Lawrence Berkeley National Laboratory
Recent Work

Title
ANGULAR CORRELATION- AND HUSSBAUER-NMR

Permalink
https://escholarship.org/uc/item/5966x1xd

Author
Matthias, E.

Publication Date
1967-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5q66x1xq
https://escholarship.org
http://www.cdlib.org/

UCRL-17877

e, 2

University of California

Ernest O. Lawrence
Radiation Laboratory

ANGULAR CORRELATION- AND M(SSSBAUER-NMR
E. Matthias

October 1967

4 N
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
\ D,

o

—z

(080 )-7r )



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



- (Paper for the internatlonal Conferenée on Hyperfine. ' ' "UCRL417877
Interactions Detected by Nuclear Radlatlon, August 25 50 "Preprint
) 1967, A51lomar) v

UNIVERSITY OF CALTFORNIA

- Lawrence Radiation Laboratory
Berkeley, Californisa

* AECContract No. W-T405-eng-48

'ANGULAR CORREIATION- AND MYSSBAUER-NMR
E. Matthias

October 1967



-iii- o : ‘. i . 'UCRL717877

ANGULAR CORRELATION- AND MCSSBAUERfNMR
E. Matthias
Iawrence Radiation Laboratory

- University of California
Berkeley, California

ABSTRACT: The géneral qﬁestion'of howlto perform and detect nuclear ﬁggneﬁié
'résondnCe in radioactive isotopéévis aiécﬁsséd; The paper will focus on y-ray
detection of resonances in isomeric states. The use of:muitipole'fadiation
fields for defection introducés neﬁ and hitherto unobsefved,iine shapes. For -

rf wiﬁh’?andbm phase,'the resonaﬁce'liné is k-fold split,'ﬁhere‘k is‘the summa.-
tion index §f~thé Legendre ﬁolyhomial expansion, Ir pulsed‘rf_with a'constaﬁt'
.phése is-uséd, fofm and symmetry:of the'fesonances.depend stfphgl& upqh the |
pha§e ahd'the geométryvof the exferimenf. The existence éf a "hard.éore".véiué
at resonance frequency‘is dembnstrafed. Véridué'geometrieé aré”examined with
respect to their applicability in angular correlatién or nuclear reaction ekpefi-
.ments, Thé péssibility of obtaining the relative éign of gH with respect to a
reference Case.atA¢ertainigeometries and by uSing linearly polarized rf w;th a
fixed phase is discusSéd. |

| Garma. rajbdetectidn of MMR is not only réétrictéd'to angular;correiations'
‘and distributions but.can also'Be performed by employing the M8ssbauer effect.
. The principle is discussed and preliminéry reéultsvobtained»with Fe57 are |
presented. Although the IMR interpretation is likely, the data do not, a'c_"

. present, unambigously rule out the possibility of a frequency modulation effect.
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I. INTRODUCTION
The subject Angular Correlation-  and M8ssbauer ~-NMR belongs in the more

general category of nuclear magnetic resonance (IMR) in radioactive nuclear

' states,vwhich.has recently'attrected the intensified interest of experimenters.

Tvio reasons for this are obvious:
1. There is a vast number’of isomeric nuclear states with half-lives
between 10_6s and 102:§which are hardly sccessiblebto‘conVentional techniques

and which offer a whole new field for the investigation of hyperfine inter-

actions.

2. Standard metnods like angular correlation and nuclear orientation
na&é alvays suffered from being limited in their accuracy due to statistics.
If NMR_methods can be applied,‘the accuracy wiil'be‘given mainly by the line-
ﬁidth and statistics is onlybrequiredvfor recognizing the line shape. |

Classical detection:methOds cannot be used for short-lived radioactive
states due to the extremelyvlow.concentration. The only possibiiity for
detecting the resonance is to use the radiation.pattern emitted from the state
which is to be-measured; It is important to notice that this.constitutes a’
microscopic method in which a ststisticel assembly of nuclei is observed, as
compared to the detection of macroscopic'magnetizetion in conventional NMRt
work. The concept of radiative detection has been establlshed by a numbervoi
original experlments which are listed in Table I in chronologlcal order. Except for
the cases 1, '3,.7, and .8, the B-asymmetry was nsed to observe the resonance; and
the llsted experlments of type 2., 5., and 6 therefore apply only to radlo-
actlve ground states and the few PB-emitting isomeric states. There is, however,

a great number of 1somer1c“states which only decay by ~y-ray emission. With this
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in'mind we shall'discuss the possibilities-of using ybradi&tibn as a means to
‘déteét the resonance. ,The.following four techniques appear to be applicable
for this task:

. . 1. Angular correlations’involving intermediate states with

g : < 10 “ g.

O STy s AT | - |
2. Angular distributions of -y-rays frqmﬁisomeric states in the half-
1/2 | | |
3, Nuclear orientation involving parent states with half-lives

~.1life range 10 < T <-lOsh populated in nuclear reactions.

