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March 16, 1970
' ERRATA S . : -
A1l recipients of UCRL~18605

Technical Information Division

Subject: UCRL~18605, "A Scheme for Sensitive Nuclear Double Resonance

10.

Detection: Deuterium and C13"by M. Schwab and E. L. Hahn,
September 1969.

Please make the following corrections to subject report.

Page 3 - line 12, "30 Hz" should read "30 MHz"
Page 9 - line 17 should read "with other present spin species

‘B, C and A' as described below, and among"

Page 10 - line 4 from the bottom, delete symbol 1Hgg"
Page 10 - last line, insert "where Hi" after "width ~ 7BH€ ".

Page 13 - Eq (23), The (1/2, - 1/2) matrix element should be
’ uon 1nstead Of "l"- .

Page 20 - line 15 following "Zeemsn state” add "which mey be used

to level cross with & mixed Zeeman and quadrupole C
spin system". :

Page Li4. Footnote "lo'lshpuld be labeléd"l1ll"” and footnotev"ll"
labeled "10°. | ' '

Page 47. Fig. 6. "B spin spectra is" should read "B spin spectra

- of". _ | |

The‘symbols Hi and HLA appear in a number of places in the
preprint. They are meant to symbolize the same local
field. i.e. Hi = HLA' This is true for Hi and H
well l.e. H = HLB. .

Page 15. Eq. (30) " B,=" should read "BA ="

LB as

Hw

. °
fffff  Ba. (31) "By =" should resd "py="
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A SCHEME FOR SENSITIVE NUCLEAR DOUBLE RESONANCE DETECTION:

DEUTERIUM AND C13

M. Schwab and E. L. Hahn
Department of Physics, University of California and
Inorganic Materials Research Division,

Lawrence Radiation Laboratory,
Berkeley, California 94720

ABSTRACT

An experiment which involves the participation of three
nuclear spin species is carried out to accomplish sensitive
double-resonance detection of nuclei. An ordered nuclear
quadrupole spin syétem (A) is used to establish and monitor
a metastable ordered state of a second abundant spin
system (B). A double-resonance coupling ié brought about
between the B spin system and a third rare or weakly interacting
system (C) to accomplish the detection of the C resonance.
The usefulness of this scheme lies in the choice of anvA

) and a

).

system with a short spin-lattice relaxation time (TlA

B system with a long spin-lattice relaxation time (TlB

The choice of a long T increases the sensitivity of the

1B

‘experiment in that a long time is available during which
effective nuclear dipole-dipole cross—relaxafion can occur

between the B and C systems. With a short TlA’ the cycling

rate at which information is gathered to detect the C system

is enhanced by a factor -~ TiB/TlA over that of the earlier two

species double resonance method. For increased sensitivity TlB

can be chosen arbitrarily long, while for the purposes of an
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increased rate of data acquisition, T can be chesen arbitrarily

1A
short, thus producing an efficient double-resonance scheme.
This scheme is épplied to a 12% deuterium enriched samplé of
paradichlorobenzene. The nuclear gquadrupole couple‘dVCl35
reservoir acts as the A system. The zero field nuclear quad-
rupole resonance system (at 34.78 mHz at T7°K) supplants the
usual high field stabilized magnet and power supply required in
an NMR double-resonance experiment. The B proton system has

a zero field iifetime of 46 seconds, and approximately a

one hour lifetime at l35»gaués. The C systems investigated

are (1) deuteriuﬁ and (2) the naturall& abundant C13 nuclei

in paradichlorobenzene. An analysis of double-resonance
detection of I = 1 spin systems is given and shows that for

a well resolved nucléar quadrupole asymmetry N splitting, a
double-resonance cannot be'détected because of fhe non-secular
character or quenching of cross-relaxation interaction terms.
The analysis is extended to include.the uﬁquenching effect of
;constant magneﬂic fiéldéféﬁd_the integer I > 1 quadrupole

system is discussed. The observation of the C13 resonance ,is

f'the rst reported observation through the nuclear magnetic
N .
resonance techniques of the 1.1% naturally abundant C 3 in a

solid.

%
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I. INTRODUCTION

A large collection of spins is usually required in the investigation
of the spin interactions of nuclear magnetic dipole moments with applied
and local magnetic fields, and of nuclear electric quadrupole‘moment
interactions with local electric field gradients. _If a fare isotopic .
spin system is to be studied, we encounter the problem of low or nearly
null signal detection sensitivity. The signals available from direct
resonance investigations are proportional to the number of nuclei.involvedv
in the resonance, so we can expect a signal reduced from an optiumum
(lOO% abundant spin species) by the natural abundance of the spin. in
solids with 100% abundant nuclear species at liguid nitrogen temperatures,

lOO/l is a strong NMR signal-to-noise ratio . expected at an ~ 30 Hz reson-

-ance frequency. However, signal-to-noise ratios of about l/l would occur

for ~ 1% naturally abundant clé and 1/100 for ~ 10'2% naturally abundant

deuterium under otherwise didentical = conditions., Standard signal averaging
techniques have been applied suceesSfully_tolliqnidlénd solid state reson-

ance investigations where T. is short and whefe high repetition swsep rates

1
are possiblel;but the time required to detect a resonance point can ex-

ceed a few hours or more.

- The nuclear magnetic double-resenance technique imvolving two spin

species has served as a successful alternative to direct methods in en-

abling the observation df,rafe spin‘systemz—Y. In this technique we assume -
the existence of an abundant spin system called the A sbin Systém with
a resonance which gives a strong signal. The rare spin system, éalled the

B 'spin system, is readily observed by exciting' B spin quantum transitions
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and observing enhanced dipolar cross-relaxation between the A and B spins
by its effect on the A spin signal. By using double-resonance techniques
it has been possible to observe7 B system concentrations as low as one
part. in 107, where the time to observe a resonance at one point has been
at most in the range of ten to fifteen minutes, beyond which time the‘yield
of date together with increasing instabilities becomes unpractical.

The two species.double—resoﬁance spectrogcopy is carried out as
follows. A measuring sequence begins by allowing the A system to come into
equilibrium with the lattlce. We assume initially that no radlo—frequency

.fields are present and the A system is ordered by the nuclear magnetic or
electfic quadrupole interaction.in a spin-lattice relexation time Tl’

: ;
which must be long to detect rare B spins. The A system is next prepared
in an ordered metastable state which can be characterized by a low spin-
temperature8.‘ This metasfable state is usually described in some interac-
tion fepresentation or rotating reference frame by a time independent hamii-
tonian which, along with the low‘spin-temperature, imﬁlies that the nuclearv
magnetic moments are preferentiélly aligned along a rotating radio-fre-
quency field or.local dipclar fie;ds. The initial metastable nature.of the
A system implies'the‘absence of a thermodynamic equilibrium between the
A spins and the lattice. This equilibrium, however, is aﬁﬁroached through>

sp1n—latt1ce relaxation mechanlsms which act in the new frame of reference.

The tlme rate of change of the inverse spin temperature of the A system is

given by9
dag :
A L
TS TR (BA - BO), (1)
1 :
where B, = l/kT ' = l/kT T, and T, are recpectlvely the A spin-

temperature and the lattice temperature, and (l/T*) is the'spln lattice

relaxation rate in the interaction representation. During the lifetime

-
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TT of the A metastable state, the B system is excited by a radio-frequency
field applied at or near the B resonance. In the presence of this field
the A and B spin systems are resonantly coupled, interact through dipolar

interactions, and an additional relaxation mechanism is provided to relax

the A spins. Equation (1) is then modified to give

ap | .
A 1 1
'd?t—— = = T?Le (BA = 50) = TAB (BA - BB)) | ‘, (2)

where TAB—l ig the transfer rate of spin energy or arder. between the‘A and

B systems, and BB'iS the inverse B spin—tempefature. With the experimental
o N . ea . >'> << z

conditions prevailing that BA »Bo (TSA TL), and BB 0 as a result of

saturation of, 6 the B spins in their rotatihg frame or interaction representa- o

tion, we may write Eq. (2) as

dﬁA : (1, l‘) _ A
2 (A L)e, B
at T T A o
and . v
1 1 Y.
s=a(0>exp<-(—+——> t:-->‘ (L)
, A TA o T "ap o

The steps in a double resonance spedtroécqpy=experiment are indicated in
~Fig. 1. The A system is first allowed to come to équilibriUm with the

lattice under the influence of.at most a constant magnetic field. After-

a time .. of order ~ BTl?thé A spin tempe?ature is essentially in
equilibrium with the lattice,and B, = B_. ‘ThelAvspins are tﬁen prepared '
in an ordered métastable state in an interactionzrépreéeﬁtation where the
system is described by a timé-indepeﬁdent hamiltonian and én_initially
large value of BA. As indicated in Fig. 1b and Eg. (l), the inverse

spin tgmperature relaxes with an exponential decay rate giyen by (l/TT) fdr
the A sping in their transformed frame of reference. During a time, of the

order of the A relaxation time T{ the B sping are excited by a suitable
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radio-frequency field, and an additional relaxation term (1/tT; ) is provided

AB

as indicated in Eq. (2). The rate of relaxation corresponding to this term
is maximized when the B irradiation frecuency is in the néighborhood of

the laboratory B resonance,and it is proportional to the number of B spins

2,7,11

oresent The behavior of BA when there is a contribution from the

(l/TAB) term is indicated by the dashed line in Fig. 1b. Following the

A

. . . 10 . )
of the A spin free induvetion decay™ . The sequence of events is then repeated

turnoff of the B radio-freQuency field, B, is measured in terms of the ampiitude

continuously while sweeping thé B ra&io—frequency through the B resonénce9

and the B feéonance is displayed by recording the changes in the detected

A zignal. Theiminimﬁm raté l/fAB, or éqﬁivaléntly, the minimum number

of B spins, detectablé in such an éxpérimént, is inversély-proportional to the .
availébié A spin-sigﬁal—tp-noisé ratio and to T;. The advantage

bf 2 long Ti is clearly in the length of time available to effect cross-
relaxatioﬁ 5etween ﬁhékk’and;B spin.systemé. But a long T; is usually‘

determined by a long laborafory frmﬁe relaxation time Tl. This is a distinct

disadvantage, as can be seen’irFig..da, for it meaps that while the
) X . - . . - 2 >3~ '*- . < ‘ .
sensitivity increases with Tl, a corresponding incréase in the double

resohance’cycliﬁg equilibration time occurs, thefeby reducing the data
acquisition rate as well as increasing the stability requirements of the
apparatus. While it is desirable to have a long Tl’ it is desirable to

have as short a T, as possible.

