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ABSTRACT 

If either, or both, of the ground state 
1( 

(J = ±+) and first 

excited (110 keV, 
1( = .!.-) 19 

nucleus has state J of the F impure z 

parity, it follows that the de-excitation y rays would have an angu-

lar distribution of the form, 

w(e) = 1 + P~ cos(e) • 

In this expression, 9 is the angle between the chosen quantization 

axis and the photon momentum, and P is the polarization of the excited 

nuclei, with respect to the chosen quantization axis. By assuming 

the existence of a parity-violating, weak-interaction, nucleon-nucleon 

force, Maqueda has predicted that the asynunetry parameter, l~I in 

the above expression, should be 4.3 X 10-4 • 

The present experiment used the Coulomb excitation of 

3 7 5 
19F . . 1 . ld d 19 ·k ( 0 ) • -MeV proJecti es in a go target to pro uce F 11 keV 

nuclei with a large polarization perpendicular to the scattering 

plane. After being scattered in the gold foil, the 
19 ~·( 

F nuclei recoiled 

into an iron cylinder. In the geometry used, there was essentially 

azimuthal synunetry, and therefore no net polarization on any axis 

perpendicular to the beam direction, until the iron stopper was 

magnetized. The magnetization produced a net polarization of the 

19 * F nuclei on a chosen axis perpendicular to the incident beam, by 

· h 19F* 1 . . h h f" f' ld . h . precessing t e nuc ei in t e yper ine ie in t e iron. 
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From the asymmetry observed in the y-ray counting rate 

when the magnetization was reversed, the quantity PD was determined 

-5 to be (6.6 ± 5.9) X 10 • 

Since the magnitude (and sign) of P is dependent on the 

hyperfine magnetic field, investigations were carried out to deter-

mine the average hyperfine field of fluorine in iron by using the 

nuclear reaction 16
o(3He,p) 18F* (937 keV). 

A p-y coincidence technique was used, and the average 

precession angle of the excited nuclei during their mean life of 

. 18 * (68 ± 7) ps was observed, when the F recoiled into ~n iron host 

lattice. The results indicate an average hyperfine field of (88 ± 19) 

kG for fluorine in iron, if the g-factor of the 937-keV state is 

assumed to have the theoretical value 0.61. 

There was evidence of serious radiation damage in the iron, 

3 produced by the He beam and by recoils from the target, during some 

of the magnetic field measurements. To investigate this effect, a thin 

iron foil was bombarded with a 100-keV 19F beam. At a radiation 

dosage of between 2 X 1016 and 7 X 1016 fluorine ions per cm2 the 

permeability of the iron changed dramatically, in such a way that a 

several times stronger external field was required to saturate the 

iron. 

If it is assumed that the 110-keV level of 19F has a 

g-factor of -0.57 and a mean life of 0.88 ns, the most probable 

value for the net polarization is 0.109 ± 0.023, resulting in an 

asymmetry coefficient, ~' of (6.1 ± 5.6)X 10-
4

• 
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I. INTRODUCTION 

Considerable effort has been directed toward the observations 

of weak, parity-violating interactions between nucleons. The first 

attempts looked for reactions which are absolutely forbidden if parity 

and angular momentum are conserved. Some examples of these reactions 

20 * 1( + 16 4 are; Ne (13.19 MeV, J = 1 ) ~ 0 + He (Tanner, 1957), 

4 6 * 1( + He+ d ~ Li (3.56 MeV, J = 0 ) (Wilkinson, 1958), and 

16 * 1( - 12 4 0 (8 .88 MeV, J = 2 ) ~ C + He (Segel et aL, 1961). These 

experiments are sensitive to the square of the amplitude of the parity 

admixture in the wave function. 

Other experiments reported in the literature have used heavy 

nuclei as a source of y radiation and have searched for interference 

effects between y-decays of mixed multipolarity which imply that the 

nuclear energy levels are not of a pure parity (assuming that the 

electromagnetic interaction conserves parity). These experiments are 

sensitive to the amplitude of the parity admixture, as distinct from 

the amplitude squared. Some of these results have recently been 

summarized by McKellar (1968). 

In one type of experiment, a net y-ray circular polarization 

is measured for decays from an unpolarized radioactive source. This 

175 181 203 180m 
has been done for Lu, Ta, Tl, and ---"Rf (Boehm and 

Kankeleit, 1968; Lobashov et al., 1967; Paul et al., 1967). The 

results of a different kind of experiment, a search for a cos(e ) 

term 
114 ~'( 

in the y-decay of Cd following polarized-neutron capture, 
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have been published by a number of authors and most recently by 

Abov ~ al. (1968). 

This thesis describes a search for a cos(e ) term in the 

19 * angular distribution of the y-decay of polarized F (110 keV, 

rt i- 19 ,·~ 
J = 2 ), where e is the angle between the F polarization and the 

momentum of the photons. The present experiment has the potential 

advantage that,since the 19F nucleus contains considerably fewer 

particles than the heavy nuclei examined previously, the nuclear 

physics of this nucleus is more nearly understood~ Thus, more accu-

rate theoretical predictions for the magnitude of the parity-violation 

effects should eventually be possible. 

Part II of the thesis outlines the theory and calculations 

which lead to a rough prediction for the magnitude of the parity-

19 * violation in the F y-decay. Part III describes the experimental 

method, and Part IV gives the experimental results with the necessary 

corrections to yield a physically significant answer .• 

Part V discusses the hyperfine field at the site of a 

fluorine nucleus implanted in an iron host lattice. Since this mag-

netic field is crucial to the interpretation of the present experiment, 

a number of subsidiary experiments were carried out to clarify this 

poorly understood subject. Part VI discusses the significance of the 

effect and makes suggestions as to how the experiment might be improved 

in further studies. 
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II. THEORY OF PARITY NON-CONSERVING INTERACTIONS 

In 1958 Gell-Mann and Feynman (Feynman and Gell-Mann, 1958) 

postulated that the interaction Lagrangian for the weak interaction is 

of the form 

= rs G J µ 

where G is the weak interaction coupling constant, and the current, 

J , is written as 
µ 

with 

J = (e y av ) + <P. y av ) + (ny ap) + ••• , µ µ e µ µ µ 

This form of the interaction describes, in a very elegant way, 

~-decay, µ-decay, and the other known weak decays, both strangeness-

conserving and strangeness-violating, but the existence of "self-

terms" in the Lagrangian, of the form 

- - + (ey av ) (ey av ) , 
µ · e µ e 

has not yet been confirmed experimentally. This term, for example, 

would predict (e,v ) scattering, or, in crossed form, the reaction 
e 

+ -e+e ,v+v, 
e e 
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a reaction which would contribute significantly to the energy loss 

f h . . 1 T > 109 °K. rom stars aving interna temperatures, ~ 

The self-terms of the form (ny ap) (ny ap)+ predict 
µ µ 

interactions described by Feynman diagrams of the type 

p n 

and 

p p 

which would cause nuclear levels to have small, predictable admixtures 

of a parity opposite to the normal parity. Michel (1964) has con-

sidered the parity impurity of nuclear levels extensively, in a 

general way, and the expected asymmetry (cos (e)" term) for the 

J n i- i+ · · f 19F h b 1 1 d b M d (1966) = 2 ~ 2 transition o as een ca cu ate y aque a 

using Michel's parity-violating potential. 

Consider the ground state and the 110-keV level of 19F as 

shown in Figure 1. If the levels are not assumed to have pure parity, 

the true wave function, ~' can be written as a superposition of wave 

functions, X, of pure parity. 

Let the excited state wave function be 

where we make the explicit assumption that the dominant parity mix-

ing involves only these two states. 6E is the energy difference 

E(i-) - E(i+) and E is proportional to the weak interaction coupling 

constant; the magnitude of E is derived by using first-order 
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FIGURE 1 

19 18 19 
Level schemes of F and F. The F data are taken from 

Lauritsen and Ajzenberg-Selove (1962) and the 18F data are 

taken from Olness and Warburton (1967). 
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perturbation theory. i-
With the above expression for \jr(z ), we have, for 

the ground state, 

-J· t+ E' -
X(z ) - 6E xCi ) • 

The possible channels for y-decay are: 

(1) xc±-) _,. xd+) which is 0th order in E (El), 

(2) xct-) ..... xct-) which is 1
st 

order in E (Ml), 

(3) xct+) _,. xct+) which is 1
st 

order in E (Ml), and 

(4) terms of order 2 
E . 

In the above expressions El (Ml) denotes electric (magnetic) dipole 

y-ray decay. 

The El and Ml decay amplitudes mix, causing, in effect, 

a rotating dipole (the Ml amplitude is 90° out of phase with the El 

amplitude). This rotating dipole would cause a net circular polari-

19 * zation of y rays, even from an unpolarized source of F • It also 

19 * yields an up-down asymmetry from polarized F nuclei. An angular 

distribution of the form 

W(B) = 1 + P~ cos(e) 

is predicted, ' where 
...... 

cos (e) = 
IZI 
z . k 

!kl, 
_,. 19 * _,. 
z is the axis of quantization of the spin of the F nuclei, k is the 

momentum vector of the photon, and Pis the fractional polarization of 

the nuclei. The predicted value of l~I -4 is 4.3 x 10 (Maqueda, 1966). 
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This result was derived using a single-particle parity non-conserving 

_,. _,. - 7 
potential of the form D = F (n /MR ) a • P with a value of F = 3 .2 x. 10 • 

0 

~ also depends linearly on the difference between the magnetic moments 

of the first excited state and the ground state. The measured magnetic 

moment of the ground state is 2.6287 n.m. The magnetic moment of the 

± state has not been measured but it is expected to be ~ -0.28 n.m. 

(Maqueda, 1966), an estimate which is based on the nuclear magnetic 

15 
moment of the ground state of N. Even if this estimate is somewhat 

in error, the difference of the two magnetic moments is not likely to 

be changed significantly. 
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III. EXPERIMENTAL METHOD 

Two y-ray detectors were positioned so that, when a 

19 ~'( 
positive average F polarization (P) was directed toward one 

y-detector, a negative polarization was directed toward the other 

detector. The coefficient of the eos(B ) term is proportional to 
y 

P as discussed in Part II. With the momentum vector of the y ray 

19 * taken as the axis of quantization of the spin of the F nuclei, 

e equals zero. Therefore the count rate expected should be pro­
y 

portional to (1 + ~P). 

The sign of P was changed 76 times a minute using a 

magnetic field as described below. Four y-yields, N+,-, were 
1, 2 

+ -obtained, where N1' 2 is the number of y rays recorded for detector 
) 

1,2 during the time the magnetic field reversing relay was in the 

+,- position. The ratio (See Appendix 2) 

was taken and the experiment repeated with the basic sign of P 

reversed, so that, if P was positive for N~ for experiment A, P 

+ would be negative for N1 for experiment B. QB was defined in the 

same way as QA and the ratio QA/QB computed. QA/QB is equal to 

1 + 861 where the measured quantity o is related to~ in Part IV. 

A. 
19 •/( 

Source of Polarized F Nuclei 

The ONR-CIT tandem accelerator was used to produce a 

3 7 5 M V 
19F b . h . . f . 1 1 f • - e earn wit an intensity o approxunate y µampere o 
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+ 19 charge-5 F ions. S . 1 h d . 19 . f d b ing y-c arge negative F ions were onne y 

charge-exchange of the positive ions from the duoplasmatron ion 

source, which was operated on a mixture of 50 percent CF4 and 50 

percent He as the source gas. Mixtures with 1 percent CF4 and 10 

percent CF4 were tried in the ion-source but neither gave sufficient 

19
F beam current. 

The beam was passed through a self-supporting gold target 

approximately 5.3 mg/cm
2 

thick, prepared by vacuum evaporation of 

gold onto a glass slide coated with BaCl, and then floating the gold 

foil off the slide. The target thickness corresponds to an energy 

19 
loss of 16 MeV for a 37.5-MeV F beam, with a full width at half 

maximum of about 3 MeV. The 
19

F nuclei which were Coulomb excited in 

the gold target were polarized in a direction parallel to the vector 
.... 

pf X pi' where pf and pi are the final and initial momentum vectors 

of the scattered and excited 
19

F nuclei. Appendix 1 describes the 

magnitude of the polarization expected from Coulomb excitation theory, 

and briefly explains the process. If no nuclear interactions contri-

bute to the population of the 110-keV level, Coulomb excitation theory 

predicts an average polarization, PC' of 0.89 in a direction perpen­

dicular to the reaction plane, for the recoils from eF = 12.5° to 50°. 

