
o0

00
S, Technical Document 1118

'•Ii•• ,""• "July 1987

SEvalration of One-Sided Nuclear

Magnetic Resonance for Remote
Detection of Explosives

L. J. Burnett
M. A. Fineman

San Diego State University Foundation
San Diego State University

prorved for public rolesei: The views and conclusions contained in this
istribution is unlimrted report are those of the authors and should

not be interoreted as representing the

official policies, either expressed or
implied, of the Naval Ocean Systems Center
or the U.S. government.



NAVAL OCEAN SYSTEMS CENTER
San Diego, California 92152-5000

E. G. SCHWEIZER, CAPT, USN R. HILLYER
Cowmander Thcifta Ok•€dm

ADMINISTRATIVE INFORMATION

This report was prepared by San Diego State University under contract
N66001-85-D-0203 for Code 56 of the Naval Ocean Systems Center, San Diego.
CA 92152-5000.

Released by Under authority of
A.K. Nedoluha, Head A.K. Nedoluha, Head
Electronic Material Electronic Material
Sciences Division Sciences Division

JJ



UNCLASSIF!ED
StCU~rY CLASSWICATION Of Nis6 PAGE

REPORT DOCUMENTATION PAGE
IS REPORT SECUOITY CkASSWICATEON IbPUTWM~W

UNCLASSIFIED
2a SECURITY CLASSSCATIOOS AUTHOPnY 3 CSThOU4TIOPI/AVANLAAIU1 OF Al"OT

2b ECLSIIAIN OO0GAIN CE Approved for public release; distribution is unlimited.

4 PfRfO*WNEG ORGANVATIOSI REPORT WNIVERIS) 6 OWItOROG ORGANGEATION REPO WAJMUESi

NOSC TD 1116

4.NAME Of PIERFOANO.G ORGAJ4ZAtION T b OFFICE SYMSOE. 70 RAME OF MOESTORMOG ONGM5AWADON

San Diego State University JNaval Ocean Systems Center

6C AOORESS 'C., StM. WZTDCft 76 ADDRESSCA7y, M Sm. a-E CMW

5178 College Avenue

San Diego. CA 92162 San Diego, CA 92152.5000

5. NAME 00 FUNto;WG SPOSEWO04EG ORGANIQATION 16 OFFICE SYM50L 5 PROCRIEAIMIT INISTMAMESET 0 PICWATION NUMIES

Naval Research Laboratory NELL NU001-85-D0.0203

Sk ACIMRESS C", Sm. ..eZPfC... 10 SOURCE OF "DINFG ESJMeRES

MROW"A ELEMENT NdO IPROJECT 40o TAMAGNCI 
55510W" NoWashington, DC 20375 62762N EE90 * DN7488 778

Evaluation of One-Sided Nuclear Magnetic Reeonance for Remote Detection of EX'Plogelve

L.J. Burnett, M.A.. Fineman

'3. 'Yof OF A~.-PVS T 3 TIME COVERED fAOT OF REPOT 1Imr. aftW 0W)D Ib -PAG COUNTFinal FRMNov 86 TONOv 86 July 198713

16 SUPEhXNTARY F#CT'$4'O

C~,SAI- CODEfS 1S SUBAJCT TERMS fC~mnJe ~. t 'sn..I wesw 4"O byWM Nso PAN i~

"EDsue rSOUP nuclear magnetic resonance (NMR)
I solid echo

single-sided remote detection

The reliable detection of explosives in remote or inaccessible regions poses difficult technical problems. The purpose ofthe present program is to explore and evaluate the potential of one-sided, or single-sided, nuclear mnagnetics resonance(N.MR) fo. the remote detection of explosives.

AVA1Gr'T.-) A ' JI *5PAC* rT jSSFC

E ~'..SS~ E~ ~NM~F, AME AS APT DTIC t'SFOS C~ELASS ED A~h

,'2. NAMcE '4 S1,'Nýý NE. bAJA 2215 !ELFPYOYT,,,.A~ AI CINI 22ý ;;;tCE SYMBOL
A.K. Nedoluha (619)225-6591 jCode 56-

DDFO M 43,84JA 3 APR EDITIONd MAY Sf USEDOUNTlIL EXNAUSTfDUNLA91FEDDF RM17, 4JA.& OTHEFR EDITIONS APC OeSOLFTE S(CTNYCLASWOCA FIEI)C



UNLASSIFIFfl
89CONTY CL"GaIPCATION OF ?"Ml PAOKL (ft=i 0." MW

I . 00FORM¶ 1473, 84 JAN UNCLASSRI ED
SECUMITY CLAWPICATION OF YMIS OPAGCCWIa, DGM 3aave.D



EXECUTIVE SUMMARY

This program was initiated to investigate 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-
ogv, (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 systems; 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.

Remote detection by single-sided NMR is feasible.
Present systems produce low static fields (less than
500 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 semitoroid 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 penetration depths
in excess of 20 cm. New cryogenic materials and
fabrication techniques should eliminate many of the
difficulties previously associated with the .ise of
superconducting technology.

Available data, indicate that NMR remote detecticn
of the following explosives is ocssible: Compound B,
Compound C-4, PETN, RDX, TATB, and TNT, Data on tne
NMR properties of explosives are sparce.

' :t may be possible to define a .inique sianat-ure
:or many explosive comp~ounds by takina "dvantace of
h-;drogen-niv-roaen njclear Lnteracý:ons.

Additional labcratory data and analyses are r..uir.. _ -c
the range of ao.:caz~l.ty of this technoloa'i and to address the
.zractzla_ rco....s a3scciated witn its ImpIementatlin.
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T. INTRODUCTION

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 explosives.

NMR utilizes nonionizing radiation to manipulate the weak magnet-
ism of atomic nuclei. The non-ionizi.na radiation, a combination
of AC and DC magnetic fields, is applied to the region to be
inspected. Shortly thereafter, a radio frteuency signal is.
received from the nuclei. The characteristics of this signal are
related to the chemical properties of the materi.al containing the.
nuclei,.

This study was limited exclusively to NMR of hydrogen nuclei.
Hydrogen nuclei give a strong NMR response and are abundant in
most of the materials of interest. Hydrogen is, without doubt,
the only nucleus likely to provide an NMR signal strong enough
for the detection applications considered.

In addition, under certain conditions, the hydrogen NMR signals
of many explosive cotpounds 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 Worldway Postal Center
in Los Angeles (1). The NMR system was designed to respond to
-he relaxation signature of cocaine. A total of 3,350 letters
were examined. Seven alarm ;esponses were recorded; two were
false alarms, and five were due to letters containing cocaine.

An important reason for the success of this field test was that
the NMR system was not forced to! encounter large quantities ofzenian and potentially-interfering materials (ot.her than paper)
during the inspection process. Since the volume of the inspec-
tion region in'remote detection NMR is limited, .t 'should be
noted that t.e NMR systems discussed in this report may disolav
similarly favorable inspection properties., even in compiex de-
tection situations.

This studv- extends previous work in remote detection >IMR,
.... ca&.•l Sincie-Sided NMR And Inside-Out NMR. P rPua v......

2meentat-cns of Sinale-Sided NMR , have emlco,.'d iron-
•'re eectromagnet- to s roduce the reauired rei.on c.4 r-!mote
":_ld. These systems were develoced to measure mcistu;ro le-nels

sui bsurface soils ano in structural concrete.
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Inside-but NMR (5,6,7) utilizes opposed magnets to produce a
toroidal field geometry. This type of remote NMR system was
developed for geophysical explor&tion, i.e., as a borehole
logging tool to evaluate subsurface rock formations and hydro-
carbon deposits.

The principal objectives of this study were to define the problem
of NMR remote detection of explosives, gather available data on
the mat-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 detection NMR systems with the potential to con-
tribute to the solution of the detection problem.. All of the
principal objectives of this study were achieved.

This report is organized along the lines of the study itself,
beginning 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 II.

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

The most promising configuration for a single-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 quite positive concerning
the potential of qingle-sided NMR for explosivea detection, are
presented in Chapter VII.
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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 suitable for the observation of
nuclear magnetic resonance.

When subjected to a static magnetic field, the hydrogen nuclei'
align at ar angle to the field, pointing either with the field or
against it, and then p recess about the field at a frequency
called the Larmor frequency. The'static magnetic field is often
called the Ho field. The Larmor frequency is proportional'to the
strength of the applied field, and for an applied field of 1,000
Gauss (about 2,000 times the strength of the earth's tagnetic
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,
magnetic field is applied to the precessing nuclei. This rf
field .s called the H1 field, and it is applied in a direction
perpendicular to the Ho field.

If the HI field oscillates at the Larmor frequency, then some of
the nuclei that were originally aligned with the static field
will realign against it. The net effect is the resonart absorp-
tion of a very small amount of energy from the rf field, and this
resonant absorption is called nuclear magnetic resonance (NMR).

