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I

Previous experiments have demonstrated the existence of large dynamic magnetic fields that act on positive

heavy ions traversing magnetized iron. These studies have been extended to the limit of ionization and to
v/c = 0.68 by using spin-polarized muons. The angular precession of the spin of p,

+ particles which
traversed magnetized-iron plates and stopped in aluminum was measured. Decay p'ositrons were detected at
0; 90', and 270'. Relative phases of the corresponding muon-spin-rotation spectra were obtained as a
function of the magnetization direction in the iron. After subtracting the phase shift resulting from the
saturation magnetization in the iron and the fringing fields, the experimental result for the dynamic field

hB = —0.5+2.6 kG is obtained, in agreement with theoretical expectations for very fast totally stripped
ions.

INTRODUCTION

The existence of an intense transient magnetic
field acting'on fast ions slowing down in magnetic
media was discovered in 1968 by Borchers et aL.'
The transient field was theoretically described by
Lindhard and Winther' in 1971 in terms of scat-
tering of polarized electrons in the ferromagnetic
medium by the moving ions. Hubler et al. ' in 1974
parametg ized the Lindhard and Winther model
using existing data for medium-weight ions of low
initial velocity, v/ca 0.01. In this model, the field
varies inversely with the ion's velocity for v/c) 0.004, is constant at lower velocity (0.0005m v/c
c 0.004) and vanishes at low velocity.

In recent measurements "on faster ions, a
dynamic field much larger than that predicted by
the adjusted Lindhard-Winther theory' was ob-
served and, within the velocity range studied, the
field increases with the ion's velocity through the
medium. This field was qua/tatively described
in terms of polarized-electron capture into elec-
tron vacancies produced in the moving ion. ~ A
recent review of the subject has been giveri by
van Middelkoop. "

Experiments have been carried out at the Rutgers-
Bell tandem accelerator on '6Fe, "Se, ' 'Pd, and
"'Cd ions in iron and on "Se ions in gadolinium in
the velocity range 0.01' v/cc 0.05. In these ex-

periments, the ions were excited to their 2' state
by a beam of 72-Mev "S + ions, recoiled through
the ferromagnetic foil and stopped in a copper
backing where they decayed in an environment
free of perturbations. The precession of the angu-
lar correlation of the deexcitation y rays was
measured as a function of the direction of po1ar-
ization of the ferromagnetic material. As the g
factor of these states was known, the velocity and
Z dependence of the magnetic field mas deter-
mined. The results obtained with the heavier ions
show unambiguously that the dynamic field which
acts on the ions studied increases with the velocity
of the ion. The observed dynamic field has been
phenomenologically described by a function of the
velocity and atomic number of the ion":

B(Z, v) = aZ'~'(v/u, )p X,e,

where v, = e'/S, N~ is the polarized-electron den-
sity and p.~ is the Bohr magneton. For iron p.~N~
=1752 Oe and a=12~ 0.5.

An alternate parametrization in terms of the
effective charge of the ion passing through the
magnetic material fits the data equally well:

B(z, v) = a'Z,'z~'peN~,

where

Z ff Z[1 —e px(-v /,U'Z)5j4
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is the best fit to the observed effective charge of
ions leaving a solid foil, "and a' = 140+ 8.

In both parameterizations, the field depends on
the type of ferromagnet only through the number
of polarized electrons per unit volume, suggesting
that atomic shell or band-structure effects may
not play a significant role for heavier ions.

As the nature of the dynamic field —a hyperfine
interaction between the partially stripped ion and
the magnetized medium —is not yet fully under-
stood, it is not at all evident that the parametriz-
ation of the field which seems to fit the data in
the velocity range 0.016 v/cc 0.05, should extend
to higher velocity. At velocities greater than Zv„
where the ions are completely stripped, the solid
can probably be treated as a gas of polarized
electrons and a dynamic magnetic field inversely
proportional to the ion velocity should result. '"

In order to test the validity of the charge and
velocity dependence of the alternate parametriza-
tions, high velocity, totally stripped ions should
be used. For this purpose, the effect of the dy-
namic field on polarized positive muons traversing
a thin magnetized iron plate was investigated.

Previous studies using the spin precession of
muons stopped in unmagnetized iron have found
that the field is 3.6 kG at room temperature, for
a sample in zero external fi.eeld.""This field is
explained in terms of a dipolar contribution from
the iron ions and a contact interaction with the
polarized screening electrons. ". These results
imply that the dynamic field on the muon is not,
very large. Otherwise the residual polarization
of the muon's spin would have been lost on tra-
versing the unmagnetized iron, washing out the
spin precession signal of the stopped muon. "

In the present experiment, the effects on muons

which traverse a magnetized iron plate and sub-
sequently stop in an aluminum target located in a
fixed externally applied magnetic field were ob-
served. The angle through which the spin has
precessed in the iron is detected as a phase shift
in the oscillatory p, SR (muon spin rotation) spectra
of the stopped p,'."