1

equilibration time referred to above, the intro-

duction of a third spinvSPecies is made. Let us consider thé'threé spin systems

To circumvent the long Tl
A, B, and C as depicted in Fig. 2, which we can sgiectively excite and couple
to each other, Suppose that tre C spins have such a low abﬁndance that
they cannot be observed directly, and it is these spins that we wish to

detéct.. Let the B spins be denoted as an abundant spin system (they now
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play the fole of the A spins in the previous discuséion) which can be estab-
lished in a metastable state with a long Ti,and thus can provide.a high
double resonance sgensitivity for C épin detection., Finally we define a new
A spin system as a third spin system with a short TlA,which is to serve
as ﬁhe source of énergy and order for the.B.system. We now specify that
a short T. ' '

1A

step is to create a metastable ordered A state, and transfer the order

will allow the A spins to reach equilibrium quickly. The first

of this state to the B spins which initially are in equilibrium with the
lattice, thereby reducihé‘ the B spin-temperature. This transfer takes
place in é time corresponding to the'cybss—relaxation time of the coupled
A and B syztems. A typical time is on the order §f one millisecond.
Thus, within a tﬁme on the order of TlA’ we can order the B spins withouts
requiring that one must wait a long B spin-latticé equilibratioﬁ time T1B°
We have thereby reduced by a factor ~ TlB/TlA the time necessary to estab-
lish the B épins in an ordercd metastable state. For Cl55 A spins and
proton B spins in paradichlorobenzene at 77K this is a féctor of approxi-
mately 100 in zero magnetic field. Following the establishment of the
B metastable state by the A spins, a double resonance experiment is per-
formed<with the B and C spin systems, taking full advantage of the long
B spin—lattice relaxation time. The ordering of the B systeh; as well.
as_the sampling of the B spin temperature, is perfofmed by radio;freQuency
pulses applied to the A system. This will be explained in detail below.
The B spin temperature is monitored by measuring the amplitudé of the
free induction decay of tge A signal.

This sequencé has been successfully applieduto the detection of
enrighe& deuterium and naturally abundant carbon 13 in a sample of.paraQ
dichlorobenzense., The observation of cargon 15 is the first reported fdr

this nuecleus in natural abundance in a solid. The usefulness of this new

"‘e
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scheme manifests itself in two ways. For sensitive detection of unknown
C spins,the ability to perform the double—resonahce experiment with a long
B.spin—lattice rela%atibn time of the order of an hour, and a sigﬁal—to—
noise ratio for the A spins of 50/1, makes it possible to observe the

effect of a cross-relaxation rate (l/TP ) - (25‘hours)‘l with a signal-to-

C
noise ratio of 2/1. And associated with the sensitivity there are the
advantages of stability and experimentzl practicality because the measure-

ment of a signal from the A systsﬁ'with a short T, allows for an easily

1
observable:énd repéatable signal, and one'to'which the apparatus can be
readily tuned. if one chooses a zero field quadrupolar systen for the
A system, as Vas done in the experimental work reported here, the need for a large

nagnetic field (-~ 10 kilogauss) and costly stabilized magnet does not exist.
It is thus possible to achieve a reduction in experimental costs énd bulk
at the pricé'of soméwhat more complicated electronics.,

-The creation of the ordered proton state in paradichlorobenzene
reported in fhis vork is similar to the experiment‘of Goldman and Landes-
manlg. The difference in our approach lies in the use of pulsed spin-

locking»tebhniqués rather than the continuous wave off-resonance excita-

tion method of the above authors.
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'II. PARADICHLOROBENZENE EXPERIMENT

.Preparation and Monitering of the B §ystem

The three species double-resonance method outlined»abeve can te'

applied to a variety of systems. As for the particular work reported
~

here, we will apply it in detall to the relevant spin systems in paradlcholoro—
benzene (C6HhC12)' We assume that at all times we can describe each
spin system by an appropriate density matrix and spin temperatureﬁg. At all
timee we shall keep in mind the basie thermodynamic model shown in Fig. 2.

The A system is comprised of the T75.4% abundant 0135

spins (I = 3/2).
In zero external magnetic field the A spins are described by a largevquad—

rupole interaction plus small dipblar interactions. The A system hamil-

tonian is given by

where

A spihs

' ,
and HgD’ DD’ D , and mDD are the dlpolar 1nteractlons of the A splns

with other spin species B, C and A' for the first three terms, andvamong

-

_themselves for the “last term. The indicated éum,in'(é) is to be taken over

all Cl35 ebins in the sam?le volume. ‘As shown in Fig. 3a the labératory

zero field spectrum'conSists'of two doubly degenerate levels sepérated by

the angular frequency13

2
/e,

3
35

Fer the Cl1 nucleus in paradichlorobenzene at liquid nitregen temperatures

GO

this corresponds to a 34.78 mHz splitting. The measured A spin—lattice_
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= 0.39 sec, and is determined by quadrupolar

relaxation time at T77°K is ’I'lA

spin-lattice interactions} The remaining dipolar terms in Eq. (5) are

expressed in terms of the usual dipolar hamiltonié.n.l
2

5 - Yy Vg B
m%D T I S%ins S sgins —_?f~——_-(A+3+C+D+E+F)’ ' (8)
- | |
1S
where
A=158, (1 - 3 cos® 8), h | (9)
B=(I,5_ +15,) (1/4) (2 -3cos®0) e, (o)
c= (s, +s1,) (-3/2) sin 6 cos 6 e T T, (11)
D=cC*= (I8 +51) (-3/2) sin 6 cos 8 e, - (12)
E = I+S+ (—3/h)‘s‘in2 8 e—2i¢, _ : (13)
P=E*=15_ (-3/4) sin® 8 M0 Caw

The spin operator I cofresponds to the A (0135) spins while the spin 6perator

S corresponds to the B spins (protons) in the term HbD, the C spins (carbon
.\ . L AC 23T .. L AAT 35 s
13 or deuterium) in D’ the C1 spins in D’ and finally the C1 spins

in mgg, the dipole _dipole interactiqn amongbA spinsf Since the guadrupole
interaction is quite large, the term ﬂg clearly dominates Eq. (5) and the
dipolar terms are small perturbations. |

The protons comprise the B spin system, and in zefo‘field are described by
the dipole-dipole hamiltonian Hig of form of Eq. (8). The A—B»dipolér
interaction has been arbitrarily assocciated with the A spin hamiltonian, and

the B-C dipolar interactions will be associated with a C spin hamiltonian.

In either case ﬂgB

i mﬁB >>
D clearly dominates. D for YB YA’ ch and the number

density of B spins (N,

-B) is larger than either the number density of A spins

(N,) or C spins (N

A

C)' In zero field the B spins are characterized by a dipolar

spectrum of width - YBHi is the averagé local field seen by the B spins.




-11- ‘ UCRL-18605

The 1ocal'fields, due mainly to protons, are of the order of three to four
gauss in solids, and the width of theIdeipolar spectrum is ~ 12 to 16 kHz
as indicated in Fig. 3c. The zero field proton spin—latticé rélaxation
time in paradichlorobenzene is measured to be TlB = 46 seconds.

It is readily seen from the zero field spectra of the A and B spins,
aé.shown in Figs. 3a and 3c, that any direct coupling between the two spin
systems in the abgence of external fields is small due to the large difference
in their characteristic splittings. To bring about this coupliné.and the
establishment of a B system metastable state a "épin-locking” procedufe2
is applied to the A spins during which the A and B spins are strpngiy coupled
by dipolar interactiéns. The metastable state is attained in zéro field,
and decays through spin-lattice reléxation mechanisms with a time constant’

*

Ty = Typ = 46 sec. for the protons. This state will be characterized by an

initially ldw spin-temperature which relaxes toward the iattice femperature
T, = TT°K.