B. Pulse NMR

A zommon way to observe a nuclear magnetic 'resonance signal
involves placing a sample, which contains the nuclei of interzst,
into a static magnetic field and then apolvina a short, intense
culse of rf field at the Larmor frequency. The technique is
called pulse NIMR (10).

Following the ,rf pulse, the nuclei precess in onase. :f a coil
is 'ocated nearby, this ;n-chase -recession of nuclear magnetsinduces a transient voltaae across it. This transient ,oltaae is
t:e NMR signal, which is called the f-ree induction decay,. (FID)
A sketch )f an N>'XR FD is shown in Figure II-1. The ad-acent
coi , often zaied the samole coil, is general>'; wound around --he
Sample to ensure e'ficient couplina. The sample coil is aLso
;sed, in -an.-; ccnf:aurations, to anoly the rf •u.se.
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The magnit de of the FID signal following the rf pulse depends
upon the d iration of the pulse. A pulse of a certain length,
called a 9)-decree pulse, produces a maximum in the transient
in-phase precession of the nuclear moments and, hence, a maximum
FID signal following the pulse. In fac.t, the effect of a 90-
degree pulse is to tip the nuclear magnetization away from the
direction Df the Ho field by 90 degrees.

A pulse of twice the length, called a 180-degree pulse, produces
a minimum in the transient nuclear precession and, under ideal
conditions, results in a zero FID response. In a fashion similar
to the 90-legree pulse, the effect of a 180-degree pulse is to
tip the nuzlear magnetization away from the direction of the Ho
field by 180 degrees.

Short, intense rf fields impressed upon the 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. Lahoratory Pulse NMA Systems

A block diagram of a typical, laboratory-type pulse NMR system is
shown in Figure 11-2. The magnet applies a static magnetic field
to the sample, while the radio frequency transmitter generates
the kf pulses. The rf pulses are applied to the sample through
the coupling network and sample coil, which are also used to
receive th? NMR free induction decay (FID) signal.

The NMR re eiver, tuned to the Larmor frequency, amplifies the
weak FID signal prior to processing and display. The controller
is responsible for circuit timing; it controls the duration of
the pulses, the number of pulses in the test sequence, tne timing
of data acquisition windows, and other similar tasks.

D. Remote ulse NMR Systems

The block iaqram of an NMR system for remote detection is ver-
simllar to tnat of the laboratory system described above. How-
ever, sinc access to the sample is restricted, remote NMR
i•poses so cial requirements on both the magnet system and the
sample col.

There are nree problems in imolementing sinmle-sided remote NMIR:
1I) a -zagn t geometry must be defined that will prcduce a homc-

7eneous DC field in a rezote reoion where access is 11mi'ed -o
only one side; (2) an rf field must be produced within tnls
remote reaion of DC field; and (3) the direction of the rf field
-ust be per endicular to the direction of the DC field. ?pacti-
ca. solutions to eacn of three problems w:Ll result in a :seaobe
re..t. detection NYR system.
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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 1nd,
therefore, at the end of the pulse, are out of eauiliLbrium with
their surroundings. The characteristic time for the nuclei to
return to ecuilibrium is called the spin-lattice relaxation time,
Tl. For protons in common substances in typical magnetic fields,
T1 ranges from hundreds of microseconds to hundreds of seconds.

Spin-lattice relaxation times are commonly measured in the lab-
oratory with the (180 - tau - 90) pulse sequence shown in Figure
11-3. First, a 180-degree, or "pi", pulse is applied.to the
sample. 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 p':lse delay time) has elapsed, a 90-degree pulse is
applied. The magnitude of the FID following this pulse is pro-
portional to the state of the magnetization at time tau. The
initial magnitude of the FID is recorded, 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
tne return of the nuclear magnetization to equilibrium. This
characteristic time is TI, the soin-lattice relaxation time.

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

F. Spin-Spin Relaxation

One effect of the rf pulse is to alian the nuclear magnets and,
a: the end of a 90-degree pulse, all the nuclei are precessina in
phase. They do not precess in Dhase forever, thouch. 3ecause
neiahborina nuclei are maanetic, each nucleus is found in a
S7acnetic field that is the sum of the externall-i-aonlied field
and a local field due to the presence of neighboring nuclei.
Hence, there is a spectrum of precession frequencies for nuclei
d. tnin th e sample.

:f the snectrum of o:ecession rrecuencies is narrow, then all tne
n.cIei orecess at essentially the same freauencv. Foilowinc an

"" f pulse, the-, remain in phase for a lona time, i.e., marny
-ecession ceriods. .f the spectrum is broad, then tnere are
"ar'e dIfferences in tne precession rates between nuclei. 7o0-

'wln an rf oulse, tne ohase coherence of the nuclei is 7uickl:.
iestrs'ved bv these differences in zrecession freauencies.

The z-aracter st!c time that the nuclei orecess in onase, or z e
:.naracterist:= ti-e for the system of nuclei to come to internai
ez~ b m, :-s cal!ed the 3nin-snin relaxation time, TZ. Since
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the nuclei must be at internal equilibrium before they can be at
complete equilibrium, then it is obvious that Ti, 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
eztimates of T2 are relatively easy to make. First, the maximum
magnitude of the FID is noted. The FID is obscured near the end
of the rf pulse due to tle 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, though, 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 has absorbed water; one T2 time is observed for the
material itself, and'one for the absorbed water.

The relaxation times Ti 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. Solid Echo

Most solid substances exhibit very short T2 .times and, as a con-
sequence, much of the FID signal is obscured by the dead time of
the NMP system (which is sometimes called the recovery time). A
two 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 shown in Figure 11-4. At time zero, a
90-degree pulse is applied to the nuclear spin system. Following
this pulse, the spin system responds with an FID, but much of the
FID signal is obscured by the receiver dead time.

Shortly after the receiver recovers, as shown at time tau in
Figure !1-4, a second 90-degree pulse is applied. The rf phase
of this pulse is shifted by 90 degrees from that of the first
pulse. The effect of the second pulse is to pr6duce an NMR
response, called a solid echo, which builds in time, goes through
a maximum, and then decays to zero. A portion of the solid echo
is also obscured by the dead time of tne receiver; but if the
-",se soacings are oroner17 chosen, then the maximum in the solid
ech.o will be observed, as shown at t.i.me 2(tau) in Figure 11-4.

The solid echo can ce ised to improve tne sianal-to-ncise ratio
cr :he system .v ....orovyrna the sianal response, and it can also.

.e ;sed -o.e the ccmDlete shade of the NMR free induction
Jecay. Pt is ?n- cloated that the solid echo techniaue w'i. 'e
sed :.n any s:nc.e-sided NM!R svstem for remote detection.
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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. In
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 Systems

For proton NMR systems in typical laboratory configurations, over
a wide range of operating parameters, the signal-to-noise ratio
scales according to the following expression (12),

SNR s f(Wo 3 QV/B)1/ 2  (I1 - I)

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 bandwidtih of the
receiver/detector circuitry.

Equation 11-1 predicts that the SNR increases as the Larmor
frequency to the (3/2) power. In fact, this is a conservative
prediction. 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 the range
of frequencies under consideration here, the difference between' a
(3/2) and a (7/4) power dependence is not significant.

Remote Detection Systems

In remote detection NMR, the precessing nuclear magnetization
induces a signal voltage, i.e., the FID, into a det~etor coil.
The voltage induced in the detector coil, Es, is given by (6)

3
Es = NCAWoMo/Z (Il - 2)

:n tnis exoression, N is the number of turns in tne detector coil
with zua1lty factor Q and cross-sectional area A. in addition,
.c Is the total nuclear maanetization orecessina at the Larmor
:recuency Wo, and Z :s the center-to-center distance betrween the
remote recion of nrecessinq magnetization and tne detector coil.

t s assumedta te detector coil is aligned in order -o
•=..... e the indu.ced voltace Es.
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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

En = (,4kTBR) 1 / 2  (II - 3')

where R is the resistive component 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 11-2 and 11-3 provides an expression useful
for estimating the SNR of prospective remote NMR systems. The
voltage signal-to-noise ratio may be written

SNR = (Es/En) * F (I - 4:)

where F is a ternm that incorporates all of the factors which mav
affect the SNR that are not included in Equations 11-2 and 11-3.
Examples of these factors include the effects of the system
recovery time and the FID decay time T2, the effect of the lenath
of the rf pulse, che effect of the homogeneity of the rf field
over the remote region, the effects of the precise geometry and
orientation of the sample coil, and the effects of noise intro-
4uced by subsequent amplification of the NMR signal. 'n general,
F is difficult to determine quantitatively. However, under a
fairly wide range of conditions, cualitative estimates of F are
relatively easy to make.

Recalling that Mo = Mv * 1m, where Vm is the volume of the remote
region and Mv is the nuclear magnetization per unit volume, gives

SNR = (10-5 (5/2k) 1/2 * nWcMvVm/Z 3)

-1/2'NAQ) 'TBR) i 1

"The first =. n Eau2ation~ M-5 [i a constant; tne i c: c'r
nc o' the conren.ent units discussec ze-ow.

