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1. INTRODUCT I ON

1.1 PURPOSE OF PROGRAM

The prog ra m de scr ibed  in th i s  repor t was desi gned to study
the characteristics of TNT using the techniqu e of NQR (nuclea r c;’~~idru-

pole resonance) spectroscopy . Emphasis was placed on measuring ~he

polymo rphis m in TNT be tween 7 7 ° K  and room tempera ture a nd deter min ing
whether any phase changes occur over the same temperature interval.

The program appro ached these measuremen ts f ro m both the theore ti ca l
and exper imen tal aspects wi th emphasis  being p laced on the labora tory
measurements.

1.2 SUMMARY OF PROGRAM RESULTS

The resul ts of this research have established tha t the NQR

spectrometric technique is ideally suited for the chara cterization

of explosives such as TNT. NQR data yields information on chemical

s t ruc ture, crystalline states and morphology . For the explosive TNT

it has been shown that:

a. TNT exists in two morphological states

b. TNT undergoes a phase transition at ‘i.,200°K

In addition a new mechanism was discovered for obtaining NQR signals

at high data rates thus enhancing system efficiency by a factor of

up to 100. Finall y,  initial research was performed using soft ferrite

cores in place of the standard sample coils in an effort to reduce

the amount of sample required for an NQR measurement.

- 1-1
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3 PROGRAM BACKGPLUND

S u b s t an c us  such  as TNT , RDX , HMX , a r d some of t he heavy  me t al
3~~: id~.s h~~’n for rn.nn ye.~rs been use d as rn~~lit~~ry nii p lns i n’t-~~~~, Thr

p h y s i c a l  and chemical proper ties of these subs tan ces have been the
subject of many studies in an effort to establish criteria by

which  the behav ior of these compounds could be r e l i ab l y  p redic ted.

This  has  led to i n v e s t i g a t i o n  i n t o  the m a n u f a c t u r i n g ,  h a n d l i n g ,  and

ove ra l l  e f f e ct iveness of these ma te r i a l s  fo r  both m i l i ta ry and

indus trial use.

In sp ite of these e f f o r t s  many f u n d am e n t a l  ques t ions  r e m a i n .

In f ac t  as a deeper unders t and ing  of the problems has been ob ta ined  by
the research to date , even more quest ions  have been uncovered .  For

example , a recurrent problem in the m a n u f a c t u r e  of explosives is the

occurence at ambient temperatures of more than one coexisting

crystal phase. This polymorphism is known to occur in  TNT , HMX and

PbN3, and is responsible for a degree of behavorial unpredictabilit y .

and hence decreases the desirability of these substances as military

and industrial explosives.

The total problem of understanding and characterizing explosives

and explosive systems is beyond the bounds of any single research

effort. In this study the specific problems of TNT polymorphism

and phase transitions were researched . This is one of the problems

which is relevant to present day concerns .

The experimental techniques which are best suited to solv e
the current problems associated with exp losives must provide a

broad probe of these materials. This must be done at a level which ,

must not only include the atomic and molecular regime , but must also

1—2
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be suff Lc~~nn~~1v scnsitic~’e to intermolecul ar int r i”~ ion:; so th ,it

crystal—~-hase information can be retrievt ’d. ‘i’h’~ u:;’ of ~~iu 1u~ir

Quadrupole Resonance (~~
‘
~R) spectroscopy is i u u a  1 f o r  t he  j l r o p o n ’ ’:

inves ti~j a t i o n .  The study of quadrupole  co u:~1in’~ constants can provide