For particles scattered at all ~F angles (using now a polar 

coordinate system in which the z axis is parallel to the beam and the 

x axis is up as shown in Figure 2) there is no net polarization in any 

d . . I h . . h 19F 1 . d . irection. n t is experiment t e nuc ei were scattere into a 

magnetized iron host lattice which precessed the polarization at the 
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FIGURE 2 

Coordinate system used in this thesis. 
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Larmor frequency, ~' in a plane perpendicular to the beam axis. 

The Larmor frequency is defined by 

..... -
~ = -g~ H, 

~ 19 
where H is the magnetic field at the F nucleus, g is the so-called 

-+' -j. . ·1' _,,, 

g-factor (=µn /IµN)' I is the nuclear angular momentum, µ is the 

magnetic moment of the state, and ~ is the nuclear magneton. Those 

19F 1 . . d . h 1 b 18° d 162° d nuc ei scattere wit ~F ang es etween an were stoppe 

in iron with a magnetic field parallel (or anti-parallel) to the 

beam axis while those recoiled in ~F angles from 198° to 342° were 

stopped in iron with a magnetic field in the opposite direction. 

0 0 0 0 Those scattered between 342 and 18 and between 162 and 198 were 

stopped in a non-magnetic material. The two y-ray detectors described 

below were mounted at eF = 90°, ~F = ± 90°. The magnetic field 

19 ~'< 
rotated the oriented F nuclei in such a way that there was a net 

positive polarization facing one detector and a net negative polari-

zation facing the other detector. Reversing the magnetic field 

reversed this polarization component. 

The component of the polarization directed toward one 

detector is given by; 

where t is the time elapsed since the excited 
19

F entered the iron 

1 . d P . h 1 . . f 11 19F* 1 . · attice, an C is t e net po arization or a nuc ei stopping 

in the iron from ~F = 18° to ~F = 162°, reduced by the fraction of 
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19 •k 
F nuclei which stopped in non-magnetic regions. 

162° 

~ sin(~F) d~FJ = 0.605 Pc= 0.54 • 

180 

With a mean lifetime for the excited state of T, the average polari-

zation for all decays inside the iron is, 

An excitation function for the 110-keV y radiation was taken, 

using the same experimental setup as used in the parity experiment, 

to make sure that the excitation process does not show resonances 

signifying nuclear interactions. A target 320 µg/cm
2 

thick (ap-

proximately 1 MeV) was used and Figure 3 shows the yield of 110-keV 

d . . f . f h 1 b f h 19F · · 1 y ra iation as a unction o t e a energy o t e proJecti e. 

The energy range studied was from 19.5 to 38.5 MeV. No resonances 

are seen and the yield varies with energy approximately as expected 

from Coulomb excitation theory. This is not unexpected since the 

laboratory Coulomb energy barriers of 19F as a projectile and 197Au 

and 56Fe as targets are 92 and 48 MeV, respectively. The incident 

19
F beam energy was 37.5 MeV in the parity experiment, well below half 

the Coulomb barrier for fluorine on gold, and the scattered 
19

F nuclei 

entered the iron with an energy of about 21 MeV, which is also well 

below half the Coulomb barrier. 

The 
19

F particles with multiple scattering angles in the 
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FIGURE 3 

Excitation function for Coulomb excitation of 19F projectiles 

on a gold target. The projectile energy is in units of 

MeV (lab). 
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0 
target of less than 6 were collected in a gold-plated cup, 7.6 cm 

in diameter and 6.4 cm deep. The cup was placed 40 cm downstream 

from the target and the detectors were shielded by lead from y radi-

ation originating in the cup. No suppression voltage was placed on 

the cup, but the cup was, instead, connected directly to the beam 

current integrator which has a very low input impedance. The cup 

gave grossly incorrect readings if biased with plus or minus 300 volts. 

Without suppression, the current read by the cup agreed within 20 

percent with the current read by a cup, 5 cm in diameter and 4q cm 

deep, with the direct unscattered 19F beam entering it. 

B. Target and Support 

Due to the critical importance of maximum possible yield, 

a rather thick target was used for the parity experiment. Gold was 

selected because of its high thermal conductivity, high z, and absence 

of low-lying states which might be Coulomb-excited and thus create 

additional background. For 1 µampere of charge-5 beam, more than 3 

watts are dissipated in the target in an area of 0.45 square nrrn. 

This area establishes an upper limit of 1.2 µampere of 
19

F(5+) beam 

current to prevent melting of the gold target. Platinum was seriously 

considered as a target material since it has a much higher melting 

point, but 195Pt has excited states at 99 and 129 keV which would have 

prevented the extraction of the 110-keV y-yield with sufficient pre-

cision. 

It was necessary to bond the gold target to a support having 

a low thermal impedance to the outside of the scattering chamber. 
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If the gold targets were floated onto a clean support, using distilled 

water and conventional techniques, the targets melted at a current of 

one-fourth to one-tenth of the calculated value. 

A channel of copper, having twenty 0.070-inch holes exactly 

1/8" apart machined in it, was attached to a 1/2 11 diameter brass rod 

which passed through an 0-ring seal in lucite, to the outside of the 

chamber. This allowed many targets to be made from a l" by 1/811 strip 

of gold foil, and it also allowed the target to be changed easily 

from outside of the vacuum system. The beam spot could be viewed on 

a thin, small piece of quartz mounted on the holder, and by position-

ing a blank hole in place of the target, the beam current hitting 

the target holder could be measured to check for incorrect alignment. 

A silver-base printed circuit repair paint was painted around the 

edge of the foil after floating it onto the target holder. Some 

targets were floated directly onto a surface having wet silver paint 

on it. This procedure also gave good results, with no visible residue 

on the surface of the foil, but the former method of applying the paint 

after positioning the foil allowed the foil to be positioned properly 

after floating it onto the support. 

Both methods worked very well and the targets were able to 

4 
withstand the calculated limit of a uniform 2-MeV, He test beam 

(about 2 µampere). There was still some accidental loss of targets 

caused by the 19F beam being unintentionally focused to a ·very small 

diameter spot. 

Target destruction from excessive beam-current was largely 
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eliminated by the construction of a beam-current discriminator which 

magnetically interrupted the incoming beam if the beam current on the 

target exceeded a preset value. The discriminator triggers a silicon-

controlled rectifier which in turn energizes a magnet located just 

after the tandem regulating slits. The system was then manually reset 

after the beam was reduced to a safe level at the ion source. If the 

beam-current was still excessive the circuit would interrupt the beam 

again immediately. The discriminator proved to be very valuable in 

saving targets since the 
19

F beam current tended to fluctuate in 

magnitude during the necessarily long experimental runs. 

C. Magnetic Stopper and Support 

19 * The Coulomb-excited F nuclei which were scattered between 

eF = 12° and 50° were stopped in an iron "host" in which the hyperfine 

19 ~'( 
field at the F nucleus was used to precess the spin vector of the 

19 °/( 
F , and the angular distribution of the decay y radiation which is, 

of course, related to the spin direction. Those scattered between 

eF = 50° and 90° were stopped in a region of uncertain magnetic 

alignment. 

The stopper magnet is shown in detail in Figure 4 and its 

position with respect to the collimators is shown in Figure 5. To · 

obtain opposite directions for the magnetic fields seen by two 
19

F 

recoils with a ~F difference of 180°, the iron stopper was fabricated 

in the shape of a cylinder with slits along the length, forming two 

thin-walled half-cylinders connected at each end with a region of 

larger cross section. By winding two sets of two turns at each end, 
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FIGURE 4 

Top view of the stopper magnet and support structure. 



l'z
j 

GO
LD

 
I 

H
 

FO
IL

 
~
 

l l
lJ

W
Az

z::
z:z

:zt
zz

zz
zz

/2
22

22
2 

z 
z 

n
zz

Y
/
'7

 
I 

I 
0 

N
 

§8
 

TA
RG

ET
 

I-
' 

l:
rj

 
>

 
+

' 
19

F 

BE
AM

 

r-0
.111

 

1 



22 

FIGURE 5 

Top view of the beam collimators and other equipment. 
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as shown in Figure 6, the half-cylinders were magnetized in opposite 

directions. This gave a total of four turns to excite the magnetic 

field in the stopper. The inner radius of the cylinder was lt nun 

and the wall thickness was about 0.1 nun. The length of the magnetized 

iron was 5 nun. 

For a null experiment, the iron stopper was plated on the 

inside with more than 15 mg/cm
2 

of copper. (The maximum range of 

19
F nuclei of the appropriate energy in copper was 3 mg/cm2 .) Thus 

19 )~ 
the F nuclei were stopped in the copper, and by making the same 

measurements with the copper-plated stopper as with the unplated 

stopper, a check of the basic synunetry of the system was obtained. 

The results are given in Part IV. 

The iron stopper-cylinder was held in a brass holder which 

was, in turn, placed in a tungsten support as shown in Figure 5. This 

support was machined from Mallory Metal No. 1000 (Mallory Metal Co.) 

to absorb 197-keV photons from the decay of the second excited state 

of 
19

F. The Coulomb excitation of the 197-keV level is an electric 

quadrupole (E2) excitation and is therefore not strongly forward-

peaked. 
19 •k 

Most of these F (197 keV) nuclei stop inside the tungsten 

support. Absorption of the 197-keV y radiation was especially important 

for the circular polarization measurements described in Part V. 

The design of the iron stopper was chosen to meet several 

requirements. First, the asyrrnnetry to be measured was expected to be 

very small. Thus, magnetic fields external to the iron must be as 

19 * small as possible to avoid deflecting the beam or scattered F nuclei. 
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FIGURE 6 

Stopper magnet with heavy lines indicating the excitation 

coil. 

The iron was annealed in a hydrogen atmosphere as follows. 

(A standard Conunercial process) 

0 
Held for four hours at 1175 C 

Cooled at 83°C/hr to 590°c 

Cooled between 83°C/hr and 122°C/hr to 315°c 

Air cooled retort to room temperature. 
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TOP VIEW 

SIDE VIEW 

l@- 0.1"~ 

FIGURE 6 
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This was achieved by fabricating the unit out of a single piece of 

very pure iron. The unit was then hydrogen-annealed following the. 

procedure indicated in the caption of Figure 6, by a commercial firm. 

This cleaned the surf ace and minimized the number of ampere-turns 

necessary to saturate the iron. The parity runs were made with either 

0.25 or 0.5 amperes in the windings, although 0.2 amperes were suf-

ficient to saturate the iron. This produced horizontal fields at the 

ends of the assembly of about one gauss, but the average field seen 

19 by the F beam which passed through the length of the cylinder was 

very small due to the fact that the field direction was in opposite 

directions at opposite ends of the assembly. The excited 
19

F nuclei 

saw a magnetic field of the order of one gauss in a horizontal direc-

tion, but this field bends them in a vertical plane, which should not 

create any asymmetry. Even with an average vertical component of the 

stray field of one gauss over a one centimeter path (which is a gross 

overstatement) the maximum asymmetry which would be created by the 

magnetic field altering the effective source position would be < 10-6 • 

This is to be compared with our achieved statistical precision of 

19 * Second, the flight path for the scattered F nuclei should 

be as short as possible to minimize the fraction which decay in flight. 

