37

Balance on a

Balance on a

Subject | Stationary Base Trials Moving Base Trials
1 2 3 1 2 3
18. GK 48.2 30.6 39.7 2.0 4.8 6.0
19. GR 48.0 25,1 36.2 1.5 2.8 3.4
20. TM 4,3 12.6 26.8 3.2 3.5 2.2
21. KR 7.2 14.6 22,2 2.5 3.3 4.0
22. KH 15.5 21.8 36.5 .5 1.8 1.5
23, MH 4,2 8.8 17.5 2.2 1.5 2.8
24, AA 8.5 20.6 15.8 4,5 3.2 3.8
25. BV 5.1 5.0 10.5 .8 1.0 1.4
26. DH 3.2 4.5 6.0 1.3 .6 1.5 .
27, DK 17.3 19.4 31.0 2.0 2.8 2.5
28. JK 15.0 21.2 35.6 3.0 4.2 5,2
29. JS 8.0 12.4 18.0 2.0 3.5 1.9
. 30. JB 12.0 8.5 14.8 2.1 3.2 2.8
31. DD 3.5 4.6 7.6 1.0 1.8 1.2
32. LS 9.5 18.6°  25.2 5.0 6.0 4.1
33. PM 15.5 26,2 33.5 5.5 3.5 6.0
34, KM 14.0 22.3 12.5 2.2 3.4 3.8
35. BC 2.0 8.8 13.5 3.0 3.2 2.8
36. DF 2.2 5.6 12.7 2.5 1.5 2.0
37. RW 3.5 18,2 16.7 4,0 3.5 5.0
38. KC 5.5 10.8 13.6 1.5 2.0 2.5
39, JE 9.2 17.6 21.8 2.2 1.3 3.8



Balance on a

Balance on a

Subject Stationary Base Trials Moving Base Trials
1 2 3 1 2 3
40. CW 2.5 6.6 6.4 1.5 1.0 2.3
41. BS 4.8 10,1 15.5 2.5 1.3 3.3
42, JJ 3.2 8.2 14.95 2.0 2.4 1.8
43, TF 2.0 12.6 6.2 1.5 1.0 1.8
44, MD 12.5 19,1 21.5 4.5 2.1 4.0
45. WA 12.0 8.5 10.2 1.0 1.8 2.0
46, MF 10.5 15.1 18.4 1.5 3.5 4.9
47. MM 35.5 22,1 42,5 5.2 6.0 5.3
48. BR 3.0 14.1 16.8 5.0 2.6 3.0
49. MR 13.2 23.5 33.4 6.0 6.0 6.1
50. VL 7.5 10.6 20.6 2,0 1.5 3.0
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CHAPTER I
INTRODUCTION

Many nuclel possess an elesctric quedrupole moment
which interscts with the eleotric field gradient srising
from the charge distribution in the vieinity of the nucleus,
These interactions csn be roughly divided into two categories
sccording to their relative magnitudes, In the first
category the intersctions are weak and menifest themselves
as perturbations to the magnetic interasctions as observed
in 2 nuclesy magnetic rescnance experiment, Nuclear
magnetic resonsnce (NMR) spectra result from trensitions
between energy levels that arise from the interaction of
an externally applied magnetic field and nuclear magnetic
moments. The weak slectric gquadrupole interactions csuse
& splitting of these energy levels and perhaps a broadening
or apparent losk of intensity of the resonsnce line (1,

p. 325).

In the second category the nuclear gumdrupole inter-
sctions are much stronger and are primarily responsible
for the orientation energy of the nucleus. Pure gusdrupole
resonance experiments csan then be performed in zeroc or
very wesk magnetic flelds. The first sucsessful experiment
of this kind was that of Dehmelt and Kruger in 1950 in



which resongnce absorption of radio-frequency energy at
27.96 Mix and 35.40 MHz in trans-dishloro-ethylene was
observed {3, p. 501). The two lines were attributed

$o the qusdrupole intersction of ¢135 and €137 nuelet
respectively. Since thet time nuclear énudruyale regonange
{NQR) spectra have been observed for over thirty isotopes.
Chlorine, bromine, nitrogen, srsenic, lodine, ocopper,
antimony, snd bismuth have sccounted for most of the
resonance lines (2, p. 1).

Nuelear gquadrupole resonance spectroscopy i ilmportant
in solid state physice primerily besause it ylelds informa-
tion about the nature of the elestric flelds in the
neighborhood of a particular nucleus. This espect will
&a'd&uaﬂlled in some detell in Chapter II. Nuclear
gquadrupole resongnce studies are also useful in seversl
other ways, including the investigation of the nsture of
¢hemical bonds in solids, the establishment of non-
eguivalent sites of rescnance nuclei in a crystal lattice
or molecule, the snalysis of the structure of orystals,
the measurement of the average moments of inertis end
average rotatory vibration freguencies of molecules in
erystals, and the measurement of temperature with an
sccurscy up to 0.002°K (2, p. 2).

The experimentsl setup for cbserving NQR spectra
is gquite similar to that used in many nuclear magnetioc
resonance experiments. A radio-frequency magnetic field



of the proper frequency is applied to the sample and
couples with the nuclear megnetic moment fo cause changes
in the nuclear ériantabzun. Unlike nuclear magnetic
resonance experiments, no external field is used in NQR
studies since no apprecisble electyric field gradient
oan be produced by external mesns (1, p. 324). The
necessary gradient is always a result of internsl fields.
A spectrometer used in NQR work can usually be used for
RMR studies with the addition of an external magnetic
field source. The observed NQR frequencles coocur through-
out the radio-frequency range and into the mlorowave region.
In this study frequency modulation was used with a
regenerative spectrometer and a super-regenerative
spectrometer to detect the nuclear quadrupole resonsnce
frequencies of chlorime in two commercially svallable
compounds, 1, 3, 6, 8 - tetrachloropyrene and 3, 4, 5, 6 -
tetrachlorophthalimide. Both are aromatic organioc compounds
whose molecules sppear to possess axiel symmetry. GQuadrupole
resonance of chlorine nuclei has been observed in many
compounds. The frequencies range {rom five megahertz to
seventy-six megahertz, Ghe majority cccurring between

twenty and forty-five megaherts (&, 5).
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CHAPTER XX
THE THRORY OF NUGLEAR QUADRUPOLE RESONANCE

As seen in Appendix J, the eleotrostatic imtersction
of & nucleus with i1ts environment may be exprossed as &
series of k%D order partisl derivatives of the eleetric
potential with respect to the coordinates coupled with
the 2€ order multipole moment of the nucleus (k%0,1,2,...).
The electric potential is that due to all charges external
to the nusleus. Because the nuclesr wave function possesses -
definite parity, the 1ntuructiena for odd values of k
are zero. The monopole intersction (keO) does not affect
the nuclear orientstion and will not be considered here.
The quadrupole term is the only term of significance in
the series although slight effects due to the hexadecapole
{sixteen~pole, ksl) term have beem observed (9). The
nuclear quadrupcle Hemiltonian haz been derived in
Appendix I, snd in the prinecipal axes system of the
electirio fleld gradient tensor this Hamiltonlan is

e, 08 [vmxﬁm,,zﬁwzzx&] . (1)



where e is the charge on a proton, I is the angular
momentum quantum number, and I, xy, I‘ are quantum
mechanicsl operators of the components of the angular
momentum. The following notation 1s used For the partiasl
derivatives of the electriec potential Vi
Vex 2z (0% /0x2 )o
Vﬂu(c)av/c)ia )o {2)
Veg 2 (0% /222),

The zero tubsoript indicates that %the qunutiky‘ia eval-
usted at the origin of the coordinetes, which is located
at the center of mass of the nueleus. The guantity Q
in equation (1) is the guantum mechaniesl nuclear quad-
rupole moment gnd, using Dirme notation, is given by

eq = << nI{m=1) le pfgé?na ( 33&2 - ri } lnl{mtnx):> s (3)

where X is the angular wmomentum quantum number, @ and
n' are magnetic quentum numbers, snd n represents all
other gquantum numbers needed to specify the system.
The Z' - axis 1s the axils slong which the spin is
quantized, snd r, 18 the position vector of the k'D
proton with respect t¢ the origin.