a 1 1 in F 4- in ci c n r, r~~, r 4- c Pr ,  r 4— in a r n,rs 1—n cm rCl r, nil 1 -‘ n , , 4 + H . , , 1 r -‘ ‘ •• - •. “ ~-“, ‘-• •
~~~

- ‘ .

chemical formulae of the explos ives of interest will reveal that

Nitrogen—14 (nuclear spin =1) —1 OO~ abu ridut , ~~‘n ’’ App ndi:: A )

probe nucleus of choice. Nitrogen—l4 NQR is the experimental tech-

n icu e wh ich was used in this research .

1-3
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2.  T E C U N I CA L  D I S C U S S I O N

2.1 NQR ~FECTflOSCOPY OF NITROChH

In t h i s  Section a b r i e f  descr iption will be given of thu

p h y s i c a l  basis of NQR spectroscopy , Appendix A disc’isses these matters

in grea ter de ta i l .

Nitrogen-l4 NQR originates because of the existnnce of ar

i n t e r a c t i o n  between the N i t r o g e n — 14  nuc leus  and the electric fi€ild

g r a d i e n t  genera ted  by charges in the v i c i n i t y  of the  n u c l e u s .  T h i s

in teract ion leads to a quan tum mechan ica l  th ree - level sys tem fr orm

which transitions can be induced and detected by conventional spec-

troscopic methods . The i n t e r n a l  n a t u r e  of the interaction deterrmining

the absolute values of the energ ies involved is the basic reason for
the sensi tivi ty of the method to small s t ructura l  changes .  P h , is e

changes involving a change of crystal structure lead to abrupt

changes in the f r equenc i e s  of the NQR spect ra l  lines. This happens

because the molecu la r  charge d i s t r i b u t i o n  w h i c h  d e t e rm i n e s  the quadru-

polar interaction depends quite sensitive ly upon the c r y s t a l l in e
environmen t. Phase changes not involving any change in the local
crystalline environment are not reflected in the NQR spectral frequen-

cies .  They do , however , affect the relaxation times of the transitions .

The spin-lattice relaxation time , T1, is a macroscopic transpor t
parameter measuring the return to therma l equilibrium of the expecta-

tion value of the nuclear spin magnetization . 1 The Hamiltoni in

coupling the spin system to the lattice is , in general , time depen-

dent through the time dependence of the lattice operat3rs. The

2-1
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I

statistical riuctuations of these operators dvt~i’rr,ine the spin—

lattice relaxation times. During a phase transition , there are

lIenera lly larqe arn;l itude fl’c L’ , i . f i O : .m  o: 1 , ’,~ ~~ I~~~~ ’ ‘‘ in ~~
-- : ;  1 : , i . rJ

to  annrm’ilous lv shore sn~ n— la~~tice rel axat ion t~~r m r . s .  I n  fact , st ~~ d i r ’~
of the temperature d e p e n d e n c e  of the relaxation t ir r e T

1 have rjro ”en

slngu !arly user in t h e  s t ud y or m o l e c u l a r  met  I o n s  a m a  nr1asr: t r ’u S L —
t ~om. s 2 

an d  nave ‘en ~ how:’i to yield thi dire: ’ ion of t h e  pr in’ ’:  n a  1

axes , thus y ielding in a polycrystalline powder much of the infor-

mation which previo’aslv called for single—crystal work

The inverse  l inewidth r e l a x a t i o n  time , T~~, is a measure  of the
inhomoge nous li ne bro adenin g which in turn  depends on the deg ree of
d i so rde r  of the lat tice and on cert a in  m o l e c u l a r  mot ions .

‘
~he spin phase memory time , T2, is a measure of the degr ee of

~~ n l e  loss of t ransverse  n uclear  spin mag neti za tio n and
yu~ crally has a singular behavior during critical points.

2.2 PULSED NQR INSTRUMENTATION

Interest in pulsed nuclear quadrupole resonance (NQR) instru-

men ta t ion  has been on the increase as the var ious advan tages of pulsed
techniques have become apparent ~~~~~~~~~~ These advantages include : (a) The

avoidance of the saturation effects which sometimes p l ague  c. w.

spectroscopy , (b) The ability to measure various relaxation times con-

veniently ,  (C) The ease with which signal averag ing and othe r da ta
processing can be performed.

The instrument which was used for this research on TNT is princi-

pally intended to operate as a Nitrogen—14 NQR research spectrometer and

was specifically optimized by Block Engineering for Nitrogen-14

research . It operates in the range 0.5 to 5 MHz. It is capable of pro-

ducing a rotating magnetic field 111 of about 20 gauss in a cylindrical

2 — 2
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I

sample 2. 5 cm in diameter and 8 cm long. Fur4 hurrno r , ~~~~~ ‘ lonqth of

a “u/2” pulse for a polyc rystalline samp l+- 
10 

in this syst .-m is about

50 usec . The m a i n  f e a t u r e s  of th . ; nstrur” -~~’ a r - ,

a .  H ut cr o d ’.’ n . L o i h i . i ’ ; u eS n ’  u ’  : , r ” •

b. An or~ ’ ;in:1 n ’• ’ - h r n - ’ ::‘ ‘
~~‘ 

‘~~~
‘ ‘i ’s: :n

a 1 low:~ ‘~ne—~rnoh ‘ on:

c. Choice of se’•’oral e:- :citat ~on sn :InOr,I:r S con-
venient for qnn e r at ion ~nd collection of
si gnals at h i~~h ‘~~u t 1  r~~’ I - S  ~ S pOSS~~~~~~e .

d.  Fas t  F o u r ie r  t r a n s f o r m ’  ( P P T )  ro~~t :n e  f o r
s tudy ing lir,c’—shaj” s ure a -a i l u h i n .

2.2.1 Block Diaqram

Figure 2.2.1—1 is a block diaqram of the ~~~ S ectrorneter system .

The transmitter and rece iver are sing l~1~ conversion hoterodvne mystens

using a fixed frequency local oscillator and a variable frecocncy

master oscillator. A separate sample head contains the trinsmi tter

final amp lifi’n r , receiver prea mp lifier , and sample coil m 3tchin~ net-

work . Control of the system and selection of the type of pulse train

to be app lu:d to the sample is accomplished with a s eq t i o n re r  n n i t .

The entire spectrometer is located in a well shielded scr on room .

All output si’;nals are coupled to a remotely located data syst-em by

op t i ca l isola tor s .  A video ter m in al and moni tor scope used to contro l

the data sys tem and to moni tor data system outpu ts are loca ted ad jacen t

to the screen room .

2 . 2 . 2  T r a n s m i t t e r

As show n in the t r a n s m i t t e r  block d i ag ram (F igu re  2 . 2 . 2 - 1 )  the

difference of a 10 MHz crystal controlled local oscillator and a 10.5-15

MHz master osci l lator appears at the output  of a gated m i x e r .  The mas te r
oscillator may be a Marconi R .F. signal generator or a Hewlett-Packard

5lOOB frequency synthesizer. The local and master oscillator signals , as
well as the mixer , are turned on only during the transmitter pulses.

2—3
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I
Unlike a homodynu system , this heterod yne procedure prevents any

coherent inference si gnals from being produc’ d in the receiver doring

NQ R si qnal detection. The phase of the 10 ~
-
~f l z  local oscillator m a y

be shi f t e d  90°  upon command f r o m  the s e q u e n c e r  in  o r d e r  to q e n - - r a t e

phase s h i f t e d  seouences  such as the Me~~beon— q~ :nu ’a : f ~~ed C a r r — P  r cel l
sequence .  The d i f f e r e n c e  f r e q u e n c y  f r o m  the’ mixer is select -i Lv a

low pass f i l t e r  and  then a m p l i fi e d  to ~app roxima t’~ l two w i r t u  i n  order

to drive the final amplifier . The final amp lifier is a sin-~~e 4 k 2 5 0 B
tube mounted in the sample head ope rating in. c lass  C mode .  Operating
vo ltan s for the tuel ,’ are obtained from. a se:a rate :~ow-- r su nnl y cLass i s .

The transmitter voltages and currents are monitored and con-

t r o l l ed  in the powe r supp ly. Variable transformers are used to set

the p l a t e  screen , and grid voltages . All voltages are heavil y f i ltered
to preven t pulse droop frc~ occur ing  d u r i n g  long pulses  or long pulse
sequences.

2.2.3 Receiver

The receiver (Figure 2.2.3-1) uses the same oscillators as the

t r a n s m i t t er in a heterod yne c o n f i guration to detect the NQR resonance
s i g n a l s .  The ou tpu t  of a b roadband (0 . 5-5 MHz) preamp l i f i e r  located

in the sample head is mixed with the mast er oscillator (lO.5— ~~5 MHz)

in the firs t mixer of the receiver to produce an intermediate fre-

quency (I.F.) of 10 MHz. The I.F. is bu ilt with M1550 inte :rat’,d

circui t amplifiers and double tuned coupling transformers to produce

a bandwid th of 20 kHz with a gain of 80 db A manual I .F. ga in control

may be used to reduce the ga in to 2 0 db. S ince the pr eam p l i f ier and
sample coil tun~ d c i r c u i t  grea tly attenuate any f r equency  above 5 MHz ,

feedthrough of local or master oscillator frequencies is not a

problem. Likewise , receiver image freqi’encies in the 20.5—25 MHz

region are also prevented from reaching the receiver mixer.

2-6
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Fi gure 2.2.3—1 Block Diagram of Receiver Unit
of the N QR/FFT Spec t rome tar
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Direct ra1~iat i o n  0 ’ the 10 ~ fi z local oscillator into the I. P. , ‘0, -ever ,

can be a probl em urJ+n s oscillator l eve l s  are kept low and the ~.P. is

wel l  shie 1ded. The video s i e a l  f rom the I . F . i s  corr:+’rt .ed ‘ ‘ :,

by two ‘nchron’oo; d’ tectors operating in phase quadrature f r o n  th’

10 M H z  loca l osci 11a~~’r .  H oth  the  m i x e r  and the s y n c h r o n o u s  de t
~~c tor s

are gated off dui ing each transmitter pulse to achieve fast r+ co’;erv

times by p’re’:ert ing overloading of the receiver. The quadratur~
detector outputs are filtered by active six pole lowpass filters of

1 k H z , 3 k H z , or 10 kIIz bandwidth . Since the outputs of the detectors

are DC coup led , no distortion of NQR signals occurs when operating

at the exact frequency of an NQR line. An oscilloscope monitor signal

is genera ted by add ing the two quadra ture o u t p u t s .  Th is same sign a l

is fed to an audio amp l i f ier wh ich dr ives  a sma l l  speaker in  the
receiver .

2.2.4 Preampl ifier

The pre amp lif ier is mounted in the sample head next to the
m a t c h i n g  network . Th is e l im in ates capaci t ive load ing tha t would  be

4. ..‘ s_ L —. ‘V __ _ :  - , , n - . - , ,  - - ,L W ~ LII ~1 £4J11-J LL’ci2c~id I .1. IUC ne tween ti le ~~d l i L ~~ IC (2 0 ]. 1 d u O  t oe  jJream ’n—

l i f i e r  and also provides  s i g n a l  a mp l i f i c a t i o n  w i t h  a low impedance
ou tpu t to prev ent in ter ference p ickup in the line between the preamp-
lifier and receiver. The preamplifier consists of two FET casccde

ga in stages coupled by an FET source fo l lower , and an FET-bipolar
t r a n s i s t o r  feedback  compo und t h at  has a low impeda nce ou tpu t  wh ich
drive s the twinaxial outj ut cable. The cascode sta~ es use 2N524 5 JF~ T ’~
to produce a gain of 40 db from 0.5 to 5 MHz. In combina tion wi th .
the ma tc h i n g  ne twork , the pre ampl i f ier increases the Johnson noise ecuiv-
ale nt of the samp le co i l by less than 10%. A pair of back-to—back

diodes at the in~~ut protect the preamplifier from high RF voltages.
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I

2 . 5  t t i~~~~~~~: ;  ~~~‘ t w  rk

The Lrn ~ e’~~Ince  m i t c h i n ’ :  n e t w o r k  ( F i g u r e  2 . 2 . 5 — 1 )  :n’’d i the

spectrometer is designed to allow simultane ous t u n i n O  of bot h

t r a n s m i t t e r  and receive r by a single control . When searchin g f o r

unknown  r e sonances  t h i s  f e a t u re  is a very conven ient or e’ for tb

opera tor . In  a d d i t i o n , the  q u a l i t y  f a c t o r  Q of the  network h i s ‘he

following very useful property. During high voltage R .F . im r adia ~ i o n
— t r a n s m i t  mode — the  Q of the c ir c u i t  is very low a l l ow i n ’ ;  t r i ’- sm i t

pulses  w i t h  f a s t  r ise and f a l l  t imes . On the o t h e r  h a n d , in  the
i n t e r v a l s  a f t e r  R .F. pulses  — receive mode — the q u a l i t y  f a c t o r  is

hi gh , essentially that of the sample coil itself. As seen in

Fi gure 2 . 2 . 5 — 1 , b a c k — t o — b a c k  diode pa i r s  Dl and D2 are turned or’. by

the hi gh voltage R.F. when transmitting . A resonant circuit is

formed by L1 ( the t r ansmi t t er match ing  coil ) , L2 (the sample coil)

and va r iab le  capac itor Cl .  C3 is a large value h i g h  vo l tage  DC b lock ing
capacitor which is a short circuit a t  RE’ f r e q u e n c i e s .  The r e s o n a n t
freq’uc:1cy of the transmit circuit is

1

~OT 
- 

/ 2—1
2~~~1

Ll L2 
“ C

\Ll + L2 I

with  a Q of

R R1 2 2ir f
0T C1 

2—2
R
1

+ R
2

In addition to lowering the ~ f the t r a n sm i t  mode , R l preven ts
excessive screen grid dissipati,an if Ll is open , and R2 prov ide s a
ground return for C3.
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a

E p

A
L 1~~ RI

SAM PLE

K ~-N 
_ _  _ _

R21 
~~~~~D2

L_ 1 _ J

L1 =L 2 = L  TUNE~~~~~~

C I = C2 = C

R IN IS INPUT RESISTANCE OF PREAMPLIFIER

T RANSMIT RECE!VE
EQU IVALENT NETWORK EQUIVALENT NE TWORK

- 
L2~~~ L~~~~ 

j RI 

j

~~~~~~~t 

_ _ _ _  

L

2H~~~~~~
c2

MATCHING NETWORK

Figure 2.2.5—1 Circuit Diagrams for the Impedance Matching
Network of the NQR/FFT Spectrometer
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When the transmitter pulse ends , the envelope of the R J .  ~I’ cays

with a time constant of 
~~~~~~~~ 

until the voltage is less than the

thresholds  of d iode pa i r s  D l and D 2 .  When the diodes stop conducting,

the receive node resonant- frequency is

1

~OR 
- 

2~~
1
L 

C
1 
C
2 \ ~2 

C
1 

+ C2)

If Cl and C2 are ganged together so Cl = C2 = C, and i f  h l  = P2 = L ,

then

1
0T 

= 

2-’ 

~ 
C) 

½ ~~O R  
= 

C)  
½ 2-4

and the receiver and transmitter tune simultaneously. The receive-

mode ~ is determined by the sample-coil Q loaded by the transformed

input resistance of the preamp l i f i e r .  The a l re ady h igh i n p u t
res is tance of the preamp lifier input is multi p l ied by a f ac tor of
four by the capac iti ve vol tage  d iv ide r formed by Cl and C 2 .  In

addi tion , the input capacitance of the preamplifier is absorbed by

the much hi gher val ue of C2 , and ca paci tive d iv ider Cl and C2 pro-

vides a low noise-figure impedance match between the sample coil and

the preamp l i f i e r .