The spin-locking procedure is described first in terms of a pure magnetic

&

system in an external magnetic field (HO), as follows. At t

o let the
system be in equilibrium with the lattice at the temperature TL with a magnetization
M= CH/T, | (15)
alignéd along the z or magnetic field axis, where . |
¢ = my° ¥ I(I + 1)/3k. | -
A radio-frequency magnetic field is applied along.the x-axis at fhevrésonance
frequency wo = YHO. 4The field i; applied for a time tw = ﬂ/(2yHl)'<< T2,
where Hl is the magnitu@e of the rotating cémponentfof the field, and T2
is the spin—spin.relaxation time. At the time tW tﬁe magnetizatibn has been

rotated into the x-y plane. In a frame of reference rotating about the z-axis

at the angular frequency wo the magnetization now lies along the y-axis,
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and Hl lies along the x-axis. The phase of the radio-fregquency field is then

shifted in a time T << 27/ YHl such that H, and Mo now lie parallel in this ro-

1

tating frame. Following this phase shift'we have, in the rdtating frame, a large

magnet?zation aligned along a small constant field.: To obtain the initial
spin-temperature in this reference frame we apply Eq. (15) to the rotating
framé magnetization after the phase shift hés occurred and before any relax-—
ation takes placé; C is a constant independent of referenée framg and.ﬁo is

-réplaced by Hl giving
M = CHl/Ts(O), . (16)

where TS(O) is the initial spin temperature in the rotating frame. Combining

the equilibrium value of Mo from Eq. (15) with Eq. (16) we have

ST (0) =1 (H/H), (17)

which for Hl = 10 gauss, HO‘= lOu gauss, and T_ = T7°K,results in an initial

L

rotating frame spin-temperature of TS(O) = T7 millidqgrees. Following the’
establishment of this rotating frame'spin state and temperature, the system

undergoes spin-lattice relaxation, expreésed,by

. % .
_ (t/T)) ,
TS(t).— TS(O) e 1’. - (18)

Note that if Hl is turned off suddenly af any point'the remaining transverse

magnetization~(proportional to the inverse spin-temperature) will precess

in the laboratory field and decay with characteristic time T By measuring

2"
the amplitude of this magnetization we obtain a direct measure of the inverse

_ spin-temperature in the rotating frame at the end of the radio-frequency pulse.
The above description of spin-locking can be carried_over to a pure

- quadrupole (I = 3/2) 0135

‘A spin system;l5 and it can be shown that the +3/2
.and +1/2 levels can be considered for simplicity as decoupled from the

_—3/2 and-—l/2‘levels, each pair acting as‘a pseudospin I = 1/é spin system -
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in an interaction fepresentation. Let us return to the hamilﬁonian of Eq. (5)

and add to it a radio-frequency interaction lﬁQf at resonance with the C 5%
* quadrupole splitting, determined by Eg,so that
“ \}A . - . ' . .
Nop = :YﬁEHlIi cos @ht , (19)
and the total A hamiltonian becomes
S s @
My = 3y man T cos wp
+ (dipolar terms). ' (20)
- It is assumed that Hl is larger than the effective local fields acting
on the 0155 nuclei so that we mayvdrop dipolar contributions as a good
first approximation. As in the spin-locking description for a pure mag-
netic system, the hamiltonian of Eq. (20) becomes time independent upon -
- application of a suitable transformation operator, namely-
U = exp (i Mg t/8). (21)
ﬂh transforms to the interaction representation according to
* -1 ' '
o) = U ‘HALI-J%. (22)
Wi . R . ‘ ot A
ith some manipulation the spin operators U, % and IX
" may be expressed as x4 matrices. Upon performing the operation indicated
15

in Eq. (22) ana dropping negligible dipolar centributions, the result is
[3/2]  [1/2] [-1/2] [-3/2]

o

o 1 0 0. [3/21

. . . | 10 o o . [1/2]
) = (-hy Ho) . ' . P . 1/
0 0 1 0 - [-3/2]

+ (time dependent terms) , _ (23)
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where
o=v3 (" +8") + 208 (o - 6%,
o= 1/(1 + Lz)l/g, 82_= 1 - 0%,
L= 3 [+ n%/3)Y2 2 1m.

We retain only the secular (timé—indepéndent) terﬁs, and drop non-secular
terms oscillating at the fréqusnciés iwA and_iéw , because these-terms
average to zero qﬁickly; and also drop ths sécular dipolar terms bécause
they can be considered as a small persurbation. We are then 1eft;ﬁith a.
>secular A spin hamiltonisn in thé interaction fepresentation with Zeeman
energy eigenvalues |
A=zt (h o yH). ) (2k)

The A energyvsplitting as indicated in Fig. 3b charactefizes the A spiﬁs
in the spin—lgcked state. Sinée A is a'functisn of Hl’ and Hlvcan be
varied experimentally,‘it is thén>possib1é to bring about an overlap of
the A interacfion—representation.spectrum (ths A splitting) and the B
laborsisry dipbiar spectfﬁp to obtain fésshant cross;reléiation.l6 ’It is
-important to note that ths effective crossérelaxaﬁisn.osdurs only whenbshe
A radio-frequency pﬁlse is applied, and that the pulse thegeby écts as an
on-off coupling switch between the A and B systems. Tﬂe souﬁling tsrms
are theAsecular terms of U—l ﬂgg U implicit in Eq._(22). |

One may obtéin_a #5iﬁé fsr the iﬁitial spin-temperature of thé quad-
rupéle system sfter spin-locking by nsting that the laboratory preéessing
magnetization folloﬁing a 900 radio—frequencytpuISé is. described, fon
I=3/2anan-=o0, by 317 |

(MX ) = M sin.w,t, : : (25)

(M ) =(M ) =0,
y Tz
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where

=
i

o 18 ; 26
Voo, w, 1y, o (26)

Under spin-lock conditions fer an T = 3/2 and n = 0 quadrupocle system in zero
field,Mo is aligned along the effective fieldgvgfﬂr‘in the ieteraction repfe—
sentation. The model of & pseudo;spin I-= ;/2 eonﬁeniently_portrays

fhe interaction representatipn for the quadrupole system. Using

Eg. (l7j and replacing H, by V3 Hy, and H_ by an equivalent field

necessary to produce the magnetization of Eg. (é6), the initial A spin
temperature in the spin-locked state is given by

v H

‘ o ht | | |
Ts(O> T w TL' _ (27)
A
For T. = 77°K, H,.= 10 gauss and @, = 35 mHz, T (o) 107°°K.

L 1T

The density matrix for the A and B spin systems is apprcx1mated by

o = ep B, (A>: -8y 2} Jor (1) (08)

where the subscript "s" indicates only the secular terms are present.
Croes—relaxation between A and B spins comes about via the.secular terms of

the transformed A-B dipole interaction

o L e

By con51der1ng the rate of  change of (( ) and (HB , using second order

perturbatlon theory and the spln—temperature assumptlon, it has been

15,18

shown that the inverse spln-temperatures BA and BB for:

- the A and B systems obey the relatlons

. |
AB : ‘
By = T— (B, -B.), (30)
A AR A B
and
1
By = —— (By-B), (51)
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where
L N N N e (
AB *.2 = > > , 32)
Tr{(ﬂA)s} W, Y, 38 I, (IA + 1)
] e, % - : ' %
oyt JotTE ) B (o), B (-0, @) 10
A8 1 1e{ (3C2)%) |

and

H (1) = lexp Ch (O (ﬂii)}](ﬁ%ﬁ)’; lexp (-iva™M00) + ()],

(33)
s is the ratio of the heat capacities at a common spin-temperature of gne,

AB
Cl35 spins in the interaction representation and of the proton laboratory

spin system. For an applied field Hl ~ 17.5 gauss, and effective local

field H o ~ 4 gauss, Eq.'(32)vgives-€AB ~ 1; and we see from Egs. (30) and (31)

that BA and BB change nearly at the same rate. These are the conditions to which

. the experimental work reported here were subject. We may express T in the

AB
approximate.formgf15

Ty ¥ Ta/T | D
where T;E and ng are the component contributions to the B spin dipolar

35

second moment caused by A and B neighbors respectively. For C1 (A) and

proton (B) spins in paradichlorobenzene the values of TBB ~ 10 us. and

T - ~ 200 us. apply. Therefore Eq. (34) yields T

B ~ 2 m sec., which is

AB

v

approximately the measured time constant for the protonechiorine Cross-
-~ relaxation.
Let us assume that the spin-locking pulses applied to the A system

have a duration of at least several relaxation times T Then, by Eq. (30)

N AB '
we see that the A.anng spi n-temperatures reach a common valuevBA = BB.

The final spin—tempeﬁ&£ure of the coupled A and B spins is
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derived by a simple conservation of ‘energy argument. Let t = 0 be defined
just following the 90° phase-shift of the A spin-locking pulse, where thé

initial A spin-temperature is given by Eq. (27) and the B spin-temperature
%

14 F 45 ms for

is assumed to have an initial value TB(O). With TAB << T;A (T
the épin—locked staﬁe in the interaction representation at‘77°K in paradi—
chblorobenzene), we may equate the initial and final expectation values of the
summed energies of the two spin systems. Using the density matrix of Eq. (28),
the identities Tr {(ﬂi)s} ='Tr{ﬂ§§} = 0, and the high temperature approximation,
thé energy expectation values for the A and B spins are expressed as
*
((ﬂk)g

B
<ﬂ§D )

rlp(i) } = -8, Tr L)}/ (11,
(35)

i}
R

; B - ﬂBB 2
Tr{p ﬂgD} -8y Triligp)"d/er{n).
Equating the initial summed energies of the two spin systems at different

spin-temperatures to the final energy at a common. spin-temperature results in

an expression for the final equilibrium spin-temperature,

ap By (0 By (o) |
Be =T * — 3> (36)
+ €
AB 1 AR
" where €,p 1s given by Eq. (32). For the €13° A and proton B systems in para-
dichlorobenzene described in the experimental work of this paper, EAB ~ 1,
and we have
" LAB o ’
B, #1/2 (B (0) + B5(0)). (37

e . A
‘The initial inverse spin-temperature BA(O).is determined by the assumed spin-
.lattiée equiiibiium state of the A spins before'application of the radio-fre-
quency pulse as well as the émplituae of the pulse. To obtain BA(O)‘we
rewrite Eq. (27) according to B = 1/kT, which results’ in