-.. e eccn a:erm •s deternined by the nart.cilar oh's~ca
ccn or.l S e remote NM2 s3.-ster. That is, a .... re •o-e-

-: -s-:e wl:. result in a -. ven set of the )arameters .10, "'m,
and .4v re1c e ed c'' the cnaracterist::s or one

ma-er=•a_ .. :ne rgrct,e reci.
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The third term in Equation 11-5 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

Term 3 = (NAQ)(TBR) -1/2 = (NA)(Q/TBX) 1 /2

Utilizing X = WoL, where Wo is the Larmor frequency aid 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/27rB, gives

Term 3 = (NA/B)(L/2ffTL)
1 /2

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

L = 2d

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

C = (10 6/2.54)/(18 ÷ 40(4/d)) - 6)

where I is the length of the coil incentimeters. This exores-
sion f*r C is valid for (./d) ratios greater than 0.4, and it is
.ni-ekkv in remote detection NMR that an (",,d, ratio :reater than
ancut 2.0 would be 2ncountered. Therefore, the constant C ranges
:rom

'4.'17 1 0 C 8.i5 x 10
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Incorporating the fact that the area of the coil A = lrd2 /4,
gives

Term 3 = (l/4B)(wd 3/2TC) 1 /2

Substituting this expression into Equation 11-5, and collecting
the numerical constants into the first term, gives the following
equation for tne signal-to-noise ratio,

SNR = (10- 5/8)(51r/k)1/ 2 * (WoMvVm/Z 3 ) *

(1/B)(d 3 /TC) 1 /2 * F (I1 - 7)

The numerical values and units for the terms used in Equation
11-7 are given below.

k = Boltzmann's Constant,

= 1.38 x 10-23 ergs/Kelvin;

Wo = Larmor frequency, in radians/second,

= 2.675 x 107 at Ho - 1,000 Gauss;

Mv Nuclear magnetization per unit volume
in the sensitive region, in abamp/cm,

7 2
3.170 x 10 (for 6.6 x 1022 soins/cc,
Ho - 1,000 Gauss, and Samnle Terno = 300 K);

3
Vim n oume of senslti7e region, in cm 3

Z = Center-to-center distanc• between '~cnu

coil and sensiti*;e region, n cm;.

d Dameter of pickup coil, in cm;

3 = Bandw- tn of fh Ieectcn 3 1- tem, in
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T = The temperature of the sample circuit source
resistance, in degrees Kelvin;

C A unitless constant that depends upon the
geometry of the pickup coil, given by
Equation 11-6;

F = A unitless term incorporating all of the
factors that affect the SNR not otherwise
included in Equation 11-7.
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III. NMR AND THE MATERIALS OF INTEREST

A. Introduction

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 central to an understanding
of the detection technique. In the following discussion, all
comments and quantities apply specifically to proton NMR, and not
to NMR 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
TI is short. When the frequency of this motion is either much
higher or much lower than the Larmor frequency, then Ti is long.
The strength of the magnetic interaction deperds primarily upon
the nearest neighbor distances between nuclei and upon the
presence, or absence, of paramagnetic 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 behavior of Tl is relatively easy to
characterize. The behAvior of Tl is generally discussed in terms
of t, the correlation time for the molec.ular motion. If, for
example, the molecular motion is translational diffusion, then
the correlation time, t, can be thought of as the time between
diffusioial jumps. Or, if the motion is molecular reorientation,
then the correlation ti.ne can be thought of as the average time
it takes for a molecule to rotate through an angle of one radian.
In a broad sense, the cocrelation time ma.y be thought of as the
inverse of the frequency of the molecular motion.

Figure Ill-I is a log-log plot of T1 versus the correlation time
t for three different Larmor frequencies (A, B and C). In the
region of short correlation times, i.e., for high temperatures i.n
most substances, the frequency of moleciar motion is much higher
than the Larmor frequency. Here, the T1 of the material is long
and increases as the correlation time decreases. Also, in this
region, Tl is independent of the Larmor frequency chosen.

When the freauency of molecular motion is roughly equal to the
Larmor frequency, T! goes through a minimum. Since Larmor `re-
qmenc:es can be altered experimentally by changing Ho, separate
Tl minima may be observed and these are shown in Figure r:-L .

When the correlation times are long, i.e.,, at low *temoe-atures,
where _he frequency of molecular motion is low ccmpared to the
Larmor frequency, then Tl is again long and lengthens with
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increasing correlation time. However, in contrast to the short
correlation time region, the specific value of Ti 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 frequency
dependence of Ti relaxation times.

The relaxation time T2 is a rather complex function of the two
parameters that influence Ti, i.e., the frequency of molecula'r
motion and the strength of the internuclear coupling. However,
in general, T2 i3 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. TI
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 T1.

Of all the possible molecular motions occuring in common sub-
stances, three often occur at rates close enough to the Larmor
frequency to influence Tl and T2. These three motions are:
(a) molecular t'Jmbling, (b) molecular diffusion, and (c) re-
orJentation of mobile groups internal to the molecule. One, or
more, of these three motions generally determines the observed
values of the relaxation times.

In 1iqucds, molecular diffusion, tumbling, and possible internal
motions usually proceed at rates fast compared to the Larmor
'frequency and, therefore, TI 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 nuclei
is weak and T2 is also long. In fact, in many simple liquids, Tl
and T2 are often equal.

in solids, molecular diffusion and tumbling usually proceed at
rates slow compared to the Larmor frequency. Therefore, in rigid
crystaline solids, TI is generally long. In addition, since the
atoms are fixed in place and the nuclei are essentially station-
ary, the coupling between nuclei is strong and T2 is short (15).

However, most solids are not rigid crystalline materials. Most
common substances are, in fact, composed of complex molecules
tnat oossess side chains capable of a wide variety of internal
motlons. :f many side chains are present, then it is likelv that
some internal motions will take olace near, or above, the 7armor

frequency (16). And, of course, the longer the s-ide chains, the
tore !•ke'y it is that some internal motions will occur 'near the
,arnor frequency. Therefore, T1 in most common solid substances
:s snort !i.e., tess than aoout 300 milliseconds) and, since T2
.s aways less than or equal to TI, T2 is also short.



B. Mixtures of Compounds

In use, an NMR detection system will often encounter many
different materials simultaneously. Therefore, it is important
to determine the response of the system in the presence of twc or
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 not
the molecules of the compounds are in intimate contact. If not,
and even if the compounds are in very close proximity, then the
situation is described by the separate responses from each of the
components of the mixture. If so, then the situation is
described by a somewhat more complex combined response. Each f
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 outlined
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 applied. The nuclear magnetization, which was Mo before th
pulse, is rotated to -Mo immediately afterward (see Chapter U,
Section. E). At time t later, a 90 degree pulse is applied and
the Z-component of the magnetization, Mz(t), is determined fro
the FID height.

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

'Mo - Mz(t))/2Mo = -et/TI(A' Be- t/Tl(B) (III- 1)

where A is the nioie fraction of compound of comoound A, B is týe
mole fraction of comDound B, Tl(A) is the soin-lattice relaxation
:ime of compound A, and TI(B) is the spin-lattice -elaxat-on time
of comnound B.

A:thouanh it is difficult to solve Equation IIi-1 in general, --e
solution is easy to determine in specific regions. For e'xamnle,
when A is nuch greater tt.•n 3, then tne observed T! cf the
senarate compounds, TL4SC), is approximately equal tc
S:li'arlv, when 3 is mucn greater than A, then TIýSC) is 3Ccr xi-
mate'l-, -cuai to T! '3)
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It is important to note, however, that an NMR ex~qive detection
instrument based upon Ti differences will not respond to the
(1/e) time, or T1 time, calculated from Equation III-1 for a
given mixture. Rather, the instrument will respond to the
separate FID magnitudes and TI times of the individual com-
ponents of the mixture falling within the instrument response
window.

Mixed Compounds

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

I/TI(MC) = A/Tl(A) + B/TI(B), (Ill - 2)

where Tl(MC) is the relaxation time for "he mixture and the other
symDols have the .-ame meanings as in Equation 111-1.

In order for Equation 111-2 to apply,,the two compounds must be'
mixed cn a molecular level. Therefore, it is extremely unlikely
that T!?MC), from Equation 111-2, would accurately describe the
relaxation observed in the simple mixture of, for example, two
powders.

I~t is not out of the question, however, that situations could
arise which would require a combination of Equations 111-1 and
111-2 for an accurate description. Quantitative analysis of
these situations would be difficult.
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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 alignment
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
TI 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 TI times at certain
specific Larmor frequencies and long TI times elsewhere.

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

Black Powder

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

Comcound B

Compound B is a cast explosive (18). That. is, i- is cast from a
mixture into predetermined shapes. Compound B is an intimate
mixture of approximately 40% TNT and' 60% RDX. Some formulations
ha- include uo to 63% RDX and 1% of an unspec2.fied wax.