One limitation of this matching network is that no voltage

multipl ica t ion takes place be tween the  f i n a l  a m p l i f i e r  tube outpu t

and the sample coil. Thus, the peak-to-peak voltage swing across the

sample coil is only twice the plate supply vo l t age, E~~. The samp le
coil f i e l d  streng th is

H
1 

= 
~~~~~ 

( / )  -
~ l0~ = ~~ (/~I~ )~ l0~ (g auss)  2 5

where V is sample volume in m3.
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The lower limit of tb. sample coil inductance is s’-~ b y

no~ ’e r lo~~u ’’s i c r ;o c  i a t . - d  w~ t b  stray i n d u c t a n c e s  t h r o u g h o ut  t h e  f l I  c h i n ;

net~ ’ork . The ‘,‘ ‘i l u ’c ;  n r c - s e n t  1’,’ b~’ i n ’ ~ ~ued i n  t h e ’  s p e c t ro me ter  ; j ’ f r .  a

valu of H 1 of , ib ~~u~ 2 0 g a U S S  for a samp le of vo l urn” of 40  ‘~c.

The r i n u u  the s p e c t r o m e ter  is d e t e r r n i r o - d  b tb-

r i n g i n c  in  ~~~ mc. - twork  when in the receive  mode s 1 rcc  t h e

t r a ns m it  Q i s  abo :t  an - the r &-c ’ -uve Q abou t 1 2 0 .  At  ~ ~ hz , ‘h .

r i n g down tin~e from 2 volts peak (D2 switching threshold) to 2 micro’-’olts

peak (no ise f l o o r ) is 177 ~s p lus  4 ~s transmit—mode rir, :down for a

total of 181 .~s.

2.2.6 Sequencer

Ga ting of the tr ansmi t ter , receiver , and da ta system is con-

trolled by the pulse sequencer. All sequencer functions are- ]e’n”rate-J

from a 100 kHz clock produced by div iding the 10 MHz local o s c i l l a tor
by 100. The pulse widths of the first and second pulses in a sc’cuence

are independen tly set by front pane l  thumbwheel  sw i t ches  f r o m  10 ~, s
to 1 ms steps . The second pulse may be repea ted up to 10 ,000 times

per sequence , and each sequence may be repeated up to 1000 t imes .
Af t e r  the second pulse , the t ime be tween pu lses , 2 r , may be se t f rom
1 ms to 100 ms , and the in te rva l be twee n successive seque nces may be
set from 1 to 10 multi ples of one sequence t ime .

The t ime between the f i r s t  and second pulse of a sequence may
be set by a mode switch to either 2t or i .  Another  swi tch  may be used
to shift the phase of the first pulse by 90° r e l a t ive to the phase of
succeed ing pulses. These features allow generation of sequences such

as spin echo , Carr—Purcell , Meiboon—Cill modified Carr-Purcell ,

Spin—Locked Spin-Echo , 
13 

and a train of ii/2 pulses sui table for  F ID
collection . Typical sequences are illustrated in Fiyure 2.2.6—1.
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EXAMPLES OF PULSE- TRAINS GENERATED BY SEQUENCE R
~

- 2t

[ 
. 

1 . - 

C A R R - P J ~ 0E LL

[ it — 
SPP~ E:/-1o

-~~~~ -
~~~~ ~1 * r~~I I I ME ~~BC~~~.*~~T~ I L L

i ~~~~~~~

-

* .
~~
.

______ ___________  ___________  ___________  ___________  II SPIN-bOOKED© I ~j S P IN~ EC~ C

Iii 11 II TRA IN OF© II Ii ii 90 0 ..F J SE 5

ASTERISK (*~ DENOTES A 900 PHASE SHIFT

BLOCK
.. a. ~. —‘C

Figure  2 . 2 . 6 -1  Examples  of Pulse  T r a i n s  Generated by
the Sequencer of t h e  NQR/FFT Spectrometer ,
Thinner pulses denote “/2 pulses , and
thicker pulses denote ~ pulses.
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( ; I t l n ( u l s ’ ’ ;  ¶ r ~~~ ; ~h -  ‘ ‘ ~~
- - : ‘ - ‘ , r ’ -~ ‘ H ’  ; - ~~‘ - d  m i : - : - - i ; ’ :

the 90°  phase  sh i  f t  er in t h . t r an : ;n i  ‘ c -n .  The r e cr i v . - r  ;a te-i n’ ;-:ers

a re t - ; r n e d  o~~f ~- ; r i n o  t b -  r a n o r ” l ’ p . l r - - s in d  fo r a : :hor t  t ; r ’ e’ ~f t e r —

wards  t o  p r e v en t  the  m a t c h i n u  n et w o r r ~ r i n g d o w n  s L g n a l  f r o m  o’~’~’r o i d i r , ’:

the r e c e i v e r.  The a d d i t i o n a l  t i m e  is set by a t e n — t u r n  rece- iv ’-r ’ q-at-e

del,i v c on t r o l .  When the  sequence r  is not q e n e r i t i n ;  n u l s e n , t h e

receiver ;a~ e is t u r n - i  or, to illow tun Ing o~ the na~~ch:r :

A l l  g a t i n g  pu l ses  and i n ter n a l  tes t  p o i n t s  are b r o u g h t  o u t  to t e s t

j a c k s  on the sequencer  f r o n t  p a n e l .

The seq uencer also gen erates da ta sys tem cont rol si gna ls which
set the da ta acquis i t ion clock rate observa tion times. The clock
rate may be set to a frequency of 100 kHz/N where N is an integer

between 2 and 20. The status signal (observation gate ) allows collec-

tion of data either between transm it pulses  (even t mode ) or dur in g the

en t i r e  pulse  seque nce (cycle mode) . The even t mode is used to cohere nt ly
add ei ther FID ’s or echoes , and the cycle  mode is used fo r  meas ur ing

decay t imes of si gnal amp l i t u d e s .

2 . 2 . 7 Data System

The data  con trol si gnals from the sequencer and the quadr3ture
outputs from the receiver are optically coupled to line drivers which
send the signals to the input/output (I/O) modules of a Digi l a b~~~ FTS
data sys tem , F i g u r e  2 . 2 . 7 — 1 .  The FTS hardware  presen t ly be in g used
consists  of a NOVA 1200 w i t h  32K word core m e m o r y ,  Di g i l a b ® I/O ,
Dig ilab~~~’ hardware  m u l t i ply - d i v i d e , d i s c  memory , K e n n e d y  t ape  d r i v e ,
Houston Complot p lo t t e r , and an I n fo tron video te r m i n a l .  A Tek tr on ix
465 oscilloscope is used for output monitoring . The Digilab ® I/O
has a 12 bit A/D converter and hardwired coherent addition capa-

bility at rates to 50 kHz.
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PPLOTTER
MUL T~~Pb~ / Di ~~DE

ViDEOTERM~ IA~iI~~~ DIG I LAB
® 

______  

DATA GENERAL ~~~~D~~IL~ B
® I

I/o 200 SO FT.’.~ RE
SCOPE < _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  L . ._ _ _ _ 1

MAGNETIC DISC
TAPE MEMORY

~~I~~ I I ~~~~~ ~~v~~Tr~ i
IJ I U U L , r L,) I I ,J L, ’’ /“\ ,J I ,,~ I

Fi gure  2 . 2 . 7 — 1  Block D i a g r a m  of the Da ta  Sys tem
wi th  the NQR/ FFT Spectrometer
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The PJ~ s~~ w -~~ ~- s y st  .-r a p rov ides  f o r  d a t a  c o l l e c t ion  of
n~~m L . ’r  of  ~i 1es w i t h  a t o t a l  c a p a ci t y  of  128K p o i n t s .  Dat - a may .l so
u c o — a , H J 1n~~o ~hes.- t i l e s  in  r ea l  t i m e . Th i s  mode is n o r m a l l y  used
to co—aid succ -sslve F I D ’ s or echoes in o rder  to improve the si g n a l—

t o — f o b . ’  ratio. A d d i t i o n , s u b t r a c t i o n, m u l t i p l i c a t i o n, or d i v i s i o n
of two files is also possible. Data files are normally stored fo r
f u t u re  refer -n - - by the  m a g n e t i c  tape u n i t .  ~- o f t w a re  p r ogr a m s  are-
also ion ~ed by m n c ; n e t i c  tape .

A fast Fourier transform (FFT) routine is available for use

on F I D  or echo f i l e s . F i r s t , a f o u r  break p o i n t  a p o d i z a t i o n  r o u t i n e

is used to minimize the sidelobes of the samp ling interval trans-

fo rm and to zero any  ri ngdown time t ransient s a t the beginn in g of the

f i l e .  An FFT rou tine may be selected to pe r fo rm “am~ 1itude onl y ” or

real and i m a g i n a r y  t r a n s f o r m s  of a s ing le  receiver o u t p u t  c h a n ne l .

The F’FT routine disp lays on the monitor scope one pa un t in frebue-ncy

space for  every po in t  in the input  f i l e .  A hardcopy  p lot of the l ine -

shape w i th f u l l  anota t ion  may then be made , or the transformed data

may be stored alo ng wi th the orig inal data file on magnetic tape.

If both q u a d r a t u r e  o u t p u t s  of the rece iver  are a l t e r n a t e l y  sampled ,

ano ther FFT rou t ine  produces a s ing le  sided f requency  output w i t h
select ion between upper or l owe r s ideband .  Th i s  r o u t i n e  is p a r t i c u l a r l y

valuable for analys i s  of wide l ines or close ly spaced mul tiple lines ,

but r equ i r e s  caref ul correct ion fo r  a m p l i t u d e  and phase imbalan ces
between the q u a d r a t u r e  c h a n n e l s .