Laplace's eguatiom,

Vix +Vyy #Vge 50, (&)

is assumed Yo hold at the nuslesr sites, since the poten-
tisl is that due to charges extermal to the nucleus.



Thevefore, in the principal axes system only two quan~
tities are required to specify the electric fleld gradient.
‘These two guantities are ususlly shosen to be

ey = v“ p. . | (5)
’Y\ 2 (Vexg = ?,)/V“ » | {6)

snd the principal sxes are uwza méh that -
|¥ex] < (Y| £ [Ves) m

Thus, eq is the principel value of the electric field
| gredient tensor. The quantity 7] is imown as the ssyw-
watry paremeter. Zquations (4) snd (7) indicste thet V|
renges in value from zero to cne, Por T\ 5 O the elestric
field gredient is symmetric sbout the & - axis and
 Vgx ® Vyy ® deq. (8)

The mmn@rr parsmeter is 8 wmessure of t!u deviation
from eylindriosl symmetry of the eleotric field gradient.
For spherical symmetry Ve, * Vy, = V,, = O end there is
no puclear slectric guadrupole interaction, |

Using equations (8), (5), and (6), one may umm
the quadrupole Hemiltonisn ss

 Hys % |t -3 + 4 N2} + vy L (@

where 12 is the sguare of the total snguler momentum
opsrator.  The operators I, snd I_ are defined in the
ususl way ss | .

I,% Iy 11, . (10)



Equation (9) 1s 8 convenient form of the guadrupole
Hawiltonian for finding energy levels.
The separetion energy between the muclear ground
state and the firat excited state of the nucleus is
much lsrger thsn the nuclear orientation energy (2,
p» 327). Thus, the matrix elements of concern in deal-
ing with the guadrupole interaction are
Cutm |Hg | nzwt > . (1)
The following equstions are useful in evalusting the
above matrix elements:
1 Voan = o (12)
12 Yopn 2 30 Y o (13)
2Y s [ G zma) (m-1) (sime2) ]“fx(mm)u, (1)

where Y. is the nuclesr wave function. The eigenvalues
sre given in units of 1,2, where 1|, 1s Planck's constant
divided by 21, Using these eguations one gets as the
elenents of the guadrupcle Hemiltonlan tensor:
By * o' | By |nle > . (25)
Bom = A [ 32 - 2(x) ) G0 0
+ (A N /2) [ (zm)(xemed) (Tome2) (Tomi2) ] 2§ o
+(AN/2) [ (1) (T-ma1) (em-2) (Tme2) JH Gy, (20

3

R e (27)

where



gnd
S1,§51 for 18] , (18)

Si,3=0 for 1¥#3 . (19)

The energy levels may be found in the usual wey by
;alvins the secular eqguation | 4
|i-21] =0 -, (20)

where H 18 the m'h order matrix of alqma#&a oy 2

1 1s the identity matrix, E represents the energy
eigenvalues, and the parallel bars 1nd1#atg the determi-
nant of the qﬁlﬂtiﬁx between them,

It is instructive to consider the case of a oylin-
dricslly symmetric slectric field gradient (M = o).
The energy eigenvalues by equations (16) gnﬁ_(a@) are then
By A[32-x(x)] . (21)

The energy levels for m and -~m are the same. Figure 1
shows the relative spsoing of the energy levels for
integer and half-integer values of I. The separation
between B, snd K., depepds on the value of m. This
is in contrast to the energy levels in nuclesr nt:nqﬁia
resonance where the energy difference hgﬂuewn tdsuagﬂt
m states is the same for all valaaa_afaﬁw For nuolei
with integer spin the energy ditferenses between adjacent
m states sppear in the retios 1:3:15: ... while for half~
integer spin nuclel the corresponding ratios sre 1:2:13: e
Ir 'Y\ia nonzerc, these ratiocs are more complicated.
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Classically for ’V\ = 0 the Bpin vector of the nucleus
precesses about the symmetry axis at » fregquency propor-
tional to the ocomponent of the sngular momentum along
the symmetry sxis. Por 7\ 1‘ 0 the precession ney take
place about the direction of strongest field gradient
or about the direction of intermediste field gradient,
but not about the direction of weskest field gradient
(5, p. 356).

Qutdrup&iu resonsnce absorption ogcurs only for
nuclel with spin greater then a half (6, p. 8). A
nuo leus iith.l = 0 has s spherically symmetric ohhrsﬁ
distribution snd thus no quadrupole moment exists (&4,
p. 113). The two possible spin orientations for I = &
differ only by a reverssl in the spin direction. They
correspond Lo the same effeotive charge distribution;
thus, the eleatroststic intersction does not depend on
the orfentation of the nuoleus. Quentus mechanisally
the energy levels for the orientations ' } are degenerate.
Since thess are the Only energy levels, no adsorption
oocurs.

Chlorine, the nucleus of interest here, has & spin
of three halves. Thus, w and m' in equation (16) may
take on values a} 3/2, 1/2, -1/2, -3/2. Euuatianf(m@)
then becomes

11
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3A - B 0 a3 0
0 -3A - B 0 AN V3

AN o -3A - E 0
o aNny3I o 3-8

This equation reduces to

=0 . (22)

B2-3NA-a?=0 . (23)
The energy levels are therefore
st +N/E . (24)

For I = 3/2, A 1s equal to e2Qg/12. The transition
freguency between these two energy levels ie
W = aBMA= (/%) + N3, (25)
+  (ePQe/20)(1+ N 2/3)F (26)
Only one transition freqgusency exists for chloerine
nuclei. The transition freguencies for other values of
I may be arrived at in a similer menner.
In oprder to specify the eleotric fleld gradient
one must find q, /Y\_ » and the Eulerisn sngles indicating
the orientstion of the principal axes system with respect
to the laborstory system. For half-integer spins larger
then 3/2 snd for all integer spims there will exist more
than one quadrupole transition frequency. (For I = 1
only one frequency exists if ’V\ = 0.) Using the tramsition
frequencies obtained in 8 gquadrupole resonance experiment
one cen solve two of the frequency eguations simultanecusly
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to find e2gqQ end N - The quantity e2qQ 1s called the
quadrupcle coupling constant snd is ususlly given in
frequency units. PFor many nuclel Q is known &#nd therefore
Q may be ecaleulated if the coupling constant is known.
The Bulerien snglee may be found from Zeemen studies of

@ single crystal. A weak magnetic field, which eliminstes
the degeneracy ia‘m states, 1s applied to the crystal.

By observing the guadrupole resonance frequencies at
various crisntations of the megnetic fliecld one can deter-
mine the directions of the principsl axes of the elestric
field graﬁiant (3).

For the case of I ¢ 3/ only one tremsition freguency
exists and therefore e2qQ and ¥\ can not be calculsted
directly from the guedrupcle resonsnce spectra. Howevey,
'V\ as well as the Eulerisn angles may be determined from
Zeeman studies of p single cryetal, end the electric
fleld gradient ¢san be complebely specified. For many
chlorine compounds previous knowledge of the chemical
bonding indicates that Y\ 1s quite small and by egquation
(26) the guadrupole eoupling constant (im frequency units)
is talten to be twice the tLransition frequency.

For many nuolei more tham one isotope existe in
nsture. In chlorime compounds ¢13% and €137 are botn
found; €137 is twenty-five percent abundant. The qued-
rupcle moments for these two nuclel are different.



1%

In a quadrupole resonance experiment if sll of the chlorine
sites are eguivalent, that is, if ¢ and ’Yl are the same
for all sites, two transition frequencies will be observed.
The one corresponding to 0135 will be three times as
intense as the one corresponding to 137, By equeticn
(26) the ratio of the tramsition frequencies will be
Just the ratioc of the quadrupole moments. For chlorine
this ratio is (7, p. xi11)
W35/ Wy * 95/, = 1.26878 . (27)

Therefore, if one of the transition frequencles 1is
messured the other msy be caloulated. For some nuclel
quadrupole resonance is an accurste means of finding
the ratio of the quadrupole moments of two different
isotopes. In molecules containing more than one chlorine
atom #ll of the chlorine sites may not be equivalent.
In this case more then one transition frequency may be
found for esch isotope. This information is quite useful
in determining moleculsr strusture.