__suffiéiently long to pérmit_orientation work '('I'l/2 > 10 hrs); and'ieorientation
,invintermediate‘étates:with-Tl/gvz Tl.(Tl = nuclear-spin-lattice relaxation
time). -

L, MBsSbauér»éffect in the half-life range 10-8s.<'Ti/2;
' In methods 1, 2, and 3 polarized or aligned nuclear states are obtained which
emit non-isotrqm;erray angular.diétributiOns of the general form
We) = : . QkAkPk(cos Q) : . S ) (1)
‘even i - , o
'The-MBSsbauer,effect can be used because of its'polarization_dependence. Methods
1;'3, andih have been proven éxperimentally td»be feasible, while'there is not
yét'anzéxﬁerimental‘vérificafion'bf method'2.-_Ih the present paper we will
“only discués methods 1, 2, and 4. Nuclear orientation-NMR will be treated by -

- D. A. Shirley in a-seﬁafate papera9
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II. ANGULAR CORREILATION-NMR

Recently, it was prdven7 that the NMR can be measured in a state with-

a'half—life as short as 2.3" lO-Zs by employing the hyperfine enhancement of

the rf-field and detecting the resulting‘perturbation.bf an angular correla-

vltion involving this state. Some more'mainly methodical studies have been

carried out with the same case, lOORh; and‘are reported in these Proceedings.lo
ﬁowever,vlooRh has thus far.reﬁained-the ohly’éuccessful case_aﬁd it is an
unforfunate fact that there are ohiy'very few prospective cahdidates for '

-angular correlation%NMR.ﬁithfradiOagtive:sddrces._ Therefore,-it-is;évidentrf~vf—ﬂ—
thaf the importance of this method'will ﬁe iﬁs appl;cation to angular distribu-
tions'félloWing nugléaf reéétionsQ We ﬁill discuss belpw'é few points_which '
ére charactefiétic fér NMR.oﬁservationiwith,y—multipdle fields;  For expefimental

details and generél principles, the reader is referred to Ref. 10.

A. General Formalism
TQ describe the resonance behavior we start out with the general form

ofa perfgrbéd angular correlat‘ionl1

(® " ‘> ;Z’u' l)( >'1/2 W @) atew)
Wk ,LE.,t) = 2k +1) (2k+1)] A (1)A. (2) ¢ " (t)
175070/ ok, 1R | k; B S S

R | (2)
*
L : N '
X Yl\kli (6159;) Ykz(e‘e,%)' s

where the perturbation factor is given by
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I\T o | '/'2 - 21+m+ IT
| k1k (t) [(2k1+1)(2k +1)] - Z (- 1) " m;_ma;ti |
‘ ) o vb _ ,
D (3)
TIk) | |
XA, (mblA(t)l'n ><mbIA(t |m )

1

[

The general-geometry defininée e and* ¢-'is~sketehedbin?Fig. l_for.the*case

- of llnearly polarlzed rf along the x-ax1s

The tlme evolutlon operator A(t) can- be derlved by solV1ng the SchrBdinger‘ o

equation

Stk (t)A‘(t) - . SRR _(u‘)
_ The‘Hamiltonian_is'timefdepenaent,Aand for circularly'polarized rf of the form
- M(t).: gHNonlzbf Hl(IXcoanthA) _‘Iys;ncnphg))] o (5)

' The phase o accounts for the fact that the nuclear ‘state whlch is formed at
:;t—O has an arbltrary phase angle A with respect to the rf. If contlnuousv
' rf is used one has to average over the phase A | o

We shall follow here the usual practlce to solve Eq. (h) by transformlng
ninto a. rotatlng coordlnate system, S','ln which the Hamlltonlan is no longer

f'tlme-dependentsvahe unltary transformatlon :

) = U A () T L
| . T 6)
g-li__'vt T A

AT (wtea) -
=e e . &
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leads to a static Hamiltonian‘in the rotating frame of the form
w S o S
Hr = —gpN[(l_i 5;)HOIZ + LD - , (7)

with the usualvdefinitiOnf‘” wL = g?gll%j. Tnserting Eq. (6) into Eg. (3)

gives for the general perturbation factof -

NN 1/2 & -'2I+m'+mb‘ IIk\ITIKk,
12 \ - . a 1 o 2
G o (6) = [(2k +1) (2k+1) ] /, (-1) 1r Nt -
klkg( ) ( 1+ ( #2+. 2;;5;. : . ma-maNi mb mbNé
TitN,  TL(-N)A o -2t - LW o« (8)
xe 2 e :2 l. (mble_-ﬁ v {ma)(mgle_ o v|mé)

- The Hamiltonian':ﬂf (Eq. (7)) is not diagonal in the above representation. Tt

has to be diagonalized by another unitary- transformation

st -5

s | | (9)
* which results in

Ciyeg

mle B lng =3 (almy e T Talny . (o)
R . n . ' o

Consequently we obtain for the final fomm of the perturbation factor
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N.N | S 1/2§ 2T+m_+m r1r) 11K\
lek2 (t) = [(2k+1) (k1)) - [;_J (-1) ® "o L Nl ' N?
172 ’ - mom o a ST I e M Y

(11)

(-,
+1(1\r -N.)A -i'[—-——"?. 21N w]t
X (nlmb> (nlm ) (n'[m!)(n' |m> e. GRS S A

If the resonance is observed in a tlme 1ntegra1 manner, the perturbatlon factor

‘has to be 1ntegrated over the decay of the delayed state

. N-NV - N N

1 12 d-t'T-yﬁ' | . , - ’ d'i : : -

or explicitly:

e (2k+l)(2k2+1)122(1)I+ +mb, IIkl IIIke‘

8 = g

R | | am.b . vma-maNl -'mb'"‘*pNQ
. S | % +( 'ﬂl)A."_ - d' - |
X <n|mb> (nl )(n'lmb)(n'lm'> S (13)

1-- 1{ (E E)_,-.Nwrr}

1+ ( (E E)_’. Qm}



sufficiently large amplitudes of H

inversely proportional to the magnitude'of »

half-life, the ®
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C. Hard Core Value

The splitting of the resonance is a purely geometrical effect which

goes tOgethéf with another interesting fact, nameiy, the occurence of a "hard

core" value at resonance.' From Figs. 2, 3 and Fig. 9 of Ref. 10 it can be

seen that a fraction of the anisotropy remains at resonance Qb£|w0|)_no'matter
how>lérge the imposed rf amplitude is. This hard core value at‘®:|wo| is again
independent of thé'nuclear spin and given by the expression

200 - B-DVEN . \ R Ly

G () = (k$)7/ (k! . : _ (14)
The_pOWer-dependencéfshown in'Fig.‘Slof Ref. 10 shows how the perturbation_
factor behaves at resonance and for what power levels the hard core value is

approached..