2 . 3  TYPICA L NQR SPECTRA

The performance of the instrument is best demonstrated by

typical spectra which can be obtained . The examp les have been
chosen to show the versatility of the i n s t r u m e n t  in evoking and
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processi ng NQR si gnals. Figure 2.3. — i depicts the typical resnonse

of a samp le t o the  pu l s e  s . - - ~ u er c e s  s h o wn  i n  b i q u r - 2 . 2 .  — in  a n d  - n u r e
2 . 2 . ’ — L o . Pet e  t h a t  in b ot h  cases b i g  110 ~~~. . —~~ u -~~; o  ~ . ,i— 1c ,
response of the sp in system is a free induction decay (FID) fo1~ owed

by a series of spin echoes , as expected. All signals are actuall y

“beats ” ot the nuclear induction siunal with the ransmitter re :uency .

The average freguency of the beatin g is t h e n  the distance from exact

resonance . The 90° phase shift of all t h e  pulses of a CP so: ~ence

has all the e f f e c t s  which were observed a nd  exmln in ed for NMR ho

Meiboom and Gill in their original paper. 
12 

First , note that al l

the s i g n a l s  f r o m  the MCCP sequence are in phase , while alternate

echoe s in the CP seque nce are 180° out  of phase . Second , errors in .

the size of the “ “  pulses do no t pro duce a c ur - mu l a t i v e  undesi rab le
e f f e c t , with the result that the nuclear si gnal does not decay scone r
than is dictated by the spin—p hase memory t ime , T2 . In the case of

NQR in polyc rys ta ll ine powders i t  is of course impossi b le to ob ta in an

exact “ “  pulse since its value depends on the relative orientation of

the sample coil to the electric field arad~~ent principal axes .  10

For th is re ason a lone , the Meiboom-Gill modification to the CP

sequence could be recogn ized as essen tial for  NQR in powdered samp les.
Qui te  apar t f r o m these cons idera t ions , however , the echo tr a in  evoked
by a MGCP seque nce can be much lon ger tha n one mi ght expec t f r om the
value of T

2 
measured a priori. In fact we noticed that as the spacing

of the “ v ” pulse s became short relative to T
2
, the ech o tr a i n  per sis ts

for times of the order of therma l relaxation times. The origin of

this effect , whose NMR anology was discovered eleven years  ago by
14 , - 1 5 .O s t r o f f  and Wau gh and , independently, by Mansfield and Ware is

discussed elsewhere . In Fi gure 2.3—2 the response to the two

sequences , MGCP and SLSE (sp in—lock sp in-echo ) are compared for the

v— line of NaNO
2 

at 77°K. Note that the SLSF sequence is marg in a l l y

better at recalling the nuclear magnetization.

2—17

Block Eng~neer ng, Inc.

- -—— — 
I- 1— 

-~



q —

2 - i - --
- ‘

-

_ _ _ _ _ _  
.~~~

—

1: 
_ _ _ _ _ _  

(I)~~J) U)

-
~~~~~~~ 

Q r’) r) c - .~ -
‘
-I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~

TI~~~~~~~~~~~~~~~~~~~

_

1

~~

T

~~~~~

iiii

~

cc_ 
- _~~~

2— 18 Block Ing neerang. Inc.

-J



U)

~J oo ri S C )
o >~ 0 0

o
c’J

o~~~-~~~~~

°o

U-”’ -’ J O .

E~~~~ 
~-i C) ~C ) E  ~~~~
.n~~~m~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ o ~

8
~~~~~~~~~~~~~~~~~~~

_ _ _ _ _ _  

~~~~~

-- -- 
— 0

2—19

Block Lng neer ng. Inc.



S

For the purpose of enhancing the s i g n a l - t o - n o i s e  r a t i o  of an
NQR l ine , either to aid in its detection or to facilitate line shape

studies , the SLSE sequence can o f f e r  the k i n d  of fast data rotc ’s

previous l y only achieved in systems with therma l relaxation times

as short as a few milliseconds. The upper trace- s in Figure 2. i-3 and

Figu re 2.3-4 show examp les of NQR signals obtained by coherently

adding the sum echoes in a SLSE sequence. The lower traces are

amnl itude Fourier transforms of the tim e-domain echo si nals ari hence

rep resent the li ne shapes o f the respecti ve ~JQP lines . Two m o r e
i n t e r e s t i n g  l i ne  shapes are shown in F ig u re 2 .3—5 and Figure 2 .~~-6.

Fi gure 2.3—5 is the amplitude Fourier transform of one spin echo

for the -
~~+ l i n e  of u rea at 77° K .  The l i n e  shape “bump ” on the low

f requency  side is a reproducib le  fea ture and is conjec tured to be
due to proton—N

14 di polar  coupl ing  in th is  strong ly hydrogen-bonded

sys tem . Fi na l ly , Figure 2.3— 6 shows the Lorentzian lineshape and

splitting 16 of hexame thylenetetramine . This results from the Faurier

transform of the time—domain signal coherent sum of FID signals col-

lected using the sequence shown in Figure 2 .2 .6—ld .
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NQR SPECTRUM

TIME DOMAIN

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FREQUENCY DOMAIN

4991 KHZ 5001 KHZ

N, N D I M E T H Y L  H Y D R A Z I N E
BLOCK

-—

Figure 2.3-3 The time domain echo signal and its Fourier
t r a n s f o rm for  N ,N — Dimethylhydrazine at
77°K. NQR lines in this example are particu-
larly narrow .
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TIME DOMAIN

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

-
‘

~~~ ~~

FREQUENCY DOMAIN I

4015 kHz 4026

N,N-DIM ETHYLA NILI NE

(very impure )
Figure 2.3—4 The time—domain echo si gnal and its Fourier

Trans fo rm fo r N ,N—D imethy l anal ine cont mm in a t -d
with water. Data obtained at 77°K and exem-
plifies a particul arl y bro ad NQR l ine.
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UR E A , 77°K

2910 kHz 2918

Fi gure 2.3—5 Amp litude Four ier transform of one echo for the
v+ line of urea at 77°K. The broad feature or.
the low frequency side is reproducible.
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HMT , room temp.

I

____________________________________________________________________________________ ________ 
S.’.. ~~~~I I s—-——— t — — -——— ---’- —--—-——

3315
kHz

Figure 2.3-6 Amp l i t u d e Four ie r  tr ans fo rm of coheren t l y added
Free Induc t ion Decay ( F I D )  si g n a l s  in
Hexame thylenetetramine at room temperature .
Note resolved doub let structure .
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3. MULTIPLE PF I , SF  SPIN—LOCKED SPI N—F (’Hfl TECHNIQUES

3.1 ( ;EN ERA L

In the course of the NQR work on TNT c h a r a c t e r i z a t i o n, a nove l

e f f e c t ~~~~~~ observed which greatl y enhanced the sensitivity and ver-

satility c f the pulsed NQR ,-~FFT system. Although this effect , multi i le

pulse spin-locked spin—echo , is , in gene ra l , very useful for NQP

spectroscopy1 it is of particular value in the present TNT studios

beca use weak room temperatu re resonona nces ca n be observed . In f a c t ,
a reasonable part of this research was devoted to characterizing

th i s  phenomenon 13 
so that the very weak room temperature lines of

TNT co u ld be a c c u r a t e l y  measured.  The impor ta nce of this  f i n d i ng
is po in ted  out in the discuss ion which  fo l lows .

Wider  use of N i t r o g e n - l 4  nuc l ea r  quadr upole resonance (NQR )
as a resear ch tool has long been hampered by the rela tive ly poor
signal-to-noise ratio obtained from typ ical samples .  In add i t i on ,

g e n e r a l l y  i c n q  sp in—lattice relaxation times have prevented effi-

cient signal averag ing .  A n umber of double resonance techn i qu es 17 2°

have been successfully used to attempt to improve sensitivity, but

they su f f er f rom cons iderable  ins trumen tal comp lexi ty.

The present research resulted in the observation of an effect

which promises to improve substantially the effective sensitivity of
N

14 NQR in typ ical samples without recourse to comp l icated double

resonance schemes. In fact the improvement is enhanced by the exis-

tence of long therma l relaxation times. The effect , which appears

to be completely analogous to that observed in nuclear magnetic

resonance (NMR) eleven years ago by Ostroff and Waugh 1’4 and by Mansfield

and Ware15 , naturall y lends itself to efficient data processing.

The spectrometer which was used to perform these experiments was

described in Section 2.2.
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F igu r e  3 . 1 — 1  dep i c t s  a t y p i c a l  m i n i f ’ - x t - ~ t i on of  the  p h en er ’ on o n .

A m e d i  f i € - d  C a r r — P u r c e l l  11 
:;equence  ip p i  L e d  O fl r en o n a n ce  t~~ a r iur ’-

q u a d r up o  Ic r e sonance  t r a n s i t  i o n  i n N a N O
2 e vok e s  i n  response a t r a i n  Of

sn in  echoes  which persists for seconds even though the spin—sp in

rclci xn~~ion ‘ inc  T , measured by the 90°— - — 180° method is onl y
- ~~~~ s - c. ‘. a -  : - : : - - ‘ ‘ - - i pe- rsls L . :ice- of t~~e ‘ oh u  t r a i n  t o t

times m u c h  greater than T
2 

occ urs when T ~ T 2 ,  where is the tire

spacing between the first two pulses of the excitation secjuerice ,

and when the Carr-Purcell sequence is modified in the followino two
21 -ways : (a) All the pulses are 90 pulses and (b) The first pulse