* With a mean life of 0.88 ns, an average of the values, 0.92 (0.04) ns 

(Gale and Calvert, 1963) and 0.84 (0.04) ns (Bougnot et al., 1965), 

19 * the 21-MeV F recoils have a mean flight path of 1.3 cm before 

* Standard errors are given in parenthesis here, and in the rest of 
the thesis. 
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decaying. 

Third, the fraction of the excited 19F* nuclei collected 

in the aligned iron lattice should be as high as possible. As shown 

in Figure 7, the Coulomb excitation cross section (da/d8F) is strongly 

0 
peaked near 20 • In the geometry used in this experiment, more than 

50 percent of the 
19

F* (110 keV) produced are directed toward the 

aligned iron lattice; 80 percent of these enter the iron before decay-

ing. 

D. y-Detection and Electronic Circuitry 

The y rays were detected using two nearly identical 6-cc Ge(Li) 

Ortec planar detectors having FEr (Field-Effect Transistor) preamps 

mounted directly on the cryostat to minimize input capacitance and 

leakage. The electronic circuits associated with the storage of the 

spectra and the switching of the magnetic field are shown in Figure 8 

and a typical spectrum is shown in Figure 9. Since there was back-

ground radiation prese~t, strong efforts were made to achieve the best 

possible resolution, consistent with the goal of obtaining the most 

rapid data collection possible. 

Ge(Li) detectors were used to eliminate the gain shifts 

usually produced in the photomultiplier tubes of scintillation counters 

by varying magnetic fields, such as the magnetic field exciting the 

stopper magnet . In fact, the background was flat enough in the pulse-

height spectra that this would probably not have been a serious pro-

blem. Also, the stray magnetic fields were so low that it would have 

been easy to shield against them. 
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FIGURE 7 

Computed Coulomb excitation differential cross section 

19 
for 30-MeV F on a gold target. The upper curve shows 

da/de which is of interest for a cylindrical stopper. 
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FIGURE 8 

Block diagram of the electronic circuits used for the parity 

search. 
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FIGURE 9 

Gamma-ray energy spectra recorded for run No. 388. 
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The energy region of interest of the y-spectrum was spread 

over 200 channels of a 400-channel analyzer to eliminate the analy?er 

storage time for events of no interest, and to increase the total 

number of counts in the 110-keV peak which the analyzer could store. 

The analyzer memory was allowed to overflow on the 10
6 

digit to 

increase the run times to eight hours. The runs were then stored on 

paper tape and the computer later restored the millions-digit for the 

channels which overflowed. 

Two detectors were placed at synunetrical locations with 

respect to the asynunetry to be measured so that the detectors could 

be used to normalize each other as described in Appendix 2. The 

spectrum from one detector was stored in half of one 400-channel 

analyzer, and the spectrum from the other detector was similarly stored 

in half of a second 400-channel analyzer. The selected 200-channel 

subgroups of both analyzers were externally switched between the two 

halves of the analyzer memories simultaneously, by the reversing relay 

driving the magnetic field • . A blocking pulse was generated by a time­

sequence-generator and applied to the analyzers for 50 ms to block 

storage of data while the magnet current was being switched. The 

field direction was changed at a rate of 76 times a minute throughout 

each eight-hour run. On alternate eight-hour runs the polarity of the 

voltage on the reversing relay driving the stopper coil was reversed. 

This entire procedure eliminated possible systematic effects arising 

from asynunetries in the system, such as slightly different efficiencies 

in the two 200-channel subgroups of a single analyzer. 



36 

The two detectors viewed the magnet stopper through 1-nun 

thick aluminum vacuum windows as shown in Figure 5. Lead surrounded 

the detectors to attenuate y radiation from the room background, the 

beam cup, and the beam collimators. 

E. Scattering Chamber 

The above tungsten assembly had two beam collimators mounted 

in it as shown in Figure 5. The first collimator was 0.029-inches 

in diameter and a second "anti-scatter" collimator with a 0.039-inch 

diameter hole in it was mounted about 3" after the first. The assembly, 

which was made in interlocking pieces, fitted into a brass sleeve which 

ensured correct axial alignment. Lead was then placed around this to 

further attenuate y radiation from the collimators. In spite of the 

shielding, it was found necessary to clean carbon deposits off of the 

collimators periodically, to avoid background radiation in the y-ray 

circular polarization experiment described in Part V. 

The assembly was mounted in a 6x6xl2" rectangular scatter-

ing chamber with provisions for holding the detectors. A liquid 

nitrogen trap was mounted just below the tungsten support to minimize 

19 * carbon deposition on the gold target or the F stopper magnet. 

With the system completely assembled a telescope was used 

to double-check the .axial alignment and adjust the vertical position 

of the target holder. 
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IV. EXPERIMENTAL RESULTS 

in both Part III and Appendix 2, for all runs taken during the parity 

experiment for both positive and negative currents. The run numbers 

are in chronological order. The host was iron (Parity Stopper No. 9) 

for the data taken for the parity ' experiment, and copper (plated on 

an iron stopper) for the null experiment. The current given is that 

in the four-turn coil on the stopper magnet. For a negative g-factor 

19 ~·-for the F (110 keV) level, the polarization is positive for 

detector No. 1 when the current is positive and the field reversing 

relay is in the 11+11 position. 

The experimental ratios are given for three regions of the 

y-ray energy spe ctrum. Q(Low) was computed for the energy region 

just below the 110-keV region, Q(llO keV) was computed for the energy 

region of interest, and Q(High) was computed for the energy region 

just above the 110-keV region. 

The Q's were averaged, grouping similar runs together and 

the results of the averaging are shown in Table 2. If QA(QB) is the 

computed Q for a current greater (less) than zero, then 
l 

5 = (QA/QB - 1)/8. .The statistical uncertainty in 5 is (J (5) = (L: l/N)2;/8, 

where the sum extends over the eight numbers entering into the ratio 

Q IQ The 5' s for each set are shown in Table 2 along with the A B. 

average for similar sets, yielding the 11 final averages.'' 

In all cases the statistical uncertainty is included in parenthesis. 
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2 
The X for the six final averages shown in Table 2 is 9.4 if it is 

assumed that each o should really be zero. The probability of a 

2 X :;?:- 9.4 is 0.15) for this assumption. 

The background in the y-ray energy spectrum (Figure 9) 

originates from many sources. Some of they-radiation background 

19 
sources are; a) the collimators) b) scattered F beam hitting the 

beam tube) c) Coulomb-excited 19F(l97 keV), etc. Since the source of 

the radiation is not known in detail) there is no compelling reason 

to expect these background sources to be self-normalizing) as the 

110-keV radiation is. For example) the yield from background which is 

created by long lived radioactive substances being produced by the 

beam on the collimators will be proportional to the time the analyzer 

is in one 200-channel subgroup and not necessarily proportional to the 

beam charge as the 110-keV radiation is. 

In the experiment using the copper stopper) the background 

amounted to 1/6.25 of the counts in the integrated 110-keV peak) and 

this ratio was 1/5.55 for the iron stopper data. The data from the 

runs on the copper stopper indicate that the asymmetry of the back-

ground cannot be interpreted as a mechanical or electronic asymmetry 

of our counting system since the average asymmetry of the background 

is 18.5(8.9) X 10-
5 

while the asymmetry of the 110-keV radiation is 

. -5 
only 3 .2 (5 .0) X 10 . • The background therefore has a "real" ·asymmetry 

which reverses with the magnetic field) etc. For this reason) the 

fraction of the background asymmetry which would lie in the region of 

the 110-keV peak was subtracted from the 110-keV data. This yields 
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-5 a value for the quantity 6 (Adjusted) of 3.6(3.2) X 10 for iron as 

-s a host lattice and 0.2(S.2) X 10 f or copper as a host. 

As stated in Part III, the theoretical asyrrnnetry is related 

to 6 . With a measured angular distribution of 1 + 6 cos(e ), P~ = 6 ' 
y 

where 6 ' is the asyrrnnetry of the 110-keV y radiation with experimental 

factors unfolded. The following list indicates the corrections which 

relate the corrected asyrrnnetry to the asyrrnnetry measured in this 

experiment. (These factors could be considered as reductions in the 

polarization, P.) 

1) The 110-keV y radiation accounts for 84 percent of the 

radiation in the integrated region. 6 -> 6/0 .84 

2) 68(S) percent of the detected 110-keV y radiation originates 

19 * 0 from F scattered between eF angles of 12 and so0 which 

enter the host before decaying. The remainder either decay 

in flight, or stop in other unmagnetized regions where the 

detector can see the y-decay radiation. 6 -> 6/0 .68 

3) They-ray detectors subtend a cone angle of 27°. 

6 ... 6/0.9S 

The r esult of the above corrections is that 6' = 6/0.S4. Thus, 

~ = (6 /0.S4)/P. 

From Part III, P 
ayr 

O.S4 ---2 
l+(m

1 
-r) 

If the magnetic field 

seen at the nuclei of the implanted 19F* ions is HS (measured in units 

of 100 kgauss; hence, the term HS)' the expected value of P is 
HS HS 

O.S4 X 0.239 ~~-'--~2- = 0.129 2 • This assumes a mean life 
l+0 . 06 HS l+o.06 H5 
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for the 110-keV level of 0 . 88 ns. It also assumes that the g-factor 

of the 110-keV state is g = - 0.566 (Maqueda, 1966). 

If a distribution of fields exists, with a fraction f(H) 

f h 
19p* . 1 . . h f. ld h o t e nuc ei in eac ie , t en 

H
5 

f(H
5

) 
p = 0.12.9 I 

2 ' 1 + 0 .06 HS 

where the sum extends over all hyperfine fields. It should be noted 

that I: f (H) = 1. 

Using the values for o(Adjusted) and P given above, the 

resultant ~ values are: 

~ = S.2 (4.6) x 10-4~ 
2 

1 + 0 .06 HS 

HS f (HS) 

1 + 
~ = 0 • 3 ( 7 • S) x 10 - 4 '\' 

L HS 

2 
0. 06 HS 

for iron, and 

for copper. . 
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V. HYPERFINE MAGNETIC FIELD MEASUREMENTS 

From Part IV, it is clear that the average value of the 

19 "ic 
hyperfine field at the F nuclei implanted in an iron lattice is 

needed to compute a physically meaningful result for the parity 

admixture. 

There are several general methods for measuring nuclear 

hyperfine fields, of which the most important methods are listed 

below. 

1) The Mossbauer effect is · utilized to observe the hyperfine 

energy splitting of nuclear levels. 

2) A level is produced with a non-isotropic angular distri-

bution and fast-timing techniques are used to observe a 

time-differential rotation of the angular distribution 

at the Larmor frequency of the implanted excited nucleus. 

3) A level is produced with an angular distribution and the 

integral rotation of the angular distribution (integrated 

over the lifetime of the level) is observed. 

4) NMR techniques are used to destroy a nuclear alignment and 

thus an angular distribution. 

Methods 1, . 2, and 4 yield information about unique values 

of hyperfine fields found at the nuclei of an impurity atom in a host 

lattice but it is difficult to extrapolate to an average field since 

many different hyperfine fields may be present. This thesis includes 

a paper by the author and collaborators, as Appendix 3, which shows 
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that there are at least two hyperfine fields seen by fluorine in 

nickel, but only about one-half of the total asynnnetry is precesse~ 

by these two fields. The remainder of the asynnnetry may be in higher 

field components, .in no field, or in a distribution of fields so that 

no single component contains an amplitude large enough to be detected. 

Although the unique fields are of interest from a solid-state physical 

standpoint, the value of the average hyperfine field is needed for 

experiments similar to the parity experiment described here. 