Quadrupole transition frequencies are tempersture
dependent. Dehmelt and Kruger and later Bayer, as cited
by Wang (9, p. 567), suggested that this temperature dependence
was due to thermal vibrations. As molecules execute osclllations
in orystals, the charge distribution in the molecules becomes
distorted snd the principal sxes of the electric field
gradient are varled causing a varistion in q and ’Y\ ’
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Bayer showed theoretically thet an incresss in tempersture
would result in a decresse in the observed gusdrupole
resonance frequenoy. The relstionship is complieated
and involves the components of the moleculsr moment of
inertis tensor snd the vibrationsl freguencies about the
prinoipsl axes of the elestric fleld gradiemt (3, p. 43).
The thermel vibrationsl frequencies are lerge compared
to the gquadrupole transition freguencies Qidttbe quad~
rupole nuelel experience an sverage g snd /Yl. These
sverages change with s ohange in temperature. Beocsuse
of the tempersture dependence of quadrupole resonance
frequencies, san NQGR experiment may be used to dwtnrn&ﬁs
temperature changes in a crystel.
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CHAPTER IXX
EXPERIMENTAL CONSIDERATIONS

Regenerative and super-regenerative spectrometers
are most often used in the search for nuclesr quadrupole
resonance frequeiicles. A regenerstive oscillstor produces
& continuous radio-freguency wave, wheress fka super-
regensrative type produces a wave whose smplitude 1is
made to build up and decay periodically. As an sid in
observing the absorption curve, freguency modulation or
rodulation of a weak magnetic field applied to the ssmple
is used. Several wave forms have been tried as s mesns
of modulsting the magnetic rield (4, p.6); however,
square-wave modulation is apparently the most useful.

In this study only frequency wmodulation was employed.

Regenerative Oscillator-Detector

The regenerative coscillator-detector used in this
experiment was designed by Iivingston (7, p. 509) and
is shown in Figure 2. The sample coil and capacitors
in parallel form s tuned combinmation in the grid eirouit
of the rsdio-frequency oscillator. The coil and cspacitors
are called the tank ocircuit and determine the operating
freguency which is given by

wo"rﬁ » (1)

17
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where L 13 the inductance of the coll in henries and C

is the capacitance in farads. The radilo-frequency cwrrent
in the coll produces an oscillsting magnetic field of the
same froguency in the coil. This fleld couples with the
nuolear magnetic moments in Che sample, and if the Lrequency
sorresponds to any allowed nuclear quantum transition
(magnetic dipole or eleotric quadrupole), then senergy is
absorbed.

This absorption of energy 1s detected in the followling
manner. The tube in Figure 2 serves ss an amplifier whioh
feeda back enough energy (regeneration) to the tank circult
to maintain oscillation. This regenerative amplifier may
be regarded as 8 negative resistance in parallel with the
tuned eireuit (1, p.50). If ¢this negetive resistance
more than compensates forithe positive resistance in the
eireult, anc&%@ggzana are sustained. The osclllations
build up untilutha avaersge value of the negative resistance
over a8 cyele is agual to the average value of the positive
renistance. The lwpedance of the tank circult at frequensy
a)@‘ia given by

gy, (2)

where R 1s the serlies resistance. If resonance absorption

ococurs, this impedance is decreased to (3, p. 85)

= L 1 ,
m[ 1+ 47 FQr/(w uf) ] ’ (3)
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where § 18 the sample filling factor (the fraction of

the redio-frequency field occupied by the sample), P 18

the power sbsorbed by the sample, W, 18 the frequency,

Q 15 the figure of merit of the coll given by @ = u)@z/n,
and Hy ies helf the amplitude of the magnetic field produced
by the radio~frequency current. Resonance abgorption thus
reduces the impedance by

- %, 2 7, AT ,Q;;___P.

assuming P 15 small. As 8 result of this decresse in the
positive resistance of the cireuit the emplitude of the
osclllation decreases. By monitoring the radlo-frequency
voltage lsvel of the oscillator ocne may detect the frequencies
a¥ which absorption occurs. Modulating the freguency near
resonsnce causes the oscillestor periodically to pess beok

snd forth through the gquadrupole resonance frequency.

The change in the redio-frequency voltage is repeated

seversl times rather than just once and cam be displeyed

on sn oscllloscope or chart recorder.

A typicsl sample coil used in the cirouit in Pigure 2
was two and one«~half inches long, one-half inch in diameter,
and made of four turns of number fourteen bare copper wire.
With e variable cepacitor C; of 125 plcofareds maximum
cspacitance and the above colil, the range of the oscillator
wes thirty to forty-eight megahertz. Frequenoy modulation
was provided by a wobbulator, a parsllel-plste capscitor
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whose capacitsnce wes chenged perlodieelly by applying
& sinusoidislly varying voltege to an elcetromegnet
wounted near a wmetallic membrane which formed one of
the eapacitor plates. In ovder To deeresse the nolee
in the eircult the filaments of the tube were hoated by s
slxz~volt storage battery. 24 plate voltage of approximetely
120 volte wes provided by 2 regulated power supply. By
changing the sample coil the eirouit could be made to oscil-
late from approximately sixteen to forty-sight megahertz.

The sample coll was mounted inside 2 oylindrical
metal shield three inoches long and one and one-~halfl Iinchas
in dismcter. One end of the coil was atbtached to ths wall
of the shield while Che other was connected through a
hermetic seal to the conter eonductor of a fourteen-inch
lengtihh of coaxlal cable which projected down from the
oselllstor chessie. The outside lead of the cosmxlsl cable
wag connected %o the sanple box and grounded to the oscil-
lator chassis. The sample was poured into the shield container
through the bottom, which sould be screwed on and off; an
indium O-ring was used as a seal. In this manner the
entire coll was surrounded by the sample, and the holder
oould be lowered into a Dewar of liquid nitrogen in order
to make messurements et T7°K.

Optimum detection for the regenerative oscillator
ogourred jJust past the point where cscillations commenced.
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In sesvching for em unknown resonsnce the oscillstor had
to be Irequently readjusted so that it operated near this
potnt. | |
The oscillator ciroult of Figure 2 was used in the
two spectrometers shown in Figures 3 end 4. The spectrom-
ster in Figure 3 was tuned to resonance by hand using e
supll variable eapsoitor in perallel with the sample coil,
and the absorption curve wes displayed on an oscilloscope
soreen. The 120 herts modulation was provided by a Hewlett-
Packard Model 202D sudio osoillator. The baiu»tea filters
were introduced into the eircuit to eliminste sixty hertz
pick-up from the power lines and to filter out the spurious
‘120 herts signels generated by unintentional amplitude
modulation of the oseillator by the wobbulator. The 120
hertz filter alsc vemoved most of the fundemental component
of the absorption signals. Bince the sbsorption was periodie,
though not sinuscidal, the sscond and higher harmonies of
the a;nnai were passed by the filters and displayed on
ths osocilloseope. In this spectrometer the vscilloscope
was triggered with a signsl frow the modulation oscillator.
In order to display the entire absorption signal on the
soreen the amplitude of the modulation had to be larger
than the width of the absorption curve, which for chlorine
compounds is typicslly a few kilohertz. Two absorption
ocurves were displayed on the soreen, corresponding to the
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fact that the resonance condition was sgatisfied twice
during each oyele of the modulation. The sudic smplifier
used was a Tektronix Type RR 122 and the oscilloscope
was a Tektronix Type KK 564. The spproximate resonsnce
frequencies were determined by besting » Messurements Corpo-
retion Model 59 megacycle meter (grid dip meter) against
the absorption osecillator. NRore paauru&u messurements
were made with s Northeastern Engineering Inc. Model 14-200
frequency counter, which was coupled to the spectrometer by a
small plel-up coil wouixd sround the GAKS tube.