is phase shif ted by 90° with respect to all the others. Unde r these

cond i t i ons  the  sp i n — e c h o  t r a i n  decays as the sum of two exponentials ,

a result not unexuectcd in a three—leve l system. In what fellows

the longer of the two relaxation times ,22 is labeled T2 .  For T

T2, the effective- relaxation time T
2 becomes strongly dependent on

:. Fi gure 3.1-2 shows the dependence of T
2~ on fo r  the - l i n e  of

NaNO
2 at 77 K. Note that for T

2 
< T 2 

< T~ the  data are  f it very  wel l
by the relation 24 ’25 , T

2 
~~~~~~~~~~~~~ lending strong support to the- c o nr en t i o n

that what is being observed is spin-locked pure quadrupolo resonance

sp in echo es . If so , one would then expec t tha t for  T 0 one woul d
obta in T

2 
• T 1 , the spin-lattice relaxation in the rotating frame .

However , no independent measurements of T
1 are a va i l a b l e  to checb this

las t hypo thes i s .

The size of the sensitivity enhancement that is made possible

by coheren tly adding the individual echoes wi thin each spin-locked
spin-echo (SLSE) sequence is easily shown to be a factor of

0.64 zl~
’2/(i_e Z), where z = 2t/T2 .  This enhancement is obtained

by coheren tly adding the optimum number of echoes , approximate ly
1 . 2 6/ z .  For examp le , for  an NQR si gnal  w i t h  T

2~ 
= 10 sec i t  is possible

to improve the sensitivity by a factor of 64 over the s ing le-shot signal
by co-adding the first 12 , 600 echoes in a SLSE seguence with 1=500 ~isec .
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Figure 3.1-2 Double logarithmic plot of the decay constant T
2~ 

of
the echo train in a SLSE seq uence vs. the spacin~ r
be tween the f i r s t two p u lses of the sequence . Data
obtained for the v— line of NaNO

2 
at 77°K.
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4

In an actual experiment which a~ proximates this situation 350 req . of

w- -r e  e a s i l y  de t ec t ed  ( si  q n a l — t o — n o i s e  10 , a t  77°V ) by co— cdriinrj

10~ echoes generated in 10 seconds in - i  si n I l ’  SL~~N s~- - : u e rc e

F i n - cllv , it is conjectured that by o o ’- r a t i n ’ ;  i n  t h e  r e o l o r

w h e r e  T 2 is s t r o n g l y  dependen t  on - ( c . f  F i g u r e  3 . 1 — 2 ) ,  t he  s e n sit i -
vity of t h e  double  resonance scheme of Emshwiller , Hahn , and Kap lan

can be or eit ly e n h a n c e d .

3.2 ADvAqTAcid~ AND LIMITATIONS

Fi g u r e s  3 . 1 - 2 ,  3 . 2 - 1,  and 3. 2 — 2  show a double  l o g a r i t h m ic
plot of the effective spin-phase memory time T

2 
vs the pdrameter

the spacing L et w ~~~n t h e  f i r s t  two pulses in the sp i n — l o c k e d
spin-echo (SLSE) sca’uonce . These results ~re , r e s p e c t i v e l y, for
the line of sodium nitrite at 77°I<, fo r sodium nitri te at room
temn erature , a nd f or 4 - p i n c l in e  a t 7 7 ° K .  These p a r t i c u l a r  compound s
were chose- n to give-  a varied sampling of T

1 
and  T 2 val ues.  Note that

a ge ner a l p a t t e r n  emerges , wh ich  can be summa r i z ed  as f o l l ows. As
SLSE s : w  r ces of pro grc-ssively small values are employed , the echo—
train decay constant , T 2 , r ema ins  close to T

2 
for  T T2 .  For - - T 2

it is observed that T
2 

begins to increase dramaticall y, and continues

to do so until it “sa tura tes ” when T
2 ~T1

. I t  should  be noted
that since T

1 
has no t bee n measured fo r  any NQR l ine the assumpt ion

is made that T
1 

T
1 

for  purposes of this  d isc ussion . I t should
be pointed out that only in the f i r s t  case , NaNO

2 
a t  7 7 ° K , where the

ratio T
1
/T

2 
is largest , is T

2~ 
:T

5 as predic ted by theory . For the

other two cases the dependence of T
2 

on is closer to n = 2 or 3
than to 5. It remains to be discovered , by further theoretical and

experimental work , whether a different power law can in fact be

dominant , or whether wha t is observed is the effect of a too low

ratio to allow the T
5 

dependence a sufficient range to show

itself.

1
Block Eng ineering. Inc. 

I — -

— 

- — n.y 
_ _ _ _ _ _ _



4

T2€ (msec)
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Fi gure 3.2-1 Double logarithmic plot of the decay constant T~ , of
the echo train in a SLSE sequence vs. the ~~~ic1nq I

between the f irst  two pulses  of th~~~sequcnce. Data
obtained for the u— line of NaNO

2 
at room temperature .
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Figure 3.2-2 Double logarithmic plot of the decay constant T2~ of
the echo train in a SLSE sequence vs. the spacing r
between the first two pulses of the sequence. Data
taken for the v— line of 4— Picoline at 77°K.
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For ~ he u r ~ u . n  o t  t h i s  r e -p o r t , ~ n e r - f o r ’ - , it :  m u s t  he

Out t h a t  t h e - s p i n — l o c k e d  sp i n — e c h o  t e c hn  icu e  f o r  f i s t  d a t a  r -  ~~r-

product  ion  - i r i 1 c o l l e c t i o n  be come s less  e f f i c i e n t  f o r  low va l ues o:

the ratio T
1/T2

. I-’or low va l ues of T
1 

c o n ve n t i o n a l  s in n a l  - i v e r -~~: i n:

comes m t  - its - -we -eel it is n r -ci n ’ -lv for l a r g e  ‘ a l  i ’s  o f
a n c - ’d for m ()r~ - e ffici en t si t n - c l  yo rr in in n n- :i st  s , eel i s - i - ~-~ r . - s s~-
by the  SLSE method .
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4. SMALL SAMPLE T E C H N I Q U E ;  F E R R I T E  (
~~PES

4 . 1  OBJECTIVE

Nuci - ar m a c r e t  ic r e s o n an c e  ( N N P )  ~ni n o  ar  ‘:jidrunol - reso-

nance  ( N Q R )  h i v e  t r ad  t i o ni l  ly been observed by p ii:: i n n  t he  san : .  1

m a t e r i a l  i n s i d e  a c oi l , or co i l s , w h i c h  served to o:~:cite  tJ reso-

nance and  monitor the- response of the nuclear sp in syst ne . it is

clear tha t the sig n a l  s t r e ngt h  in  such a case depends , amon c oL- er

parameters , both on the number and kind of r e s o n a n t  sp ins  p r e s e n t

and on the  e l e c t r o m a g n e ti c  c o u p l i n g  be tween  the exciting/receivLng

c o i l( s )  and these  s p i n s .  T h i s  concept  has  o f t e n  been s u m m a r i z e d
under  t h e  “ c a t c h a l l ”  phrase , “ f i l l i n g  f a c t o r ” . The geome t ry  of th e

sample  co i l  is d ic t a t ed , to a large  ex t en t , by c o n s i d e r a t i o n s  having
to do w i t h  i t s  i n d u c t a n c e , so the des i r ed  f r e q uen c y  and  the  magr -. i t ude
of the e l e c t r o m a g n e t i c  f i e l d , ~ h ich  mus t  be gene ra t ed  i n s i d e  t h 1  coil
proper can be attained . The optimum strategy, so f a r , has , t h e r e f o r e ,

been to desi gn sampl e coils  which  sa ti s f y  the  el ectro n ic c o n s t r a in ts
while maximizing the sample volume in the frequency region of interest.

Thus , c .w . or p u l se d  N’.-P 5; e;tr ()meterS operating in the low ~‘~li.: eanue

e.g. Nitraq en— l4 N . F spectro :;n-ters , use sample volumes of the order of

10—100 cm3 . The unsta ted a s s u m p t i o n  so f a r  has been t ha t  there  m u s t

be a suffi cient amount of sample material to completely fill these

coi ls .  Al tern ati vely i t is assumed tha t i t  is poss ible to wind a. sample
co il of sa t isf ac tory qua l i ty f actor , Q, and other electronic characteris-
tics around the available amount of sample while maintaining a high

value for the filling factor. These assumptions break down when the

samp le volume is of the order of 1 cm 3 or less. Fur thermore , when the
search f r equency  tends towards the low end of the spectrome ter f r equency
range it becomes increasingly d ifficult to wind a sample coil of

sufficiently high inductance , hi gh quali ty factor Q and low volume .
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4 . 2  PREL I~1 INARY DATA

In an effort to avoid the conflict between “f illing f-jc~ e r ”

and samp le size (~ icc) the following scheme was investigated. ‘I iking

advant-i ;e of the fact that no external static magnetic field is a - e l  i ed

to the samp le in  the course of a pure nuclear q u a d r u n o l e  r e s o na n ce

e x p e r i m e n t , f e r r i t e  m a t e r i a l  was used in a neoreetry such as is snown

in F igure  4 .2—1. Ferrite material with an initial p e r me ab i l i t y  c f

1.1 5 , and  low los s a t  bel ow 5 ~‘~i i z  f r e u u - ~ n c - ,’ -~s I V a .  i a h l~~ f r om

several  man u f actu rer s .  The advan tages of th i s  sch eme are two f o l d

a. H~ gh ind uctance/low sample -volume coils
can be woun d w i th no di f f i c u l ty .

b.  The coup ling of the resonant spins to the
r ece iv ing  coil is grea t ly enha nced.

Appl i cat ions of th is techn ique  are envis ioned  fo r situa t i ons  where

onl y sma l l  amoun ts of sample are avai l able fo r  econi rei c or tech n i c al
reasons , e.g. small single crystals of subtances whose crystal h a b i t s

prohibi t larger crystals , or high sensitivity explosive m at -- - eii ls wher-

l a rge  amou n ts might pose a safety hazard.