:t snculd be oossible to estimate the NMR properties of Compound
"B from the NMR properties of its major constituents. The known
NMR oroperties of TNT and RDX are given below, and the .uldellnes
for estimating the relaxation propertles of mixtures are do s-.
:ussed in Section B of -niis chapter.

•c='ound C-4

3zzo'cnd C-4, 3ometimes :alled Harrisite and mcre offt:n --v"e
:ener:c name "'[astic exDlosi'e", a s:mo)e fliz:re Df 9 DX,
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5.3% Di(2-ethylhexyl) sebacate, 2.1% polyisobutylene, and 1.5%
motor oil (18). The NMR properties of Di(2-ethylhexyl) sebacate
are unknown. The NMR properties of polyisobutylene have been
recently measured (17) and, this rubbery polymer exhibits a rela-
tively short Ti of about 30 milliseconds near room temperature.
The Ti 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-l,3,5,7-tetrazacyclooctane, 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 111-2.

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

PETN

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
.ETN .s shown in Figure 111-3.

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

PETN exhibits a long Ti at Larmor frequencies considered suitable
for NMR detection (2). At 3 MHz, the proton Ti is approximately,
60 seconds. In common with many explosives, PETN also exhinits
nydrocen/nitrogen level crossing. Level crossing occurs at pro-
ton Larmor frecuencies of 0.50 and 0.90 MHz which correspond to
azpiied magnetlc fields of 117 and 21-1 Gauss, resectively%,.

?:;X

, ,•,•-• to-l ,2.,3-:triazocvclonexane, is a wni:e
, olaDoe :ompound w:.tn slx hvdroaen and slxý nitro•en atcms ter
nolec-le and I mo~ecular weiah of 222 (18). RDX is :ne iaer
.r...nen. or ....e ofen-ised slast:c exnlosive C-4 .... e:emC a
szruc::re of RDX .s.shcwn in Fizure 11i-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 TI times at Larmor frequencies considered,
suitable for NMR detection. At 3 MHz, the proton T1 of RDX is
312 seconds at 3 MHz (2).

RDX also exhibits a hydrogen/nitrogen level-crossing effect which
lowers the proton TI, 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, 1,3,5-triamino-2,4,6-trinitrobenzene, is a bright yellow
pure explosive compound with the chemical structure indicated in
Figure -11-3 (18).

The proton NMR relaxation properties of TATB were determined by
Garroway and Resing (2i). At a Larmor frequency of 60 MHz, TATS
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 level-crossing effects in TATB.

TNT

TNT, or 2,4,6-trinitrotoluene, is a liaht brown compound with
five hydrogen 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 111-6.

Compared to PETN and RDX, TNT exhibits shorter TI times at the
Larmor frequencies appropriate to NMR detection (2). At 3 MHz,
the proton Tl of TNT at 3 MHz is approximately 25 seconds.

Levei-crossing fields in TNT are comnarable to those found in
PETN. Hydrogeninitrogen level crossing occurs at applied fields
of 185 and 204, Gauss. These fields correspond to proton aarmor
freauencies of 9.79 and 0.87 MHz, rescectiel'e!.
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D. Benign Substances

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

Bakelite

Bakelite is a thermosetting phenol formaldehyde resin often used
as an electrical insulator. The chemical structure of bakelite,
which appears to be quite rigid, is shown in Figure 111-7.

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, there is
no proton NMR response from glass.

Metals

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

For example, if an explosive is placed in'a metal container or
wrapped in metal foil', there will be no response from the NMR
•nstrument. On the other nand, the presence of metal items, or
of metal foil that does not enclose the explosive, will pLoduce a
loss of sensitivity that may or may not be nominal, depending
upon the relativo placement and orientation of the materials.

Plexil-as

Polvmethvl methvlacrvlate is a hard clear thermoplast-: polymer
wimn trade names such as Plexigaas and Lucite. rhe structure cf
9o'/rmethv/1 methv'lacr'/late ,s shown In Figure ll-%. At room :em-
oera:-re and at a Larmor frequency of 19 MHz, Plaxi.las exnibats
a.7-7 f 38 mil:seconds !22;

?o.'vmet"vI,, met-Y! acr-Late has snort s.mo.e.s~de :ha~ns ta-
term:nate -n methyl gro'cps. Tn`s !S a mo•_cu•ar 3:r'zc:.re
:anazie of exnhztLna a w':de ranoe of :nter~al motion ..... z>~s

-nte so.:.-, st-ate, and :nese m.otions are, nc Jcuot, reScnsio e
::r :ne snort 1 t.imes ooserzed :or -nis 7omno-i'-.
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Polyethylene

Polyethylene is a soft clear thermoplastic polymer with the
structure shown in Figure 111-8. It is a very simple linear
polymer with a repeating group consisting of one carbon and two
hydrogen atoms. A single T1 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 TI observed in this compound.

Rubber

The structure of polyisoprene, or natural-rubber, is shown 4n
Figure 111-9. 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 frequencies, and this is
consistent with the e:xperimental observation of very short.'Tl
times.

Stvrofoam

The principal, and perhaps only, component of styrofoam is poly-
styrene. The structure of polystyrene is shown in Figure 111-10.
TI 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
size of the phenyl groups hinders many of the possible modes of
molecular motion and likely slows down side chain reorientations
and "crankshaft" rotations c~onsiderably.

Vinvl Materials

Viny1 polymers are used to fabricate a wide variet' of items. A
hypical example is electrical tace, :which is an adhesi're-backed

*,7n-;l compound. TThe measured TI time fbr electrical týe is 122
mr: .iseconds at room temperature and 3 Larmor frequenc', of 19 MHz

2 C •moared to the TT times for explosives, the ce-?aticn
'_zmes for v~nvi:ompounds are Likel'y to be very 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-11. In both wood and paper, these chains are
of irregular 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-11 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 proqiram is to explore and evaluate the
*potential of nuclear maqnetic resonance (NMR) for remote detec-
tion applications. Rerlions that are accessible [rom only o-nfe
s ide are of particular interest.

Stnwie-~ildcr NMP re~motg detecti~on t3y",t-ms diff'Žr trm 1.Lbor,-tor:,
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OPPOSED MAGNETs PRODUCE REGION

OF HOMOGENEOUS RADIALMAGNETiC

FIELD NEAR MIDPLANE

Figure 111-1
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perpendicular to the line connecting them. The field is directed
radially outward, 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 IV-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 10 cm in
diameter and 2.5 cm 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 diameter, with a czoss-sectional
diameter of approximately 3 cm.

U-Shaced 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 configuration 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 opposed magnet
configuration and, in addition, is not as homogeneous. That is,
field gradients within, and near, the region of constant field
a're greater in the U-shaped configuration than in the opposed
magnet configuration.

In fact, the cylindrical region of uniform field sketched in
Figure IV-3 represents a gross simplification of the actual
sit*;ation. Between the two poles, within the indicated region of
unifor'm field, the lines of constant field actually conform to
the shape of a saddle.

The maximum strength of the remote field produced by a U-shaped
magnet configdration would naturally be expected to be somewnat
greater than that produced by configurations of opposed magnets
or coils. Available information on the system used to measure
moisture levels in concrete indicates that this is, in fact, the
case.

The inside dimension of the iron yoke for the magnet used in the
sivSem for concrete moisture level measurements is 1i inches
'. cm). At maximum current, this system produces a f.i•d of
494 Gauss at a maximum remote distance of 6 inches t15.2 cm).
Th--s distance is ver, close to the di'ameter of the remote field
zcro:d in the opposed magnet example discussed above. The 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.

Opoosed Coil and Solenoid Configurations

Current-carrying coils and solenoids c.tn also be used to produce
remote regions of homogeneous magnetic field. In particular,
configurations of coils and solenoids designed to produce fields
that partially cancel may be particularly useful (2,23). These
configurations are commonly called opposed coils or opposed
solenoids.

A.schematic of an opposed coil pair is shown in Figure IV-4. The
system consists of two concentric coils of different radii. In
the coordinate system used here, the center of the coils is
assumed to be the origin, and the Z-axis is perpendicular to the
plane of the coil windings. The currents in the coils flow in
opposition; that is, they produce magnetic fields which tend to
cancel.

Since the radii of the two cails 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 that 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 Z
than the field due to the outer coil. Therefore, as Z increases
from the origin, the total magnetic field, i.e., the *vector sum
of the fields from each of the two coils, must first increase.

However, when Z 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 Z, goes tnrough 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 Zm from the origin. The
precise location of Zm depends upon' the ratio of the radii of the
two coils and the ratio of the two current flows. In this
example, the radius of the larger coil is assumed to be 10 units
and that of the smaller coil 5 units. Each produces a field of
unity magnitude at the origin. The maximum in the resultant
:=eid 4with a magnitude of 0.369, occurs at 5.73 units along the
Z-axis.