The signal-to-noise ratio was greatly improved by
the use of a lock-in amplifier and recorder (Pigure 4).
A lock-in amplifier is e phase-sensitive detector followed
by an RC low-pass filter as shown in Pigure 5. A reference
oscillator 1s used to drive the wobbulator at some Irequency
¥. The output from the reference oscillator is alsc fed
inﬁa the refersnce channel of the look-in amplifier where
it pesses through a phase~shifter and into the phase~
senaitive detector. The output from the radio-frequency
oscillator-detestor is fed into the signel channel of the
lock~in where it passes through an amplifier brosdly tuned
to F and then into the phase-senaitive detector. The
phase-~sensitive detector delivers sn output which is propor-
tional to the product of the amplitude of the input signal
By and the cosine of 1ts phase angle reletive to reference
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carrier B,. If the signal and reference are out of phase
by 90° or 270° the output from the phase-sensitive detector
will be zero. If they are out of phese by 180° this output
will be negative ond equel in amplitude to B,. If a sigmal
at 2 frequency F!', nesr ¥, is fgé.inta the phase-sensitive
detector, the output will be a beat frequency equal to the
diffarence In F end F'. This beatl frequency will not
appear ascross the meter (recorder) if the resistance R
and cepacitance C of the low-bsndpass filter are such
that 271RC is much greater than the beat paricd. The
noige centered around F in E; oan be consldered as &
random oollection of cerriers which beat with F in the
phase~sensitive detector. This noise will cause » fluc-
tuation of ¥V (the voltage output from the RS filter)
sbout zero. Ineressing the time eonstant RC wlll decrease
the fluctuations of V since this reduces the bandwidth
about F to which the meter responds. The phage-ghifter
in Figure 5 iz necessary because the phaze of the absorption
sigusl way be shifted by the wobbulator, sample coil, or
other parts of the oseillastor-detector. An gdjustment
to correect the phase iz made by maximizing the recorder
displacement after a resonance signel is found.

In using s lock-in smplifier and recorder the width
of the modulation is chosen to be somewhat less than the
width of the absorption curve. See Figure 6{z). Then
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a8 the center frequency f, of the oseillator-detector 1is
slowly increased, an output voltage aspproximately proportional
to the first derivative of the absorption curve will bhe

fed to the recorder (Pigure 6(b)). In order to get o
reasonably sccurate approximation to the first derivative,

the modulstion frequency fy wust be less than about one-

sixth of the sbsorption curve width Ar(5, p. 28). A plot

of the second derivetive is provided if the frequency from
the reference oscillator is doubled before it is fed into

the lock-in amplifier (7, p. 512).

In the spectrometer in Pigure 4 a clock motor connested
to a series of gears was used to turn the tuming capacitor
in the tank eircult and thereby slowly change the frequency
of the oscillegtor. In order to record the first derivative
of the absorption curve the duration of the shsorption
signel had to be long enough for the lock-in amplifier
and recorder to reapond. With a lock«in smplifier RC
time constant of 0.3 seconds, the noise on the recorder
was tolerable. WFWor this time constant a signal of three
seconds duration would not be distorted by the lock-in
amplifier. The recorder could easily respond to such a
signal. A typical line width for chlorine compounds 1is
one kilohertz. Thus, a sweep rate of twenty kllochertz
per minute would provide a signal duration of approximately
three seoonds. The lock-in amplifler and recorder would
not display the signel 4f the sweep rate were greater



30

tixm approximately 200 kilohertz, even if the RC time
gonstant were reduced to 0.03 seconds. A much slower
sweep rete would result in several days being required

to search the region of interest. Por exsmple, two hundred
hours would be required to cover the range from twenty to
,torwérm' megahertz 1f the sweep rate were two kilohexrts
per minute. .

In this experiment three different commercisl look-in
amplifiers were used at one time or another: s Princeton
Applied Research Model HR-8; s Teltronics Model CA-2j
and an Eleotronies, Missiles, snd Communicetion, Ine. |
Model RJB. The Model ¢A~2 had 8 bullt~in reference osecil~
lator which was used to drive the wobbulator and furnish »
referenss signal (usually 155 herts) for whichever look-in
was in use. The Model HR-8 appesred to give the best
signal~to-noise reatio of the three. The Model RJB had
s bullt-in fregquency doubler in the reference channel
which was used to cbaserve the second derivative of the
sbsorption curve.

Figure 7 shows an example of an sbmorptidén curve
recorded using Livingston's ocscillator. The curve is
the first derivative of the 013° resonsnce line in NaC10,
at 7T°E. For this display the plate voltage was 141 velts,
the modulation frequency was 155 hertz, the voltage scross
the wobbulator wes 0.08 volts (rms), the time constant
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of the loek-in amplifier was one second, the chart aﬁae@
was two inches per minute, and the sweep rate was twenty~
four kilohert: per mimute. The line width (the difference
in frequency between waximum and minimum slope) is 2.5
kiloherts, The ¢enter of the lime is 30.6325 megahertz
as measured with the Northeastern frequency counter.

¥ang measured this fregueney to be 30.630 megsherte (9).
The frequency counter was calibrated using station WWV

as # standard and was sccurate within 300 heptz.

Supsr-Regenerative Oscillator-Detector

The super-regencrative oscillator-detector used in
this experiment was designed by Dean (3, p. 90) and s
shown in Figure 8. A super-regenerstive oscillator
‘produces s radio-frequency wave whose amplitude builds
up snd decays periodically. The rate at which this tekes
place 1s called the quench frequency. The quenching may be
produced by an external signal injected into the oscillator
grid oireuit such that negative pulses sppesr ¢n the
grid (external quenching), or it may be caused by the
proper choice of grid resistor and cspacitor (internal
or self-guenching). Self-gquenching will cocur if the
RC time oonstant in the grid oircuit (see FPigure 8) 1s
sufficiently long. Then when current is drswn on the
positive half of the grid voltage cycle, the grid bdlocking
capacitor will become cherged, and ultimastely the tube i
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driven to cut off. The grid capscitor then discharges
through the grid resistor, and cscillistions begin agein.
Thus, the quench fregqueney for an imternally quenched
oscillator is determined primarily by the time constant
of the grid resistor and capscitor. The variable resistor
in Pigure S 18 used to mdjust the quench frequency from
ten to elghty klloherts.

The super-regenerative oscillator may be operated
ia either of two modes. In the coherent mode each pulse
of radio-freguency energy starts to build up before the
previous one has decayed to the nolse level. In the inco-
herent mode aach pulse starts from the noise level.
Opalllators used in guadrupole resonance spectroscopy are
ordinsrily operated coherently for best signal-to-noise
ratio.

A super-rvegenerative oscillator-detector is sensitive
for only s short time during esch quench oyecle just es
the radio-fregqusncy pulse begins to grow. Two effects have
been suggested as the mesns by which resonance absorption
is detected, The first 1is that the absorption of energy
by the sample causes a reduotion in integrated pulse energy.
The second effect is csused by the nuolear industion as a
result of the ocoherent precession of the nuclei brought
gbout by the last "on" period. If the spin-spin relsxation
time T, (the time for individusl spins to lose their
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goherence as 8 result of their mutual intersction) 1is

longer than the period of the quench frequency the nuolear
induction signal will ssuse the radio-frequency burst to

be initiated early. The result is an incresse in the inte-
grated pulse energy. Dean, as cited by Idvingstom (7,

p. 515), has given evidence supporting the latter mechsnism.
Desn found that a spectrometer operating in an inccherent
mode may begin to operste coherently when funed to & stromg
resonsnce. He also found that very high radic-frequency
spplitudes of one hundred volts or more could improve the
signal-to-noise retio of some chlerine compounds even though
the sensitive pariod ocourred at much lower voliages. Iater
it was discovered that an induction signel can be obtained
from the same coll used to excite the rasonance.

For typieal chlorine compounds high (five or more
volts) madio-freguency smplitude is desirsble. A simple
regenerative oseillator csn not be operated at such levels
without a large inoresse in nolse. With 8 super-regenerative
oscillator a large radlo-frequency swplitude may be used
to produce a strong induction signal which is subseguently
detectad gt‘t léu radio-frequency level during the sensitive
period when the noise 1s not excessive. Thus, the signal-
to-noise ratlio for a super-regenerative osoillator-detector
is usually greater than thet of e regenerstive cselllator-
detector. The super-regenerstive oscillator is also
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usually less microphonie and can be run for longer periods
of time without adjustment.