It is important to nofice,'howevér, that slightly'off.résonance the

“anisotropy can actually be wiped -out completely (see Figs. 2 and 3) for

.0 "This is expected since transitions induced

by a strong-rf-field‘reSembles a situation very similar to the one of a random

' time—dependeht perturbation, for which no hard coré exists.1

. 'The power requirement for obtaining a sizeable resonance effect is

of * A plof of the perturbation

factor: G22 versus;wor has therefore a similar appearance as the power

dependence. To mediate an impression about what can be done for a givén

OT-dependence of aig is shown in Fig} 4 for three values

“of the power pafameters Hl/HO'
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D... Experlmental Geometrlesb

To 1llustrate what is to be expected in an actual experlment we w1ll
;discuss'in the follow1ng the resonance behavlor for spec1f1c geometrlcal ) »
arrangements of the detectors, the dc and ac flelds.: As:mentloned'above, one
has to dlstlngulsh between two cases' l) contlnuous rf, random in phase with
respect to the nuclear decay, and 2) pulsed rf trlggered by the flrst gamma
ray or the beam s1gnal (to whlch 1t more reallstlcally applles) W1th a constant
‘phase angle A . |

.lecontinuous rf,

vIn TahlevII some angular correlation formulas restricted to k ax =‘2
'are?givenrfor‘an arbitrary selection of geonetries; described by'(91’¢j) and
"‘(92,p2)(cf Fig.. l) Since the rf has‘no phase relatlon with respect to. t 0‘
one has to 1ntegrate over this phase angle A (cf Eq (13)) ThlS 1ntegratnon
i leads to the fact that the only non- vanlshlng terms are those with N Nét
' All these terms are'svmmetrlc around.lml = wo, In cases 1 through,5 it makes

no dlfference to 1nterchange Vl and Yoo

For convenience we w1ll cons1der only time- 1ntegrated values of the

perturbatlon factor. -Slnce_ReGgg and-also fImGgg are very small compared

to &gg‘ the numericalvresults for case;E‘thrOught7'are identical to.better.-
| 400

_than l%_and given by %_Ggg . Thus,by applying the proper»scale factor the

'expected resonance‘behavior for all.geometries’listed in Table II can be obtained :

fromiFlg,12._ lnfall cases the resonance is split and showstthe.characteristic |

hard core. . | |
It should be notlced that the cases 5, 6 end 7 represent "easy"

geometrleS'for in-beam experlments with HO perpendlcular to the beam. As -
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‘long as A22

resonance experiments in this way.with isomeric states that are populated by

is of reasonable size, it is perfectly feasible to perform

nuclear reactions.

b. Pulsed rf and Sign Determination

For this section it is assumed that the rf is triggered phase—right
by the prooess Whiéh populates the'isomeric'level and thus determines t o= 0
or vice versa.' It can be seen from'Ed.n(IB) that the'resultiné angular correla-
tion function is very cru01ally dependent upon “the phase angle A at which
the rf is turned on and also upon the geometry of the detectors. This gives
rise to a complexxty-of,possible line shapes which offer interesting features'
like reletive sign determinetion,end unsplit resonances. Fnrthef,-we shall
only discuss here cases for nhioh_A =0, assuming.that’tnis condition can
' alwaysvbe net experimentally, for examﬁle, by synchronous pnlsing of beam and -
rf. | o

The angular correlation functions with kmak = 2 are listed in Table
I1T for some arbitrary*geometries which might be of_interest;. Except. for
_vvcaseAlziWhich is'anjway independent'of:phase, the nost marked featufe of‘these
formules is thet they contain terms with Nl # Né. These terms are in:general
not symmetrie‘ebout_the resonance and make the shape very much dependent’dn .
which terms ere;involved.' For'convenience we will abbreniate the oornelation.

function in the common form

w<kl) 2’ O)

Tf’) 1+ Agec;ggf(?l,i’a,ﬁ’- A B a5)"
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“and discuss the Gggf in the follOW1ng flgures The cases'selected for

glllustratlon are representatlve for ‘the large number of poss1b111t1es llsted
E in. Table IIT.
Flgure 5 shows the resonance Whlch is to be expected in a 90 geometry
w1th VE parallel to the dec- magnetlc fleld The marked feature is the asymmetry
clabout W '= LDJ for oppos1te s1gns of<b6 or, eqnlvalently, two angles, hse (22) ) and_.

t“13§°(515 ). - Th1S'can be used to determlne.the.relatlve s1gn of_on with
respect:to afreference case; even-when linearly polarized rf is used. To do .

so, one has to observe the shift of tne resonance at the two angles h5 (225 ) and'

: ,155 (515 ) and compare 1t w1th a case of known s1gn : In practlce, thls mlght be

fdlfflcult s1nce the shlft is small and can only be plcked up 1n experiments'
_w1th great-sens1t1V1ty and free of-addltlonal broadenlng; An absolute s1gn.
determlnatlon however, is stlll only pos51ble w1th c1rcularly polarlzed rf.v
Another and more elegant way to obtaln the relatlve 51gn of wOT is
demonstrated in Fig. 6. Thls case s typlcal for how complex the resonance
shape canvbecome for odd geometrles _ With 72 agaln parallel to the dc-.
fleld and Y1 detected at only one angle as 1nd1cated the expected resonance

-effect, for example, for =7 (and -ayw ) first grovs pos1t1ve with increas-

0
1ng wOT and then decreases, turns negatlve and spllts up. A comparlson
between -HDOT and BT shows ‘that the resonance effect. has not only opp031te '