The results for the hyperfine fields in nickel are also of 

interest here since they may indicate what to expect for hyperfine 

fields of fluorine in iron. The two hyperfine fields in nickel were 

observed at 17.8 kG and 90.2 kG. Since the crystal structure of 

iron and nickel are body-centered cubic .and face-centered cubic, 

respectively, it is not unreasonable to assume that iron behaves 

similarly to nickel with hyperfine fields scaled up by the ratio of 

the average magnetic moment per electron outside of the filled 11 3p' 1 

•k 
sub-shell. This would imply fields in iron at 82 kG and 420 kG. We 

have observed a hyperfine field in iron, using the technique described 

in Appendix 3, of about 92 kG with between 1/4 and 1/10 of the total 

* At present the mechanism which produces hyperfine fields is not 
understood sufficiently well to predict the exact ratio between 
hyperfine fields in nickel and iron. The average magnetic moment 
per atom could be used to scale the fields but this would predict 
fields in iron of 0.8 times the fields quoted here. On the other 
hand, the actual observed field in iron is 1.1 times the scaled 
field given here. 
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asyrmnetry precessed by it. The time resolution was not sufficiently 

short to observe fields above approximately 150 kG, but no hyperfine 

fields of less than 92 kG were found. 

Method 3 above would give exactly the information needed 

for the parity experiment if the product of the lifetime and g-factor 

of the state used was the same as the product for the 110-keV level 

of 19F. This method was therefore utilized to obtain information 

about the average hyperfine field for fluorine in an iron host, but 

the distribution of fields was not obtainable using it. 

As mentioned in Appendix 3, if a magnetic field is perpen-

dicular to the plane defined by the axis of nuclear alignment (the 

beam axis for these measurements) and the direction of the decay 

photon, the time-dependent angular distribution of the y radiation 

is given by 

W(8,t) = 1 + B2 cos(2e + 2lA\.t) + B4 cos(48 + ~t), 

where fm
1 

= -gµNH' and B2, B4 are the coefficients of the unperturbed 

angular distribution. 

gives 

Integrating W(8,t) over the lifetime of the nuclear level 

W(8,H) = l/T ~ e-t/T W(8,t) dt 

(cos(2e) -2m
1
Tsin(28)) 

= 1 + B2 2 
1 + (2m

1
T) 

(cos(48) -~Tsin(48)) 
+ B 

4 1 + (~T)2 
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If the magnetic field direction is periodically switched, as in the 

parity experiment, then the ratio 

W(e,+H) -W(e, -H) 
2 

W(e,+H) +w(e,-H) 

1 
-- [ l + 0 ((m

1 
T)

2
) J 

W(e ,O) 

2mLT dW(e' 0) 

~ W( e , 0) de - ZmLT S ' 

wheres is the fractional slope at the angle e. 

as shown below, the higher order term was neglected. 

If a distribution of hyperfine fields exists, then 

2m
1

T must be replaced by 

2m
1 

T f (H) 

2 
1+(2m

1 
T) 

f(H) 

where f(H) was defined in Part IV as the fraction of fluorine nuclei 

in each field, H. This correction was also neglected but ill_r. must be 

replaced by its average, 

m.r., = L f (H)m.r., • 

A. Experimental Method 

The ONR -CIT tandem accelerator was used to produce a 

3He+ beam with an average current of 0.7 µA, on a 100 µg/cm
2 

thick, 

SiO target, evaporated in vacuo on an iron or copper backing. The 



47 

reaction 16
o(

3He,p)
18

F* was utilized to populate the 937-keV, 

J n -- 3+, state of 18F. Th 1 1 d. f 18F · h · F. e eve iagram or is s own in igure 

1. The experimental mean life of this state is 68(7) ps (Alexander 

et al., 1966) and its g-factor has been calculated by A. P. Shukla 

(1968) using a wave function consisting of two particles in the s-d 

shell. He obtained the value, g = +0.61, which he found was quite 

insensitive to the details of the wave function. 

The p-y coincidence technique was used, with protons back­

scattered between 163° and 173°, to obtain a strong angular distri-

bution in the y-decay, and to reduce background in the y-spectra. 

The protons were detected in an annular surface-barrier Si detector with 

2 an active area of 50 mm and a depleted depth of 300 µm, using a 

single-channel analyzer to select the proton group of interest. An 

aluminum foil 0.001-inch thick was placed in front of the particle 

3 detector to absorb the elastically-scattered He. The y rays were 

detected in two Ge(Li) detectors (having 20-cc and 5-cc active volume, 

respectively) and the signals were fed through two linear gates before 

being stored in two 400-channel analyzers. A diagram of the electronics 

for the magnetic field measurements is shown in Figure 10. 

An excitation function was taken for the above conditions, 

counting for two intervals, one with the detector placed at 0° and 

the other with the detector placed at 45°. The ratio of the counts 

at the two angles gives a measure of the asynunetry. A beam energy of 

3.78 MeV was selected because there appeared to be a maximum in the 

asynunetry at that energy, and the yield was also near a maximum at 
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FIGURE 10 

Block diagram of the electronic circuits used for the magnetic 

field measurements. Note that linear gates external to the 

400-channel analyzer were used. This eliminated any difference 

in the linear gate internal to the analyzer which might be a 

function of the subgroup used. Small gain shifts were noticed 

(a minute fraction of a channel) · when the internal gate was 

used. 
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3.78 MeV. 

Before measuring the unperturbed angular correlation of the 

937-keV y radiation, the angular synunetry of the experimental setup 

was checked by measuring the angular distribution of the delayed 

+ 18 annihilation y radiation from the ~ -decay of the F produced by the 

3He beam. (T(
18

F) ~ 159 minutes) A brass plug was inserted behind 

the radioactive region of the target and the copper target support was 

+ covered with 0.01 inch of copper to ensure that all ~ were stopped 

near their point of origin. The 511-keV y radiation had to pass 

through a 0.02-inch thick sheet of copper perpendicular to the beain 

axis. The yield of 511-keV radiation was normalized to a fixed Nal(Tl) 

crystal at 80°, to correct for radioactive decay. The apparent angu-

lar distribution of the 511-keV radiation in the Ge(Li) detector 

compared very well with that expected due to the y-ray attenuation 

as a function of angle in the copper. One useful feature of this 

method of checking the angular synunetry is that the annihilation 

3 radiation is formed essentially at the exact spot where the He beam 

bombards the target. 

The unperturbed angular distribution of the 937-keV 

y radiation was measured with the 20-cc Ge(Li) detector at 11 cm from 

the target, in coincidence with the back-scattered-proton detector. 

For this measurement the 100 µg/cm2 SiO target was evaporated on a 

0.01-inch thick copper strip. The angular distribution is, after a 

small correction for the y-ray attenuation in the 0.01-inch thick 

copper target backing, 
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where A2 = 0.23(0.02) and A4 = -0.08(0.02), which yields a fractional 

slope at 4S
0 of 

S = 0.27(0.02)/radian. 

Pure, annealed iron was then used as a target backing to. 

observe a rotation of the angular distribution. The two detectors 

were placed at e angles of plus and minus 4S
0

, and the field 

alternately reversed in a direction perpendicular to the plane 

defined by the two y-detectors and the target. The quantity 

was computed, where N+,- is the yield for detector 1,2 while the 
1,2 

external field is up(+) or down(-). As can be easily seen from 

the algebra presented earlier, 

For g = 0.61 and a mean life of 68(7) ps, 

~T = 1.99(0.20) X 10-
2 

HS 

where H
5 

is the average hyperfine field measured in units of 105 

gauss. Thus, 
-3 o = 5.4(0.7) X 10 HS 
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B. Experimental Results 

The following pieces of i nr;:i were run with various exci-. 

tation currents. The results are t abulated in Table 3. 

Sample 1 was a 0.01-inch thick, one-inch long, iron foil clamped 

in a magnetic yoke having a 1000 turn winding on it. 

Sample 2 was identical to Sample 1. 

Sample 3 was the magnetic stopper used in the parity experiment 

(Stopper No. 9). The target was evaporated on the 

outside of its cylindrical surface and the stopper 

was excited by the same four-turn coil as used in the 

parity experiment. 

Sample 4 was a 0.01-inch thick, 0.25-inch wide, 1-inch long 

iron strip excited with current flowing directly 

through the strip, along the long direction of the 

strip. 

The following should be noted from the data presented in 

Table 3. The average of Sample 1 and 2, with at least 0.05 A in the 

coil, is o = 4.7(0.8) X 10-3 • The average of Sample 3 with exci-

. -3 tation currents between 0.25 A and 0.5 A is o = 2.3(0.8) X 10 • 

There is no indication that the effect increases as the current in 

the coil of Sample 3 is increased above 0.2 A. There is also no 

indication that the asymmetry decreased as the amount of 3He entering 

the foil increased; these results are, however, not sensitive to 

possible changes in the iron which occurred during the first few hours 

of bombardment. The effect in Sample 4 for a current of about 4 A is 
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TABLE 3 

SUMMARY OF DATA FROM THE MAGNETIC FIELD MEASUREMENTS 

Sample Current 5(10-3 ) 
A 

1 0.025 0.7(1.8) 
0 .037 2.9(1.8) 
0.05 5.9(1.8) 
0.1 5.2(1.7) 
0.2 4.8(1.9) 
0.3 3.0(1.9) 

2 0.5 4.8(1.6) 
0.5 4.5(2.5) 

3 0.03 1.3 (1. 7) 
0.1 -1.5 (1.6) 
0.2 2 .2 (2 .2) 
0.25 4.8(1.5) 
0.33 0.6(1.4) 
0.5 1.9(1.3) 
0.7 -0.8(2.6) 
1.0 1.7(2.7) 
1.8 1.7(2.7) 

4 2.0 -0.4(3.9) 
4.0 1.5 (1.3) 
6.5 -0.3(1.7) 

17.6 2.6(1.0) 
20.0 1.0(1.4) 
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o = 0.7(1.0) X 10-3 and it increases to 2.1(0.8) X 10-3 for a current 

of approximately 17 A. Using the formula in Section A of this part 

of the thesis the following magnetic fields are obtained. 

For Sample 1 and 2 H = 0.88(0.19) x 105 gauss, and 

for Sample 3 H= 0 .43 (0 .16) x 105 gauss. 

It was assumed that (~T) 2 
was small in the above cal cu-

lations. In fact, ~T "' 2 x 10-2 • For an extreme magnetic field 

distribution, the average field being produced by 1/10 of the 

fluorine nuclei seeing lOH
5

, w
1

T would be approximately 0.2 and 

including the higher order terms would increase the average field 

by~ 1 percent for this experiment. 

The above data can be understood if the assumption is made 

that the "annealing" of the iron is partially or totally destroyed 

by radiation damage from the 3He beam which passes through the region 

18 -Jr: 
of the iron where the recoil F nuclei stop. The coincidence-

selected 18F nuclei recoil into a forward cone with a half-angle less 

0 than 10 • This hypothesis was checked by the following experiment. 

1500 ~ of pure iron was evaporated onto a glass slide which 

was in an external magnetic field and held at 400° C during the 

evaporation. The iron covered a 1-cm diameter round spot on the glass 

slide. The glass slide and the iron were coated with 5 µg/cm
2 

of gold 

to form a conducting layer from the iron to a brass support for the 

glass slide. The support for the slide acted as a beam cup. 

A beam of 100-keV 19F- ions from the tandem-accelerator 
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negative-ion source was collimated using a i-inch diameter hole and 

a movable wire probe checked the uniformity of the beam. The iron 

filmJ with no applied magnetic field on itJ was bombarded with the 

19F beam which has a calculated projected range of about 1200 R in 

the iron with a straggle of about 600 ~ (SchiottJ 1967). After 

bombardmentJ the magnetization, MJ was measured as a function of 

applied field, H, for various quantities of integrated beam charge 

hitting the iron spot. 