B,(0) = (wy/yH )(1/kTp). | , _’ (38)
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The preparétion of the B metastable state is shown in Fig. 4. At
' 35

t =1%)both the A Cl guadrupole and B prbton dipolar spin systems are in

equilibrium with the lattice,andaspin-locking pulse at the A quadrupole

resonance frequency, affecting only the A spins, is initiated. At t = tl

the phase of the radio-frequency field has been shifted by 90° to bring the

Hl field parallel to the A magnetization. After a short 0135 spin-spin

relaXatibn:time the inverse A spin-temperature BA(O) of Eq. (38) is estab-

lished., At t = t2 the pulse, and therefore the A-B coupling,is abruptly

turned off. During the time ( ) = 3T, the A and B spin systems indicated

té_tl AB

"in Figs. 3b and 3c have ﬁndergone cross-relaxation and have reached a common
temperature given by Eq. (36), resulting in a marked lowering of the B spin-

temperature. At t = t_ the A spins have onceé again come into equilibrium

3

with the lattice ((t3 - té) ~ 3T1A)’ while BB has essentially remained con-

stant as a consequence of the long B spin—iattice relaxation time. - The

spin-locking process is repeated at ¢t = t, and at t = th and, as indicated-

3

in Fig. 4, the B spin-temperature is further reduced. By application of

a sequence of A spih—locking pulses'separated by a few TiA it is then possible

o~

' to reduce the B spin-temperature from its initial value to TB =17 (0),
where TA(O) is the initial A spin-temperature of Eq. (27). The protons
are then in a metastable zero field_dipolaf ordered state characterized by

an initial low spin—temperatufe which relaxes to T the latticeetemperatUre,

L)
at a rate l/TlB' The time period necesséry to develop this initial state

is ‘of the order of a few time constants T A (~ 5 seconds in paradichloro-

1

~ benzene). An‘élterhative method of producing this initial zero field
dipblar spin-temperature is to apply the method of adiabatic demagnetiza-

tion. The sample would be piaced in a field Ho’ allowed to come into

15~ hours in paradi-

‘equilibrium with the lattice (high field proton T

e
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chlorobenzene), and then removed to zero field in a time short compared to

TlB' Equating entropy in the initial applied field (HO) to entropy in the

final effective local field (H,_) leads to a final zero field temperature

LB

TB(O) ~ (HLB/HO)TL. To bring about the same B spin-temperature as in the

scheme described above, using values of H ~ b4 gauss, TL = 77°K and

LB
TB(O) ~ 10;2 °K; a fiéld Ho ~ 30 kilogauss would be required. The h{gh
field equilibration timé and the necéssity‘of a large maénetic field make’
the adiabatié démagnétization techniqué unattractive as compared to the
novel cooling scheme wé have introdﬁcéd in this paper.

The B spin—température in thé thrée spin specieé doﬁﬁle—resonancé
method can be méasured»as_follows. The inverse A spin-temperature at the
termination of a spin-locking pulse is given‘By Eg. (36). It will vary

between the limits BA(O).and BA(O)/(l + eAB) as the B spin-temperature

varies between BA(O) (when the B spins have been precooled by the A spins)

“and zero (when the B system has been saturated or, approximately, when it

is in equilibrium with the lattice).. This.variation of BQB is then a direct

measure of B, through Eq. (36), and is observed by measuring the amplitude

- of the A free induction decay following the spin-locking pulse: the -larger

the A signal at the end of the pulse the lower the B spin-temperature at'v
the beginhing of the pulse. Therefore at any time in zero field the B

spinétemperature can be sampleé@by aﬁbl§iﬁé an A spin -locking pulée and

~ observing the A spin free-induction decay.

Double Rescnance Detection of the C Systemf

Following a sequence of A spin-locking pulses the B spin system is

~left in a low temperature metastable state and can now bevcoupléd to a,

third (C) sys  which we: wish to observe by means of the uéual doublé

T

resonance techrniques. Both B spin-lattice relaxation and cross-relaxation
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between the B and C spins will produce an increased B spin temperature
which is measured as described above. Sequentially; therefore, (1) the

B spins are prepared at a low spin-temperature by a sequence of A pulses;

.

(2) the B spins are brought into dynamic interaction with the C spins;
and (3) the B spin-temperature is measured by applicaﬁion of an A
spin-locking pulse which senses the extent of the previous B-C cross-

relaxation and C spin radio-frequency excitation during the B-C interaction

time in terms of the increase in_the B spin-temperaﬁure.

. Once the B metastable statevhas been established it is possible'to
apply both constant-and radio—frequency magnetic fields, and dependiﬁg
upon the nature of the C spin system to_be’detected'if is of advantage
to make use of Ohe‘of.the following féur prepared B spin ‘states: -

(l)'The zero field ordered dipolar state @roducedlas described above;

(2) We may apply a pulsed magnetic field of strengtﬁ Ho as ihdiéaﬁed
in Fig. 5b. This results in an ordered B Zeeman state.

(3)_By applying a radio-frequency pulse of frequency w = Yg Hy
béginning at thevend'of fhe rise of fhe pplsed field of (2) and ending at |
the beginning of the fall of the fiei?,as.iﬁdiCated in Fig. 5c, we may , : %
spin~lock the proton magnetization along the applied radio-frequency field 2
in the rotating frame. The spin-locking and.spin—unlocking oécur during
fhe rise and fall of thg magnetic:field pulséband the dynamics are thé

same as those occurring in fast passage experimentsl9 in which the Zeeman

magnetic resonénce is swept through the fixed frequerncy of thé radio—'. g -

frequency transmitter.> - . | ' |
(L) Fiﬁally, it is possible to produce and recover an adiabaticaily _

demagnetized state in the rotating frame by turﬁing off and on the B }

fédio—frequehcy field as indicated in Fig. 5d.



P

-21- . ' UCRL-18605

The characteristic splittings bf these four alternative B spin states

are summarized in Fig. 6. 1In Fig. 6a is shown the zero field dipolar

i. Hi is defined from the

7 :BB o 3 CBB . B '
. . 3 = h
expression for ¢ D ? of Eq. (35) by setting ( DD ) Yy (IZ Hi_ ) where

spectrum characterized by the local field H

Hi is the equivalent of a Zeeman field necessary to provide the B spins

an internal Zeeman energy equal to the dipolar energy. Figure 6b shows the
Zeeman splitting in field HO, Fig. 6c shows the Zeeman splitting in the
rotating frame along the rotating magnetic field, and Fig. 63 shows the dipolar

spectrum in the rbtating frame characterized by a modified local field

¥ ' 1
H B < HB . In defining H

B
L L one proceeds as in the case for H

L except that

L.
' ’ﬂBB ® . . .
only the secular terms of { DD): in the rotating frame are retained.

. As we have noted above, the A and B spin systems comé into equilibrium

through an effective cross-relaxation mechanism in times of the ofder

of milliseconds. Once the B spin system has been pfépared in one of the

~above four described states it wilkl be. brought into contact with the C

system. The interaction between the B and C spin systems .is similar to
that betweeﬁ the A and B systems. A radié—freéﬁéncy magnetic field of
strength ch ié applied to the C spins‘at theif laborafory résonance
frequency (Fig. 3e)'ahd the analysis follows. by tfansforming to the C.

spiﬁ intefaction rep%esentation where a spin-temperature is defined for
the C‘spins,‘and the C splittings are characterized by YCch (Fig. 3&).
Theiequations‘governing the B and C.spin+temperaturés are those of Eqs. (30)

L . * ‘ v o
to (3k4) where we replace A by C; (ﬂb) of Egs. (32) and (33) is obtained

" from the C hamiltonian (neglecting the small dipolar ﬁerms)

,ﬂb = HC {Zeeman and/or'quadrupole) + ﬂif

by the transformation
. | G
(ﬂb) = exp (—iﬂpt/h) ﬂé exp-(i 3 t/h) - H.
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The equilibrium value of the spin~temperature is obtained from Eq. (36) by
replacing BA(O) by BC(O)Jand EAB by CbB giving,

BC _ §CCO) ;'BB(O)
e 1+ -1’
CB 1«ECB

B (39)
B ~ NB/NC, and note that if the C spins are

BC
e

From Eq. (32) we obtain €

rare (NC << NB> then; from Eq. (39), B Will be nearly the same as BB(O).
In such a case, to obtain a significant changé in the B spin-temperature,
it is necessary to maintain by external means a high c spin—temperature;
and thus prevent the B and C systems from coming inté thermal equiiibrium.
A number of techniques have been used to accomplish this task: (l)
periodically pulsing on and off of the C r.f. fieldeo; (2) pefiodic ﬂ—phase
shift of the C r.f. fie]_d‘2 : {3) audio rotary saturation of the C spins

in the rotating frame?l; (4) saturation of the C spins by frequency:

T

‘modulation {a form of rotary saturéfion) of the C r.f. field. The C
resonance is then.detectedbthrough an increase in the B spin;temperatureg
“which is in turn monitored by measurement of the A free induction degay.
.Equation (3) is now rewritten ﬂﬂ‘fhe ﬁ spins to express the rate of
change of B spin temperature in terms of the B-C cross—reiaxation raﬁé

1/7_ . and 'I‘:IT

BC B?