S L
ﬁsign for Iw T] < lO but -also a remarkably dlfferent shape For ldﬁl> lO)+

the resonances for +mOT and 4»01 become 51m11ar in form and approach each

other numerlcally. Agaln, the opp051te s1gn of the resonance can be. employed

T by comparlson with a reference case.

to find the s1gn of wo
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Therlést three examples have been chosenv§S'a11 having HO perpendicular
to the detector plane. ‘That is‘a~convenient arrangemeﬁt both fér angular
corfelations and beam work. Ih”Fig. 7 thé Simplest angular correlation case

“is shown. It‘offers thé advantage that fhe-centerfpeék is considérably narrower
_compared with é'nOrmal résonancé width'which would'ailow a more‘accurate frequency
jdetermiﬁation. Beam—experimenfs with this parﬁigular géoméfry, ho@éver,-are
impossiblé because of intehsity feasons.v Figufe Siillustrétes.tﬁe facf that a
~clean unsplit“resonance.can bé 6b€ained at Cerfaiﬁ geometfiés and with a fixed
vrf:ﬁhase. Itvéo.hapbéné that the geometry in-fié; 8 aléo representé the most -
'igonveniéﬂf deteétér arfangement in beaerxperiﬁents;_ The resonance shape'for
another:geémetry’that can easily be épplied to 5eam'work is shown-iﬁ'Fig. 9.
:Here again one has the possibility to_make-é detérmiﬂétiQh'of thé relative sign,
provided the necessary sensiti?ity can be achieved.

The conciusion is that experiments with fixed-phase rf in'relation to
t =.Q are very appeaiing. Compared 0 measurements with random rf they offef
aitractive'éspects sﬁch as relative sign determination and fa&orable line shapes.

'voﬁathe other hand, it.may‘perhaPST_‘preSent experimental difficulfies if not
améaguitigs that a.great Varigty_ofvresonancé shabes can be‘obtainéd by only

'_small changes in the phase or in angular positions.
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ii:f . MdssaAUER-NMR '

A. General Cons1deratlon.

The Mossbauer effect w1th polarlzed source “and absorber is both dlrectlon-
- and polarlzatlon dependent and quallfles, for thls reason, as a candldate for Yy-ray
| detection of R . Thls poss1b111ty was flrst tested in 1960 by G J Perlow3
who reported an increase of the transmlsS1on by lO% at 26 MHZ, the ferromagnetic
-nuclear resonance frequency of the lh L keV level To explaln this effect Hack
and Hamermesh15 calculated the effect of an rf- fleld on the form of the Zeeman
hllnes, assumlng that nuclear resonance trans1tlons are . 1nduced They showed
that for a suff1c1ently large rf power level the llnes spllt up as: dlscussed
:above. | | | |
'lbespite‘this"encouraging bachground apparentlytnobfurther'effort:nas
devoted to the development of th1s experlmental technlque "This in-spite of |
vthe fact that the MSssbauer effect can, in pr1nc1ple, be observed by any tech—
vnlque which changes or modulates the energy of a M8ssbauer system w1th sufflclently:
'hlgh sen31t1v1ty.‘ The llnear Doppler shift 1is only one-poss1ble way, another is |
to induce nuclear Zeeman trans1tlons by an rf- fleld 'In fact the accuracy of
the radlofrequency is much superlor to what can be - achleved w1th a veloc1ty
'gdrlve. Thls is best 1llustrated by an example tw1ce the natural llneW1dth of
4the 93 keV state in 67.Zn is 23.5 kHz or correspondlngly 5.1 x 10 -k mm/sec Whlle
: 1t is very easy to obtain with common osc1llators a stabllity whlch is at 1east
- an order of magnltude better than thls expected llnew1dth it is an extremely
dlfflcult task to achleve such resolutlon w1th a veloc1ty spectrometer. For

-7

half -lives shorter than lO 'sec, however, the NMR—method'would not offer any

>advantage because of the large'natural line-width. =
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Although determined to'apply the M8ssbauer-NMR technique to long-1lived
' - 181 6
states, as for example; Lrg (6.3 keV) and 7Zn (93.3 keV), we started
out with 57Fe to study the detalls of the method The first prellmlnary

results will be reported in the follow1ng.

B.r‘Experimental Results
In all experiments described here a split source and absorber (57Fe
in Fe) was used, and the measurements were carried out at zero velocity. The

o7

source consisted of a solid solution of Co in Fe; the semple was rolled to

a thickness of 1.2 X 107" cm. ‘The'absorber was & 2.4 x 107" cm thick Fe-foil

' enriehed t9v90%>in 57Fé. A splitfsource and abserber‘was chosen‘sihce for
these'experiments the rf field should be sufficiently iergevto‘make the traneifion
. probability beﬁ&eeﬁ the nuclear Zeeman levels (proportional'to le) approxi-

mately equal to the decay probability of the exciﬁed state. To achieve this,

.egain use was made of the hyperfine €nhancement fac‘fo‘r,l5 which is for domains

 off (1 +.§E§) 5,95, S (16)_
. -0 ‘ : .
where th is the magnetic hyperfine field.
~~ Unless otherwise statedé‘source and absorber were rigidly'affixed
together and plaeed wiﬁhin a.shielded rf helix which.ﬁas Held.between the. pole
tips of a b in.diameter electromagnet. The dc magﬁetic field H_, end-the7

‘rf fleld H were both in the plalns ‘of the f01ls, perpendlcular to each

l)
"cher and perpendleular to the y-ray propagation direction. A Sl(Ll) detector
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.counted‘the l#;h.kevpgammas:inftransmiss}on; In this geometry theifull |
MBssbauer,effect uas obtalned as sourceMandfabsorber.hyperfine lineSYOVerlap._
The procedure was‘to'measure the counting rate as.avfunction'of applied

