ratirh to thermal equilibrium with its surroundincs

follewing a disturbance.

&)
(3]

. The spin-sopin relaxation time of the nuclear soin sv

3
The cnaracteristic time for the nuclear spin svystem to r
“c internal equiliprium foilowing a disturbance.

'
L
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