The f o l l o w i n g  exper imen ts were per formed  to de term ine the
practicality of these conjecture-n . Two gapped toroids of ~~ ferrite
material, were purchased from Indiana General Corporation . The

dimensions of the two coils studied are shown in Figure 4..l-l.

In each case a coil was wound so as to obta in an induct ance va lue
of 42 ~H, eq ual to tha t of a contro l a ir core samp le co i l of standa rd
dimen tions (2.5 cm diameter by 8 cm tall). The following conclusions

were drawn by observing NQR signals in sodium nitrite (NaNO
2
) and

hexamethylenete tramine (HMT) at room temperature .
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oil Size
Dimensions~~—_i ma arge

inner  di ame ter 2 1/4 in 2 . 5  in
outer dia:r - . ter 3 in 5.75 in
wid th 0.5 in 0.6 in

gap length 1/16 in 3/32  in
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Figure 4.2-1 Geometry and Dimentions of Ferrite Coils
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4.2.1 Advantages of Ferrite Coil Techni que

The ferrite coil research led to some very promising pre- —

lim inary results . These include

a. Small Samp les contained in the toroid gap
could be e x c i t e d  to s a t i s f a c t o r y  levels
so t h a t  t h ey  e x h i b i t e d  sp i n - e c h o e s .

b .  The coup ling of the resonant nuclear spins
to the samp le co i l  appear  to have been
conside ra b l y  improved in actual practice
because the signal-to-noise ratio of spin-
echoes f r o m the f e r r i te assemb ly  were
5—7 times better than when corresponding
amounts  of m at e r i a l  were  d i spe r sed  i n  a
4Occ sample bottle and det~-cted withthe air—core coil. This observation
vindicates the basics of the ferrite
conjecture as can be seen from Figure 4.2.1—1.

4.2.2 Drawbacks of the Ferrite Coil Technicrue

P r e l i m i n a r y  in forma t ion ind ica t e  tha t there  are d i sadvantages

to the f e r ri t e  coil app roach . Some of these can probably be over-
come with additional research . The following is a summary of the

perce ived disadvantages of ferrite core samp le co ils :

a. Because of the unfavorable temperature depen-
dence of the per meabi l ity of the f e r r i te mate r i a l ,
only the region close to room-temperature is
accessible for exper iments .

b. Because of the ferrmagnetic nature of the ferrites
a remanent magnetic field is present in the gap
even when no RF pulse is being app l ied.  This DC
field has the effect of broadening NOR lines in
polycrystalli ne samples. The degree to wh ich this
happens depends c r i t i c a l ly on the parameter n (e2qQ ),
where n = asymmetry parameter and e2qQ = quadrupole
coupling constant e.g., In N aNO 2 , wi th ne2qQ ~2M H z ,
the signal is barely perturbed at all , while in HMT ,
with rie2qQ ~zero , the signal was UNOBSERVABLE( down by at least 2 orders of magnitude)

1
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C

This impli es a remanent field of 10 q-iuss
or so. Because of this finding, no attempt
was made to study TNT by this techni que , since
it was estimated that its ~e

2qQ w o u l d  he

~400 1KHz , and thus too small to - vercome
the remant field smearing .

c. ~lechanical vibrations in the -gape d t o r o i d s
induced by t b -  RF f i e l d  of the j;-ilses , h ave
the e f f e c t  of i n c r e a s i n g  the  r i n  — d o w n
time to 3-4 ~~~~~~~~~~~ smaller of the two
toroids tried and to 1 msec for the larger.
These l a r g e r  “dc-ad  t i m e s ” make  i t  i mp o s s i b l e
to t ake  f u l l  a d” c in t a q e  of the  SLSE e n h a n c e m e n t .
I t  is p o s s i b l e  t h a t  this effect could be red-:ced
by choos ing  e ven  more massive toroids , or by
using different toroid geometry. Another
p o s s i b i l ity is to coa t the toroids  wi th a
mech an icall y damping coating , such as is
sometimes done to t r a n s f o r m e r s .
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5. N QR ST~~D1 OF’ d N’I ’

- -
a . A N N F .  I. : -

The primary air’ - of ~~~ c ur r -n t  con t r o - t  i s  to stud y the N~~P

ch-ira-ctenist ics of TNT and to attempt to use N QP ~echni qu - s  to

eluc :dat— the thorny problem of polymorphism in this subs 4ncc 27 ’2~~’
29

.

Table 5.1— I is a summary of the Nitrogen— l4 Ni~R sp e c tr u m  of ~ TN T , an d
Figure 5.1—1 depicts the chemical structure of a TNT molecule -and its

total ~-;QR spectrum at 77 1K . The line shape of a typ ical resonance

line at 7 7 K  is shown in Figure 5.1—2 .

At liquid-nitrogen temperature (77~~K) the NQR spectrum of TN T

consists of twelve  l ines  in the range 0 .5 - 1.0 M H z .  Thes e twelve
lines have been paired into six sets of (v— , -~- ÷ )  p a i r s  c o r r e s p o n d i n g
to six inequ ivale nt NO

2 
groups in the solid sta te . Th us th e qu ad r upol e

coup l ing  constan t* , e2qQ, and the asymm etry par ameter , r , can be

unequivocally computed for each of the six sites. The pairings were

made us ing a s i n g l e  N 14
-H’ double-resonance technique based on an

observa tio n by Smi th and Co tts30 , a nd developed fo r CW spec troscopy
by Mari no and 0ja 31

. In addition to identif y i n g  the six si tes by their
corresponding ( - ,o-s- ) pairs a further identification is made as shown

in F igure  5 .1.1.  The six s i tes  are d ivided in to two gro ups of three
sites each depending on their relative intensity . The appearance of

three ( 3 )  sites w i t h  “ s t rong ” signa ls and three (3 ) s i tes w i t h  “weak”

si gnals  is interpreted as strong indica tion tha t two crys ta l l ograph ic
phases are presen t, in unequal proportions.

* The quadrupo le  cou p l ing  consta nt , e
2qQ, measur~ s the energy of inter-

action of the quadrupolar nucleu s in an electric field gradient. The
asymmetry param eter , n, is a dimensionless number which measures the
depar tu re  from ax ia l  symmetry of the el ectr ic f ield  gradient.
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Nl TR()(~ .—14 ~~‘L~ :-R . : - T ~ ’~~~()N ~ : F Y :  ‘ t N T  T I . ‘ N T . ’ I N N  i-’~~P ’:’N~

~‘~-mt ~~-r - ~ tu ; e 
- - 

k H z  
- - 

k H z

7 7 K  1 801.8 895.4

.1 730.1 888.1

3 767 .3 875.6

4 792.1 869.4

5 7 2 9 . 7  861.8

6 767.7 857.0

l6~ C Unass i gned 871.0
7 5 2  8 6 0 . 4
716 845 .0
7 4 3  843 . 8

( 7 l4~~* b 3 8 . 0

* Tentative
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Figure 5.1—1 The Nitrogen-l4 NOR spectrum of trinitro-
toluene (TNT) at 77°K. Corresponding
line pairs (-c - ,v+) are indicated . The
lower diagram shows the chem ical structure
of TNT.
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Figure 5.1-2 Line Shape of a typ ical NQR l ine

of trinitrotoluene at 77°K .
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C

With the aid of the drawing at the bottom of Fi gure 5.1.1

i t  L S  clear that each TNT molecule has two chemically distinct nitro gen

sit s, ortho and p a ra to the  m e t h y l  g r o u p .  It  is not un -xpec~ cd thit

the c h e m i c a l  equivalence of the two ortho sites be broken in th e solid

state by the crystal field so that onc- would normally expect that each

crystallographically distinct molecule give rise to three (3) distinct

N OR site s. Then , the experimental observation of six (6) sit -s

(twelve lines) is naturally interpreted as evidence for two phys :cally

distinct molecules. That these molecules belong to different ph a s es

instead of merely belong ing to different crystallographic sites i f l  the

same ph ase is suppor ted by the fo l low ing observat i o n s .

a)  The in tensi ty of the two si tes is d i f f e r e nt .

b) The relaxation times T1 a nd T
2 

are approx i mately
the same fo r  both sets of s i tes .

This  combi na t ion of observat ions is mos t na tu r a l l y  exp lained

by the presence of two crys tal phas es in unequal  p r o p o r t i o n s .  In

Sec tion 6 a d d i t i o n a l  tes ts  are  suggested  tha t can conf irm these
conc lus ions  and are  recommended fo r  f u r t h e r  s tudy .

The observa tion of the room temper ature  spect r um of TNT is very
d i f f icul t . Th e l ines  ar e weak to beg in with because of the low re-

sonan t frequency, and their observation is made even more difficult by

the unfavorable values of T
2 
(~~l msec) encountered at ambient tempera-

tures. With the aid of the SLSE technique (Sec tio n 3) , however , it

was possible to find 9 of the room temperature lines (out of the ex-

pected 12) with a 10th line listed as tentative . The “weak ” v-
lines have been especially difficult to detect. It is expected that

more work on this problem using the advanced techni ques developed
during this project will y ield the rema in ing l i ne s  at room tempera tu re .
Unti l  a l l  twelve (12) room temperature lines are known , p a i r i n g s
of lines (~~+,v—) cannot be properly made.

5—5
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Finally, the results of a preliminary nxperiment where the

frequency of TNT resonance lines were followed as a function of tem-