The super-regenerative oscillator has its dissdvantages.
The redio-frequency irradistion experienced by the sample
1s sctually made up of many frequencies: f,, r_ A Lqs
fo 3 25, £, £3f,, ...etc., where £ is the center frequenmcy
of the oseillator and tq is the guench frequency. Some of
the sidebands slso are of sufficlent amplitude to induce
wessurable resonance absorption if they happes to be equal
to the resonance frequency. Thus, as the cemter frequency
is slowly veried, several sbsorption curves (esch sepsrated
from the next by the quench freguency) are observed for
each existing resonance line. It is often difficult to
decide st what frequensy the resonsnce has occourred. If
there is only one resonance line, changing the guench
frequency will shift all of the absorption curves except
the one due to sbsorption of onergy at f,. However, if
two or more close-lying resonance lines exist, the seversl
signals from each line overlap, snd in most casmes the
spectrum becomes unintelligible. Another disadvantage of
the super-regenerative oscililator is thet it cean not be
used to study line shapes because of its complicated
response.

The super-regenerative oscillator circult of Pigure 8
was slsc used inthe spectrometers shown in Figures 3 and 4.



Pigure 9 shows an example of a single resonance line
detscted using the super-regenerative oscillator with

the lock-in spectrometer. The line is the ¢135 absorption
curve in 8&6163 at TT°K (see FPigure 7 slso). The plate
voltage of the oscillator was 300 volts, the voltsge
across the wobbulator was .09 volts (rms), the modulstion
frequency was 155 hertz, the recorder chert speed was two
inches per minute, and the lock-in amplifier time constant
was 0.1 seconds. The sweep rate was twenty-four kilcherts
per minute. The ﬁuaneh frequency, weesured on the osoillo-
soope by sttaching a probe near the ocomnection between the
semple box and the copxial line, was approximately thirty-
seven kilohertz. The Jeggedness cof the curves was due to
the overdamping of the recorder.

For a resonance curve in the region of thirty-eight
megeherts with s modulation freguency of 155 hertz the
guench freguency was set at £ifty kilohertz. Thus, the
period between radio-freguency pulses was short compared
to Tp which is on the order of 10~3 seconds for most chlorine
compounds. The signal-to-noise ratic decreased as the
quench frequency inoressed and at approximstely sixty-
five kilchertz the signal ocould no longer be detected.

If the guench freguency was deoressed from fifty kilohertz
again the signal-to-noise deoressed and at spproximately
thirty kilohertz the oscillator changed from coherent to
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inooherent operstion. A filter was needed to filter out
the quench frequensy and is inoluded in the circuit dlagrsm
in Pigure 8.

FPigure 10 shows an exemple of the absorption spectrum
displayed when four close-lying resonance lines sre present.
The ssmple used was chlorsnil (2, 3, 5, 6 - tetrachloro-p-
quinone), and the reaoraingluap made at TT9K. In the
erystal 1§§§§ng the four chlorine nuclei of each molecule
are ot aoa~eqﬁiva1eab sites. The four lines ocour st
37.442, 37.470, 37.51%, and 37.58%5 megahertz (2). PFor
the recording in Pigure 10 the plate voltage was 200 volts,
the voltage scross the wobbulator was 0.08 volts (mms),
the moduletion frequency was 155 herts, the chart speed
was two inoches per minute, the time constant was 0.1
seconds, the sweep rate was forty-two kiloherts, and the
quench frequency was spproximately forty-four kilohertsz.

The frequency of the super-regenerative oscillator
could not bhe messured directly with the Northesstern
frequency counter since its counting period was longer
than the duration of one of the radio-fregquency pulees,
The frequency was messured however with & 3ignal Corps
Model BC~221-AK beat-type frequency meter loosely coupled
to the osolllator by & short prode under the chassis. A
grid dip meter was used to measure the spproximate frequency,
the BC-22]1 was tuned to this spproximate frequency, snd
then the freguency meter wes sdjusted to zero-beat with
the oscillator. If a slight change in the quench frequency
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destroyed the zero beat, the freguency meter was sssumed
to be tuned to one of the sidebands. When the frequency
meter was tuned to the center frequency of the super-
regenerstive oscillator, a small change in the guench
frequency produced no detuning.

Finally it might be mentioned that et times spurious
signels sppeared on the oscilloscope or recorder. These
apurious signals srose perhaps from plego-electric effects
in the semple {6, p. 805) or electronic effects in the
spparatus. 2 permanent bar pagnet held nesr the sample
holder wae used to distinguish these spurious signala
from the setual quadrupole resonsnce sbsorptions. The
magnetic field eliminated the degenersey of the m-states
and caused an sotual absorption curve to broeden but had
no effeet on the spurious signels.
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CHAPTER IV
RESUITS

The spectrometers desoribed in the previous chapter
were construoted for the purpose of searching for the
chlorine nuclear quadrupole resonance in two organic
compounds which had just recently become commeroially
available. The two compounds were 3, 4, 5, 6 - tetra-
chlorophthalimide and 1, 3, 6, 8 - vetrachloropyrene.

In this chapter the results of this search are disoussed
and some reconmendations are made concerning these results.

3, &, 5, 6 - Tetrachlorophthalimide

Approximetely two hundred grams of 3, 4, 5, 6 -
tetrachlorephthalimide, purchased from the Aldrich Chemicel
Company, were used in search for the chlorine gquedrupole
resonance frequencies of this compound. The 3, &, 5, 6 -~
tetrachlorophthalimide molecule is shown in Figure 11 and
appesrs to possess symmebtry sbout & reflection plsne., If
the molecule is not distorted in the orystalline structure
of the compound, the chleorine nuclei at sites 3 and 6 on
the benzene ring should have 1dentical enviromments; the
same is true for the chlorime nucled at sites 4 and 5,
Thus, one would expest to observe two quadrupole resonance
lines.
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Fig. 11--3, &, 5, 6 - Tetrschlorophthslimide molecule

Pigure 12 shows the absorption curves recorded for
3, &, 5, 6 - tetrachlorophthalimide at 779K. Pigures 13
end 14 eare two éi&playn of the curves at room temperature.
All three recordings were made using the super-regenerstive
oscillator. For Figure 12 the plate voltage was 250 volts,
the voltage scrose the wobbulator was 0.12 volts (rﬁ:),
the modulation freguency wae 155 hertz, the lock-in smplifier
time constant wes 0.3 seconds, the recorder chart speed was
two inches per minute, and the quench frequensy wes approxi-
mately fifty kiloherts. The center frequency of the osoillator
was. swepl at approximately fifty-six kilchertz per minute.
The center of the absorption curves shown is spproximetely
37.9 megahertz.

For Figure 13 the plate voltage wes 150 volts, the
voltage scross the wobbulstor wes 0.12 volts (rms), ehm
modulation frequency was 155 hertz, the look-in time
constant was one second, the chart speed was two inches
per minute, and the guench frequency was approximstely
forty-eight kilohertz. The center fregquency of the


mailto:appr@xiniate.lar

45

"Moll 3 SpTWITBYjydogoTyoeIle] -~ g ‘G ‘4 ‘¢ ur uorgdaosqe
aTodnapenb aesyonu Jo JUTpacosd Jsjomodqoads aATjBIoUSBoa~aodng--2T *BTd

i .
' 1

ELE e

'

[ i [ d
R e e et SRR 'R A O U R AR

|

|
. |
- ,,A,;. "_1
Bl

S il e =

i I

|

t

|

,:ﬁ,

1

i
-
Cosg

§ .

BRI

AR

I
e
1
o
)

-1
S
. 1
; i
- [ ;
! Ty
s, o 1 B
!
e e

L ;
e -
; i ) !
: {r, w L p
o ; DL Do Y W : M
[ I ‘ . ' i N {
! P i | : i
“ﬂ J r W\ o ! - !
b -4 P i - X
L S U VUG SO - A
| b m
- I | o | ' .
| . i H i : N
| - e+ bt I
i T R 4




b6

*oqnuTm Jad ZqJ9UOTTH 62T JO 9384 deoms
e UYaTM sangeasdueq wooa qe sprwireygydoaoryoeayey - 9 ‘G ‘ff ‘€ ur uorgdaosqe
aTodnapenb aesionu Jo Buppacooa gogsuoagoads sAfjedausdsa-dadng--£1 "3Td




b7

*agnutw aad 23J9YOTTH 9Qf JO 998a dooms
€ U3TM aangeasdusq wood 3e SpiwTIeygudoaoryosagesy - g ‘G ‘f ‘¢ ur uorsdaosqe
srodnapenb aesfonu Jo JUuTpaocded Jdsgemodjzosds saTjeasusBea-aadng--4T *BTd

LSt M A A A A T
+ T

f i B Rt A

T

I e T wx [ ettt T P -
B e Tt L S SRISL SVRES WS S I | S .




