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Semitechnical Drief

This report summarizes the work which was done under Contract AF,9-
(638)=755 during the period January 1, 1960 to December 31, 1962,

The small pagnets contained in tie nuclei of the materials studied

provide a means to investigate mloroscopic detalls of the environment

surrounding the nuclsi, These very small magnets transmit signals at a
resonance frequency detormined in the first approximation by the values of
a strong externally applied magnetic field, But the detalled shapes,
intensitles, and time dependence of the transmitied signals are determined
by the electric and umagnetic fields associataed with the local nueliear
environment., By interpreting detailed mroperties we have gained valuable
information concerning the coupling in electiron-nuclear systems, the local
magnetic fields moesent during molocular collisions in simple monatomic
fluide such as xanon, and the fundamental interactions present in tho
important diatomic fluid, hydrogon.

This work is described in detail in sclentific papers published in
connection with this contract. They are listed as roferences in this

report,
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I. Introduction

Ihe work under this contract is sumnmarized in Section II of this
report under three genaral prt;;lects:

1. Double Resonance Experiments on Dipolar Coupled Electronliuclear
Systoms.

2, Nuclear lbgnetic Resonance Studies of the liquid and Gageous
States of ilmatomic Systems,

3. [Huclear llagnetic Resonance Studies of Iiquid and Gaseous Hydrogen,

Detailed descripiions of this wark are given in the references listod
in the sumiaries, Except for the abstracts of talks given at mecting of
the American Physical Society, all of the scientific papars related to
this wark which have been published or submitted for publicaticn have
simultaneously been submitted to the Air lorce Office of Scientific Research
as technical reparts. A bibliography of the scientific papers is given in
Section III,

Section IV of the report contains general informatlon concerning pore
sammel, financial support, and other administrative items,

II, Summary of Scientific Vark

1. Double Resonance Experiments on Dipolar Coupled Electron=liuclear Systems

Vie have nade extensive observations of relaxation of proton spins
coupled by static dipolar-interactions to eloctron spins. The measurcments
vere nade as a functlon of the mic¥&mave povar at frequencies in the neighe
barhood of the electron spin resonance, Not only was this resonance excited
but also - double flip transitions of tho coupled electiron-proton systems,
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The materials studicd wers: (1) asphalt, (2) 5% Ce in (ce,.za)zz;g3(u0'3)12
2410, abbreviated CIN, (3) and (4) 1% and 107 by weight of diphenyl
ploryl hydrazil (DPFH) dissolved in polystyrene, and (5) a solid arganic
free radical salts tris peaminophenyl aminiun perchlorate, (AMI).

The first fow of these samplea display the type of enhancement of
proton polaxrization caused by doublo-flip transitions, the fifth showy this
type of enhancement at low temperatures (1.79%K) but at room temperature only
the Overhauser type of cnhancemsnt produced by satwrating the oloctaon spin
resonance, '

In all cases (except far AT at room temperaturs) we have found the
follawing Hypical behavior of the protom relaxation times, Ty, as a funce-
tion of the microwave power and frequency,

The "normal" Ty is found when the nicrovave power 15 docraagsed to zero
after it had been on long enough to produce an enhmwmnenﬁ of the proton
.polarifza'bion,, That is the protons relaxed from an enhanced polarization to
the thermal equilibwriwn polarization with the nm;znal T15e

Lhen the microwave power was turned on after t.he' proton sping had
reached thermal equilibrium, the préton spin polarization approached the
final enhancod stoady state valus with & valus of Tyy wieh was sharter
than the ™mormal® Ty :Lf the polarization was prodused by double spin flips
provided the mizrovave froquency was far enough off the electron spin reson~-
ance center frequency so thabt the electron spir{s v@re not saturatod. If,
however, the mic rowave’ frequency was sufficiantly close to the center of
ths eleciron spin resonance so aa to saturate the electron gpins, the
oﬁsérvéd proton relaxation time to the enhanced state was longer than the
noxrmal time, in some cases by more than an order of magnitude. The latter
effect 13 anamolous, Al least we have not boen able to find a satisfactory



explanation for it,
We presont a summary of the results in the accompanying table,

Sample 00 Tm( +) ' ®)
(sec) (8ec) _ (gec)

Asphalt hoo 1.]5 ’ 6 075

1055 DPIN 0 9026 0,010 2 025

1% DPHMI ,

77° . 0,036 0,01} 1.8

179K 0,087 0,045 1.35

AT o116 - 0,045 %

CLI 1,28 0,145 L.80

#lot possible to measure.