Tis Tae

() (o).
at :_,‘.——_ +—‘BB’ | . ()40)

where it is assumed that the C spins are saturated (BC = 0) by

“external means. It is shown 22 in Reference 2 that TBC can be written as'
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] Ny ( 8 )1/2 Tho , 1)
o~ T — ™ ] )
BC = N, AT Top R

-2 -
where TBC and TB% are the contributions to the B spin second moment due
to C and B spins respectively. It is evident from Egs. (40) and (Ll) that
a long'Tl makes it poss1ble to observe the effect of a long TBC‘

consequently a small NC.

In summary an ordered proton (B) dipolar state is produced by a
éeqaence'of Cl55 (A) spin-locking pulses. _The B spins.are then COnpled
in oneoof the four altérnative states to a'resonantly excited_C'spin
systems The B spins are finally returnéd to the zero field dipolar state
~and coupledlto the A systems The B spin~temperature ls then sampied
by recording the amplitude of the A free induction decay following a
final A spin-locking pulse. as is indicated in Fig. 5. |

The sénsitiVity ofvthe scheme pfoéented-here oan ne expressed ln
terms of the mlnimum detectable rafio of C to. B spins (N-/N minlas
follows. The B spln-temperature evolves accordlng to Eq. (40) w1£h the
‘initiél c¢ondition B = B (O) Allowing B-C cross-relaxation for a time
TlB,thevfractional change in B spin—temperatnre, ABB/EB;éomputed Without
(TBC = ») and with effective B-C cross-relaxation is given by

-jﬁiE‘ =v(l—e

BB
t=T

/T
lB ‘BC
)~ TlB/TBC :

()
lB .
The change in B spin-température'ié sonsedhin the measurement of the AJ
spin-temperature as determined by Eq. (36), where BﬁB is the spin-tempern-'

ture,of_the A spins in thermodynamic equilibrium with the B spins and

is proportional to the amplitude of the observed A signal. The minimum
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observable change in the A signal,SA,is then given by

o AB |
<AS~-A ) _ 1 ='=A8e - (43)
S min (/) AB

A B

e

where (S/N)A is the observed A signal-to-noise ratio. Noting that in
' -1);1' '
AB

ABB is the variation of the B spin temperature as found just prior'to the

Eq. (36) BA(O) is a constant, We'may’write ABSB = (14€ ABB where

application of a an A spin-lock sensing pulse. Combining this with Egs. (L41),

; -~ (k2), and (L3) we find

- -1, :
(N_c) . (—8 >1/2 Tl
\ " /nin " Vo Typ (8/N), o
where the rate WBC is defined by’WBC = TBB/Tgc . Using the experimeptal
values € ~ 1, W_ ., ~ 103 sec._:L

A5 G » and (S/N)A*SO in Eq. (LL) the sensitivity

for three spin double-resonance detection in paradichlorobenzene may be
expressed as : , o

N -

( c ) 4x1077

| A"g /min  Tygisec

. . N
In zero field T p ~ L6 sec, in high. field T,p ~1 hr, and in the high
field adiabatically demagnetized state in the rotating frame (ADRF)

‘TlB ~ 12 sec. These yield the following sensitivities,

’<§k;>. (zero field) ~ 1046, : | (b))
X . . . .
R/ min .
(_Ni) (high field) ~ 10“8, - (ke)
N ) . . -
B /min
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and '

N_c (ADRF) ~ 3x107°. (47)

NB .min

IIT. EXPERIMENTAL RESULTS
The paradichlorobenzene sample used was a. cylinder of approximately

1/2 inch diameter and 3/4 inch length. All measurements reported in this

- paper were taken at T77°K in a liquid nitrogen bath. The electronic

techniques used were relatively stahdard ones applied in previous double-

resonance experiments and the apparatus is indicated in-the block diagram

-of Fig. 7. The A sample coil served as both the transmitter and receiver

coil for the A system. A single (B-C) coil mounted concentrically with the A
coil was switched by means of a mechanical relay between the B and C radio-
frequency transmitter tank circuits. Audio and pulsed d.c. current Helmholtz

coils are placed pefpendicular to the A and B-C coills as shown.

Detection of Déuterium

The observed deuterium (I=1) zero field quadrﬁpole resonance line

for a 12% deuterium enriched sample of ﬁaradichlorobenzene is shown in

-Fig. 8. The |+v> g I 0 > and J - >f++ 0> pure quadrupole transitions

"are at 140.2 kHz and.i3h.8 kHz respectively'with an neEqQ/2h = 5.4 xHz splitting.

These results were obtained under zero field conditions, as indicated in

Fig. 5a, by.sequentially-applying A spin-locking and C search radio-fiequency :
Lpulses, thereby alternating A-B and B-C coupling. ' The C radio-frequency
pulse had a duration of 1.0 sec, an amplitude of 2 gauss, and was T-phase

" switched every 5 ms. The experiment was performed at T7°K with an overall

repetition time of 1.2 seconds.
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An obvious feature of the resonances in Fig. 8 ié the strong
overlap of the m split lines, It 1s this overlap which makes poésible
the observation of this spin I = 1 system, A well resolved and larger -
1 splitting would result in the absence of any secular B-C coupling term,
and therefore the detection of the integer spin system with I = i would
not be possible in the transformed representation., This property is
discussed in detail in the following section. The contributions to the
observed deuterium:quadrupole linewidth,'aré' magnetic dipolar interactionsi
erystal strain brOadéning;and B-C cross—rélaiation mecﬁanisms.' |
The expected sensitivity fof’deuterium detection in zero field is
given by Eq. (45) which clearly states that naturally abundant deuterium‘
should be observable, waéver, detectioh of-the naturally abundant deu-
ferium resonances in this sample, with the technigues desc£ibed here, was
not possible because of overwhelming direct'proton.saturation effects caused by
radio~frequency fields intended_fo.excité only the deuterium transition.
This can be seen in Fig, 9.where an extended plot of the oSserved (12%
enriched) deuterium resonances is drawn. The deuterium,resonances are - shown
Vas.superposifions on thé proton absorption edgé. The upper dotted line
in the figure corresponds to the A siénél when the protons argbat.an in- E
finite temperaﬁure while theulower corresponds to the proton temperature
at the initial'temperaturg_bf the A spin system. ~The signal variés between
these two limits. The atféinment of a high B spin-temperature can bé
caused by two effects: (1) effective cross-relaxation with a hot deuterium
spin system represented'by‘ihe deuterium resonance lines;‘énd (2) direct
heating of the protons by the radio-frequency field applied to thé dgu—
terium spins as indicated by the broad absorption shoﬁn in Fig. 92 Zero

field dipolar absorption is a complicated problem to analyze when the .
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applied radio-fregquency fields are of the order of or greater than the
local fields. . i We will not treat thisbproblem here.
The resonancés shown in Fig. 8 were obtained with a field of

ch % 2 gauss. The energy matching condition for effective B-C cross-

relaxation, evident from Figs. 3¢ and 34, is wB = YBHﬁ = YCHlC = wc. Given

ﬁB ~ 3 gauss, this condition is satisfied for a field H. ., = 20 gauss, and

L

consequently H

1C

10 = 2 gauss cannot result in an optimum cross-relaxation rate.

Increasing H from 2 gauss toward the ermally required value of 20

1C
gauss would result in a faster B-C cross-relaxation rate, thereby allowing
a stronger deuterium resonance line and observation of a less enriched
sample. - However, this gain is more than counterbalanced by the movement

of the direct proton absorption edge to higher frequencies, résulting in the

suppression of the deuterium resonance line. If ch is not phase shifted

the absorption edge moves to lower frequencies such that it no longer

covers the deuterium rescnance. It was possible becéuse of the relétiVely
high magnetic heat capacity of the enriched (12%) deuterium system to
observe the deuterium line by'applying a 20 gauss radio-frequency field
with no phase shiftiné, but for a naturally abuna;ﬁt (.01%) deuterium
system of low heat capacity‘this is not possible. ~One might also

decrease the rate at which the C radioffrequency field is shifted inv

phase by 1M radians. This favors less direct proton absorption because

- of reduction in undesired harmonics, but the decrease in double-reso-

nance sensitivity is much greater because the deuterium system is no

~ longer kept at a high spin-temperature. Consequently two contribu-

tions to direct proton absorption, heating in the wings of the line

and. ~ heating due to the phase shift modulation, prevent the observation
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of naturally ébundant deuterium.

We have spoken only of saturation of the déutérium resonance by T-phase
shifting. “Audio satﬁration cannot bé,uséd bécause the audio radio-frequency
fieids used to heat the deutérium spins would diréctly couﬁle into the
zero fieldfproton spectrum and héat the protons directly. The.frequency
modulation technique should be applicable'bécause of thé absence of low
frequency components of the radio—frequéncy fiéld whicﬁ can.heat the proton“
éystem directly. A number of attempts have been made to qbsefve the
.- deuterium resonance in a naturally abundant Sample, and aespite the care
taken fo avbid mixing problems, as déseribéd by Slusherll, and.thé knowledge
of the locatidn of the deuterium resonance, an excessive_amount'of “mixing"
noise was seen which masked any detérminable deuterium line. - |

]

Detection of Carbon 13

‘In order to perturb the C13 system without directly affecting thé protoh
system a Zeeman field mist be applied, as shown in Fig. 5b. To then thermo-
dynamically couple the protons and 013 spin systems the protons are spin-

locked in a radio—freqﬁency field of'strength HIB’ and the 013 spins are

subjected to a r§dio—frequency iield_ofg§trengtheHle, applied at the 013

. - . @ v
Zeeman resonance frequency, as shewn in Fig. 5c. The cross-relaxation matching

condltlop is then wB = YBHlB = YCHlC = wc. This method requires tyo

radio—frequency fields applied to the sample at the same time. Largé'

-

radio-frequency fields,H,, > 5 gauss (to effectively spin-lock the protons)

'

apd H)o 2 20 gauss (to satisfy the matching condition above),are required.
Although these experimental requirements can be met,.it is much easier to
. apply the adiabatic demagnetization technique shown in Fig.ng.