:; frequency The frequenc1es of the - expected resonances are well known the’
vground state NMR has been measured dlrectly and occurs at 45, h& MHz at room

15

temperature;' -the~exc1ted state resonance is expected at 25.98 MHz based on’

the- ratlo of magnetlc moments as determlned from MBssbauer effect data.le
" The experlmental results are shown in Flgs._lO 11 and 12. A coarse |
scan of the frequency range between 18 MHz and h9 MHz is dlsplayed in Flg. lO.
"~ At the expected nuclear resonance frequenc1es a marked dev1atlon from the |
’general‘background behav1or is observed In Flgs 11 and 12 the resonances
. of the lh b keV state and of the ground state respectlvely; have been remeasured
:w1th better statlstlcal accuracy. The line w1dth obtalned agrees well w1th
. the one expected from the natural width, Av = (ﬂT) Yoog, 3 MHz. AlSO, 1t can
1be notlced that the ground state resonance is much less pronounced compared
to.the exeited'state resonance._ This is probably caused by-two effects,vits.
four tlmes smaller statlstlcal weight factor and the dlfferent background
.s1tuatlon at. thls hlgher frequency.
FrOmvthe various measurements the following empirical concluSionS'canvk
 be derivedft | | |
l. There 1s a very strong non—resonant background effect 1n that sense

that the M&ssbauer effect is partlally destroyed by appllcatlon of an rf fleld

: The background varles approx1mately exponentlally with frequency in the range of

1nterest. Slnce the absorber has a. thickness of 2 4 X lO R cm and the skin

depth for iron at 26 MHz is 2.2}X;lO;_ cm,;thls_exponentlal background behavior
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must be interpreted as being related to the skin-depth. Further, the back-
ground efféc£ depends strongly on'HO and Hl. Increasing HO partially restores
the MBssbauer effect, as can be seen fram‘Fig. 13. Increasing the rf amplitude,

H., shows the opposite result.

1’ ‘ .
2. At the nucdéar reSdnancé frequency a fractioﬁ of the MBssbauer
effect is reétored; indicating that induced nuclear magnetic regonance transi;
tions_compenéate fér the background effect. This résonancg behavior around
26.0 MHz aﬂdlhs.A.MHz hés at present been rgproduced with two different
sources and:severalvabsbrbers under the same.general conditipns; However,
fprm and the surface cohdiﬁion'of both sources were different. ‘The magnitudé
,of'this‘resbnance effect decreases with'iﬁcreasing H (see Fig. 13) and"
increaseé with increasing Hl' |
3. Only tﬁe ground state and the excited state resOnanée is observed.
Although searched for; we were hitherto _unable to find resonances at poéSible-
"beat" frequencies df 19.5 MHz and 52.0 MHz.
"L, The nuclear magnetic fésonance effeck‘oécurs already at surprisingly

low Hy amplitudes corresponding to, e.g., w,1 = 0.35 in Fig. 10.

1

5; - The resonanée has also beeﬁ observed With either the absorbef or
thé source alone exposed}to the‘rf—field. Howevef, the effeét'is somewhat
.sméller compared with thé oné obtained with both sourée and absorber in the
'rf-éoil. |

6. When the rf was applied to either sdurce or absorber; the maénitude
of the fesonanée effect was cOpsiderably Jarger in the caée of pérpenaicular
fblarizatidn than it ﬁas for pérallel polarization of source and abéorber.

This is illustrated in Fig. 1k,
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c. ‘Interpretatiohn::
The besic problem is'whether ﬁheveXperimentelly"observed resonénce_
effects are'actuelly caused by induced‘ndclear magnetic reéOnance transitions.
Another possible mechanisﬁ‘is freguency modulation caused by‘magnetostrictive

motion in the source.l{ These tvo posSibilitieshwiil be briefly discussed in

-the following.

a. Mzgnelostrictive Freguency Modulation.

Ruby and7Bolef18 shoved that it is pos 51ble to creato acous tlcelly

n

modulated'gamma rays. They'placed the source foil onto a'piezoelectric quartz
crystal which was:driven tv a 20 ﬁHz rédiofre@uencyjand observed wiﬁhrincreasing
driving ampli itude unev growing-1 b T -1debend oharacteristic'forkfreéﬁency .
modulation.. Uhsplit source and absorber were ueed for their ekperiheht. The
s1deb ands occur at frequency intervals. glven by ine modulatlon frequency only.
‘Their intehsity'is determined'by the,éorresponding'Bessel functionsvof the - |
first kind, and the argument of tne Deosel functlona is the modulatlon 1ndex
'ﬁhieh is proporﬁional to the amplltude of the modulatlng rf. Therefore, an
.ihereasing'rfvemplithde Will generate new sidebands.' A similar situation can
be imaéined.in our case.' Ma onetoaorlctlon producee mlcroecoplc mot;on whlch
~‘could be. adequate to 1mpart a noaulatwon to the y rays. If source, and aoboroer
ﬁare not or only partly polerlzed a 51deband at 20 MH? would be matched by
Zeeman.COmponent of the y-ray. rnhe same argument would apply to the: ground
'.state freouency of h5 L MHZ..>in tn e same wey, however, otner resonance ef;e s‘

ahouli be found au 19.5 Mhz} m;,r g It la 1mportann to notwce, ho*efer

2tion picture produceS'the'nuclear~resonance frequehcies

=

that fhe ?reouen y'hodu

."

(\1 -

only in case o rendom pclerization. No resonances would occur at 26 13z and -
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45,4 MHz for a completely polarized source and absorber. 'Since.magnetostric-
tion does generate a whole spectrum of velocitiee throughout the sample,vthe
‘intensity of the sidebands will be appreciably reduced-compared with the
'ideai-caSe.