About the point Zm, the homogeneity of the macnetic f:eid zan be
excressed within specifiedlimits. The size of the region
homoceneous f-e=d, i.e., the homogeneous volume, depends not on.l-
i=n tne limits specified, but also uion the ratios of :,e cio.
radii and current flows.

Tbe -tnree dmensional shace of the homogeneous region .s c ...
Cmnlex. To a crude approx : iation, though, nhe homoceneous
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region can be assumed to be spherical in shape. This
approximation was made in the analyses that follow in a later
section.

The magpitude of the field at its maximum and the size of the
homogeneous region can be altered by offsetting the two coils
from one another. This is shown in Figure IV-6, which is a
sketch of opposed coils offset by a distance S. The origin,
i.e., Z - zero, is assumed to be at the center of the coil
closest to Zm, the point of the remote field maximum. Te
configuration shown in Figure IV-6 is termed a negative shift.
If S extends in the -Z direction, this is termed a positive
shift.

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

Inside-Out Helmholtz coils produce a larger region of honogeneous
field than do pairs of coils with arbitrary spacing and :urrents.
A sketch of an Inside-Out Helmholtz pair is shown in Figire IV-7,
and the corresponding plot of fields along the Z-axis is shown in
Figure IV-8. Inside-Out Helmholtz opposed coils require a
positive shift, which means that the smallest of the two coils is
closest to the remote region of homogeneous field.

Fields that partially cancel can also be generated by op osed
solenoids. As shown in Figures IV-9 and IV-l,3, opposed solenoids
can be either aligned or offset. These configurations are
analacous to the coil configurations discussed above, an the
coordinates used for the two systems are identical.

C. RF Coil Configurations

In addition to the steady magnetic field, an NMR remote etection
system must also produce a radio frequency, or rf, field within
the region of interest. This rf field must be aligned p rpendi-
cu;ar to the steady field in order to produce an NMR response.

Because of practical limitations on the amount of rf ocwer that
c-ian be conveniently generated and delivered, It is generaIlvy not
feas..ble to use inefficient rf coil configurations (e.,. opposed
ooosý when short rf pulses are required. A consequence of this

constraint is that appropriate .rf coil confiaurations w: " likelv
sroduce an r: field that is inhomogeneous over the usefu region
Stf : field. However, with careful desian, it should be possible
to minimize the effects of this inhomoaeneitv.

Three rf coil confzurations are examined below. A sonr I
:onfizuration is - 1scussed first, and this is followed bv
discussions of the solencid and semi-toroid confiauratic s.
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Spiral Coil

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 coils. Spiral coils are sometimes called
spiral-wound coil's or pancake coils. A spiral coil is shown
schematically in Figure IV-11(a).

Near the coil, and'along the axis of symmetry, a. spiral coil
produces a field perpendicular to the plane of the coil windinq.
This is illustrated in Figure IV-ll(b).

For ap)plLcations 33 an rf coil in INMR remote detection, the
spiral coil must be used in conjunction with a sy.'stem thIt
produces .a DC field perpendicular to th• symmetry axis oL the
spiral coil. Of the systems discussed above, only the U-shaped
confi'uration satisfies this constraint.

There is one obvious drawback to the use of a spiral rf (:oil in
sinqle-sided NMR, which is that the rf field is not focused, or
Alrected, toward the region of interest. if a spiral rf --oil is
placed flush aqainst the reqion to be examined, so that the rC
field penetra9t .sinto the reqion, then an rf field of equal rna,",-
*n~tide is also produced outside the reqion of interest.

Th1, inefficiency is reflected, in part, by the rf plower
requirement-s of the system des.sIn'd mnd built to measure trotitjr,

, i n strur:'Jral concrete ( 3) . n thtis iys.tem, in r- -r0:;
nnower of 200 kilowatts 7 s rsuequired to produce 3 O mAicro)-'c,, ,-n(, j,

'• coree pu Is3e -t i Larmor frequent7 of 2.1 M(1Z.

A' 3,,[, o i 1, which i- , .- )minonl 'y uj,, i ri l*.bor, tf-)ry '-' "MI
ir-,-tr-;nents .1-3 th•? sample '.:-o l, 1- hhown icnematic 1 ,. it V ii ,
F'- - . Frnmm *-his f i.ur; " r -1i3 obviou )t j h- .t the tr t',? ,, ',-,|I I ' 1

r-), r7 i rmr)tro , ,r f r tn,$ , fq i i i in,,• rrl 1, ' " t,1 i 1
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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, (n) 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 Figure IV-13.

The semitoroid rf coil produces an HI 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 homogeneous field.
Therefore, the semitoroid coil should be more efficient 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. Field shaping is also possible, since actual coils could
suotend major angles greater than, or less than, 180 degrees.

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

D. Figure-of-Merit

In order to evaluate and compare alternate spectrometer configu-
rations, a figure-of-merit is required. A figure-of-merit allows
potentlally-interesting geometries to be screened without the
necessity of performing detailed calculations for each one.

To arrv-ie at the figure-of-merit, assume that an MM.R spectro-
meter %troduces a remote region of field and, further, that the
center of this remote region is located a distance Zm from the
plane :f the coils producing the field. The total nuclear.
maanetization, Mo, within this remote region is proportional to
the croduct of the *lolume of the remote recion, Vm, times the DC
field strength, Ho. That is,

Mo A * Ho V -

t7e ant '. c s a measure iof t.e nuclear macnet zat oD, oro-

_-;z-d_ o"the sec-..rometer, treat -,s a'iailaole to be man~zu~ated.
-n 30m e sense, 'Ic is a fcure-of-mer. However, Mo i3 ncoo -Oe
:ure-o:-mer:: n eetded- to entiv. _r m.s..n. s.ectronet-er 2-

=i. r 3t rns : , Lem oe -? etw 'c on .

Co

-- 'ii.
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Following a 90-degree pulse, the voltage, Es, induced in an rf
pickup coil located a distance Z away is

Es A Mo * Wo/Z 3  (IV -2)

wnere Wo is the Larmor frequency. Combining (I) and (II), using
the fct that Wo is proportional to Ho, and letting Z = Zm allows
Fs, the figure-of-merit, to be defined:

Fs = Vm * Ho 2/Zn3  (IV -3)

Fs is a measure of the NMR signal voltace induced in an rf pickup
coil for a given spectrometer configuration. Since the volume of
the homogeneous region of field Vm is proportional to Zm cubed
(at least to a first approximation, for the cases studied here),
and since Ho depends only upon the DC currents applied to the
coils, it follows that Fs provides a simole measure for comparing
competing configurations.
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V. SYSTE4 CONFIGURATIONS FOR REMOTE NMR

A. Introduction

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

S* a penetration depth. of 15 - 20 cm, or more;

* portability, perhaps with a moveaole inspection
head; and,

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

To elaborate, a minimum penetration depth in the range of 15 to
20 cm will be required in many of the anticipated inspection ap-
plications. In general, of course, the greater the penetration
depzt, the better.

In some applications, portability of the resulting system may be
recuired; in otners, portability may be very desirable. Trans-
portabilitv, in contrast to portability, will b. important in
'7irtua~! all potential applications.

A field strenath of at lzast 1,000 Gauss will be reauir-ý' for an
adecuate signal-to-noise ratio and, in addition, for utilizing
sucn potentially-unique NMRsignatures as hydrogen/nitrogen level
crossing. A well-defined region of homogeneous field wdll e
important in applications where the precise location of the
material of interest must be determined.

With these goal's in mind, five alternate system configurations
:or remote NMR detection were considered. These five system
:onfizurations are briefly described below.

I. A svstem utilizina the toroidal geometry- of tne cocosed
magnet configuraticn. In tnis system, opcosina magnets
are used to produce the remote region of h.cmoceneous DC
:leld and a solenoid coil Is used to produce tne r- field.

_.-n .nstrument ccnfiguration 1n wnicn the DC field Ls
oroduced by a U-snaced iron-ccre magner and ::ne r:

rs roduced bv a -`at spiraI ccil.

nstrument :cnfl z-raron in wnicn o=posed ci4 s or
Solenoids are osed to croduce tohe :cmcaenecus fecn
:r :C oacnetic :ield and a semitoroli Ls ised to zrciuce

S71



4. A system configuration in which opposed coils or sole-
noids are used to produce a homogeneous region of rf
field, and the required DC field is produced by an al-
ternate confiauration, e.g., a semitoroid.

5. An instrument configuration in which ooth the DC and
rf fields are produced by sermitoroids 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 the-final
section of this chapter, the proposed single-sided systems are
evaluated using the figure-of-merit developed in Chapter IV.

B. Present Technology

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 for
measurements of moisture in structural concrete and Subsurface
soils. These two technologies are discussed in the followiny
sections.

Inside-Out NMR

Inside-Out NMR was developed for the remote detection of fluids
trapped in porous rock formations adjacant to a borehole (5,6,7).
An Inside-Out NMR system combines two of the components dis-
cussed. in Section IV.B: an opposed magnet system (tq produce a
toroidal region of DC field) 'and a solenoid coil (to produce a
perpendicular rf field in the remote region).