.themal equilibrium relaxation rate, Tm(o) was measured

in the presence of electron resonance excitation and Tm("")
vhen doubls flip transitions were induced. The determination
of Tyy(*) was made with the external field set to give

maximum positive enhancement, not at the center of the double- :

ﬁ.ip‘ abso:ption line,

Here, T} is the "normal" relaxation time; Tm(+) is the relaxation
time for relaxation to the enhanced state vhen the elsctron spins are not
saturated; Tm(e) 1s the seme with ths elestron spins saturated. The
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fact that Tm“') < 135 15 to bo expocted because of the extre path far
relaxation provided by the double spin flips, Vhat is so unexpected is
the extraordinarily long value of TlN( e) in the last column., Ve have .
trisd to explain this effect by a change in the effective correlation time
T, for the dipolar field from the valuo 1§, to a sharter value prodwed
by forced electron aspin flips '

! / 22
"'zg' = T=o + XC Acc. 72-;.
c 7e

This equation can bs darived from the transient solutions of the Dlosh

equations (H. C. Torrey, Phys. Rev. 76, 1059 (1949)). Wnfortunately it is
found that & longer ’C’c rathor than a sharter is required to explain '
results for Tm( °) . ‘

Ve are ¢till searching for an adequate explanation of this effect and
will refrain from publishing ourresults (aside from the abstract Dull, Am.

Pays. Soc. II 7, 05 (1962)) until mare 1light can be throm on this matter, °

2, lHuclear iagnetic Resonance Studies of the Idouid and Gascous States of .

llonatonic Sygtems

A ysar or two prior to the begluning of this contract, R. L. Streever
and H, Y, Carr (warking under our previous Air Force cantract) iaitiated
a gstudy of gaseous and liquid xeno using IR techniques, Previous studies - -
of xenon had emphasized the measwemant of magnetic moments; bubt soms gvie |
dence had been gathered to indicate that at least in the case of the
isotope Xo'27 tho spinelattice relaxation rate was i or 5 arders of magni~ |
tude more rapid than could bz expacted from the obvious direct nuclear
dipole interaction, Ve were interested in this problem not only ian order
to investigate the large discrepancy, but more cspecially because we
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believed tho simple Xe'2? (monatomic and spin ) syster might provide the
simplest and best possible example of a classical fluld for IR studies,
Streever and Carr prepared puror samples than were proviously avail-
able. By so doing they reduced the relaxation rate discrepancy to 2 to 3
wrder magnitudes, But the rate still could not be accounted for by the
dipole-dipole mechonism, However, in thelr work they discovered a strong
shift in the xénon resonance which varies limearly with the fluid density
ovar a very large range (O to 500 amagats). As the density increases, the
shift in the local field at the nucleus increases in the direction of the
extermally applied field., I% can bs described as a decrease in the narmal
diamagnetic carrection apmromriate to an isolated atom, ar alternatively
as a separate paramagnotic carrection, For dense samples (the order of a
few hundred amagats) in a field the arder of 10 gauss, the shift is. the
order of 1 gauss, Ihc normal diamagnetic shift in this case is approxi-
mately 50 gauss, The early work by Streever and Carr is described in a
scientific paper completed during the first year of the contract now being

- sumparized, The paper was published in the Piys. Rev. 121, 20 (1961) and

submitted to the Air Farce as a technj.cal note,.