48

oscillator wes swept at a rate of 120 kilohertz per wimute.
For Figure 1k the plate voltage wes 150 volts, the voltage
across the wobbulator was 0.12 volts (rms), the lock-in
time constant waes one second, the modulation freguency was
15% hertz, the chart speed wae two inches per minute, the
quench rate was spproximately fifty kiloherts, and the
frequency of the ocsclillator was swept at s rate of approxi-
mately forty-six kilchertz per minute. For Figures 13 and
14 the center of the absorption curves is located near
37.5 megaherts.

The rate of change of the osolllator freguency wes
detemmined by measuring the frequency at two different
points with the grid dip meter and dividing the difference
by the time interval between the measurementa. This
assumption of a linear change in rriqnnney with reapect
tartime is reasouable if only a small portion of the oscilla~
tor renge is considered. The approximate {requencles of
the sbsorption curves were messured with the grid dip
meter, whioch is acourate only to a tenth of a megahertz.

At room tempersture snd at T7°K e permsnent magnet was
used to verify that the recorded curves were sctually
due to guadrupole resonance absorption.

There is obviocusly more than ome line present in the
3, 4, 5, 6 - tetrschlorophthalimide guadrupole resonance
spectrum. It was found that the guench frequency could



ho

be varied from approximstely thirty-five to seventy-five
kilohertz and the absorption curves still he observed.
However, chenging the quench frequency did mot yield sny
uyseful information., At diffevent quench frequencies the
recording was different, but it was impossible to decide
which curves hsd not shifted. One recording wes numeri~
cally integrsted, but this also failed to solve the problem
#s to which of the recorded ourves was due to the absorption
of redio~frequency energy at the center freguency of the
ossillator, Apparently the lines are so closely spaced ‘
that the sidebands from one line overlap the center Irequency
of the other line. ’

The detection of the resonsnce absorption using the
regenerative oscillator would eliminate the problem of
gidebands snd allow the resonance frequencies to be
measured using the frequency ocounter. The regenerstive
oscillator was used to sesrch cavefully in the region measr
37.9 megahertz at TTCK. Ko rescnance absorption was
detected. This wee probably due to the fact that the maximum
rnaiaorr§quanny amplitude of the regenerstive osocillator
was less then two volts (rms); the optimum detection level
ccourred st an even lower voltage. The radic-frequency
amplitude of the super-regenerative oseillstor, on the
other hand, was approximstely fifteen volts (rms).
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If the super-regenerative oselllator were used to
display the absorption curves on the ose¢lllosecope, 8
slight change in the guench frequency would indicste whether
or not a particuler curve was Que to one of the sidebands.
An unsuccessful attempt was made to observe the sbeorption
curves of 3, 4, 5, 6 ~ tetrachlorophthalimide on the
oscllloscope using the puper-regenerative osecillator.
However, thls search was not thorough in the sense that
only 8 faw values of gueneh frequency and wobbulator
voltage were tried.

There i8 sn indication that the apparatus used 1s
capable of displaying the rescnance lines of 3, 4, 6, 8 -
tetrachlorophthalimide on the oseilloscope. In a given
volume of chlorinal (see Figure 10) there are approximetely
1.05 times es many chlorine nuclei as in the same volume
of 3, #, 5, 6 - tetrachlorophthalimide. Even though the
ehloranil molecule (Figure 15) appears to be symmetrio,
four resonance lines extist (1). This is spperently due
to the distortion of the moletule in the erystalline

<t Cf

) d }

Fig. 15--Chloranil molecule
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structure of the compound. If two resonance lines were
present in 3, 4, 5, 6 ~ tetrachlorophthalimide their
intensity should be spproximately twice the intenslity of

the chloranil linee, sssuming similer detectlion conditions
in each cese. The chloranil sbsorption lines were seen
faintly on the oscilloscope. Thus, if two lines oxist

in 3, 4, 5, 6 - tetrechlorophthalimide, they should also

be detectesble, The possibility of four resonsnce lines,
however, must not be neglected. As in the case of chlersnil
the erystalline structure oould result im four non-equivalent
sites for the chlorine nucleii. If this were true, it would
be guite difficult to see the abscrption curves on the scope.

At T7°K the recorded absorption curves of 3, 4, 5, 6 -
tetrachlorophthalimide are centered near 37.9 megehertsz,
and at room tempersture they are centered near 37.5 megaherts.
Therefore they exhibit the expected decrease in quadrupole
resonance frequency with an inorease ln temperature as |
discussed in Chepter II. The magnitude of the frequenoy
chenge between these two temperatures 1s similar to that
of other chlorine compounds (6, p. 572).

Since the ratio of the quadrupole moment of €135 to
that of €137 1s 1.26878 (5, p. x111), at 77°K one would
expect to obsmerve guadrupole abeorption mear forty-eight
megahertsz hhrae‘timea @8 intense as the curves shown in
Figure 12 or to observe curves nNear 29.9 megshertx one
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third as intense. (0137 1s 25 per cent sbundent.) There
is an indication that the absorption ocurves in Figures 12,
13, and 14 are due to 0135 rather than to €137. at 77%%
two resonsnce lines due to €135 of tetrachlorephthalic
acid have been observed at 38.424 and 38.140 meganertz (4).
A compsrison of Figures 11 gnd 16 shows the similarity of
the two molecules. The emvircnment of the chlorine nuclei
for the two molecules would probably be similar,

(W] d]

cl cl

‘ou Ho

Fig. 16--Tetrachlorophthalic acid molecule

Thus, the absorption curves of 3, &, 5, 6 ~ tetrachloro-
phthalimide st T7°K which are located near 37.9 megoherts
sre likely due to c135 gquadrupole resonspoe absorption.

1, 3, 6, 8 ~ Tetrachloropyrene
A search for the chlorine nuclear guasdrupcle rescnance
frequencies of 1, 3, 6, B -~ tetrachloropyrene was slsc made.
Approximately forty grams of this compound, purchased from
Aldrich Chemical Company, were used. At room temperature
the compound is 2 fine powder of very low density. Figure 17
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shows the 1, 3, 6, 8 - tetrachloropyrene molecule as
indfcated in Aldrich Chemlical Company's cstslog. The
molecule possesses symmetry about a reflection plane.

The search for the guadrupole resonsmce line (or
lines) of 1, 3, 6, 8 - tetrachloropyrene proved unsuccessful.

The regenerstive spectrometer and super-regemerstive spec-

i cl

<l <y

Fig. 17~-1, 3, 6, 8 - tetrachloropyrene molecule

trometer were both used to search the region from eighteen
megahertz to forty-eight megahertz. There are several
reasons which could assount for the lack of suecess,

The relatively small number of shlorine nuclef in
the sample holder would cause the absorption scurves from
1, 3, 6, 8 « tetrachloropyrene to be weak. There sre
approximately 6.3 times ss many chlorine nuclei in »
given volume of chloranil as in the same volume of 1, 3,
6, 8 ~ tetrachloropyrene. Since four resonance lines
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exlst {or chloreanll, the Intensity of these lines should
be approximately 1.6 times as great ss thst of a single
line 1, 3, 6, 8 ~ tetrachloropyrene. If there were two
or four lines for 1, 3, 6, 8 - tetrachloropyrene, the
chlorsnil lines would be approxiwately 3.2 or 6.3 times
as great respectively. Since the chloranil absorption
curves oould not be seen with the regenerative oseillator,
it is therefore not surprising thst the 1, 3, 6, 8 -
tetrachloropyrene sbsorption curves ocould not be seen
with thiz apperatus.

The super-regenerstive oscillstor could guite possibly
be used to observe the resonance lines of 1, 3, 6, 8 -
tetrachloropyrene if the modulation width, quensh frequenoy,
and redio-freguency amplitude were all sdjusted properly.