A sketch of an Inside-Out NMR system is shown in Figure V-I (7).
The rf coil is located halfway between, and on the axis of, the
two magnets that produce the DC f-eld. The magnetic field in the
toroidal region is directed radially outward, and the frinae
field of the solenoid rf coil inzersects the DC field at a ?0
degree angle.

When an r: oulse is apolied to the solenoid coil, as shown in
Figure 7-!, the nuclear maanetization in the remote reoion -s
tipped from its equilibr~um positZ1on. The duration of -ner

S stren h of the rf fie-d determine tie t- anle.
:_eand the ste _tno e

-n:he end of the rf culse, the nuclear maanet4zation 7recesses
azcut the stead-i. field, as shown _n F'izure 7-2 '-. The

nracessin aanetization induces a voltace across tne 1eads D
tMe soenoid coil, i.e., the NMR free induiction deca: s ina 1 .
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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).

Sinale-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
utilize two of the components discussed in Section IV.B. First,
.an electromagnet with a U-shaped yoke is used to produce the DC
magnetic field. Then, a spiral rf coil is used for both trans-
mitting the rf. pulse and receiving 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 Voke is 11 inches, the center
to center distance between the magnet pole faces is about 15
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
to 15 cm. Presumably, limitations in the rf components preclude
operation a: penetration depths between 10 and 15 cm. As con-
figured, the system operates at 2.1 Megahertz and requires 200
kilowatts of rf power to produce a 30 microsecond 90-decree
pulse.

At a penetration depth of 2.5 cm, the sensitive region is
approximately 7.5 cm in diameter and 0.6 cm thick. As expected,
the sensitive volume increases with inc reasing distance from the
instrument.

Slnale-sided systems designed around iron magnets with U-shaped
• votes are, by necessity, quite heavy. The electromagnet for tne
sy;stem described above weighs approximately 600 pounds, and the
asscciated equipment weighs an additional 450 pounds.

Advanced Single-Sided NMR Systems

The drawbacks of the Inside-Out NMR geometry for singl'e-sided NMR,
aszciCations are obvious. Furthermore, it would be difficult,
sernaps imoossibie, to engineer a single-sided NMR system
lncorzoratina a >-shaoed, iron-core magnet that would exhibit a3:
tne aesirable aualities discussed in Section A of this ha:pter.
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Major improvements to present technology 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 coupling of the rf field to the remote region
of homogeneous field must be improved.

To address these issues, three potential single-sided NMR con-
figurations were considered. The first utilizes opposed 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 Semitoroid/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.

Oooosed Looc/Semitoroid Single-Sided NMR System

An opposed loop/semitoroid single-sided NMR system is shown in
Figure V-4. Steady currents flowing through the opposed loops
produce the remote region of homogeneous field, Ho, which is
directed along the Z-axis. The rf field, H1, is produced by a
semitoroid and is directed perpendicular to the Ho field.

An advantage of this configuration is that the homogeneous region
of field is large and well-defined. However, a potential draw-
back is that the rf field may vary significantly over the volume
of •he Ho field. It is quite likely, though, that fleld shaping
could be used to optimize coupling be:ween the two fields.

SerItcroid,'Cooosed Loo_ Sinale-Sided EMR System

A semitzroidiooposed loop single-sided NMR system is shown in
?.re 7-5 TIe' DC field; Ho, is produced by a semitcroid and is
irected perpendicular to the Z-axis. The rf currents flowing

arouan :ne occosed loocs produce a homogeneous rec:on of
=o, H, wnlcn is directed along the Z-axis..

*_zzoared to :he t-ei:ous configuration, this sVsTe~n ofZers 3e,'
ad;antaaes. The rf field is ;niform- within tne r-ec-on of
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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
inhomogeneous. 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 significant.

Double Semitoroid Single-Sided NMR System

A double semitoroid single-sided NMR system is shown in Figure
V-6. Both the DC and rf fields are produced by semitoroid coils.
The semitoroids are aligned at 90 degrees to one another and to
the Z 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 configuration has the
additional advantage of a homogeneous DC field.

D. Evaluation of Alternate Remote NMR Systems

The proposed single-sided NMR systems based upon opposed coils or
solenoids to produce the DC field and seinitoroid coils to produce
the _f field possess clear qualititive advantages over the other
potential configurations discussed in the previous 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 opposed
loops, or with opposed offset loops in the Inside-Out Heimnoltz
configuration. Each of these cases is discussed in turn below.

The notation used in these'discussions is similar to that used be
Rath, et al (23). The diameter of the largest coil or solenoid
is assumed to be 10 .nits. The field produced at the center of
this coil or solenoid is assumed to have a magnitude of one. The
diameter of the smaller coil or solenoid, the field it ýroduces,
and its offset distance (if any) are all adjustable oarameters.
•.i effects of inhomoaeneit' in the rf field are _cnored.

:csed -1en-oo_.,, S.ermitorcid System

An anall'sis o4f several opcosed solenoid cinfiaura:lons iS shcwn
in Tar' ";-[ oRe-ardina :he column headincs, Zn is :he oc~nt :n

ai s wnere the max-mum in fieldocvcurs, 3m i s te relative

in- . •xl . ... ..
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Table V-i

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 - 1.0. The diameter
of the inner solenoid is Rb, and the magnitude'of the field at the
center of this solenoid is b. The outer and inner solenoids are each
1000 units long, and 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 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-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) (xE+4) (xE+8)

3 1.0 3.724 0.430 0.103 5.72 2.46ý 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 i.0 4.934 0.260 0.126 10.47 2.72 58.9

5 1.5 7.510 0.148 0.i32 12.04 1.'1 6.23

5 2.0 10.133 0.082 0.146 16.30 1.34 1.06
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magnitude of the field maximum, and dZ is the diameter of the
remote region. In these examples, the remote region is defined
by a field homogeneity of 100 parts per million and, tor
simplicity, is assumed to be spherical.

The quantity Vm is the volume of the remote re9gon, 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-
of-merit defined in Section IV.D.

Several facts are immediately obvious from Table V-l. 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 field
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
solenoid increases. The calculated values of Fs are compared to
other configurations in the sections below.

Oocosed Looo/Semitoroid System

Similar calculations for an opposed loop/semitoroid system are
presented in Table V-2. There are a number of siiniiarities
between the opposed loop and opposed solenoid systems, including
the expected dependences on the inner coil diameter and current.

The most interesting result, however, and certainly the most
imoortant, is that there appears to be little or no advantage in
utilizing solenoids over loop in a single-sided remote NMR
system. When the inner loop is operated at lower currents, the
fizures-of-merit are comparable to those of the opposed solenoid
system. At higher currents, larger values of Fs are obtained for
the opposed loop system.

/ Offset Ozoosed Solenoid/Semitoroid System

The ficure-of-merit was calculated for a series of offset Oocosed
solenoids. These solenoids were assumed to be sem--infinite,
with a diameter of 10 for the outer solenoid and 5 for the inner.
Each was assumed to oroduce a field of unit-? magnitude at the
oryoin. The results are oresented in Table V-3.

The offsets range from -2.5 units to -2.5 units. A zosh-7e
offset means tnat tne outer soienold is movo zac.', c n In
eaati';e Z direc:ton, b'v' a distante S, the amount of -- e offset.

_:fsett• g t-e two solenoids results in nramatic nanes . tne
s-;steri figure-of-meriz. For examole, wltn -zero offset, the
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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 Znm is Sm. 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

R: b Zm 3m dZ (xE+4) (xE+4) (xE÷8)

3 1.0 4.37 0.588 0.097 4.78 2.81 198.

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 50.8

5 !.0 5.73 0.369 0.112 7.36 2.72 53.3

5 1.5 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

The diameter of the outer solenoid Ra = 10 units, nd the magnitude
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 mag itude of the field
at the center of this solenoid is b = 1.0.' The ou er and inner
solenoids are semi-infinite; the offset distance is given by S.

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

Sis the nuclear magnetization, and Fs is the figure of-merit.
Notations of the form x(E+Y) mean "times ten raise to the Y-th
power".

Vm Mo Fs
S Zm Bm dZ (xE+4) (xE+4) (xE+8)

-2.5 1.438, 0. 76 0.125 10.2 .86 7770.

-2.0 2.042 0.428 0.124 9.98 .27 2150.

-!.5 2.690 0.382 0.124 9.98 .81 748.

-1.0 3.386 0.338 0.124 .9.98 .37 294.

-0.5 4.133 0.298 0.124 9.98 .97 126.