In the adiabatic demagnetization technique the separate'B'and C
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radio~frequéncy-pulses are applied to the sample at different times, and

by using the switching relay shown in Fig. 7, only é single radio—frequency_
tank coil is needed. Cross—relaxétion occurs between the B (proton)

dipolar levels in the B rotating frame and the C13 Zeeman leveis in the

013 rotating frame. The double-resonance matéhing condition is then

YBH;B :‘YCHIC’ where HLB ~ 3 gauss is a measure of the proton dipolar
linewidth in the rotating frame. Radio-frequency fields of 5 to 10 gauss
applied to the C resonance are then sufficient to satisfy the cross-
relaxation matching condition. The presence at any time of at most one
radio—frequency_field, the use of a single B-C radio-frequency coil; and

the reduction in the required strength of the C radio—frequency field make
the method of adiabatic demagnetization in the rotating frame am easily applied
one.  The sequencing of magnetic field and radio-frequency pulses is

shown in Fig.'lO. A series of these pulses is shown, and one set of the

~ pulses is expanded. vThe A spin-locking pulse barely éppears as a piﬁ‘
centered between édjacent magnetic field pulses.

‘The time available to perform double-resonance between B and C spins
*

is of the order of the Tl

of the adiabatically demagnetized protons which

" is measured to be 12 sec at T7°K in a field of 130 gauss. The proton -

13

€7~ double-resonance cross-relaxation time of Eq. (41) is measured to be

TBC ~ 0.1 sec. TFor naturally abundant'ClB.and protons in paradichlorobenzene
B 5 ' b . .
‘<NB/NC) 60, Tpg ~ 10 7 sec, and T, ~ 10 ° sec., which when inserted
13

~ 0.16 sec. The expected sensitivity for C

into Eq. (41) ylelds‘m”f._BC

~double-resonance detection is calculated from Eq; (4h) to be (NC/NB)min ~ 5X10_6,
: 13 . . v 13
and as the natural abundance of C yields the ratio (NC/NB)— 1/60, the C

double-resonance is easily observed. Double-resonance spectra were measured

for both audio and T-phase-shift saturation of the C;? resonance. A

typical audio-saturated line is shown in Fig. 11. The linewidth indicated
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: : 1 .
in the figure is not the natural linewidth of the C 3 Zeeman system - rather

is is characteristic of the double-resonance process. We choose here not
"to carry out an analysis to account for the lineshape, which would require
consideration of fhe double-resonance d&namics ?hen the C13 system is
excited off resonance. The center dip is characteristic of the audio

"saturation technique and serves to establish the center of the line.

Comments
Iﬁ the pulsed magnetic field experiments described here,care mdst
be takén in_édjusting the beginning ahd_éhd of the B radio—frequehqy‘
éﬁin—locking pulse. Starting too eafly orbending too late may briﬁg fhe
radioefréquency field into suchﬂa positioﬁ.in'tiﬁe that the.pulse, being
of fixed frequency vB = 2HYBHO, will'coihcide-with the magnetic
field ' at a value Ho/2 (Ho béing the maximum value of the field).
Uﬁdef such conditions the strongly coupled proton spins are subject to
transitiéns in which the spin system absorbs a'singlevphoton and ﬁndergoes
tﬁd spin flipé, conserving energy; and resuifiﬁg inythe undesired‘effect
" of direét heating of the B_épiﬁ system. Thisvresults in a suppression
of'fhe doﬁble—fesonance detection sensitivity. |
.With regard to the adiabatic demagnetization Scheme.used to detect.
C13, 6ne might rightly question the necéssiﬁy of .applying the second of
the twovB radib—frequéncy pulses. If the magnetié field is turned off
without the application of this pulse, then the rotating frame B order
will rémain in the B dipolar spectrum as the field is decreased and,
upon reaching zero field, will reside in the zero field dipolar spectrum

where it is sampled by the application bf an A spin-locking pulse.

Unfortunately, this process results in the undesired héating of the B spin-

system through a level crossing with the A spins. This comes about as
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35 37)

follows. The chlorine systems (c1 and Cl both exhibit short spin-

" Jattice relaxation timesvand by the end of the magnetic field pulse

they will be in equilibrium statés at thé lattice temperaturé. In the
presence bf a m@gnétic’field the degeneracy of the zero‘field.|i 1/2 >
chlorine statés is lifted; for weakfiélds the spliﬁting is proportional
to HO cos O, 0 being the angle bétween the magnetic field and the quadrupcle
quantizatioﬁ axis. Before the field is réduced the splitting of these |
levels is much larger than the B dipolér sblitting, while iﬁ zéro field
the Cl dipolar splitting is smaller than the corresponding B dipolaf
éplitting because of the length of the cryétal internuclear distances and
thé relaﬁion.yc << YB' It follows then . that, as the magnetic field is
reduced, the magnétic spliﬁting of the C1 ]i 1/2 > levelé must croSs the
proton dipolar level splittingsi When this happens the hot (T = TL) c1
spins will cross-relax with the colder proton spin systems, irreversibly
- heating the latter. To avéid this éituation, the second of the two B
radio—frequénéy pulses 1is applied. Thisvpulse serves to'keep the_Cl‘

and proton systems decoubled by sucéeésively transferring the rotating
frame proton dipolar order to rotating frame'Zeeman.ordér, laboratory 
ffame>Zeemah order, and finally to laboratory frame dipolar order. No
crossing can occur as the mégnetic fieid ié lbwered.becausé the proton:
Zeeman splitting (~;XBH09'is always larger than the Cl li 1/2 > splitting
(~vYAH6~cos.9). ‘in zero field, a cross—relaxatidn between the proton

and Cl dipolar spectra existé; but, because of the low specific heat of
the CL dipoiar system, this can be negiected éver shorﬁ times. Itiis

~ estimated that such a cross relaxation between Cl and proton spinsk:
combined with the short c1 spin—latticé relaxation time contributeﬁ'to_

an effective T B for the»protons equal to approximately one—half_thé

1

observed zero field value. During the second B radio-frequency pulse
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a possible crossing between rotating frame proton Zeeman order and the
hot Cl spins is,pOSSible for weak radio~frequency fields. For the

N v
experimental conditions of our experiments this crossing can be neglected.

A
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IV. INTEGER SPIN QUENCHING OF CROSS-RELAXATION
IN THE INTERACTION.REPRESENTATION

The quenching of‘thé dipolar fiélds of a nuclear spin I= i
quadrupole spin system in the laboratory reférence’frame has been obsefved23’2h.
. and analyzedgs- . This éffect concerns thé quenching of thevmagnetic
dipole interaction between deuterium spiﬁs énd néighboring spins in the
absence of external magnetic fields. This effect was confirmed in a
sample of Ba(0103)2.D20,asdb&nved in a pulséd spin-echo double-resonance

_ experimentzB. The spin-echo double-resonance experiment performed was one
in which the effect of the deuterium-chlorine local dipolar.magnetic field
interactioné,in thevperiods of 'absence of applied radio-freguency fields,vwas

25

observed. A detailed analysis shows that the quenching can be lifted
by the application of a constant magnetic field. In such a field, the

second moment of the deuterium-chlorine interaction has the fellowing form,

where MQ(O) is the Van Vleck second moment, and X =IYDH2/ Kn, 2YDHX/-K(3+n),
and 2 g Hy /K (3-n) for‘the cases in which the external field i§ parallei
respectively to fbe Z, X, and Y crystal-fieid gradient axes. YD is the
deuterium gyrqmagnetic ratio, K is as defined in Eq. (55), n is the :
| asymmetry parameter, and Hx’ H&, and HZ are the respective magnetic fields.
~ In zero magnetic field it is seen that in first order} neglecting the effect
‘of local dipolar fields, except.for the_case i=2 and'n % d, M2 (ij is
quenchéd. As the field Hi is increased, Xg increases and M2 (1) becomes
sizeable or i$ aunquenched" as it approaches M2 (0). The dipolar fields>
 of the I = 1 spin, which cause cross-relaxation with the surroundihg.spins,.
will correspondingly increase as unquenching occurs. To include thé local
dipolar fields tq secdnd ordef'we repiace the applied field Hi by (H§+ﬁi)%,
25 '

where Hi is on the order of the mean square local field.
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The quenching in the laboratory framé has thus been observed and
explained for the pulséd spin-echo doublé resonance. The question next
arises as to how thé quénching will manifest itself in the more sensitive
double—resonancé ekpériments involving spin-locking or adiabatic demégneti—
zation, where an intéger spin systém is to rélax by dipolar interaction with
a second spin system Whilé subjécﬁ to a résonant radio-frequency field. Such
expériments have béén déscribed in thé second sectibn.of this ﬁapér; and we '
wish now to démonstrate that integér spin quenching is importantinot bnly
in the absence‘of radio;fréquency fiélds,‘as in the spin—echo.expérimént,
lbut must also be takén into account in ﬁﬁe presencé of such fields. The
quenching and magnetic fiéld unquenching in the absence of a resonant
radio-frequency field was démbnstrated in the calculation of Mg(i). In
the presence of the résonant radio-frequency field we will demonstrate the
quenching and unguenching éfféct by'diréct calcUlation.of the éppropriaté
cross-=relaxation tefms. |