As oan be seen from Figure 6, if the width of the modulation
were too narrow, the displayed absorption curve would have

o small amplitude and perhaps be lost in the nolse. If

the modulation width were too grest, the sbsorpbtion curve
would be broadened and thus more egsily obscured by nolse.
As was demonstrated im the case of 3, &, 5, 6 - tetrachloro-
phthalimide, the velue of the gquemch frequency has a
promounsed effect on the amplitude of the absorption surve.
For 3, 4, 5, 6 ~ tetrachlorophthalimide the ocurves could

be seen best with 8 guench frequency of approximately

firty kllchertz. If the guench frequency were varied by
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more than plus or minus twenty kilohertz, the absorption
curves were lopt in the nolse. The proper cholee of
quensh frequency differs for different compounds since
it depends in part on the spin-spin relsxation time. The
quench frequency changed slowly as the center frequency
of the super-regenerative oscillator wae varied. The
spectrometer was run for two or three hours at a time
without adjustment. During this time the gquench frequency
would change by ten to fifteen kiloheriz.

Another explanation as %o why resonanoe absorption
in 1, 3, 6, 8 - tetrachloropyrene was not observed is
that the lines cocour outside the elghteen to forty-elght
megahertz range. This is, however, unlikely, since by
far the majority of the observed chlorine gusdrupcle
resonance lines in organic compounds have occurred within
these bounds (5). If the guadrupole resonance limes of
1, 3, 6, 8 -~ tetrachloropyrene are somewhat broasder than
the linee observed for the other chlorvine sompounds, their
smplitude would be decreased. This also could ascount for
the null results of the search for the resonance absorption
in 1, 3, 6, 8 - tetrachloropyrene.

Recommendations
In this study a super-regenerative oscillator was
used to determine that nucleasr quadrupole resonsnce sbsorp-
tion in 3, 4, 5, 6 - tetrachlorcphthalimide occcurs nesr
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37.9 megehertz at 77T°K. The presence of sidebsnds made

the data unintelligidble. Certailn things could be done bo
overcome this difficunlty. A regenerative oscillator-detector
designed by Wang (6) was modified snd used by Dougless (3)

to record the resonsnce lines in chloranil. This cseillstor
could possibly be used to record the gusdrupole resonance
lines of 3, &, 5, 6 - tetrachlorophthalimide. The use of

a regenerative oscillator-detector would eliminate the
problem of sidebands and the rescnance frequencies could

be measured within a few hundred herts.

A method which could eliminate seversl of the sidebands
wae suggested by Desn and Pollak (2). A cirsuit used to
modulate slowly the quench frequency of an externally
quenched super-regenerative oselllator is desoribed. Many
of the sidebands are supressed, but the center frequency
sbsorption is virtually unaffected. The osolllstor described
is similsr to the super-regenerative oscillator discussed in
Chapter IIIX.

Fuolesr quadrupcle rescrance absorption inm 1, 3, 6, 8 -
tetrachloropyrene was not found in the region from eighteen
to forty-elight megehertz. A thorough search of this region
employing several values of modulation width, quench frequency
and radio-frequency amplitude using the super-regenerstive
oscillator might yleld the desired results. The regenerstive
ose¢lillator employed by Douglass (3) might also be used %o
search this range. If mo resonsnce lines were found, the
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seareh range might be broadened to inoclude five megahertz to
firty-five megsherts.

The use of Zeeman modulation rather than frequency
moduletion might prove advantagsous. With Zeeman modulation
& magnetic field of between twenty and elghty gauss 1s spplied
to the sample snd varied perlodically sbout zero field
(usually with a square-wave). For a powdered sample the
resonsnce absorption appears only when the fleld is zero.
The use of this modulation scheme would elimimate the
swplitude moduletion caused by the wobbulator., A filter
tuned to the modulation frequency would not be necessapry
in the regenerative spectrometer. With this filter in the
oircult much of the desired signal 1s removed.

In searching for the 1, 3, 6, 8 ~ tetrachloropyrene
guadrupole resonance absorption, ome should tske all possible
precaution to eliminate noise in spectrometer. All of the
osolllator components should be rigidly attached and the
radio-frequency leads made se short as possible, All
moving parts such as the tuning capacitor should be well
lubricated. The electronic equipment should be shielded
and free from mechanical vibration. A winimum nolse level
is desirable in all guadrupole resomance searches but seems
especially necessary for the case of 1, 3, 6, 8B - tetra~
chloropyrene.
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APPENDIX 1
THE NUCLEAR QUADRUPOLE HAMILIONIAN

Claseical Derivation
Consider & nucleus of charge density (O and atomic

number 7 1in a region of a nmon-uniferm electris potential
Y. If the center of mass of the nucleus is chosen as
the origin of the eoordinate system, the electrostatic
interaction energy of the nucleus with the electric
potential will be

W= g@ (r)vac , (1)

T
where T 18 the position vector of an incrementsl volume

dtT snd-v 1is the volume of the nusleus. The potential
will vary over the nuclesr volume, but if this variation
is not too great; the potential may he expanded sbout the
origin by & Taylor series and only the first few terms
conslidered.

s (@)
Vs j%@ (r)[?‘, *Zi xz(%%); ﬁe%% xéxk(;')’ai%i;);” dr
where 1, J, mﬂksorrmlba3mdx1*x,xaay, Xy * 2.
The zero subscript indicates that the quantity iz evalusted
at the origin. This equation becomes

59
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W=V, ST@ (P)at + % (av/‘)xi)o Sﬁ_ e ﬁ)"idr

AT (PiLxgon), | © Bixgm v G)

The first term of this equation ylelds V‘,Z e, where e

is the magnitude of the electronic charge. This portion
of the intersotion energy is not affected by the nuslear
orientation and will be neglected. The sesond integral
in equation (3) 1s the elestric dipole moment of the
nucieus. Experimental svidence indicates that no electric
dipole exists. This implies symmetry of the charge
density such that Q (¥) = O(-F). The dipole term thus
vanishes., The third term in the equation ls the guad-
rupole term, which mey be written out explieltly as

b(,g,.i.%)g L@ x2ar + ir(%%)a L@ y2ar + i(s)‘sg)e L@ 22de

+(§%)0 L@ xydy +(§g§)a gt C xsar +(%§g§)u gt@ yedr .

According to the semiclassicel viewpoint in which the
nucleus is spimning very rapidly about sm axis, it is
reasonable to sssume Lhet the nucleus has axial symmetry.
If the z~sxis is taken as the spin axis, the mixed terms
( §©xyxgdr , 1 # J) in the quadrupole expression will
be zerc, and since the externsl charges will "see” only
# time aversge dilstribution, it follows that
Sexm ‘S Q ylar . (5)
T 3
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Laplace's equation will hold at the nuclear site for
the potentiasl due to extermal charges.

(527/913)0 + ( PV/Hy?) ot (éaW'()za) 0 * 0 (6)
Henge, the quadrupole portion of the interaction energy

beeomelbav . oy ) v (7)
Vg = &(m)o gt@ x2dr + &(m)o L@ yide + é(m)gLQaﬁd’t ,

. »}()é%)o KQQ x%dr + Q(%g‘%)o gte 224+ . (8)
But

2 XQ:%% = S CxBat + gé y2dt w - j@ (z2-r2)az ,(9)
sg T t T Y o
W = HFa?), | ety (10)
The guantity |
Q* = 1/e LQ (322-r2) a2 (11)
is sometimes called the nuclear electric quadrupole
moment. It ia & messure of the deviation from ephericel
symmetry of the nucleus. As i1llustrated in Figure 18,
if Q* is positive, the nucleus is cigar-shaped; if Qw
is negative, the nucleus 1s sheaped like 8 flattened

sphere; if Q% 1s gerc, the nucleus is spherical.