The results of these M vs. H measurements are shown in 

Figure 11. It is of interest to note that, although the shape of the 

M-H curve changed as the dosage increased, the magnetic excitation 

needed to saturate the iron did not change appreciably until between 

2 X 10
16 

and 7 X 10
16 19

F/cm
2 

penetrated the iron. Then a drastic 

change occurred, the iron requiring a much higher excitation to obtain 

saturation. The actual bombardment doses were probably somewhat 

19 -higher than the quoted doses, since some of the F beam ions were 

neutralized by the residual gas in the beam tube. The pressure at 

the start of a bombardment was less than 2 X 10-5 torr, decreasing to 

-6 about 10 torr during the run. 

If the cross section for the displacement of iron atoms 

from the lattice is .assumed to be limited by the Thomas-Fermi screen-

"i'( 

ing radius, and if it is further assumed that two lattice sites are 

ruined by one iron atom being displaced, the bombardment for which 

··k 
For a cut-off of 60-eV energy transfer to the iron atom, the 

Rutherford cross section for 100-keV 19F on iron is much larger than 
this limit. 
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FIGURE 11 

Magnetization curves for a 1500~ thick iron film as a function 

19 
of 100-keV, F beam damage. The vertical axis is the bulk 

magnetization of the sample and the horizontal axis is the ap-

plied magnetic field. The horizontal scale is 2.5 Oe/large 

division. The radiation dose increases for the lower inserts. 

Note that two orientations of the sample developed. 

Insert D and E are for the same radiation dose but the sample 

was rotated in the curve tracer to obtain the largest slope 

(D) and smallest slope (E) for the knee. 

Insert Approximate dose 19F/cm2 

A 0 
1012 B 4 x 

c 2 x 1013 

D,E 6 x iol3 
F,G 3 x 1014 
H,I 1 x iol5 
J,K 4 x iol5 
L,M 2 x io16 
N,O 7 x iol6 
p 7 x iol6 as N but with the applied magnet field 

increased by a factor of 3. 
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there is a pronounced change in the M-H curve corresponds to ap-

proximately 20 percent to 60 percent of the iron sample being 

disordered. Extrapolating to what one could expect from a 3.78-MeV 

3 He beam, by using the Rutherford cross section and an energy cutoff 

of 60-eV transfer to the iron atom to displace it, the effective 

permeability of the iron should be altered to a similar extent after 

3 2 1 to 3 hours of bombardment by a 1 µA He beam, on a 1-mm spot. 

It is therefore concluded that the reduced asymmetry for 

Sample 3 above, and probably also for Sample 4, is due to a reduction 

in the effective permeability caused by radiation damage, and an in-

sufficient magnetic excitation field to saturate the disordered iron. 

C. Circular-Polarization Experiment 

The parity-violation effect is proportional to the net 

polarization of the 19F* (110 keV) nuclei. The y rays from a decay 

between two J = ± states will have a circular polarization equal to 

the polarization of the initial state along the photon momentum axis. 

Thus, if the circular polarization of the 110-keV decay y rays is mea-

sured, it is unnecessary to know the g-factor of the excited state or 

the average hyperfine field in iron separately. An attempt was made to 

measure this and although it suffered from a large statistical uncertain-

ty, it confirmed the above results. 

Two transmission-type y-ray polarimeters were used to measure 

the circular polarization of the 110-keV y radiation from the parity 

stopper magnet. The experimental setup was identical to the 
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parity experiment except a polarimeter was placed in front of each 

6-cc Ge(Li) y-detector. 

The polarimeters consisted of a projected length (to the 

photons) of 0.81 cm of a magnetically saturated iron alloy (2 percent 

vanadium, 49 percent cobalt, and 49 percent iron). The direction of 

the magnetization of the polarimeter was switched and the difference 

in the transmission (due to changes in the Compton scattering of the 

photons) was measured for both positive and negative currents in the 

parity stopper. This method has been discussed by many authors; see 

for example, Steffen and Frauenfelder (1965), Paul et al. (1967), 

and Chesler (1965). The asymmetry calculated by Paul et al. was 

used here. The expected asymmetry, A, for 110-keV y radiation is 

-4 X 10-3P, where A is defined as A= (N+ - N-)/(N+ + N-). N+,-

is the yield when the polarimeter magnetization is parallel (+) or 

anti-parallel (-) to the photon direction. This calculated asyrrnnetry 

assumes a projected iron thickness of 0.82 cm and a circular polari-

zation of the y radiation of P. 

In this measurement, the plane of the magnetized iron 

polarimeter was at 45° to the direction of the photons. Corrected 

for this, and for the fact that the projected thickness of the iron 

-3 was 0.81 cm, the asymmetry to be expected is -2.8 X 10 P. The 

-4 
observed asymmetry for 9 days of running was -1.4(1.0) X 10 before 

correcting for the dilution of the asymmetry arising from background. 

Correcting for the background dilution, the asymmetry equals 

-3.3(2.3) X 10-4 which implies a polarization, P, of 0.12(0.08). 
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From Part IV, 

I 
f(H) HS 

P = 0 .12 9 . l Hz 
+ 0 .06 s 

Thus, without knowing what the distribution of fields might be, 

HS > 0.99(0.66) since any distribution of fields will reduce P below 

what it would be for a unique field with a value equal to the average 

of the distribution. 

D. Conclusion 

18 
The average hyp.erfine field from the F data, is 

H = 0.88(0.19) X 10
5 

gauss, 

for fluorine implanted in an iron h<Dst, in the absence of radiation 

damage. 

If the reduced average field in the parity stopper 

(Sample 3, above) is assumed to be associated with some unknown 

effect other than the radiation damage discussed above, the average 

field becomes, instead, 

- s H = 0.43(0.16) X 10 gauss, 

since it would then have to be concluded that the reduced field is a 

property of the material or geometry of the parity stopper. 
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VI. CONCLUSION 

A. Discussion of the Results 

19 * The polarization of the F , measured directly in Part V, 

is P = 0.12(0.08) (see Page 59). The polarization calculated from 

the measured hyperfine field of Part V cannot be obtained without 

making an assumption regarding the distribution, f(H), of the hyper-

fine fields. 

As mentioned in Part V, we have observed a unique hyperfine 

field of about 92 kG with between 1/4 and 1/10 of the total asymmetry 

precessed by it. Thus, it cannot be assumed that the average field 

of 88 kG, observed in the iron foil, is the result of one unique field. 

The assumption could be made that a distribution of hyperfine field 

exists around 100 kG with an average of 88 kG. 

Another possible assumption is that iron behaves similarly 

to nickel, and exhibits two hyperfine fields with a ratio of 5 in their 

strengths (the same ratio as between the two nickel fields). If it 

is assumed that 25 percent of the fluorine nuclei see a 92 kG field, 

then 14 percent of the fluorine could be in a 460 kG field, creating 

an average field of 88 kG. It is of interest to note that this 

fraction of fluorine in the higher field (5 X 92 kG) is nearly the 

same fraction as the fraction of fluorine in the higher field observed 

in nickel (Appendix 3). 

The first assumption above leads to a polarization of the 
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19 * 0 ~8 8 F of 0.129 1 + 0 _04 = 0.109(0.023), while the second assumption 

leads to an average polarization of 

p 0,129 [
0.25 x 0 . 92 0.14 x 4.6 J = 

1 + 0.05 + 1 + 1.2 0 • 06 6 ( 0 • 014 ) • 

It seems reasonable to assume that the field distribution 

lies somewhere between the two discussed above but since there is no 

compelling reason to choose one distribution over the other, the 

results below are based on the assumption that the average field is 

generated by a reasonably narrow distribution of hyperfine fields. 

One of two conclusions can be drawn for the parity vio­

lation effect measured by this experiment. Either~= 6.1(5.6) X 10-4, 

or ~ 
-4 

12(11) X 10 depending on which value of the magnetic hyper-

fine field is assumed to be present in the parity stopper. 

If the radiation damage in the parity stopper was negligible 

during the parity run, as indeed seems to be the case, then the field 

present was probably the larger of the two hyperfine fields, i.e., 

that measured for Samples 1 and 2, as described in Part V. 

Using the Rutherford cross section for scattering at 15° 

in gold, the implantation dosage expected in the parity stopper at 

15° is less than 10
16 

fluorine atoms/cm
2 

during the total running 

time of the parity experiment. This dose rapidly decreases with 

angle. Also, the implanted 19F ions were spread out in depth in the 

19 
iron by the range-straggling of the 37.5-MeV F ions due to straggle 

in their energy loss in the gold target and also in the iron. Since 
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the threshold for significant damage in 1500 ~ of iron (approximately 

120 µg/cm2) is greater than 2 X 1016 fluorine atoms/cm2, and the 

energy straggle in the gold target alone is about 3 MeV (about 

2 
1 mg/cm of range in iron), it seems safe to assume that the 

0 critical dosage was not reached in the parity experiment, even at 15 . • 

Thus, the measured value for a 1 + P~ cose angular distri­

bution is most probably 
-4 

~ = 6~1(5.6) x 10 • 

This result excludes the ~ priori possibility that the pari-

ty impurities of the nuclear levels are much larger than that aalcu­

lated by Maqueda using the weak-interaction theory (i.e., l~I = 4.3Xl0-4). 

To measure a parity impurity at the level predicted by the weak-

interaction theory, a considerable improvement in precision is needed. 

It appears that the present experiment is capable of the improved 

precision if the statistical accuracy of the data can be improved by 

a factor of about four. 

B. Suggestions for Improvement 

Recent calculations by McKellar (1968) indicate that the 

theoretical parity-violating effects calculated using Michel's 

potential should be reduced by a factor between 1/3 and 1/2 due to 

the hard-core (short-range repulsive force) which is characteristic 

of recent nucleon-nucleon potentials, at least for the heavy nuclei 

he considered. This has to be kept in mind when one explores the 

possibility of reducing the experimental uncertainty to a level where 

a more stringent test of theory would be possible. There are, however, 

several direct ways to improve the experiment. 



64 

To increase the yield of 110-keV photons, higher energy 

19 F beams are needed. 37.5 MeV was selected for this experiment 

since the available beam current dropped rapidly above this energy. 

Accelerating a charge 5+ beam, it was necessary to have 6i MV on the 

terminal of the tandem accelerator. At times the machine-loading, 

due to the large input of heavy ions, increased above the capacity 

of the accelerator charging system, even for a current of only 1 µA 

on the target. 

19 
If a 60-MeV F beam could be obtained, the yield could be 

increased by almost a factor of 4 by using a thicker target. This 

19 * would also slightly decrease the fraction of the F nuclei which 

decay in flight, although this was not a serious problem in the 

present experiment. 19 * The polarization of the F would decrease 

slightly with the increased energy. 

The fraction of 2n solid-angle subtended by the y-detectors 

was 0.1 for each detector. This fraction could be increased by using 

larger detectors and including them in the vacuum chamber used to 

hold the other equipment. A factor of two might be obtainable here. 

The dead-time of the 400-channel analyzer was about 50 per-

cent during these runs. Much of the dead-time was produced by pulses 

outside the energy region of interest. This part of the dead-time 

could be eliminated by using a biased-amplifier with an upper level 

discriminator before the analyzer. With an increase of a factor of 

eight in the count rate, this step might not be sufficient to reduce 

the dead-time to reasonable limits. Three fast single-channel 
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analyzers could be used to select the regions of interest, and the 

counts scaled in a fast scaler. 

It is also not unreasonable to consider using NaI(Tl) to 

detect the y radiation. If good enough resolution could be obtained 

to separate the intense, low energy (~ 84 keV) X rays in the spectra 

from the 110-keV yield, or shielding used to eliminate them, it would 

be easy to obtain a larger solid angle for the y-ray detection. 

With these improvements, a value of ~ < 2 X 10-4 could be 

measured. The g-factor of the 110-keV level could also be measured 

more accurately using the circular-polarization technique discussed 

in Part V, if a large enough, accurately-known magnetic field could 

be produced. 