The experimental work has been ocn‘d.m:.ed under this contract 1he
field depondence of the shift was establ:lshed and the previously obeerved _
density dependence confirmed:

44 = +(45’3.£-,05)X/0 p o
where the fislds are in gauss and the density 6 in amagats, me shift
in the Xe™1 resonance was checked in some exploratory measurements and
found to be identical to that in the X129 resonance, The density

dependence of the Xel29 spin-lattice relaxation rate was mare accurately



studied and found to be:
AN -~

== (85704 .5)x07%p,
vwhare the relaxation time Ty is in sec and the density again in amagats,
(™is ordar of magnitude for the rate, however, still camot be accounted
for by the direct dipole interaction.) An unusual density independent
bekavior was found for the Xel? relaxation rate in tho the liquid in
equilibrium with lts vapar mressure., Finally the self«diffusian coefficient
was measured at various points in both the gas and liquid. %he experimental
wark has been dascribed in detall in a scientific paper by L. R, Hunt and
He Yo Carr submitted for publication to the rhysical Roview. The paper
has also been submitted to the Adr Farco as a technical note,

He C, Torrey has made a theoretical study to determine if the fluce
tuating magnetic fields due to the rotation of a diatomic charge con-
figuration during collisions might account for the %0129 ralaxation rate
and shift, Using Ransey's thecry of chemical shifts in linear molecules
(esQs hydrogen), Torrey has beem able to calitrate the spin-rotational
coupling in terms of the ocbserved dansity-prgpm'ﬁoml chemical shii:tq The
value of the coupling is found to be of the correct magnitude to account
for the cbserved relaxation of Xel29 in xenon &na. Although thié doez fxot
represent an independent thearetical calculation of the relaxation ﬁ'gm" ﬁxfsf '
principlas, it does reprosent the first successful explamtionof "bhé* rolae .
tionships between the various Xel29 data, - This work is desoribed in detail |
in a scientific paper prepared by Tarrey for pu‘élicatim. It also.'has been
submitted to the Air Force as a technical note.
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3, Kuclear iiagaetic Resonance Studies of Liquid and Gasgous Hydrogen

Our work in this arca was initiated by ll, Lipsicas, resesrch assocciate,
as a oon’oi_nuati.on of previous wark dons by himself and lI, Bloom at the
University of Britigh Columbia, This previocus work is described in the
Canadian Journal of Puysics 39, 861 (1961). The experimental werk done at
Rutpers under this contract involves measurements of the self-diffusion
coefficient and the spin-lattice and spin-spin relaxation times,

{a) Self-Diffusion

The self-diffusicn in normal hydrogen gas was studied using IR fres
precession techniques, An absolute measurement of Dy was made at 789K and
117 amagats, Relative measwrements of Dy as a function of gas density were made at
‘55°, 78%, and 909K using gas densities up to 650 amagats., The obsm
density dependence cof Djj was found to be in marked disagrecment with the
Inskog densa~pas theory. 4 detalled descriptdon of this work and a dis-
cuasion of the results was published in the Journsl of Chemical Physics _3§,
1235 (1962). This paper was submitted to the Air Farce as a technical note.

| lore recantly the self-diffusion in a mixture of 37,55 arthohydrogen=
62.55% parahydrogen at 20,35°K has been measured, The results indicate that
artho-molocules in different spin guantum states must be treated as dise
tinguishable particles in calculating the diffusion cross-sections, This
is in contradiction %o the earlier assumption of indistinguishability by
Cchen, et.al, (Physica 22, 791 (1956)). %he experimental results have
been reporﬁed and discussed in Physics Letters 3, 212 (1963). Reprints
of this wark will be distributed as an Air Farce technical note vhen
availahle, The tenperaturs dependence of tho diffusion over the range
209K 40 909K has also been investigated and found to be in reascnable
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agrecment with theary when allowance is made for the above symmetry effecte,
(o) Spin Relaxation

The improved magnet hamogeneity avallabls in tho present work was used
to check the earlier report by lipsicas and Bloom that the spinespin time
I and the spin-latiice relaxation time T; in hydrogen gas were not equal,
A mare accurate and reliable measuroment of T, at 77.5°K on a gas sampls
of approximately 100 amagats density indicated that to within vhe errar of
4+ 4%, 71 and Tp are equal, This result was reparted in ihe Canadian
Jowrnal of Physics 4O, 382 (1962).