"The following experimenﬁal observafions provide evidence againsﬁ
maguetostriction: l. A velocit& spectrum was taken’with a.single line‘eource
. and'a'split absorber. IWith the unpolarized abeorber (H =0) exposed fo au rf
fleld of about hG no addltlonal peaks due to sidebands could be found for
example at 14.9 MHZ. 2. Satellite resonances at 19.5 MHz and 45 MHz were
carefully looked for but could not be verlfled 2. From Flg 15 it can be
'rseeu fhat"even at Hy = lOOO G, which should- be suff1c1ent to magnetlcally
‘saturate the f01ls, a sizeable resonance was obtalned. E. The background for
'frequency modulation should be different from what was observed. When source
and absorber are eandwiched inside the rf-coil, it is reasonableyto assume
~ that bofh are equally strong.modulated by'maguetoetrictive motion; In the
ideal case of equai thickness for source and absorber the absorption background
should be.independent’of fre@uency at zero veiociry.. A difference.in'thick-
ness cauees the background ro change with frequency as long_as the thicknesses
for source and ‘absorber are of tﬁe same order of magpitude as the'skin—depth.b
'»In the.experimentsepresented'in Figs. 10 to_lﬁ,‘source audvabsoroer-were
1.é X 1O'A'C@ and 2.1_P><'l'0-lL cm, respectively,.compared.to a skin~deprh of
2.2 % lO-u cm at 26 MHz. For this we expect & constant or even sllghtly
‘decrea51ng absorptlon background in sharp contrast to what is measured

These arguments force us to reject magnetOStrlctlve frequency modula-

tion as an interpretation of the observed resonances. However, it is still.
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possible thatbthis mechanism contributes to a certain extent and an unambiguous )
eiperiment to decide this question.isfstill to be carried out. -

b. Nuclear Magnetic Resonance.

The alternatlve explanatlon of the experimental results is that they :
‘actually represent rf 1nduced nuclear resonance trans1t10ns., In order to
account for both the non-resonant background behav1or and the resonance effect
ve have to‘assume avsuperﬁo51tlon of two effects.tva perlodlc motlon of thev
magnetization in the rf-field and, caused by this;‘induced Zeeman-transitions'y
at thevnuclear resonance frequencies; | | | .

ln.therfrequency'range of interest here, the_nagnetization follows
adiabatically vith the rf—field;- For Small.polarizing fields‘onlyfthe_
magnetlzatlon of the walls w1ll vary perlodlcally s1nce the domalns are
' sh1elded while - for a magnetlcally saturated f01l only domalns need to be '
cons1dered. The oscillating magnetlzatlon glves rise to an osclllat1ng hyper--

eff th osc l9(

fine field H™ = (1+

sensitive with regard to the polarlzatlon propertles of the y rays, the relatlve: '

Since the M8ssbauer absorptlon dis very

‘orientation of ﬁhf = ﬁ;f,z +'ﬁiff(t) in source and absorber 1s'very crucial.
~ The skin-debth-introducesva phase shift which means that thevorientation of
'the'hyperfine field varies'with penetration depth. At lover freouencieslin
particular, wherenthe'half life is comparable with the inverse frequency;-i
this has the:consequence-that'the polarization'direction oflsource and absorber
only partly match (seme depth layer)_for a_y-ray‘emitted:at time t. .The result
is that avgood;fraction Of‘the'Mossbauer'absorption is lostQ_‘With increasing ;.
P frequency, hovever, it will be restored since the;penetrability for‘the rf

3 becomes smaller and the originally-matched polarization is not disturbed.
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This concept explains the background behaVior and links it both to the

skin depth and to the comparable magnitude of half 1life and inverse frequency
It also accounts for the fact that the background slopes much less when only
the source is 1ns1de the rf-field (Fig. 14) compared to the case where both
source and absorber are in the rf—field (Flg. 10). For very_long_half lives
there should be no rf effect on the background under otherw1se slmilar circum-
vstances Whlch prov1des a pos51b111ty of testing these idesas. Another conclusion
of this interpretation is that there is always some fraction of the MSSsbauer
absorption left,-which depends on source and absorber thickness and the skin
depth; A meesurement of the velocity spectrum with polarizedlsplit source
and absorber would reveal whether or not our explenation of_the nonfresonant
background behavior is correct. |

At-thevnuclear resonance frequency the periodic notion of thevmagnetiza—
tion is coherent with the Larmor precession of the nuclearkspin'system in the
dc- polarized hyperfine field, th,z. ‘The nuclei are exposed.to an effective
r{- field Hlf , which 1nduces nuclear Zeeman tranSitions (AM = £1). At this
point'we have to assume that with the low power levels in question here,
transitions are induced in either source or absorber (when sandwiched) but not ..
in both. | | | | | | |

Let us first consider the effect for source and absorber:perpendicularly
polerized and only the source expoSed to the rf-field. This,situationiapplies
to the upper data set of Fig. l&. For simplicitp we will also assume complete
polarization. When the 7—rays-are emitted perpendicular'to the polarization
direction of the source the intensity pattern is.B:ﬁzlzlru:B. Both o and "
components are linearly polarized; but their field vectors are:oriented