perature between 77 0K and  room temperature a r -  r- - p r ~~.-d . Dur~~n t h i s

r e s e a r - h  t N t -  1 L f l e S ) ( - - ) m c  undectec’table in the v i c i n i t y  of 2 0 0 0 Y .
Then at cooler and warmer temperatures the lines wore ch-tected - a g a i n ,
leadinu to t he  strong conjecture that the phase transition obs’-r-;ed by

Heberlei: 32 
can be studied and confirmed by NQR t -hn i u~-s . It is

noted that i n  a more c a r e f u l l y  con troll ed exper ~~rac-nt the lines c~~n be

tracked closer  to the t r a n s i t ion po int , and the nature of th -  trrn sition

(first or second order) can be learned from the shape of th4I- fr - ~uency

vs. tempera ture data. This is planned in future work.

5— 6
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6. RESULTS AT~D C ONCLUSIONS

6.0 ( T F N i P A T ,

The resent pr -~ i r a n  has been an unq ual if i e I su c :c ’- ss .  Tb -

objective- s of the research have been met and the use of NcR sp•-c-

t roscopy an  a r e a m s  of c h a r a c t e r i z i n g  e x p l o s i v e s  h a s  be~ -n dem ’ - n s ’ r - A N -  -d -

F u r t h e rm or e , t b -  d a t a  g l ea n e d  to da te  i n d i c a te s  -a b road v I s t a  or
r esearch  problem s t n  which NQR can be applied in the field of

e x p l o s i ve - s c h a r a c t e r i z a t i o n  and behavior  and poss ib ly  q u a l i t y  c on t r o i .  
—

6.1 RESULTS

The princi pal area of research unde rtak en dur i ng th is prog ram

was an effort to understand the crystalline struct ure of TN T .  In

p a r t i c u lar i t was des i red  tha t the behav io r  of TN T be tween 7 7 ° K  and

room t e m p e r a t u r e  be s tud ied .  The results as inthcated in Section 5

indicate that TNT has at least two (2) crystalline phases and an
i n d i c a t i o n  of at least one (1) phase transition at approximately

200°K. These results are based on l o c a t i n g  t w e lv e  ( 1 2 )  TNT l i nes  at

77°K and nine (9) lines at  room t e m p e r a t u r e .  The number  of N~~R l i n e s

observed are indicative of the crystalline phases while an abrupt

change in frequency as a function of temperature for any one (1) line

is indicative of a phase change.

The TNT resul ts unto themselves are not a comp lete ind ica t ion
of the effort expended on this program . Room temperature TNT lines

are too weak to be seen , with any degree of certainty , using

standard pulsed NQR techniques. As a result of the necessity to

measure these lines , a multiple pulse technique was developed un der

6— 1
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the scope of this program . Using sodium nitrite (NaNO
2
) as a reference ,*

it was determined that increased sensitivity factors between 10 -and 100

are at ta m aP le  - It is expected that by apnlying t h i s  a p nr e ich , -
future work , to t h e  study of TNT , the t h re e  (3) miss m nu room - erature

l i n e s  of TNT can be f o u n d .

During the course of this prouram the ur actm ca li ty of me-~sur1ng

very small amounts of  m a t e r i a l  u s in g  ferrite samp le co i l s  wa s a so
invest:Iated. Thi s  work  showed c o n s i d e r a b l e  : r o m L s e  h u t  w a s  n~~t

f u l l y developed  b ecause  i t  was not d i r e c t ly ne eded  to o b t -~ in  t he  TNT

da t a  n e c e s s a r y  to meet the objectives of the program .

Five (5) technical publications are anticipated as a result

of this work :

a.  A commun ica t ion on the i n i t ial announceme nt of
the m u l t i p l e  p u l s e  sp in - locked  sp in-echo t echn icue .
(To appear in the Journa l  of Che m ica l Phys ics , 15
September 1977 ) -

b. The detai led pape r on the mul ti p le pu l se  sp in-
locked sp in-echo techniq ue. (To be p r e s e n t e d
at the Fourth International Symposium on Nuclear
Qaudrupole  Resonance, Osaka , Japan and to be sub-
mi tted to the Journ a l of Ma gne tic Resonance )

c. A de ta i led  descr i p t ion of the pulsed NQR/F F T
spectrometer. (To be presented at the Fourth
In ter nat ional Sympos ium on Nuc lea r Quad rupo le
Resona nce , Osaka , Japan and to be submitted
to the Journal of Magnetit~ Resonance ).

d. A report on the N’4 NQR Study of TNT (Manu-
scri pt in preparation)

e. A discussion of ferrite coils for use with
small  samples (Manuscr i pt in p repara t i o n) .

* The NOR spectrum of N NO2 is weFI ~harac ter ized and use’ of this
compound permits a quantitative evaluation of the sensitivity qain
a t t a inab le  using the mul t iple p u l s e  approach.

6 — 2
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6 .  . Ri CON~-NI.I)ATl

T h e n . -  i r  e I r n ; m - r - l b l - app licat inns o w h i c h  t h e  T ; _ h~ ‘ - c - -a r i

can  be ap :-lie d i n  t n -  s t ud y o~ expios~~~ - : s ~~r - A -” o 1 / A t i o n  A : - I  P h - ~v io r .
5-  - . -

a. A study of N N
1 ~ TN T f r ev  7 7 °~ T to  r o om

t e m p e r a tu r e -  to a i d  in ass L I n i n g  the ertho
and ~~ ra sm tes.

b. A study of TNT f r o m  room t e mp er a t u re  to 50°C
to de~ • - r :  it o  h-o an’ior pi~ terns - iThis
wil require further modification to the extent
NOR spectrometer so that the even weaker NQR
l ines  a t eleva ted t e m p E r a t u r e  can be seen )

c. A s tudy  of Compound B w h i c h  :nc ludes  s t u d y i n g
HNS/ TNT and H MX / RDX m i x t u r e s .

d. A s tud y of H~-1X and I 7-IX coenlexes to d e t e r min e
why IIMX w i l l  fo rm chem ic al comp le:-:es while
RDX (of rel atee chemical structure) w i l l  n o t .

e. A study of the effect of shock waves on
RDX samp les to U O t S f l i I -J -.-: -: some i - n o i t - n  an d  some
do not. (Obviously only those that do not
detonate can be researched )

f. A study of the thermal mot ion ~n a z i d e - s to
evalua te wha t fac tors con r~~I - ~~ - -

exp los ive value .

g. A further study of ferrite coils to det erm ine
whether they can be opt i— ned f o r  single crystal
NOR spectroscopy of exp losives.

h .  A con t i n u a t i o n of research  wo rk previ ously
conducted by Block Engineering , Inc . on remote
NOR (samp le up to 12 inch es f r o m  exci tation
and receiver coil) to evaluate this approach
for shelf  l i f e  stud ies, -~uaL ity control , and
booby trap detection .

6—3
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The NOR technique , in the past , has been l imi ted by poor
instrume n tat ion  but wi th the un i t  presen tly ava i l ab le  on ly at Block
Eng ineering, explosives problems associated with chemical strueture ,
crystallography and morphology can be properly researched .
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N~~r I i . -’d- t 7 d H P t , 1 h ~~~/ - N ’ i .  ( N ç 4 < )  T I i L ~j P s

V

A .1 INTRODUCTION

The tecnn~ : . . - of N .? Jt-ve l :I-~~ I -~~~ an - a n  :rcwt: of ‘ t o

d~~s c u v er ;  0 :  ~ in  the at~- f- rt :e~~. Th- - t n - - r: e: :.;;Le

a : t  ~ov sol L d u ~~ :aa :_ r s t  ~ ~oe:. P .

Pound  ~t ii~~r-:ard :n 1950 , and l a t e r  t h a t  y e a r

K r u c er  in  ~ -nrnm n. -: o b s e r ved  t he  NI? s~ :na fr-v-~ n h -

(Cl 35 ) nuc e;s tran:d:chlcroetnvlen- : . :~ tne fell - -~~~ :-.~~

:catk~ ns and ~ccnd de tect -a d t he  f i r s t  ; .a ir u n o l - : -  r -~so n a n : -~ f::-

n i t r o g e n — 1 4  ~ :l4 ) in lIN T (h ex ~~r n e t h y l e n o : e t r a m a n o i  , P r C N  an

Exper :mtantal ~~~~ :culties delayed the utilizataun of

and un til the late sixties only a few compound s were studied.

Two chief difficulties arise in N 14 :

(1) the low f r e q u e n c y  range of the reso n ance l a n es
(0.5 to 5 MHz) which makes them weak and hard to

detect , and

(2)  The unu s u a l l y strong intermolecular anteractaons

which are characteristic in nitrocen- :ontain:r•g

compounds preclude on one hand the mrrjaor transfer

of r a d i o — f r e q u e n c y  enercy  to the crostaliane latt a cu- ,

and on the other hand make the electric facid

gradient very sensitive to the puri ty and crystal-

u nity of the material.

This results in transitions which are easily saturated and li nes

which are too broad to be detected with convent ional (cw) spec-

trometers. With the development of pulsed me thods and more

sensitive spectrometers these difficulties can be overcome . A t

the present t ime N 14 NQR is success fu lly  bei n g app li ed u s i n g
the Block Eng i n e e r i n g ,  Inc. NQR/FFT Spectrome ter.
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A .2 BAS IC ~~~~~~~~‘T~; ui•~ ~;t~r~

In  o r der  ~- - . : - r ’ o.: ‘ - -~ n e-~ n . a:  - .- -~ 0

reson~~rv~~- , -•e  - : ‘.~~~ut:a:. - a s a d -  .5 e ~ s:c .~
b at ~~~o :, 0:  : i ~~~~~

;- - u:~~::-~s , : .~~~i - ) ,  c v - ? ~ -~ ;o~~~m. - n :  - -

istic l:sear d~~:n s ~~ess of the  ord- r of s - a u l - .1 ir r :

cm (F i g u r e  A -i). A c h a rge  c loud  ex ~~erdinc over a volum e of linear

dimensions of the order of several angstroms generate-s an electro-

static potential (i- ) which can be considered as vary ing slowly eve r

the region occupied by the nucleus . The electra—static energy of

the sy stem exp ressed as

W = 