The spimwlattice relaxation time T) has been measursd as a fNmetion
of orthomdrogén concentration and density in artho-parahydrogen gas
mixtures over the temperature range 20-400°K, The measurement of T in the
dilute gas (ez’.‘., 40O amagats) at temperatures above 009K show a very
morked difference betwween the ranges of the orth-wrtho and ortho-para inter=
actions, Preliminary calculations show that the measured values of T fit
an approximately 1/rC range for the ortho-artho interaction, while the ortho
para interaction is appraximately 1/rl3, It is hoped, eventually, to deduwce
fran owr T; measurements the farm of the anisotropic intarmolecular poten=
tial and the absolute value of the interaction energy. Quantum mechanical
diffraction effects have been observed, which at high temperatures increase
the mutual separation of the molesules. In the dense gas, e > L00 amagats,
7; increages very rapldly with density, the rate of increase rising very
sharply with decreasing temperatwrs, The behavior of Ty in liquid hydrogen
under pressure confirms the intuitive idea that the carrslation of the mole=
cules in a liquid is that of a dense gas at low temperatures, This wark
iz s14ll in progress but we anticlapte it will be described in detail in a
sclentific paper by A. Hartland and !, Iipsicas, Suwh a paper will be subw
mitted to tha Alr Force as a technisal note,
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IV. General Infarmation

Persomnel Associated with Contract AF9(638)=755.
Principal Investigators: H, C, Tarrey and II, Y. Carr

Research Associatse:

(a) Dr. lax Lipsicas (2 ycars) former student of Dr, li, Bloom at

the University of British Columbia, now on the steff of Brookhaven
Hational Ieboratary.

(b) Dr. Anthony Hartland (1 month) farmer student of Ir. J. G. Powles
ab the University of london, now a member of the Rutgers Physics

Departuwent, instructional staff,

(¢) Dr, R; L. Streever (1 month) farmer graduate student at Rutgers

and research asaistant under Contract AF].?(.603 }=6, nowr on the staff

of the llailonal Bureau of Standards,

Research Assistants:
(2) Ir. G, E, Schacher, received Ph. D. degrese, now on the staff of
ths Argonne National lebaratery.



Research Assistants conttds
(») mw. E. R, Hunt, received Ph, D, dogree, now on the staff of the
Department of Physics, Duke Univesrsity.
(c) ir. 1, Lwie, received U, S, degree, nowv on the staff of the
research laberatory of Gulton Industries, Inc,
(d) ir. J. S5, Karra, formarly of the staff of the Tata Institubte,

Bambay, India, currently a graduate student at Rutgers,
(e) " lr. B, Pass, ourrently a graduate student at Rutgers.

It is of interest to note that Dr. James H. Simpson, a farmer graduate
stulent at Rubgers supported by our previous contract, AFLB(603)~6, is the
senioe scientist on the magnetic resonance project which recently success-
fully developed, at the General Precision Labarataries, a gyro-compass for
potontial use in space travel, The Dr. Simpsm's GPL iteam wiithin General
Procision’s Areospace Group worked closely with scientisws of the Air

Force fcronautical Systems Div.,Viright-Patterson AFB,

2, Sumary of Fiscal Recard far Contract

Total budget Jan. 1, 1950 to Des. 31, 1962 115,349
Amount spent, Oct. 1 to Dec. 31, 19624 9,272
Cumilative Expenditures, Jan. 1, 1960 to

Dec, 31, 1962% 13,58
Unexpended Balance# $ 2,291

#Includes adjustment of Indirect Cost fram 55.16% to new audited rate of
51.83%

3., The Principal Invectigators for this contract wish to expwess their appro-
ciation to the Adr Force Office of Scientifio Research for the suppart pro-
vided through this coantract as well as preceding Air Force Contracts, Ve
speak not only far ourselves but also far the university, the department,

end all parsonnel associated with these contracts.
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b, The work described in this report, was simultaneously supparted by the
Rutgers Research Council and an equipment grant from the lational Scionce
Foundation,

5. luch of the wark described in this report will be continued during the
coming two yoars with financial support from the Hational Science IFoundation
Grant GP-229.

Al
Heatkr C. Taéw

Herman Y, Carr
Principal In igatars
Contract AFL9(638)-755