We now examine thé possible cross-relaxation of an I = 1 quadrupole
sfin.system (C) with a dipolar I = 1/2 spin system (B) in zero fiéld.
Although the analysis'to follow specifically concerns‘I = 1, the physical
résults can be extendéd to éuadrupolar systems of integer spin I > 1. The
C spin system is assumed subjected to a resonant radio—freqﬁency'field,
and the analysis of B-C cross-relaxation is faciiitated by transforﬁing
the problem to the C interacfion representation where the C hamiltonian
is time independent. As the analysis is made for zero external field, the
B spin system is described by dipolar interactions: In the paradichloro-
benzene experiment descr;bed‘in this paper the B system is a dipolar I = 1/2

o

protoﬂ\§pin system in the.laboratory reference frame. The relevant
. S L :

zero fielﬁapamiltonian for)the combined B and C spin éystems is given by
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5 = 3¢ + 3¢ 4 3B (48)
where

3% = z Ef%%f:f7 [%I; - I(Ifl) + g'(lf + I?{]y

C spins

and Mgg is the dipolar intéfaetion bétweén B and C spins. The B system
hamiltonian, HB, is a laboratory dipolar hamiltonian in accordance with
the zero.fiéld, I =1/2, proton spig system. The dipolar interaction
Hgg betwé¢h>Crspins has not béen included as it represents only a small
’perturbaﬁion on the C spins. The dipolar interaétioh is written ih the
usual fashiQn as a set of bilinear operators coupled with angular factors.
In érder to efféct a cross-relaiation between the B and C splns a
radio—frequency maghetiélfiéld is apﬁlied hear one of the non-degenerate
(n+ 0)cC tfansitions affécting only the C.spins.v The total hamiltonian

is now
. . : ,
ﬂ‘: ag + 18+ ﬂib + Mif’ | (L49)

where ﬂff = -ZYC hHl_I§ cos wt, and 2H, is the amplitude of the field

1

applied. We assune HCC is small as ccompared to Hp » and hYcHi does not

DD rf
‘corresand.to any transition in the energy spectrum of Hg.

Transforming to the C interaction representation through the operstor

U = exp (iﬂg t/h), the combined B-C density matrix then obeys the.équatiOn

p* = = [p*, 3], | (50)

‘where
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¢ — (11 C_ -1 .0 -1 . BC .
B¢ = (U W) - d i+ u .m;f U+U 4§DU. (51)

‘The general réquiréments for & double-resonance cross-relaxation
process are as foliows. In thé hamiltdnian of Eq,'(Sljithere must
exist timé—indepéndént; or secular; B and C system hamiltonians for Vhich |
B and C'spin températﬁrés can bé séparatély definéd.. In Eq. (51) KB : §
sérvés as thé sécglér B spin hgmiltonian for which a B spin-temperature ;
is defined. Thé‘éfféctiQé C system Zéeman iﬁteraction defined.by'
(ﬂg)* = U_l ﬂgf 8] isbthé eqﬁivaiénf térm for the € spin system in the
C interaction répreséntation. In general (ﬂg)* contains both secular
and non;sécular termé. Thé non-sécular tefms average to zero quickly
and their frequénéiés do not correspond to any ffequencies within the ' ;
spectrum of the sécular terms; we shall drop all non-secular terms of ‘
(Y E | . c,' c,"
(ﬂé) , and denote this secularization by (ﬂi) . (Mé) 'is formed by
constructing the operator U = exp(iﬂg t/h) in the eigenstate representation

rf

result is expressed .in ﬁhe Ig representation. Omitting the algebra, the %

C
7 -

~of ﬂg. Then U—; ﬂc U 'is formed in the same representation, and finally the.

transformed operator Ig as well as IS and IS are. expressed in the I

representation as follows: ' : ij

gl B S S x|
VT U=5 st o oL - (52)
0 0 .
' : o8 o]l - ‘ |
-1 Cyol ok * i
VUL TEm e o el (53) T
o -8 0 |
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and
e %
K (nw + ) o (u -
vt iu-= L 0 o 0 , (5h)
Z 2 .
. S %
(p-u) 0 (- -u)
wheré
o = exp(iK(B + nit) = exp(iw+ t)
6 = exp(iK(3 - n)t) = exp(iw_ t) ,
u = exp(ion kt) = exp(iv ) , (55)
and | .

We see, therefore, from Egs. (52) and (55) that, if the applied angular

' ‘ : . C\ ¥
_frequency satisfies w = w , we obtain a secular contribution to CHZ) =

. o
: -quﬁHlU IXU cos WG, so that

(€)= -y, EIC . | (56)

If Hl were applied along the y or z axis, then from inspection of the

appropriate transformed component of the angular momentum, Iy or IZ; it

-

would be neéessary to set W=Ww or w= wn respectively in order to obtain
- ' secular terms.
For double-resonance to take place not only must mutual spin flips

‘in the B and C spin systems conserve energy  but there must also exist

a cross-relaxation term, U_l Hgg U in Eq. (51), which does not coﬁmute with

either the B or C hamiltonian.
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The form oflﬂﬁg is as in Egs. (8) through (lh) where the S operator
is identified with the B spins and the I operator with the c spins. The
relevent transformations for the C spin operators oflﬂg% are gi#en in »
(52)) (53) and (54). Without writihg down the terms of U-llﬂgg U we néte
thatithere is no explicit time dependencé inlﬂgg, and‘that (52), (53);
and (54) are all time dependent; thus all terms of U_l;HggU are non-.
secular and hence the effects of the crqss#relaxation term average to
zero for .n sufficiently large. Impliéit in the above analysis is the
assumption that.the splitting of the deéenerate C transitions due to
ﬁ asymmetry 1s larger, by at least a factor of two or three,'than thé
.linewidths'of the B and C transitions. * We have demonsirated
secular B and C hamiltonians coupled by only nonmseculér terms, implying
“that no cross-relaxafions will occur. By this analysis, then, the I = 1
deuterium spins in the presence of a strong 7 asymmetry cannot be
observed by their interaction frame cross-relaxation with a laboratory
'dipolar spin system. However, when the.condition that the 7 splitting is
larger than the B and C linewidth is not met, as is the case in the
‘deuterium spectrum of paradiéhlorobenzene, then the degeneracy_in fhe
oveflapping lines lifts the quenching, and a cross-felaxation is pgssiple,
théreby allowing the I = 1 zero field quadrupole resdnance to be observéd.—
This cén be formally seen in writing down the zéro field second order-con-
tribution due to loéal"fieldsion the Van Vleck second moment. We have
from our previous discussion as applied to zero applied field

2

X
My = =5 M, (0),

14+x

where x = 7DHL/‘Kn ', and there is then a significant contribution in

i3
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zero field to M2, and thus the crossvrelaxation rate, when the n.&plitiing
is on the order of‘the local field splitfings,dr x = 1,

| The presence of the 7 asymmetry 1s responsible for the quenching as
.well as for the splitting of the degenérate (n = 0) quadrupolar.trénsi-
tions. This splitting comes about because of the presence of a
fm o= *2 matrixvelement of thé'quadrupole hamiltonién, proportional to

M bétween the degenerate m_ = +1 and -1 levels. To extend our argument

I
to I > 1 integer guadrupole systems we note tﬁat quenching of the cross-
felaxation term is tied to the splitting of é previously degenerate level.

In ahalogy with the I = 1 case, we do not expect quenching of the cross-

“relaxation term when there is- two-fold degenerécy in one of the energy
levels which defines the transition we are éttempting to observe. Tne
degeneracy.allowS a secular contribtutions to local fields and fhus to the crose~

26

relaxation term. We note‘in proof the resultg of Jones and Hartmann
for the K%O (1 - h) double resbnance deﬁegtién iﬁ KClO3. For thé unenriched
sample they state that the oﬁly transifioné dbéefvable are those whiéh
terminéte in the uppef energy level (mI = ih), which, becauée_of the |
Am = *2 selection rule associated with the 7 term in the hamiltonian,
remains essentially degenerate. All other transitions terminate in non- .
" degenerate levels and éould_oniy be observed in the enriched KﬁO (2.8%)
sample. | | ' |

In a similar manner to that in which the laboratory frgme quenchihg
‘is lifted,'the interactidn represenﬁation quenching is lifted in first order
by thea?plicatioﬁ of a constant laborétory.magnetic field, and in higher
o:der by the locsal dipolar_fields.‘ The unquenching is due to the magnetic
field mixing of states and is formally seeniin the appearance of secular

components in the cross-relaxation term'U-lZHg% U of Eq. (51).
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The simplést casé to tréat‘is that in which the appiied magnetic field
is parallel to the deuteriﬁm Z principlé quadrupole field gradient axis,
ana we shall négléct thé highér order.dipolar field efféct, which is
equivalént to thé assumptioh of isolatéd single spin states. In this

case, the deuterium (C) hemiltonian is written

C spins

- . |
= D [ﬁyCHZIZ + S8 (317 - 2+ (1] +_If)]. - (57)

The isolated spin eigenstates and eigenenergies are as follows:

oy =a ]l +) +1 ] -0y
|8 ) = aB] +) o+ bBI —»); ,(58)
ly» =]oo,
and

Ed=z<(l‘+A),
By 2 K (1 -A), o (59)
E = -2K,
=

where
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. S ad = _bB =‘%§-(1 + 22 +z (1 + 22)l/2)—l/2, .(60)
- a = bu _ %E' (1 + 22 s a1+ 22)1/2)—1/2’
A=m(1+ 22)1/2 ‘
) z = YCHZ/nK;
and K is defined as in Eq. (55) . In thé eigenstate representation of

Eq. (58) one may easily express the operator u, = exp(i-}(C t/h) and form

the matrix represéntations of the operators I . Iy’ and I . Upon carrying

this out, we find that only the terms proportional to I in H3 contribute
-1 ﬂBC

secular terms to Uz oD . These correspond to the terms A, C, and

D of the dipolar hamiltonian as given in Eq. (9), (11), and (12).