perpendicular to each other. An absorber which is perpendicularly polarized

s
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with respect to the source w1ll not absorb the 1ncom1ng‘radlat10n at zero
veloc1ty (see, e. g.; Flg. 6 of Ref. 20) At resonance, AM ¥'+l tran51t10ns
are. 1nduced Whlch fllp the polarlzatlon dlrectlon by 90 by changing o
.1nto T components and v1ce versa. Thus the radlatlon emltted from a sub-
state Whlch was produced by a precedlng NMR trans1t10n is. again matched by the
| absorber and can produce MBssbauer absorptlon.v When source and absorber are
parallel polarized‘the sane3aréumentation‘leads to the opposite expectationi
_decreas1ng MBssbauer absorptlon at resonance. 'The'experimental‘data in Fig.
lh were intended to prove thls predlctlon. Uhfortunately, the effect for
parallel polarlzatlon of source and absorber is stlll a sllght 1ncrease of
absorptlon, Wthh we have to attrlbute to 1ncomplete polarlzatlon. The polarii-
1ng fleld of 75 G at the source was certalnly not enough to saturate the foil.
The dlfference of the resonance effect between parallel and perpendlcular
polarlzatlon, however, is obv1ous and supports the above cons1derat10ns._ On '
the- other hand, one should keep in mind that frequency modulatlon can also
_explaln the dlfference between these two sets of data.

The experlmental results presented 1n.F1gs; 10 to'lB were-all.carried

-out w1th source ‘and absorber 1ns1de the rf field and w1th H flelds, too low

0
to polarlze source‘and absorber in parallel.' Thus, w1th a rather uncontrolled
and probably not random polarlzatlon and rf 1nduced tran31tlons 1n both source :
andfabsorber-we face a cOmplex situation‘whlch cannotvserve to give_an |

' unambiguous understanding of the-nechanisn.behind the experimentally observed_
effects. ‘The difflculty is that due +o the dlmlnlshlng enhancement factor |

(see Eq. (16) the resonance dlsappears for large polar1z1ng fields which

would ensure a perfect polarlzatlon of the foils (compare Flg 13). To
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réally ensure that the resonance effect represents NMR transitions more precise

and conciusive‘experiments need té be done élong'two lines: 1) to‘usé éources

and ébéorbers which do.not show magnetostrictiéngfand 2);t6 do.the experiments

discusséd above'ﬁiﬁh single érystais.which“have weil-défihed'magnetic axgs;
In>éonciusi§n it can be said that ﬁhebéxpériﬁentally‘obserﬁéd resohance

‘effects have been intefpreted'as MBssbauer-NMR. .Althéugh this explanation is

not unambiguousiy proved yet, sfrongvargumentsxagéihst frequency modulatidnb_

effecté arising,from magnetostriétion lead us to favor the interpretation

in térms.of NMR; If=corfect, this techniéue'allbws an absélute méasurement

of the hypeffine interaction iﬁ both the ground'and excited stat¢ and does

not suffer from caiibratién problems._ Due to the line width problem MBsébauer;

' ‘ 17 > 0.1 which prohibits“its uée

in the nanosecond range. It is felt, however, that this method will acquire

NMR apﬁlies only to cases with.mCF >> 1 and »

major importance for lohg-lived M8ssbauer states which have hitherto béen.

difficult to tackle.

;
4
»”
o
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The results reviewed in this paper have been obtained in collaboration.

vwith several pefsonss, : 1‘3.‘3‘01::@)’_1‘ -('who also wrote th bompluil;er programs), D. A -
© Shirley, R. M. Steffen, andij; Eé-Tehp1éton'cbntributed_siéﬁifiéqﬁtly to the :

COYT:};)J?QI’@Q.T\FS ion of sngular correlm.;ion.jlﬁ-ﬂﬁ'. . ..I"or the 'I--i&{;.:‘.-'r;bz;xug-ér -MR D Salém.bn' ‘
r carr:’i.‘éjd the main burden ‘r‘)»f. 't»h‘e‘ experam(rt", énd many- é].ucidfitiﬁg d'i.scu'-ssion's '

wiﬁth-. M. p. Klein 'a,n-:f D A $hirley- led to the:\pre,s:.é_ﬁt updct‘standlng of tbe

techﬁi.que . | | |

| This ‘work was done :ur.l_d_e‘r fhe-'aﬁSPice.é"of,the u. S. Atomic Energy

' Commission. | |
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Table I. Historical review of experiments using nuclear radiation detection of NMR.

Year

D. A. Dobson”

tion in atomic beam apparatus

Authors - Description of experiment © Type of radiation used
:M;'Deutsch and 1952 Hyperfine structure of -annihilation radiation
s. C. Brownl' positronium
Z | | : — —
- D. Connor 1959 u(8Li), following polarized 8L1 O'éé;ec83e
thermal neutron capture'
3 -y . e ket »
G. J. Perlow 1960 NMR in e detected by its v{(1k. k¥ keV, 98 nsec)
effect on M8ssbauer absorption
. Lob ' . ' +
K. Ziock, et al. 1962 Hyperfine structure of B
muonium
I e | 19, B
E. D. Commins and 1963 9Ne), following polariza- 9Ne.18 oo 9

' 6
K. Sugimoto, et al.’

1965

' p(l7F);‘produced and polarized

in l6o(d,n)'l7F reaction

E. Matthias, et al.'

| 1966

NMR - in ;OomRh, detected by its

effect on angular correlation

v(84-75 keV, 235 nsec) =

E. Matthias and

. R. Holliday~

IMR in 60'Co, polarized at low

‘ temperatures

v(1.17 + 1.33 MeV, 5.3 years) .

-Le-

LLgLT-T900n
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Table II.;'Form of angular correlation function for various geometries and .

kmax'= 2 for random rf-phase. The angles refer to Fig. 1.