Radiation damage should not increase much if the bombarding 

energy is increased, to increase the 110-keV y-ray yield, since the 

Rutherford cross section decreases with energy, and the spread in 

19 
depth of the F nuclei in the iron is increased for longer ranges by 

the range straggling. 
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APPENDIX 1 

POLARIZATION FROM COULOMB EXCITATION 

For a detailed review of Coulomb excitation theory and 

experiments, the reader is referred to the literature. (e.g., 

Alder ~ ~-, 1956a.) This appendix will describe briefly the 

polarization of an excited level by Coulomb excitation as it pertains 

to the present experiment. 

Consider the reaction i ~ f, in a coordinate system in wh{ch 

the z axis is perpendicular to the reaction plane (z axis parallel to 

~ ~ 

pf x pi), and the x axis is parallel to the scattered projectile 

(Figure 12). Let the nuclear charge of the projectile (target) be 

z
1 

(Z 2), and the atomic numbers A
1 

and A
2

, respectively. 

0 

-f-f 
> Et. 

i 

Et. is the multipolarity of the excitation and Lili is the excitation 

energy of the level. (LIE = Ef - Ei) Let the change in the 

z-projection of the nuclear spin be -µ. (-µ = Mf - Mi) 

Coulomb excitation theory assumes that the nucleus is 

excited only by the long-range electromagnetic interaction between 

the projectile and the target. Thus the two interacting nuclei 

must remain far enough apart that nuclear forces do not contribute 

to the interaction. This condition is satisfied if the energy of 

the incident projectile, E, is considerably below the Coulomb energy 

barrier, EC' of the interacting particles. For a nuclear radius of 
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FIGURE 12 

Coordinate system used in Appendix 1. 



68 

FIGURE l'.2 
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(MeV (1) 
A 1/3 A 1/3 

1 + 2 

in the center-of-mass system. 

In the limit in which the de Broglie wavelength of the pro-

jectile is much less than the distance of closest approach, 2a, and 

in which the classical orbital angular momentum of the projectile is 

high, the relationships given below, between excitations which change 

the projection of the spin of the excited nucleus, can be derived. 

The limit on the de Broglie wavelength can be written as 

(Alder ~al., 1956a) 

a 
TJ = - = 

1\.. >> 1, 

where v is the relative velocity of the two particles. 

large classical angular momentum, £, can be expressed as 
2 

A = zlz2e 
n nv cot(8/2) >> 1, 

(2) 

The limit of 

(3) 

where e is the scattering angle of the projectile. e should not be 

confused with the polar angle of the coordinate system used in this 

appendix. 

Using Eq. 2, Eq. 3 can be rewritten as 

£ 
- = TJ cot(8/2). n (4) 

Using the fine structure constant, a, TJ can be put into the slightly 

simpler form, 
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(5) 

where ~ = v/c. 

In general, the differential cross section can be written 

as 

where 

1 

I 

[ CA. _ µ) ! (A. + µ) ! J 2 
1

2 do 
dcrµ (e) oc (A. - µ)!!(A. + µ) ! ! \.µ ce, £) --4.,...-.-.-- ) 

sin (B/2) 

(6) 

az z Lili' 
1 2 

A . 
1 with Lili' =Lili c1 + ;:- ), s = 

~ 2E 
2 

(7) 

and ~µ(B,£) is the classical orbital integral for the interaction. 

The scattering cross section can be approximated in the 

limit of large t as 

dcr (e) o: I 
µ 

[ CA. - µ) ! CA. + µ) ! J ~ r (-A. + µ + 1) w 
(A. - µ) ! ! (A. + µ) ! ! E 2 _E _6. 

2 do 
(2 £E) I 4 ) 

sin (B/2) 

for (A. + µ) even, and 

dcr ( B) = O, for (A. + µ) odd, 
µ 

2' 2 
(8) 

where E = l/sin( B/2), and W is the Whittaker function (Alder!:.!.~., 

1956a). In the limit, 2£ E >> 1, the Whittaker function can be ex-

panded to yield (Whittaker and Watson, 1963) 

1 

dcr (B) oc I [(A. - µ)!( A. + µ) ! ]2" r (-A. + µ + 1)c2~E) -µ/ 2 e -£E . 
µ (A. - µ) ! ! (A. + µ) ! !E 2 ;, 

(9) 

Cl + oc ·~ )) 12 ---~n ____ , 
sin (B/2) 



for (A + µ) even, and 

da (8) = O, for (A+µ) odd. 
µ 
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From Eq. 9, one can derive the ratio, 

r (-A - \µ\ 
1) 

2 
+ 

da_\g \ (8) 2 
(2sE) 2 \µ\, for CA+µ) even. 

da\µ\ (8) r (-A + IE! + 1) 
2 (10) 

Thus, when 2£E is large·, the cross section with the negative µ, and 

therefore the positive value of ~ - Mi, will dominate. Even if the 

initial state is unpolarized the final state will have a net 

polarization, for scattering through some angle e. One can visualize 

this polarization as being produced by the rotation of the electric 

field as the two particles pass. 

In the table below, the polarization, P, calculated using 

the above approximations, is compared with that calculated using 

the classical orbital integrals for s = 0.2 (Alder and Winther, 1956b). 

The value of 2£E is also given since it is assumed large for the 

expansion of the Whittaker function. 

e lli P{aEErox2 P{ correct2 

10° 4.6 0.98 0.98 

20° 2.3 0.91 0.95 

30° 1.5 0.81 0.90 

40° 1.2 0.69 0.85 

(37 .5-MeV 19F 197 
89 >> 1. In the present experiment on Au), Tl = 
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Figure 13 shows P(8) computed from the classical orbital integrals 

0 0 
for 0 ~ e ~ 180 . It must be kept in mind that although P(8) ~ 1 

as e ~o, the differential cross section equals zero at e; O, so 

there is no contradiction with the fact that no scattering plane is 

defined at e ; 0. 

For the experiment at hand, the differential cross section 

is strongly peaked at 15° (see Figure 7). For the conditions of 

this experiment, g; 0.18. The approximation above predicts a 

polarization of 0.87 for the angle of maximum yield. The average 

19 0 0 
polarization for F nuclei scattered from 12.5 to 50 , computed 

using the Fortran code CL13 (Winther, 1967), is about 0.89. 
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FIGURE 13 

Polarization of the excited projectile after Coulomb excitation. 

The parameters correspond to approximately 30-MeV 
19

F projectiles 

on a gold target, leading to the excitation of a 110-keV level in 

the projectile by an El transition. 
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APPENDIX 2 

DEAD-TIME EFFECTS IN ASYMMETRY EXPERIMENTS 

Measuring a small asyrmnetry when an accelerator is the 

source of the detected radiation introduces a number of problems 

which do not confront the experimenter using a long-lived radioactive 

source. The most important of these is the effect of changes in the 

dead-time of the counting system which can cause false asyrmnetries. 

Consider a general experiment employing an accelerator in · 

which a very small difference in the number of counts is expected 

when a magnetic field is changed from "up" to ''down". With two 

detectors viewing the same target) at symmetric locations with respect 

to the effect) the numbers of counts in the two detectors with the 

field up (+) or down (-) are 

and 

where + Nl 
2 

is the number of events recorded for detector 1,2 
J 

during the period ±, 

q± is the beam charge during the period ±, 

cr is the cross section, 

T± is · the target thickness during the period ±) 

e
1 2 

is the product of the solid angle and efficiency of 
J 

detector 1, 2, 

+ Rl 
2 

is the intrinsic efficiency of the scaling unit on 
J 

detector 1,2 for the period ±, 



then 
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+ 
D~ 2 is the fractional dead-time associated with detector 

) 

1,2 during the period ±, and 

o
1 2 is the fractional asymmetry in count rate for detector 

J 

1,2, which is to be measured. 

If the detectors are situated so that - o2 = + o
1 

= +o, 

) 

where the A denotes experiment "A". If the same experiment is 

repeated with the phase of the magnetic field reversed with respect 

to the detectors, then QB has the same form as QA with o -7 - o and 

A -7B. The dead-time factors are, in general, different since they 

depend on the fluctuations of the beam current. The ratio, QA 

divided by QB' reduces to 

[1 -D:)(l - D-)J 
D;) A QA (1 - D )(1- (1 + 0)4 (1 + 0)4 1 (1 - D) -= 

QB D:)(l 0)4 -
0)4 [ (1 - -D;)J (1 - (1 -

(1 -D-)(1- D+) 
1 2 B 

J 

where D, substituted for the ratio of the dead-time factors for the 

two runs, is proportional to the asynunetry caused by the dead-time 

effects. It should be noted that (D) = 0. The ratio QA/QB does 

not depend on the intrinsic efficiency of the scaling units, but it 

does assume that the efficiencies do not change between the runs 

with the field + and - As mentioned earlier, in this experiment the 



77 

field direction was changed 76 times a minute. It was found that 

-4 + as large as 10 , where R
1 

(R~) was the 

intrinsic efficiency of channels 0-199 (200-399) of one 400-channel 

analyzer using a single analogue to ~igital converter. 

For o and D << 1, 

1 
where cr(o), the statistical uncertainty in o, equals (L:l/N)2/8, and 

the sum extends over the eight numbers entering into the ratio. 

The probability that a count is lost is proportional to 

the square of the instantaneous beam current. If the processing 

(dead) time of an event is T, then + 

where the integral is 

is "+". 
d11 

Since dt oc 

JdNl 
dt Tl dq+ 

1 - f dq+ 

taken over the period during which the field 
·+ N+ 
]_ 1 + 

--- and dq 
+ 

i+dt, we have 
q 

N+l J . 2d 1-+ t Tl 
1 - .....:;--------= 

q+ J 

J . 2d N1 i t Tl 
1 - -------

q J i dt 

This assumes that N:/q+ = N~/q_. A similar equation holds for 

detector 2. 



78 

Since the beam current fluctuations during runs A and B 

are independent, we can approximate (1 - D) as: 

Dl - D [fi ~ 2dt fi/dt] 
1 - D 1 + .[2 2 

~ 

(1 D) i q+ 

- 1 + ,[2 

A reasonable upper limit was calculated for d by determining what the 

effect would be of 120 hertz modulation on the beam current. For 

a sinusoidally-varying current, i = i
0

(1 +a sin (mt)), 

d < 1/ (120;(.{n) for a 1. ("a" for this experiment varied between 

one and zero.) "n"is the number of cycles of field reversal taken. 

This discussion assumes that the time duration of each cycle is not 

an integral multiple of the period of the 120 hertz modulation of 

the beam. This was the case for the present experiment since the 

time sequence generator was not locked in phase to the power line 

frequency. In 40 hours corresponding to a(5) 
-5 

of running, ~ 5 x 10 , 

4 
ID1 - D21 0. 2, and D

1 
~ 0.5 so D < 1 10-5 • n = 9 x 10 . Also < x 

This gives an uncertainty in 5 of < 1 x 10-6. This is negligible 

compared with the purely statistical error for the 40-hour period. 

It should be noted that this uncertainty decreases as l/.fn and thus 

remains negligible, since the statistical error decreases in the same 

way, as the duration of the experiment increases. 
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APPENDIX 3 

The results presented in the following paper have 

recently been confirmed by Klepper and Spehl (1968). 
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Hyperfine Structure and Nuclear Radiations - North-Holland , Amsterdam (1968) 

HYPERFINE FIELDS OF FLUORINE IN Ni AND Gdt 

R. G. Stokstad, R . A . Moline, C . A. Barnes, 
F. Boehm, a nd A . Winther 

California Institute of T echnology 
Pasadena, California 

The hyperfine magnetic fields at the sites of 1 9F 
nuclei implanted in nickel and gadolinium have been 
measured. Pulsed beams of 4He and also 19F were 
used to observe the time - differential precession of 
the 0.197 M e V, JTT = 5/2+ level of 19F . Two hyper­
fields were observed in nickel at 300°K with values 

1 
Hhf +17 . 8 ± 0.4 kG, 

2 
Hhf +90 . 2±1.4kG. 

The value for the hyperfine field for 19F in gadolin ­
ium at 103 ° K was found to be 

8m =H2.9±0.4kG 

That the observed anisotropy of the time-differential 
'I-ray angular distribution in nickel is only about half 
that of the unperturbed distribution suggests that ad­
ditional fields might be present to which these mea ­
surements were not sensitive. 