3 4.934 0.26.0 0.126 10.5 .72 58.9

0.5 5.291 0.226 0.128 11.0 .49 37.9

.. 0 3.702 0.196 0.130 11.5 .25 23.8

- 6.164 0.168 0.134 12.6 .12 15.2

2.3 6.674 0.146 0.138 13.3 .01 9.90

2.3 7.728 :3.126 0.144 15.6 .37 6.36

I.I



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 S = -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 System

Calculations of Fs and other relevant parameters for Inside-Out
Helmhoitz,'Semitoroid systems are presented in Table V-4. Al-
though the maximum attainable field strengths for these systems
are comparable to those of the previous configurations, the
remote recions of homogeneous field are much larger. This leads
to a direct increase in the figure-of-merit.

For example, with an inner coil diameter of five, a set of simple
opposed !cops gives Fs = 53.3,x (E-8). The comparable value for
an Tnside-Out Helmholtz configuration .s Fs = 22L5 x (E-5), which
is over a factor of 400 larger. In addition, this Fs is almost a
factor o.f three larger than the most favorable configuration of
offset opposed.solenoids.

The ficuIre-of-merit is a strong function of the diameter of the
inner coil, and as this diameter increases, Fs decreases. How-
ever, both the overall size of the coil system and the
penetration depth increase with increasing inner coil diameter,
so practical considerations may lead to compromises in the choice
of s'/stem configuration.
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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 Zm. The fied strength

at Zm is Bm. The diameter of the homogeneous region, defined by 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 Y-th
power".

Vm Mo F=s
Rb b S Zm Bm dZ (xE+2) ( )+3 (xE+))
---------------------------------------------------------
3 0.3 3.5 1.5 0.501 0.279 1.14. 5.71 84.8

4 0.4 3.0 2.0 0.429 0.330 1.88 8.07 43.2

5 0." 2.5 2.5 0.358 0.374 2.74 9.81 22.3

6 0.6 2.0 3.0 0.286 0.413 3.69 10.6 11.2

7 .7 1.5 3.5 0.2*15 0.448 4.71 10.1 J 8

8 0.8 1.0 4.0 0.143 0.481 5.83 8.33 i.86
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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-
noise ratios, and practical considerations associated with
'Molementation are discussed in this chapter.

B. System Configuration

Based upon the figure-of-merit calculations, it appears that a
"sincle-sided remote NMR system that utilizes Inside-Out Helmholtz
coi.s to produce the steady Ho field possesses clear advantages
over competing configurations. With proper design, such a system
snould exhibit all or most of the desirable attributes d',scussed
in the previous chapter, i.e.,. a reasonable penetration de~th,
zortaoility or transmortablilty, and a well-defined remote recion
of inspec-ion.

A sketch of the proposed system is shown in Fiaure 71-I. In this
sketch, the semitoroid is shown with & major diameter approxi-
mately equal to the diameter of the inner coil of the inside-Out
Helmhcltz pair, The optimum configuration would, of course,
depend upon the particular choice of 'Inside-Out Helmhoitzgeometry. However, assuming, Ra = 2(Rb), the configuration

:iJustrated would orovide an rf field strength at t:e center of
the remote region approximately 20 - 25% of the field stren---n
avaiiazoe at the semitoroid face. in addition, the -c-ccene:-
of :he rf field over the remote volume is estimated to ne. less
tnan "3%, which is very, attractive.

't ma'; -e desirable to desian the system with two separate rf
c-. s, one for transmittina and the other fot receivin,. Such a

oes.Ln may lead to a more efficient use of transmitter Zeower or
to an improvement in the signal-to-noise ratid .through reduced

rser '•e, improved detector coil Q, or. the .ne.___o .... time iprv d • -

.searate rece..er arn transmitter . 0ils are .-auired, a
soclu&on would be to 1nccrnorate a solenoid detector :cc- as
shownn -a'ru V-2 Th detector coil would hen ce •r-iented

_inilmze coc_.gna wit.n .e semi:oroid. An _attractz...
na-,re -a'voe tc empLov crossetd semitoroids si.,nlar to :Cse
shoýwn :.n Fizýure; ';-A 2 "1
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C. Signal-To-Noise Ratio

Equation 11-7 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 Density 6.6 x 102;

Sample Temperature = 300 Kelvin;

System Bandwidth, B = 42.57 KHz;

Ra = 2(Rb) = 40 centimeters

d Zm; Z a 3Zm/2; 9/d = 0.5;

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

SNR 11.4.

Although there are a number of effects that will act to reduce
the expected SNR from the calculated value, this is an encourag7
ing result. In addition, it is likely that the above conditions
cou1d oe optimized to pioduce an even greater estimated SNR.

An interesting result, which arises from the geometry of the
Inside-Cut Helmholtz system, is that the estimated SNR for a
particular configuration is indoepndent of :he penetration depth.
That is,- if the size of the above system is doubled, and the Ho
field in the remote region remains the same, then the predicted
SNR is again 11.4. The reason is that the volume of the remote
reac~n varies as the cube of ti oenetratý.on depth. Therefore,
at constant Ho field, th; signal-to-noise ratio is independent of
penetration depth. Of course, practical constraints on coil
size, f_ field strenath, and the !ike, make it very .niikelv that
-~e [*3R would be oenetration depth independent, and these effects
3re addressed oelow.

Should also ze noted tnat :here are effects which will act to
reduce the sianal-to-noise rat-- calculated above. F:rs7, :he
"-•d: ceends directl', upon the sroton dens-it•y,, And a ma:eriai. w:t-
a nign )roton density was assumed. However, manv ex7.1os17e
-cmocunds also have hi#h proton densities, so this :ay not )cse a
ser:ous orooilem.

Se..nd, tne S:'R ca1culated aoove assumes that F T.. -he

cuant~tv F is a factor -hat includes the effects 0f fin:e r:
zulse enctn, r: :"ed _nnomoaene:...i, s';stem recoverv -::me and
signa" loss cue :c snort T2 times. Small :hances -n cf ;uSe
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length 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 quantitatively,
but qualitative estimates are fairly straightforward. F is
likely to be a weakly-varying function of penetration depth for
small Z and a strongly-varying function of penetration depth for
large Z. A reasonable assumption, based upon experience with
Inside-Out NMR systems (7,25), is that

F d Z- 2 , for Z << Zo;

F ( Z 4 , for Z >> Zo;

where Zo is a characteristic distance denoting the chance in
regions.

An anai2sis of the electrical and ohvsical characteristics of the
rf coil in the system above shows that the Q and inductance re-
quirements can be met for coil diametezs between about I and .27
centimeters. While the lower limit does not present a serious
constraint, the upper limit suggests that the transition region
occurs near Zo = 27 cm.

The system recovery time depends, to some extent, upon the Larmor
frequency, or static field, chosen for observation. The nigher
the frequency or field, in general, the shorter the recovery
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 into the following ad, hoc ex-
pressicn ;or the factor F,

4= D * ex(-l/14o).((Z/ Zo - (Zo) ), (V -

wnere and Zc are constants and Ho is the aoolied :eied In
ocauss. Since the T2 times of most exclosive comocunds are

s miar, and short, the dependence of F on T2 was not extl~cit1:
Lnc!>ded. ImnIl4cit Ln h is exoression is the assum=tlon .
2::et of tne recovery t. .. e wi1 reduce the ava~iaole SNR by a
:acmre• tf l, e_ at a f leld of 1, 00 Gauss, and more at Lower

:'=NMI=
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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, Zo

20 cm.

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

F = 58.0 * exp(-I/•!o)/(Z 2 (l +'Z 2 /625)), (VI - 2)'

where again Ho is the applied field in kilogauss.

Equations 11-7 and VI-2 were used to estimate signal-to-noise
ratios for a variety of penetration depths and applied fields.
The results are presented in Table VI-l, and the strong depen-
dence of SNR on applied field is.immediately obvious. At 0.5
kilogauss, a penetration depth of 2 cm provides a barely adequate
SNR- while at 1.5 kilogauss, penetration depths of 50 cmn appear
feasible.

The SNR also depends strongly upon the configuration of the
Inside-Out Helmholtz coils. Predicted signal-to-noise ratios for
a ,7ariety of configurations are presented in Table VI-2. Two
cases are covered in this table. In the first, the 1o 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. In the
second, a 1,000 Gauss field is assumed for all configurations.

I. :t 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-l

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 6.58

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

.___



"Table VI-2

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

Signal-to-noise ratios in single-Sided NMR systems employing Inside-
Out 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-Out 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 coil is held
constant, independent of configuration, and that the field strength in
.-e remote region varies as indicated in Table V-4. Furthermore, for

Pa -40 centimeters, the static field is assumed to be 1,000 Gauss.

The signal-to-noise ratios presented *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)

66.7 20.0 10.0 1.40 10.5 4.G2

50.0 20.0 10.0 .1.30 4.74 2.79

40.-0 20.0 10.0 1.00 2.09 2.09

33.3 20.0 10.0 0.799 0'.909 1.63

28.6 20.0 10.0 .0.601 0.242 1.31

25.0 20.0 10.0 0.399 0.038 1.08

/



D. Practical Considerations

In order to implement the proposed single-sided NMR system, 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.