Nof -9 - (62" qbéﬁ_-qjl B .T - g 5WKEZQE;,ﬁB;E3)1

2 0°  90°  arbitr. = 1-A, 26
3 Q" : 155 o grbitr. 1+ Asy 18,0
k5% 0°  arbitr. | »
' | 20 ~2-2y
eGa0 )
5 90° 90° - 90° 1y A 5620 - 2(Rec? 4 Rec
o . + BpolTlps - FlReCy;

Lo R ] o , . o - 3
14- 90 | 90 o 180 P 1+A22[EG22 + 8.(3

]
o
=

&

o o . . o o ‘ ‘ \ 3 ; 22
5 90 90° fD5:.~ . 1+}55ﬁ%2'3@m§2 ImGys )]
| b5° | | |
7 B 90 e 90 B ,. 1+ AQQ[HGQQ + 5(ImG5g - TmGyy )]
| s S | T
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]

Table III. Form 6f angular correlation funétion for various geometries, kmax = 2, and fixed rf-pﬁase A = 0. The angles
refer to Fig. 1. : - .
No. ©, o Oy B w(K,, 2,? V)

1 o° 0° 180°  0° | 1+ A22Ggg

2 0° 0° 9% 90" | 1 -4, (6 gg \/g(ReG 0'2)

3 0* - 0° - 90° 0° 1-A LlGOgQ -y B(Re 02 + ReGO 2)]

b0t 00 9 bt | 1 a3} \/%(ImGQQ 251

NP B

6 90° 135° 0° 0° 1 - 22[; gg \[i(ImGeo -20)

S 00 135 90" | 1+, [%GSS Vg(ImGOl 5 - -{-(Rec . ReGg;Q)]

8 L45° 90° 0° 0° 1+ Al %Ggg /’B(Imc;22 + ImG ) \,f 52(ReG22 + ReG22 )]

9 90° 0° 79o° 189° 1'+3A22 %Ggg _\[B;e-(ReGgg + ReGgE2 ReGgg + ReG 2%y 4 8(ReG22 + ReGgge ReGége + ReG, ~e- 2)
10 90° 0% 90° 135° { 1+ Al %Ggg J%(Imc}gz - ImGgéQ + ReGgg + ReGée ) + 8(ImG22 Im(}:ég + ImGégz -1 '2 2)]
1L 90° b5 90° 135° | 1+ Al %Ggg \/—B—Z(ImGOE - ImGgég + ImGg.g - ImG,;go) - g-(ReG Recgf Ret, 22 + RéGég 2y

90°  M5° 90" 0° | 1+ Aylftg -y F5(ReGos + ReGog’ + InGog - InGjo0) + 2(Inthg + InCop® - ImGESE - mey2"?))
13 90° 90°  90°  L5° 1+ ll;(;gg {B—Q(ImGEQ - ImGgéE - ReG:g + ReGégo) - %(Im(;22 - ImGgéQ - ImGége + ’2 2)]

"63"

LLRLT~-Tadn
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_FIGUﬁE CAPTIONS
_Fig. l.' Axis sysﬁém:aﬁd defiﬁitioﬁ of - angles fbf angulg?'correiatioﬁ;mMm.
Fig. 2. Fofmfdf angular cdirelation rethaﬁce.for kma% -2 énd‘raﬁdom rf- :
| piase. . |
Fig. 3. Form of thgvk = L £erm.in angular cdrrélatidn—MMB-fdi ragddm rf?phase.

Fig. H{. Pérturbation-féctdrsbégg,aﬁbresonance.(random.ff-phase) as a function
., deh§Of|‘for.ﬁﬁrée'Pérameters'vélﬁgs Hl/HO;  The missing Gﬁiiéufyes for
.Hl/HO'=1iQf2 and io-%véan be conStructéd Ey,using‘thé'same-shift,as for
the.agg_curves.‘. | . | -
Figf 5. ~Pér£urbation.factor’expected'for’the indicated gebmetry when pulsed
v'vrffis,used Vith a fixéd‘phasé-A = O:a£:time Zerd,‘aThe shift bf the resonanée
 whén observed at th different angiés.(h5°vand 135°) should:pérmit a relétiVe'
‘sign detérmination. | o |
| oF for ﬁhé indicatéd,geOmétry

and pulsédvrf with fixed phase A = 0 at time:zero. The opposite sign of

Fig. 6. ,Perturbation'factor‘for some values of w

the resonance forvépposite éigns of -wOT can be used to determihe the

»relativé_Signvdf dOT;

—Fié. 7. _Perfdrbaﬁion}fagtor for some valges_of ®OT and pulsed rf (A = O)ifork-
the simple'géométry shpwn. | |
: Fig; 8._’An'unsplit resonance as can be found in this particﬁlaf geometry With
| pulsed rf (& = 0). This;geometfy:iébvery févorabie fdr bé?ﬁ expériﬁents.
Fig.'9. Peftufbatibn'facﬁor'for andther favorable beam-éedﬁetry, pulsed rf
V_Cﬁ = 0) énd Somelvalues.ofyéoj;] Agaiﬁ the shift of theiresonahcé offers
" the possibilifyvof a relative signvdetérminatibn.
Fig. 10. FTequenéy spectrum observed in transmiééidn'at_zero Vélocity with

both sour¢e and absorber exposed to the rf-fiéld.'-An increase of absorption

is measured at the nuclear resonance frequencies.fpr the ground and excited state.
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11. Resonance of th¢ 1M.M,kev state obgerved;in transmissibn at zero
velocity with source and absorber,iﬁ the rf-field. |

12. ZResonance of the grdﬁnd staié observed in transmiésion at zero
velociﬁy'with séurceiand.absorbér in the rf—field;

15; Frequency spéctrum about the excited state reéonance fof Various'
o :Here, Vilié tﬁé voltagevac?oss'the rf—coii; Source
and.absorber ﬁere sandwiched-tﬁgether insid¢ the rf—fieid.

1%. boﬁparison of the freéuéncy specfrum for parallel énd perpendicular
polarizatioﬁ‘of source and.absorber. 'Only the source wasvinéide fhe.rf—

field.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of;
or for daméges resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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