The transformed IS term is given by

(o] = [B8] (vl

| 1 o o] [a]
-1 .C _ z S
L S 111253175- 0 1 0 | (8] 3 | (61)
' .0 o - 0 [yl

where the matrix is expressed in the eigenstate representation of Eq. (58).

The transformed hamiltonian of Eg. (51) can then be written

Sty ) + Wty D] (62)-

where we have assumed that the C radio-frequency field is applied in the’
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x-direction at the angular frequency w = (Ed - Ey)/ﬁ . The term

[agg] symbolically represénts the IC terms .of dipolar‘strength and is bilinear in
- B and C spin operators, but not of the same form as any of the terms of Egs. (9)
through (1h) The final term,IIuy],lsva matrlx with unit entries connectlng

the 1 o) and | Y ) statés. ‘Thé qﬁénchingvand dﬁquenching is ciearly seen

in the z/(1 + 22)1/2 térm which governs thé magnitﬁdé of the éffgctive |
cross—rélaxation term. Thésé résults havé Beén derived for the case in
which the applied magnétic fiéldvis parallél to the deuterium z principle
gquadrupole field gradient axisl For thé_field parallél to the x of y
'axis, as well as for a mixéd case, a similar guenching results Dbut Becéuse
of the complexity of the analysis, we choose not to perform the calcula-

. , R ' =
tions‘hére. As the rate of B-C double resonance is proportional to the

- square of the cross-relaxation term (see Egs. (32) and (33)), we find

the cross-relaxation rate, or equivalently the sensitivity of the interaction
frame double-resonance, is proportional to 22/(1 + Z2), as is the caseror
the laboratory frame spin-echo experiment.- To secénd brder in local field
stréngth z is given by
gl 1/2
-+
7, (H, Hi)

n K

Iand in zero applied field the local field, HL’ can lift the quenchlng in
the case of small 1, or equivalently when the dlpolar energy spread ‘is

on the order of the 5 splitting.

[STIN
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V. CONCLUSIONS
A method for a sensitive nuclear double-resonance detection has been
presented, in which two abundant spin reservoirs are used - the B spins,

to sense the resonance of a third (C) rare spin system,

with long Tl’

and thé A spins with short Tl; to establish and monitor an ordered
metastable B spin staté.‘ Wévhavé made usé of an ordered‘proton épin

system to obserﬁé the Zéro fiéld nuclearvquadrupole resonance of 12%
enriched deﬁtéfium, and natﬁrally abundant 013 in fhe solid‘paradichloré-
benzené. An analytical discussidn has béen given of zero»field'integer
spin dquble—resonance détection showing in-detailvthat,.for an I =71 spin,

a double resonance cannot be detected when the splitting due to n

" asymmetry in the quadrupole interaction is well resolved. The argument

is extended to integér 1> i quadrupole spin systems and to the case
of small. magnetic fiélds wheré thé crosé-rélaxétion term is unquenched
by.the»applied fields. An ordered metastable B spin systém which can
be easily producéd and monitoréd is useful, not ohly for sensitive C
spin detection, but to sense any weak pertﬁrbations which affect the
long 1lived B spin state: vSuch a systém would be sensitive for example
folslow diffusion of any intérnal impurities or constituent atoms,27

external elecﬁric fields,. and relaxation caused by optically produced

excitations.
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Figure Captions o
Fig. 1. (a) Two spin species double resOnance.c&cle showiﬁg sequéntially
the equilibration time, the time to establish the A spin system in a spin
locked state at low spin temperature,‘and finally the period during which
the A spins relax through spinalatticeénd double-resonance méchanisms.
.(b)fTime dependenée of the inverse A spin-temperature BA = l/kTSA =
By (o) exp ('-t.}(l/Tl* + 1/1AB))with (dotted lin%) and without (solid line)
A-B cross-relaxation.  The observed A‘sigﬁal is prdportional to BA and is
ébserved after the A and B Spins have cross-relaxed for a time Tl .
Fig. 2. Thermodynamic médel fér the three spin species double;resonaﬁce 
experiment. - Thé blocks represent thermal reservoirs with well defined
temperatures for.tﬁe A, B, and C spin systems and the lattice. The circles
indicate thermal switcheé connecting the A ande, and B and C spin Syéﬁems,
thch are normally open and are closed by application of resonant A and C. |
radio-frequency fields fespectively. The coﬁpling time constants between the

reservoifs are indicated and satisfy the relations TAB<< TBC<< TlA << TlB'
Fig. 3. Energy level diagrams for the three spin species double-resonance
‘experiment as applied to paradichldfobenzene. (a) Laboratory A spin quédrﬁpble
splitting of c13° (wA‘~ 35 mHz). (vb) Interaction representation Cl35'
splitting due to presence of resonant radid-frequency field applied tb A
resonance. (2\ =i 0 ¥ H) ~ ].Q»anz)n (c) B spin Laboratory dipélar spectrum
of protons (7B HIIj ~ 12 k Hz). (d) Rotating frame Zeeman (Clg) or interaction

representation (deuterium)'splitting of C spin system due to presence of

resonant radio-frequency field applied to appropriate C resonance
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(%:ch ~ 12 k'H Z). (e) lLaboratory splitting of C resonance excited:
wc = 7CHO ~ 150 kHz for 013 and wC'~ 140 kHz for deuterium.

Fig;vh. Preparation of low spin temperature B metastable state by a series
:,‘ | of A spin-locking pulses. (a) Evolution of spin-temperature of‘A (0135)

| system in intefaction representation following spin-locking and B (proton)
spin-temperature in the laboratory reference frame. (v) Sequence of A
radio-frequency pulses. At ¢ ='tl?and correspending times for pulses 2

and 3,an initiael and fixed low A spin temperature is established by the sﬁin-
locking technique. Dgring the period tl to t2 a common spin-temﬁerature is
attained by the coupled A and B spins. At t = t2 the pﬁlse is turned off and
a free induction signal, proportional to the inverse final'spin'tempergture,

is ebserved. The process is repeated at t, and th, resulting in a progressive

3

lowering of the B spin temperature and increase of the‘free induction signal.

Fig. 5.- Four alternative external.conaitioﬁs undervwhich double-resonence
coupling can be effected between the B and C spin system. The B state.which
participates in the'cros5$relaxation in each case is,(a) the Zero field
d@ipolar state, (b) the Zeeman state in applied field H , (c¢) the spin-
locked state in the rotating frame, and (d) the adiabatidglly demagnetized
‘‘‘‘‘ }aipolar ‘state in the rotating frame. The c seerch fedioffrequency fieia is

applled as indicated for a time on the order of the spin-lattice relaxa-

tlon time for each B state. The Bradio -frequency fields are applled at the

resonance frequency in the field H .

Fig. 6. B spin Spectra is the four alternatlve B states of Flg 5. (a ) and
(d) are the dipolar spectra of width ~ 12 k Hz in zero field and in the adi-
abatically demagnetized state -in high field respectively. (Db) and (c) are Zeeman

spectra in the laboratory H fleld and in the spin-lock field Hl respectively.

Hy S5 gauss, H_ 3 100 gauss. e
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Fig; 7. Block diagram of apparatus. The sample is contained in the coil
marked."Aﬁ, which serves as both the A transmitter and receiver coil.

Both B aﬁd C transmitters use the relay sﬁitched "B-C" coil in their tank
circuits. The "A" and "B-C" coils are coencentric and in a liquid nitrogen
- bath. Au&io.and d.c. Helmhiﬁzeéils are coencentrically placed and |

perpendicular to the radio-freguency coils.

Fig. 8. Zero field deuterium quadrupole double résonance spectra in
paradichlorobenzene. The 1z+ > e—e]’o>>ahd.|,- > e—>|()> pure gquadrupole

transitions are at m+'2 140.2 kHz and w_ T 134.8 kHz respectively.

Figf 9. Extended plot of observed zero field deuterium double-resonance in
paradichlorobenzéne. The limits of variation of the B spin temperature as
measured by the A signal are\indicated“by Si and Sm. S cOrresands to

BB = 0 or, equivalently, a saturated B spin system, while Sh'indicates

a maximum A signal corresponding to the condition By = By (0).

. Fig. 10. The radio-frequency and magnetic field pulses‘used in the
; ,

observation of the Cl resonance in thebthree»spin-species,experiment. A
sequence of pulses is shown and one set is enlarged in the lower half of the
figure. The A ~radio frequency pulses barely appear as pips centered

between the trapazoidal H_ pulses.

Fig. 11. A typical C13 double-resonance spectrum in paradichlorobenzene .
by the three spin-species experiment. Experimental parameters are indicated

in the figure. The apparent doublet is due to the audio technique used.to
13

saturate ~ the ¢*3 rescnance and is not characteristic of the C° spectrum.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant tc his employment or contract
with the Commission, or his employment with such contractor.
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