~~~~~~~~~~~~~~~ 
(A - i )

can then be expanded in terms of the moments of the nuclear charge

d i s t r i but ion :

l ’s—’
= — (0)q~ + p~ E ( 0 )  — ~~ L...d q~~~Q~~ + - . . (A—2)

iJ

where

~~ faN~~~~ - nuclear charge

p fp N ( r ) r  dr dipole moment ve c ta r

~~ 
_ f PN ( r)x ±x

~
d
~
r quadrupole  moment tensor

E -V~~ electric f i e l d  vector

~E 1/3x~ electric f i e l d  g r a d i e n t  tensor
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l-’ru r ~ - :u,t u :t-ch : i - ~~1 - : un : ~~ - i - i  ~t i o t a t can  be p r ey ’  n ; the-
oni - .- non—v inishin ~ ‘ -rr :; i n  ( .

~~) ar’ ‘h~ ~~1 rl ; t n - :  ~h i r d  on e s .  T~~’_ - ’~ , i :

the energy of the system is referred to the constant first fo r:

= — ‘ . * . ( 5 j .. -- - :  ( A — a )
I b

i J

o - j~ d : i : - ; . . l .~
-. :  i n  re-l -i t~-u n-a tr-.~ -om- - . -s:a of t O - a

~~~~~~~~ - .  u or a  : to
1 

~~~~~~~~~~~~
t )  [

~~~~2 
- I(I~~~~~~)] 

(A- 4 )

where = : and eQ is defaned as t he sac -aar
\~~~~~i /  . -

moment. Since

~~~q 1~ 
= 0 (Lap lace e q u a t i o n :  1;

the quantum mechanical expression of the cundrarole ener;y

(the Hamiltonian) takes the particular sincle f or ~~:

H
Q 

= 
21(21- ~~ qjj i~~ (A-s )

which can also be expressed in the following way :

H Q = 
41(21-1) [(3I~~

2 
- I

2 
+ n ( i

~~
2 

- :
2
)]

where e2qQ is defined as the quadrupole coup~~~n-: c o n s tan t  cf

the system and is defined as the asymmetry parameter of the

electric field gradient (efg):

= 
q,~ - 

~~~ 
(A—7)q~~

e2qQ = (eQ) (eq ~~ )

where

Iq~~I ‘ > Iq~,j by conven tion.
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Pe r r - : ‘ : cc :. — I u n : 1 - ~ -~~~o. - - he :~o i t  ~~ - - -
the d -h r o I.: -. ;er - ~t~~on iI ~ --  1. ., -

~ se r o  - .. a : :  ‘a - -  :~~~c-

wave  f - i n c ’ i on , - ‘ i n 1:’- :;ha-~-n to l e a d  to -~~ ‘~~~c~ ’ -~ 1 -v’ l f -
ener~ aes ; ac P 1

E
z

= — E ( 1 — - )  / 2 ( A — 8 )

= _ E
~~

( i = - )  , 2

Transitions between these levels can be ind-aced ---.-ith OSci l-

lating magnetic fields of the proper (resonant) frequencaes .

The frequencies of these transitions

2
= 

e q Q  
~~~~~

2
= 

e q Q  
(A—9)

e aQn
V = — —-a--—--’ = - — Vd 2h -

Conversely , determining any two of the three NQR frequencies

completely describes the ef g in the vicini ty of the nitrogen
nucleus:

e2qQ = ~- (v~ + )
(A—b )

2 ( v ~ — )
-
~~~~~~~~~~~~ 2e qQ

Experimental techniques for the determination of NQR

spectra can be divided into three categories:

(a) Continuous-wave (cw ) methods 
-

(b ) Transient methods

(c) Double resonance techniques.

- A-6
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S

CW -‘‘~th -Is - v- t - t j n : e d  : r -  it ~~~~~~ -~ t -  t o-

s imp l e  ano  L n e x p -n~; i ~~ - The l i : : a  t a t  L0~~5 S t :~ - -~~-a

are so c v  - r -  , -
~~~-~~~~~

-
~

-- ‘ r , o n a t  ~n i’~ - , 3 t c-i nh~ Nitro~;e n—l 4

NQR f a ’ - l  t n .~ r -a  r a r e  Ia  1 any more . Trai.s .es: r-ie t hods

i n c l u d e the san’-::-: :- - n e r a t :v :  t ’-chs ~ : - _ -:: , :-::--:c:: for ‘
- i

i r - ~~ - - — ‘

is r aai  an  r a : - ~~~: a a - -  i , :; -a~~~- .u .  1 u1-  -

t e c h n a :~~~s -a re e s s e n t i a a ; u a ~~s’ac ~~~~s ioas

resonance of erie type of nud e:: SouCa-: a i:h a~~~ a: . : t . ~~~~ :

b e i n g  r e : t r h 5 d .  hven tnou2h they a re  -a x t r o : - • a - .-

are t ’e rv  C L :c a n e . i  and a- .-e r iot ve t  0 53 0 7 C  zn-a  ::ou~~~a r a t :

of regular p u i~~ed :e t hc d s .

The N i t r o g e n — l 4  pu l sed  t e c hn a n-a e s  t h a t  o p e r a t e  an the
s o — c a l l e d  s p a n - e c h o  mode are p a r t i c u l ar l y g o o d  ( f o r  a th e r
nuclei the reverse holds true , and cw or superre-;ene:~~za-.’e

methods are be tter ) -

To understand the reasons for thas advari taco 1-a t us
beg in by d e f an in c  sone b a s i c  m agn i t u d e s  t h a t  d s c ra r e  an :;:~
line . In the f r e -~~soncy  domain an NI? lane as fu l l y  descraced

by its frequency and b y a n o r m a l i z ed sha pe f u nc t a c s  (w )  -

For examp le:

S’w) — 
2 1 ( A — i l )— / w— w o \ 2

1 +‘

Spin-echo techniques opera te  in the t ime domain , there
are three parameters that fully describe an NQR absorption

line

(a) Spin-lattice relaxation time (T
1
) - The typical

“wai t ing ” time to observe a resonance a second time .

(b) Spin-sp in relaxation time . CT 2 ) - A magnitude whiCh

establishes the time scale for the observation of

spin-ec hoes.
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( c ) A ~p Lm - —--c:t- ~~: - A :  ~ u n ’ : L . n : ,  , .  m i -  ~~~~~~~~~~~~~~~~ o:

this ~soctaa t. , - a , a ~~ a o ’ ’:  ~~~~ ~~~ - - —~~ t O - a
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v a l a c s  -~3soc~~-an- I - . a t - ~ At NI? l ine  ( t o  ~- - o a s-a n ~r a : a o : .  an

cw t h e  1ev-a l has  t o  be r-: lic~li to c - a r :  sm a l l  -:-a I - a- : -n ,  . 3r ol i

lines , a very ccocaon occurrence wino ‘-.atroc-:n— 14 , ~a r e

since thear areas are constant. Sp a n - e c h o  ee-z: . -a cs  a r e , on nn ~a

other ha n d , s t a f f - a c t e d  by 10:.: T
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values an-f sance (n~ and

S (w) are related b y a fouraer transformatacn the ecualin;-’

G
~~ x 

= fs(w) ~~ 1 A- 12

h olds (F i g - a r - :  A — 3 )  - Thus broad lines in the f r e q uc~n~Ty doma i n do

not affec t the maximum intensity of the  echo s ig n a l .  In add : -
tion , pulsed methods for Nitrogen—14 are par ticula rl-- advanta-
geous b ecause T

2 times are generally long (of the ord er of mi l-
liseconds) - This is a result of the ‘ spin q-scnchin: ” effect for

~ 0 which substantially reduces spin—spin interacti ons.

The Nitrogen-14 NQR spectrum of a molecular system is deter-

mined by placing about 25 grams of sample inside the inductor of a

tank circuit which is then subjected to a series of radiofrequency

pulses of frequency f. Whenever the f requency  of these pu lses

s a t i s f i e s  the resonance condi t ion f = V
Q 

where is one of the quadru—

pole frequencies - absorption of energy takes place and is retrans-

mitted as a series of signals (FID or free induction decay and spin

echos) as is shown schematically in Figure A-4.
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T h e r e f o r e , by m o n i t o r i n g  and  d e t e c t i n g  the t r a n s m it t e d  si g n a l s  as a
f u n c t i o n  of t he  f r e q u e n c y  of the pu l se s , the e n e r g y  levels  of the
quadrupule nucleus are comp le tel y determined.

Since a narrow rf eulse has a fourier spectrum of finite w idth ,

the pulse frequencies can be varied in discrete steps (5—10 kHz) so

as to cover a larger frequency range for a given observation time .

In this manner the to ta l  f r e q u e n cy  range  is on ly  l i m i t e d  by the “w a i t i n~
period” between success ive  o b s e r v at i o n s .  This w a i t i n g  per iod depend s
on the spin lattice ralxation time (T

1
) of the particular compound

which  is bei ng i nves t iga ted. This can be quite long (5 - 10 mm .)

for Nitrogen-l4 NQR .
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