L - .
’ \
] ' J !
\ ’
DN =
*—
dso <o Q=0

Fig. 18--Nuclear shape for various valuea of Q¥
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Bquation (10) gives the interaction emergy in a

goordinate system whose z-axis is along the axis of
symmetry of the nucleus. Let x', y', 2' dencte the
principal axes coordinate system of the electric field
gradient. Figure 19 illustrates the nucleus in such a
coordinate system, where the Eulerisn sngles €, #, and

U as defined by Goldstein (5, p. 10T) have been used
to indicate the orientation. The line of nodes 18 perpen-
dicsular to the plane of the z, z' sxes. To find the

electric field gradient in the primed coordinate system
the following relationship is needed (5, p. 109).
x'] |ecosVeoxg~cosdsingsiny ~sinYeos@-cosdsinfoos¥ umaa‘w x
y'| = [eos¥sing-c080cosgsiny -sinYsingreosdcosPoos? -sindooed ||y [(12)

A sinOsin’ sinboosy cosd® ||z
Rv . 2 (éx*)z v (M" 2 )%y _;_:59@
Jg2 JIx'2\9g . * sy'g LIy * d2'2|dg
A A s AT A (13)

TS SeEt Iyt SR

By the use of equation (12), one may write equation (13) as

XV o PV (sinostng)2 | YV (-sinceosp)2, OV (cose)? . (%)
dg2 JIg'@ dy12 Og12

The direction of the nuclear anguler momentum 'f is along
the z~axis; the components of _i in the principal axes
gystem would be
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.~|ﬂame1m¢ s

= |I|stnGoos g (15)
Igg = rfl cos © N
Bguation (14) cen be written as
gﬂv Pvo12, ¥v I v Iz, ' (16)

,),a Ixt2 mi dy12 ma dz'2 3|2
where |I)2 18 equal to 12, + xy. + Ig,. Therefore,
using equations (10), (11), and (16) one csn write the
electric guadrupole intersction Hemiltonian in the prinecipal
sxes system of the electric fleld gradient as

(R SRR RT) . O

where the partial derivatives are evaluated at the nuclear

center of mass.

Quantum Mechanical Description

Conslder & nucleus of A nucleons described by the
wave function qu'uxm(gz ....“3;), where I is the total
angular momentum guantum number, m is the magnetic guantum
number indleating the orilentation of the sngular momentum,
and n represents all cther quantum numbers needed to specify
the system, The separation energy between the nuclesr
ground state and the first excited state 1is large compared
to the orientation energy (2, p. 327). Thus, in desling
with nuelear quadrupole interaction only metrix elements
of the form
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<nIm' l Hy ) nim> (18)

need be considered.

Equation (3) of ths previous section is a convenlent
form for tne electrostatie interaction in the guantum
mechanical deseription as well as In Che clasgical case.
However, in gusntum mechanics the charge demsity C (¥)
must be replaced by the density operltarlﬁefiasd as

Copld) = ;Z‘i G S(F - 5, = eé SFE-5) , (19)

where e is the charge of s proton, ¥, is the position
vector of the k%R proton with respect to sm origin et
the nuclear center of mess, and Z' is the stomic number

of the nucleus. BEqguation (3) then becomes

WEY, S?@gpf—{')dt + %:.(%;) S‘t ng(i)‘xid?:
O
+ ﬁ?%&%)@ g@le @p(?‘)xsxkﬁ’é + e . (20)

The first integral in equation (20) is sgain the
total charge of the nucleus and is not dependent upon
the nuclear orientation. The second term is the dipole
term, which is zero because of symmetry properties of the
nucleus. RExperimental evidence indicates that the nucleus
has definite parity. From this fact it can be proven that
the center of wmass and center of charge of the nucleus
coincide (8, p. 1613 7, p. #). Hence,

Q opl® = CoplH) (21)



The dipole term goes to zero since it conteins an odd
funetion integrated over symmetric limits. The fourth
term in the series {mot shows in equation (20) ) is zerc
by & siuilur argument. |

The third term in eguation (20) is the quadrupole
term. It is convenient to define the quantitiles

| Qg St@op("“" [ 3%%y = S 13”2] az :

6:131 ) )
The quadrupcle term then becomes

Vg = 1}62;_%‘713 [ayy + ST S1yCopriar | -

Assuming that laplece's equation holds at the nuslear
site, the sesond term in egustion (24) vanishes. Thus,

Vg * 1/62; }}vuq“ .
By equation (22) the quantity Qg4 may be written as
. S _% . . 27,
Q, = Ln;cﬂr 7 | 3xgx, - Sygv laz .
Upon inmtegration thil beaamui

The electrie gquadrupcle Hamiltonian 1s

nazi/EZZ 1y

where Qi 4 is given in equation (21).

(22)

(23)

(24)

(25)

(26)

(27m)

(28)
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In order to evaluste the matrix slements of the above
Hemiltonian 2 more useful form is needed. This form cam
be found by the use of & theorem from guantum mechamlics.
The theorem applies to 8ll second-rank tensors of, say,
the form of equstion (27) which sre constructed in the
same wanner from vectors satlsfying the ssme commutation
rules with respect Yo 1 and are symmetric and have zero
trace. Acoording to this theorem the matrix elements
disgonal in X of all such tensors have the same dependence
oti the magnetic guantum number m (8, pp. 164-170; 7,

p. 175 2, p. 330). This is a specisl case of the Wigner-
Bokart theorem. The components of the position vector
for each nucleon and the components of the total sngulsr
momentum for esoh pucleon fall into a c¢lsss of operstors
known as "class T" operators. The cperstors of this
class sll obey the same commutation rules with respect

te I,

F
_Zix, mx] *e }
1., 7, ] =, (29)
_xx, Tz] = ‘*i‘!y »
ete.,
and
|5, 12] =0 . (30)

%he 1 in the sbove equation is the square root of minus
one. The guadrupole moment tensor as defined by equation



(22) is symmetric and has 8 zero trac¢e. Therefore, the
sbove theorem implies that the matyix elements of the
guadrupole moment tensor diagonsl in 1 may be written as

utn | ayy|nzar) = ¢ Gamn| 5 SR )8y iR e,

where ¢ is independent of m snd m'. This equation is
anslogous to 8 more familisr ope for the magnetic dipole
woment veator,
(nm | M3 | o> za'<mlx,[mr> .
One can express ¢ in terms of the matrix element for which
m=m=3Iasnd iz )= zas follows,
(nat | qgg | na) = ¢ (axx | 322 - B2 [mxx>
=¢[312 - 1(x + 1) ] ,
= ¢ x(ex - 1) ’
where © is the axis along which the total angulasr momentum
is quantized. The quantity on the left im equetion (33)
is ususlly defined a8 eQ and Q is termed the quadrupole
moment of the nucleus. Therefore,
eQ = CI(21 ~ 1) »

oq = {nIl Qg | nII> .
Since the concemn here is for the guadrupole Hemiltonian

where

matrix elements for s particular I and m, equations (31)

(31)

(32)

(33)
(34)
(35)

(36)
(37

(38)
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and (37) imply that the Hamiltonisn may be expressed

as

This Hemiltondan applies to an arbltrary coordinste
system. If one chooses the principal axes c¢oordinete system
of the electric fleld gradient, the expression for the
Hamiltonien may be simplified by the fact that in this
system

Vi =0 forif : (ko)

Rquation (39) then becomes |
[Vax (32-32) + v, (22-32) « v“ag.:ia)] . (81)

-
aq 2:(21 1)
By laplesce's eguation this reduces to

Hy » ___(g_m_),[vuxi V18 ¢ V12 | (42)

for the nuclear quadrupole Hamiltonlian in the principsl
axes system of the electric field gradient.

A comparison of the Hamiltonien derived from classical
considerations (equation (17) ) and that derived by quentum
mechanice (equation (42) ) indicetes that the coefficlient
is different. There are two reasons for this. One is
thet the symbol |I|2 in equation (17) is the mquare of the
magnitude of the total angulsr momentum given by (I|2 =
12 + 12 r 12. The I in cquation (42) 1s the total anguler
momentum quantum number; the magnitude of Yhe square ofthe



TO

total sngular momentum is given by I(I + 1). The other
resson for s difference im the two equations 1s that the
definitions of the gquadrupole moments in the two is different.
In equation (17) G* has been evalusted along the s-sxis for
the case in which T is along this sxis. In equstion (42)

Q is defined for the case where the aligoment of T is

takken to be that of the state I = m which is not alomg the
tmaxaa; According to Dehmelt (#; p. 113) the relationship
between the two guadrupole moments is

e-irde . (43)

By substituting this valwe for G* and |I|2 & 1(x + 1)

into equation (17) one arrives at equstion (42). Thus,

the classical snd quantum mechamical derivations yleld

the same expressions for the nuclear quadrupole Hamiltoniesn.
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