Values for the mean life and g-factor of the 
0.197-MeV level were found to be 128 . 7±1.8 nano ­
seconds and 1.44 ± 0. 04, respective l y. 

I. Introduction 

The magnetic fields at the site of 19F nucl e i implanted in ferro­
magnetic crystal l a ttices have been studied in the course of an inves ­
tiga tion of the low-lying levels of 19F currently in progress at the 
California Institute of Technology. Thes e magnetic {ields have been 
measured by observing the time -differential rotation of the spin of the 
0.197-MeV, JTI = 5/2-1' exc ited state of 19F. T he relatively long life­
time and precisely known1 g-factor of this state make it particularly 
suitable for investigating fields from several kilogauss to as high as 
approximately 125 kilogauss, d epe nding upon the minimum coincidence 
resolving time attainable . The re is a lso a variety of methods by which 
the magnetic sublevels of the 0.197-MeV state may be unequally popu­
lated and which can therefore produce l arge anisotropies in the un ­
perturbed 'I - ray angular distribution of the 0 . 197 -Me V de excitation 
radiation. 
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For a magnetic field H perpendicular to the plane defined by the 
axis of nuclear alignment and direction of the deexcitation y ray, the 
time -dependent angular distribution of the gamma radiation is given by 

(1) 

where e represents the angle between the nuclear alignment and the 
direction of the y ray in the absence of a magnetic field, wL is the 
L armor frequency of the spin rotation defined by 

(2) 

and B 2 , B 4 are the coefficients of the unperturbed angular distribution. 
The elapsed time between formation and decay of the state is given by 
t, g is the gyromagnetic ratio of the state, and flN represents the nu­
clear magneton. 

The axis of nuclear alignment and time of formation of the state are 
defined by a pulsed beam of particles incident on a target with the mag­
netic field H perpendicular to the plane containing the beam and the 
NaI y-ray detector. Measurements have been made with a pulsed beam 
of 4.10-MeV 4He particles bombarding a thin target of CaF 2 evaporated 
on various backings - -nickel, gadolinium, and copper- -and a lso with a 
pulsed beam of 30 -MeV 19F ions incident on clean foils of copper and 
nickel. 

The analysis and results of these measurements, together with a 
more detailed description of the experimental arrangement, are pre­
sented in the following text. 

II. Experimental Arrangement 

The ONR-CIT tandem accelerator and associated neutron time-of­
flight apparatus2 were used to produce 4He+ beam pulse s with a time 
duration of about 2 nsec and average currents at the target of 0.1 µA. 
The system was designed for producing pulsed proton and 4He beams, 
with the result that the bunching efficiency and hence average current 
of 19F beams with a similar pulse duration were much smaller. The 
average current for a 30 -MeV 19F5+ beam of 2 nsec pulse duration 
was about 15 nA. 

They rays were detected in a 1.27-cm-thick by 3. 8 -cm - diameter 
NaI(Tl) crystal ooupled directly to an RCA 857 5 photomultiplier. 
The face of the NaI(Tl) crystal was placed about 6 cm from the target 
for the time-differential measurements. A time-to-amplitude con­
verter (TAC) was started by pulses from the anode of the photomulti ­
plier and stopped by a 3 . 5-MHz signal from the beam - pul sing deflection 
plates . The output of the TAC was processed by a 400-cha~nel pulse ­
height analyzer gated by a requirement that the y-ray pulse height lie 
in the photopeak region of the 0.197-MeV transition. The time scale of 
the TAC was determined with a delay cable calibrated to an accuracy 
within 0. 3%. 

The external magnetic field used to align the domains of the ferro­
magnetic lattices was provided in some cases by an electromagnet 
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capable of producing a 9-kG field across a 1-cm gap. In other cases 
(notably the measureme nt on gadolinium) a small electromagnet was 
used, with the target foil clamped in its pole faces . The photomulti ­
plier was suitably shielded from the stray fields associated with these 
magnets . The ma·gnitude of the field Hext produced by the electro­
magnet was measured with a Hall probe . Since the Hall probe is also 
sensitive to the direction of the magnetic field, it was used in conjunc -
tion with a reference magnet as a constant control in the measurements 
in which the sign of the external field was reversed. 

The nickel and copper foils used in these experiments were of high 
purity (99 . 99%) and were annealed after having been rolled to thickness -
es of 0. 20 to 0.25 mm. The target foils were kept at room temperature 
when under bombardment by a flow of air directed at the back of the 
target. The sampl e of gadolinium from which a thin foil was fabricated 
was quoted to have a purity of greater than 99%. The foil was not an­
nealed, and was maintained at a temperature of - 170°C during the 
measurement. 

III. Procedure 

The 4He bombarding energy of 4.10 MeV was determined by mea­
suring an excitation function for the reaction 19F(4He, 4He)19F"' (0 . 197) 
over the energy range 4.0 to 4.3 MeV. There is a high density of nar­
row resonances 3 in the region of excitation of the 23Na compound nu­
cleus system populated by 3- to 5-MeV 4 He. It was therefore impor ­
tant to use a thin CaF 2 target (:::: 25 µg/cm2) and choose the incident 
4He energy carefully. 

The unperturbed angular distribution of the 0.197-MeV radiation 
was determined by measuring the '(-ray yield as a function of angle for 
a direct - current beam incident on a copper-backed CaF 2 target mount ­
ed at 90 deg to the beam and with H t :::: 0. The NaI detector was 
positioned 240 mm from the target;ei'f was estimated that the beam spot 
and center of rotation of the counter coincided to within 0. 3 mm . After 
corrections for the finite solid angle subtended by NaI detector and for 
the '( - ray attenuation in the target backing, values of B2 = 0.16 ± 0 . 02 
and B = 0.126 ± 0. 007 were obtained. These values represent only 
lower 4i.imits on the anisotropy of the unperturbed angular distribution, 
since a small electric quadrupole attenuation in the copper backing can­
not be excluded. 

The copper backing was then placed in an 8 . 7 - kG external magnetic 
field, and the time - differential precession of the unperturbed angular 
distribution was observed for opposing dir ec tions of the applied field, 
by using the pulsed b eam. The NaI counter was fixed a t 45 deg and at 
a distance of 60 mm from the target. Following the procedure describ­
ed in Section IV, an .analysis of the time - differential spectrum yielded 
values of B 2 = 0.184 ± 0. 002 and B4 = 0.109 ± 0. 003. These values are 
thus in good agreement with those measured using a direct - current 
beam and movable '(-ray detector . 

The measurements on nickel were done in exactly the same manner 
as desc ribed above fo r copper. The measurement on gadolinium was 
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slightly different in that the gadolinium foil was tilted at an angle of 
45 deg with respect to the beam and clamped in the pole faces of a 
small electromagnet inside the vacuum. 

The experimental arrangements for the cases in whi ch a 19F beam 
was used were the same as those described above . No measurement of 
the unperturbed y - ray angular distribution using a direct -current beam 
was attempted. A large number of the incident fluorine ions are scat­
tered at angles greater than 90 deg and hence can leave the target and 
decay in the walls .of the target chamber, since the distance traveled 
by a 30-MeV 19F ion within the mean lifetime of the 0.197-MeV state 
is about 1. 7 meters. A time-differential measurement in copper of 
the unperturbed angular distribution , however, yielded a value of 
Bz = 0.036. This is about one-half as large as the value predicted by 
y9mlomb excitation theory4 under the (invalid) ass umption that all the 

F projectiles are stopped in the target. The value of B 4 is expected 
to be about one-eighthof B 2 according to Coulomb excitation theory . . T he 
use of the 19F beam thus Jias the disadvantage that much smaller anisot­
ropies are obtained than with the 4He beam. 

As noted earlier, the magnitude and direction of the magnetic field 
were determined with a Hall probe. In order to eliminate any uncer­
tainties due to hystere sis in the electromagnet and in the ferromagnetic 
samples, the current in the ·electromagnet was always first raised to a 
large value and then lowered to the value producing the desired external 
magnetic field. 

IV. Analysis 

The time - differential measurements were analyzed in the follow­
ing manner. The time spectrum from the multichannel analyzer was 
divided by an exponential with a mean decay time of 128 nsec. When­
ever necessary, a slight normalization of either of the two spectra 
corresponding to field "up" or field "down" was made in order that, 
after subtraction of the two spectra, the resulting time spectrum would 
contain oscillations centering about z e ro . The reason for dividing the 
individual spectra by an analytic a l exp onential rather than by the sum 
of the two spectra was to avoid the i ntroduction of oscillations of the 
form cos{4wLt), the latter being contained in the summed spectra. The 
difference of the two spectra for field up and field down with the NaI 
detector at 45 deg to the beam contains only terms in sin(2wLt). After 
suitable normalization, the resulting spectrum is given by 

A(t) 
1 z [ W( 0 - wLt) - W( I)+ wLt)] 

B 2sin(2wLt) sin(21J) + B 4 sin(4wLt) sin{41J) 

for I) = 45 deg. (3) 

The reduced data A{t) were analyzed by different though nearly 
equivalent .methods. A straightforward Fourier analysis of A{t) with 
the Fourier coefficients given by 
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A(w) A(t) cos wt, 

B(w) 

yielded essentially the same results regardless of whether 
was constrained by the requirement w(tz - t 1 ) = 21Tn, where 
integer. This is a consequence of the fact that 

tz 
1 

\' A(t) "'0. 
tz -t1 L, 

t=t1 

703 

(4) 

or not w 
n is an 

(5) 

Some of the data were also analyzed by the method of least squares. 
In this method the frequency w was given and the amplitude and phase 
of the oscillations, A cos wt + B sin wt, were fitted to the data. The 
value of x 2 as a function of w then indicated the presence of any os -
cillations in the data. This technique, whereby only one frequency is 
considered, is algebraically identical to the Fourier analysis, but with 
A(t) replaced by A(t)/[ LA(t)] 2. These two methods of analysis there­
fore gave nearly identical results. Where the Fourier analysis method 
showed an indication of more than one frequency of oscillation present 
in the data, the least-squares method was used with several values of 
w given simultaneously. The change in x 2 with the inclusion of more 
than one frequency in the fitting procedure then provided an additional 
test of the presence of several frequencies. 

Since the data cover only a finite interval of time, a Fourier anal­
ysis of a pure sinusoidal oscillation yields not one but many peaks in 
the spectrum of the Fourier transform. The dominant peak corresponds 
to the pure sine wave, and the sizes of the smaller subsidiary peaks 
depend, of course, on the number of oscillations contained in the inter­
val subjected to the analysis. The presence of these subsidiary peaks 
greatly complicates the analys is of the data with regard to the presence 
of oscillations with amplitudes substantially smaller than those of the 
main oscillation. A Fourier analysis of data from which the main os -
cillation has been subtracted can provide some additional information 
on the presence of oscillations of small amplitude and also on the nature 
of the distribution, if any, of frequencies within the main oscillation. 
This question of additional oscillations in the time-differential spectra 
is important, since in none of the cases reported here is the full ani­
sotropy of the unperturbed angular distribution accounted for by the am­
plitudes of the main oscillations observed in the measurements on 
ferromagnetic lattices. 