Current Reduirerments

The required number of ampere-turns to produce a given field
strength in the remote region was calculated for several Inside-
Out Helmholtz coil geometries. Thp results for one particular
geometry, i.e., the Ra = 2(Rb) geometry, are shown in Figure
SVI-3. This is a plot of the ampere-turns required in the large
diameter coil as a function of the penetration depth, Zm, and the
field strenath in the remote region, Ho. It can be seen that
wel over 100,000 ampere-turns are required to produce a remote
f.eld of 1,000 Gauss at a distance of 10 cm.

The recuired number of ampere-turns depends upon the specific
geometry of the Inside-Out Helmholtz pair. For constant
penetratioh deoth and remote region field strength, the required
number of ampere-turns in the outer coil is a minimum for theRa
= 2(Rb) geometry. This is shown in Figure VI-4, which assumes an
outer coil diameter Ra = 10 units.

The recuited number of amoere-turns for the inner coil of the
inside-Out Helmholtz pair is shown in Figure VI-5. The calcu-
lations for this plot also assume ar outer coil diameter of 10.

rom the results shown in Figures 71-3, VI-4 and VI-5, Jt is
obvious that it would be very difficult, and likely imoossirble,
to produce substantial fields at significant penetration depths
.usina conventional resistive coil technology. Pulsed f:eids
could be used in certain applications, but the resultin- sy'stem
would likely be quite complex, especially since explosives tend

to exni:bt long TI times.

Enoloy;na sucerconductina :oils :av ce an attractive so i:.on .n
tnis 7ro lem since it is Ii'ely tnat superconducting :si.s coudi
produce iseable remote field strengtns and zenetrat'on Jeoths.
Cf :ourse, there are drawcacks -o tne use o. superconduc,:nc
:oils, -ut :nese drawcacks :ould ce overcome in manw -c-=-t'a"
aoo~i:ations. SevJeral :nnortant :cnsiderations involved with the

e • Suzer.ncuctina coii3 a-e discussed under -:ne seczýon
ent~ied"Co-'! Litmi-ations" below.



l7

6.0

Ho0 1,000 G

5.0
Ho 750 G

4.0 Ra 2 Rb

Ho 500 G

E
< 3.0

z 2.0
Ho 250 G

1.0

C Zm (cm)
0 10 .20 30 40

Outer Coil Ampere-Turns Versus
Penetration Depth and Remote Field

/



* 3.0 -

* ~ ~2.5

0. -

rx
32

Fiue !

Nmee:,zs(oi )Mtr-ei

UfrssR frR (,ý



/

2.5

2.0

.~0I

• 1.5
N

z

1.0

0.5 ' --0 rb

2 3 4 5 6 7 8 9

Figure FE-2

Am-e"-Turrns,(•i. B)/Meter-Tesia
Rbersus ? for Ra 2(-b

t(





8?

Coil A Ci
10.0 rb = 3.0

1.0 =b0. 3

A
0

S 3.5

Zm= 1.5

Vm 2.5

B 0

Vm

A

0 Zm Z

2'.gurze '. ,_-

:rnsie-.Out 7emhholtz Geometry



88

Coil A Col
10.0 rb 4.0

i a = 1 .0 i I b 0 .4

A®

S = 3.0

Zm= 2.0

V = 4.0
m

B 0

H0

B

A 0

-5 0 Zm Z

FLigre VT-7

:rls"ýe- Out HeL Mholtz Georetr'r
c Ra = 1) and Ru -"•

m ' Li i Ii l



89

Coi A
r 10.0 r 5.0

S ,.0 ib =0.5

S =2.5

Z ,Z 2.5

BVm 5.8

A 0

-5Z .m 2

7 igur t=- "-

: or .de-iut .eimholtz - 5eometr1
"-Or R.• 10 Ind Rub.=



90

C! CI A I B
r1 = 10.0 r= 6.0

a 1.0 b=O.8

A

S =2.0

SVm 7.8

B

A 0

or R Zm Z

".'rsAe-Out HEernioltz ]eor'etrr
Thr....1 -



9'.

r.=10.0 rt, =7.0

a 1.0b=0.

A 0

so Zrm 35

V 10.0

A

0

j~si~ie-Tht ?{.nholtz 'J-ometry
or 10 ard ?-



92

r-. = 10.0 rb=8.0

1.0

*Im 4.0
V 12.3

A 0

7or R :c and Rb



93

Second, the maximum remote field attainable from a superconduc-
ting Inside-Out Helmholtz pair iay not be adequate. The maximum
field depends upon the maximum current that can flow through the
coils, and the 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 oetore reverting to their normal state. The
fields at the sites of the coils of an Inside-Out Helmholtz pair
are determined by the configuration chosen and by the currents in'
the coils. The ma:rimum remote field is reached when the limiting
current is reached in one or both of the coils.

To address this problem, we contacted Dr. James Carolan, Pres-
ident of the Nalorac Cryogenics Corporation, a manufacturer or
superconducting coils and associated components. Dr. Carolan
analyzed this problem using a computer program developed for-this
ourpose (26). His conclusions, for the Ra - 2(Rb) geometry, were
that a 1,000 Gauss remote field with a penetration depth of 30 cm
Is zertainly pcssible and that remote fields up to 2,000' Gauss
may be achieva~le.



VII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The results of this study lead to the following principal
conclusions regarding remote detection of explosives using
single-sided NMJR technology.

1. Remote detection by single-sided NMR appears
feasible, The present analysis indicates tnat
useable penetration depths and adequate signal-
to-noise ratios are attainable.

2. NMR remote detection of certai.n explosives is
possible, but detailed data on the NMR proper-
ties of explosives are sparce. It may also be
pocssible to define a unique sigiature, usinc
hydrogen/nitrogen level crossinc, for each
explosive compound. Additional data and
analyses are required.

3. An advanced NMR remote detection system will
require superconducting coils to produce the
magnetic field.

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

B. Recommendations

These conclusions lead directly to the two recommendations pre-
sented below.

Recommendation L. Acquire NMR dýta on tne compounds
-f direct interest. Proton relaxation :imes and
he effects of hydrogen/nitrogen interactions are

of particular importance.

2...mmencation 2. Perform a f.asibii•tv st' dv for a
e~d-Useacle s!stem. Use the data :rom Recommend-

at.on 1, above, to address the •oss•i .... Or
discr:-nination between various ex=Ics:Ves. EstlmazL
.. ssecti,.n :imes u;nder var:cus set:s f zondo:icns.
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VIII. NOMENCLATURE

Cor4e.atJ n Time. For random processes such as molecular
:otion, a measure of the time dependence of the fluctuations.
In NMR, correlation times near the inverse of the Larmor
frequency produce short T1 times.

Deal T4me. The time for the NMR system to recover following
an rf pulse, i.e., the time it takes for an FIC to be visible
after a oulse. Also called the recover,. time.

FID. The NMR free induction decay signal following the

application of an rf pulse, or pulses, at the Larmor frequency.

Free 'Induction Decay. See FID above.

Ho Field. The externally-applied magnetic field responsible
for nuclear precession at the Larmor freauencv.

HI Field. The rf field applied at the Larmor freauc... to tic
..e nucear magnetization. The HI field is applied perpendl-

Z var to the Ho field.

:nside-Out Helmholtz. A set of coils with spacing, radii' and
current flows arranged to produce a remote region of homoge-
neous field. At the remote field maximum, ooth the first and
second derivatives of field strength with respect to distance
are zero.

:ns:de-Out NMR. A particular type of remote NMR configuiation
in which opposed magnets are used to produce a toroidal remote
region of homoqeneous field. Originally developed fDr wel'
`ogging applications.

Larttr frequency. The frequency at which the NMR exper.ment is
performed; the precession frequency of the nuclei in the static
macnet-c field., The Larmor frequency is proportlonal to tne
s:rength of the static magnetic fleld and, for pr:oons, is 4.26
:4Hz at 1,300 Gauss.

o•ar~zaticn T-me. Te juration of time that tne tem e

;.sZecte s :I nmersed .. the smatlc .aan__ -- -
.n*erroaatisn 3v the ";MR oulse secuence.

)..e .c ...... n See -ead time amove.

=F Rdio ;-: '•-', ... NMR freauEnc-es ;.- rhe nae
szcu: 0.3 - 3CC MHz.

AF u A sn.ort, in-ense bur-t -;f red - no
nucze. by tne rransm.tter.



R F Pulse Sequence. A sequence 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 closely 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 NJMR system; usually
refers to the voltage SNR.

Spin-Lattice Relaxation Time. See TI. ,

Soin-SDcn ?elaxation Time. See T2.

Static Field. *See Ho field above.

TI.• The soin-lattice relaxation time o~f the nuclear soin
system. The characteristic time for the nuclear spin system
to return to thermal equilibrium with its surroundings
fo!!cwing a disturbance.

T2. The spin-spin relaxation time of the nuclear spin system.
The characteristic time for the nuclear spin s~ystem to return
to .n:•rna] equilibrium foilowing a disturbance. '
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