The total magnetic field at the site of the nucleus is denoted by H 
and is related to the measured quantity WL by Eq. (2). It is convenient 
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to remove those contributions to H which depend upon the external 
field and shape of the sample . Thus 

H = Hext - DM + ~f , (6) 

where Hext represents the external fie l d , M is the magnetization of 
the sample , and D is the demagnetization factor . It is noted that the 
hyperfine fie ld Hhf as defined by the above equation include·s the Lor entz 
field. Since it is a good approximation to neglect the demagnetization 
factor for a thin foil with the magnetization in the plane of the foil, we 
have 

(7) 

V. Results 

A m eas ureme nt of the mean lifetime of the 0.197 -Me V state in 19F, 
using a 19F beam and a copper target in the absence of an external 
field, yielded a value of 128. 7 ± 1.8 nsec, in agreement with the 129. 9 
± 2.3 nsec obtained by Becker, Olness, and Wilkinson. 5 

The time-differentia l spectrum A(t ) for 19F recoiled from 4He into 
a copper backing in an e:>..'i:ernal field of 8. 7 kG is shown in Fig. 1. The 
full curve is a l eas t-squares fit to the data over the region shown. The 
value of the g-factor obtained from this measurement is 1.44 ± 0. 04, 
which ag.rees with 1.436±0.007 from the work of Schmidt et al. 1 The 
latter value has been used in the work presented here. 

Figures 2 and 3 show the data from similar measurements using a 
nickel targe t backing in external fields of 8 .8 and 0.32 kG, respectively. 
A comparison of Figs. 2 and 3 with Fig. 1 shows immediately that 

(a) the sign of the hype rfine field in nickel is positive, i.e., parallel 
to the magnetization; 

(b} the amplitude of the oscillations in the nickel data is significantly 
smaller than in copper; 

(c) there are at least two frequency components in the nickel spectra, 
and hence at least two hyperfine fields in nickel; this is clearly demon­
strated by the Fourier transform of the data shown in Fig. 4. 

It should be noted that there are three frequencies indicated in the 
data shown in Fig. 2. The · lowest frequency component is due to the 
small portion (about 6%) of 19F nuclei which have remained in the CaF 2 
t arget and hence decay in the external field of 8.8 kG. 

The r es ults of l east - squares analyses of the data are listed in 
Table I. The period and amplitude of the oscillation fitt ed to the re­
duced data A(t) togethe r with the associated value of x 2/N are given 
in the last three columns. N is the number of d egrees of fr eedom 
minus 1, and ranged from values of 150 to 200. The brackets indicate 
where several frequencies were simultaneously included in the least­
squares method. The improvement in x 2 upon the addition of a second 
frequency in nicke l with a period of about 5 nsec is very marked. This 
frequency occurred consistently in the data obtained in experiments 
using both 4He and 19F beams as well as for all values of Hext· 
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Fig. 1. T he time differential precession of the 0.197-MeV 
J1T = 5/2.+ level in 19F recoiled from 4He in an external 
magnetic field of 8. 7 kG. The solid curve is a least­
squares fit to the data • 
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Fig. 2. . Simila r to Fig. 1 but with the copper target backip.g 
replaced by nickel. T he amplitude of the oscillation is 
smaller than that in Fig. 1. 
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. 08 • 19F IN NICKEL H01 ' 0.32 kG 
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Fig. 3, Similar to Fig. 2 but with the external field reduced 
to 0.3 kG. 

Figure 5 shows the results of the measurements on nickel with a 
4He beam for various ;'alues of Hext· The values of the two hype r fine 
fields in nickel at 300 K as defined by Eq. (7 ) are 

1 
Hhf = +17.8±0.4 kG, 

~f +90.2±1.4kG. 

The slope of both lines in Fig. 5 is .0.H/ l'.Hext = O. 97 5 ± O. 035, which is 
consistent with the assumption of a negligible demagnetization factor 
for the thin-foil samples. 

From an inspection of the Fourier transform of the data from 
which the two known frequencies have be en subtracted, it appears that 
any other oscillations corresponding to additional hyperfine fields in 
nickel of less than 100 kG must have amplitudes l ess than one-four th 
of the amplitude corresponding to H~f· 

It m ay be noted from Table I that a second period at twice the 
fundamental frequency appears in the data for the measurement on 
copper with Hext = 8 . 7 kG. This is because the effective angle of the 
y - ray detector differed slightly from 45 deg . From Eq. (3) it is se e n 
that () I 4.5 deg introduces a term containing B 4 sin(4wLt). Since the 
amplitude of this term is smaller than the fundamental frequency by a 
factor of 10, it was neglected in the a nalyse s of the measurements on 
nickel and gadolinium. 
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19F IN NICKEL H.,1 • 0.32 kG 
e FOURIER TRANSFORM OF DATA 

- FOURIER TRANSFORM OF THE SUM OF TWO SINE CURVES TO 
SIMULATE THE DATA 

70 50 40 30 20 10 7 5 
PERIOD (ns) 

3 

Fig. 4. The solid circles are the transform, F(p, of the data 
shown in Fig. 3. 

where p = 2-rr/w, and A(w} and B(w) are cosine and sine 
transforms of the data, as defined by Eq. (4). The solid 
curve is the transform of the sum of two sine curves that 
simulate the data. 

For the peaks at 25 and 5 nsec the amplitude, A(w }, 
of the cosine transform was zero. Thus, the experi­
mental data can be fitted by a pure sine transform, in 
agreement with Eq. (3). 

Note the subsiding maxima caused by the finite time 
l ength of the data sample, as discussed in Section II of 
the text. 

707 

The sum of the amplitudes of the oscilla tions corresponding to 
Hfu., Htf, and the small number of 19F nuclei precessing in the ex­
ternal field is about one-half that of the amplitude of the oscillation 
obs erved in the measurements with a copper backing, even after cor­
r e cting for the 2.5-ns e c time r esolution of the experiment. (The per­
iod of oscillation of Hl~f is about 5 ns e c, which results in a 40 to 60% 
attenuation, assuming a square or Gaussian time-resolution function, 
respective\{;- ) It must b e concluded, therefore, that approximately 
50% of the 9F nuclei implanted in nickel by the recoil method must be 
precessing in hyperfine fields which are not detected by these measure­
ments. Some of the 19F recoils may be precessing in fields higher 
than about 100 kG, in which case 2wL would be too l arge to detect with 
the present .time resolution. In addition, the precession frequencies 
could also be distributed more or less continuously over the range of 
the present experiment without any frequency component having an 
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T able I. The results of a le a st-squares a na lysis of measurements 
using beams of 4He and 19F for various values of Hext· Columns 1 - 3 
give the t a rget and backing, the beam, and the value of the e xter nal 
field. Columns 4 and 5 give the period and amplitude of the sinusoidal 
oscillation in the reduced da ta, A(t), while column 6 g ives the accom­
panying value of x 2 divide d by the number of degrees of freedom min­
us 1. The brackets indicate where the presence of more than one os­
cilla tion has been included in the least-squares analysis. The improve­
ment in x 2/N upon the inclusion of a second oscillation in the nickel 

Target 

CaF 2 -Cu 

C aF 
2

-Cu 

CaF 
2

-Ni 

C aF 
2

-Ni 

CaF 
2

-Ni 

Ni 

CaF 2 -Gd 

data with a period of approximately 5 ns e c is noted. 

Experiment 

Beam Hext 
(kG) 

4
He 0 

8 . 7 

4
He 8 . 8 

1.3 

0.32 

19F 0.48 

0. 59 

Period 

(nsec) 

00 

52.3 

52.3 
26.1 

17.3 

17.3 
4.63 

17.3 
4.63 

51. 7 

24. 0 

24. 0 
4 . 99 

25.1 

25.1 
5.05 

00 

24.5 

24.5 
4.91 

33.9 

Analysis 

Amplitude 

0 

0.171 

0.171 } 
0.015 

0.042 

0. 042 } 
0.012 

0. 042 
0.012 } 
0.013 

0.035 

0.035 } 
0.018 

0.029 

0.029 } 
0.017 

0 

0.0097 

0.0097} 
0.0073 

0.0141 

0.80 

1.88 

1.49 

3. 8 

3. 0 

2.2 

2. 34 

1.47 

2.13 

1.36 

1.26 

1.04 

0.90 

1.28 
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Fig. 5. The derendence of the total magnetic field H, at the 
site of the 9F nucleus in nickel, on the external field Hext• 

amplitude greater than approximately one-fourth that)of the frequency 
corresponding to H£f· 

Ther e is a conlistent decrease in the amplitude of the oscillation 
corresponding to Hhf in nickel as the value of Hext is decreased. At 
the same time, however, it appears that the amplitude corresponding 
to Hf.£ increases. At l east part of this increase may be due to the in­
crease of the Larmor period as Hext is decreased. A meas urement 
with Hext = O. 03 kG yielded very small amplitudes for the oscillations 
corresponding to H£f and H:i;.f• This latter effect is due to the partial 
disalignment of the magnetic domains in a very weak external field. 

Figur e 6 shows the r esults of the measurement on gadoliniwn at 
-i70°C. The -hyperfine field is 

Hhf = 12. 9 ± 0.4 kG. 

It is not possible to draw any quantitative conclusion about. the very 
small amplitude of the oscillation in the reduced time spectrum for 
gadolinium. This is because the gadolinium foil was at an angle of 
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Fig. 6. The time - differential precession of the 0 . 197-MeV 
leve l in 19F in gadolinium in an external magnetic field 
of 0. 59 kG. The solid curve is a l east-squar es fit to the 
data. 

45 deg to the beam, and the r efore the unpe rturbed y-ray angular dis ­
tribution measured with a copper target backing at 90 deg to the beam 
may not be correct here. It appears unlikely, however, that the am­
plitude of the oscillation observed in this measurement corresponds to 
the full amplitude of the unperturbed angular distribution. 

Similar investigations with an iron host are in progress. A pre­
liminary value of Hhf for 19F in Fe at 300°K is 92 kG. 

Measurements similar to those pres e nted here have recentl y been 
reported for 19F in iron, cobalt, and nickel by Braunsfurth et al. 6 A 
comparison of their work on nickel w\th the r~sults r eported here shows 
fair ag r eement on the magnitude of Hhf at 300 K. There i s disagree­
ment, however, on the s i gn of the hyperfine field fo r external fields 
below 1 kG. The hyperfine field at 90 kG was not r eported by Brauns­
furth et al., but they r eport two satellite fields not observed in the 
present work, one of which may possibly have been below the l evel of 
detectability here. 

The authors wish to thank T. L aur itsen for his interest in this 
work. They wish also to thank H . J. Korner for kindly communicating 
results prior to publication. The assistance of E. Adelberger a nd 
H. Henrik.son is gratefully acknowl edged. 
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155, 1089 (1967 ). 
-- 6. J. Braunsfurth, J. Morgenstern, H. Schmidt, and H. J. 
Korner, z. Physik 202, 321 (1967). 

Discussion 

E. Matthias: In one of your figures, you had only a polarizing field of 
320 gauss. This small field may have introduced a second frequency 
component due to incomplete polarization. Secondly, one should mea­
sure the high-frequency compone nt by NMR methods. The 90-kG 
hyperfine field should be sufficient to do this experiment. 

H . J. Korner: In similar measurements a t Hamburg we observed sat­
ellite fields of 15 kG and 11 kG which were especially pronounced at 
77°K. The amplitude of this component amounts to about 15%. These 
measurements were very recently repeated with 99. 999% pure nickel 
foil and better statistics than shown today. We get essentially the same 
results as presented here, and we definitively observe the high-field 
component. Contrary to our old measurements, the amplitudes of the 
low-field satellite components were found to be reduced appreciably. 
This leads us to believe that the low field may be due to impurities in 
the nickel foil. 

N. J. Stone (question to Dr. Korner): Might the low-frequency com­
ponent be correlated to interstitials which are more. stable at low tem­
peratures? 

H. J. Korner: That is exactly the explanation which we gave. 
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