EXPERIMENTAL PROCEDURE

The experiment was carried out w'ith the appara-
tus shown schematically in Fig. 1. Positive pions
age produced at an internal target in the SREL
(Space Radiation Effects Laboratory) synchrocy-
clotron" and focused into an external meson chan-
nel. The momentum analyzing magnet M is ad-
justed to select p,

' particles which originate from
m' decays in the backwards direction in the z'
frame of reference. The z' decays produce a
beam of spin polarized muons, a well-known con-
sequence of parity nonconservation in weak inter-
actions. The arrangement of charged particle
scintillation detectors is also shown in Fig. 1.
Figure 2 shows the measured particle flux at de-
tector A as a function of momentum, as determined
by varying the current through the deflecting mag-
net M. The p. beam passes through a magnetized
Fe plate in the reversible magnet C1, and stops
in an Al target located in a constant magnetic field
produced by magnet C2.

The logic coincidence AB5' establishes that a p.
'

stopped in the target. The mean momentum of the
incident p' beam, 103 MeV(c, was deduced from
the range measurements shown in Fig. 3, using
the known momentum dependence of the muon's
range in various materials. ' The mean kinetic
energy of the incident beam is 42 MeV and the
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FIG. '1. Layout of the
meson channel at SBEL
and the p SB apparatus in
the target area. Q1 and
Q2 are cput and output
quadrupole magnets, Qp
the "drift tube" where the
pions decay into muons,
and I the momentum
selection. magnet. The
gap of magnet C2 is 30
cm. The Al stopping tar-,
get is located 50 cm down-
stream from the Fe plate.
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FIG. 2. Total particle flux at the output of the meson
channel. The M magnet current settings have been con-
verted to an approximate momentum scale. The shoul-
der at 100 MeV/c results from the backwards decay
muons. The pion peak occurs at about 230 MeV/c.
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FIG. 3. Muon stopping rate in A1 and Cu targets vs

thickness of CH& degrader placed in front of the target.

mean velocity is 0.68c. Two range curves are
shown, for the aluminum stopping target used for
the phase-shift measurement, and the other for a
thinner Cu target. The width of the momentum dis-
tribution is determined more accurately with the
Cu target. The momentum spread is about +8
MeV/c, corresponding to a velocity spread of
+0.03c. The experiment was carried out separate-
ly for different Fe plates of thicknesses varying
from 0.1 to 0.8 cm inserted in the C1 magnet. The
mean velocity of the muons in the Fe was de-
creased by up to 6%. The energy of the muon beam
hitting the target was kept approximately constant
by adding appropriate amounts of CH, degrader to
compensate for the thinner Fe plates.

The iron plates were fabricated from 99.99%%uo Fe,
machined into sheets 12.7-cm square and 0.05- to

x (cm)
FIQ. 4.. Axial variation of the vertical component of

the field produced by the Cl magnet along the beam di-
rection.

0.04-cm thick and subsequently annealed. The
electromagnet C1 has a movable iron yoke that
mates evenly against the edges of the plates. The
direction of the magnetization of the Fe plate is
vertical. The magnetic induction in the plate was
measured by integrating the voltage produced in
a sense coi:1 wound around the plate as the C1 mag-
net is energized. For 1600 ampere-turns a mag-
netic induction of 16 kG is produced in the plate.
The profile of the fringing field outside the plate
was mapped along the beam axis, and is shown in
Fig. 4. The fringing field was insensitive to the
Fe plate thickness in the range 0.1-0.8 cm.

The muon beam was collimated to an approxi-
mately 12-cm square aperture by the C1 magnet
yoke and. additional 5-cm thick Pb shields placed
at each side of the Fe plate. The profile of the
p' beam at the Al target position (Fig. 5) was
scanned horizontally in the direction transverse
to the beam, for the two directions of magnetiza-
tion of the Fe plate with a 2.5-cm square scintil-
lation detector. These measurements show a
bending of the beam, due mainly to the deQection
in the. magnetization field in the Fe plates and to
a lesser extent to the fringing field. For an Fe
plate of thickness dI;, a bending angle y~ may be
calculated from the measured magnetization and
fringing fields:

p~= (0.067 cm ')d„,+0.006.

The aluminum target was 5-cm wide by 10-cm
high and 2.5-cm thick, The local field at the tar-
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FIG. 5. Scans of the muon beam intensity, taken with
a 2.5-cm square detector located at the Al target posi-
tion and moved along the horizontal transverse direction.
"up" and "down" refer to the direction of the magnetima-
tion of the Fe plate.

get was 105 Oe. Magnetic shims were positioned
near the pole tips of C2 in order to produce a
homogeneous field at the target. The root-mean-
square variation in the field was 0.1 G over the
target volume, with the C1 magnet off. Maps of
the local-field distribution were also made when
C1 was tur ned on, for both polarities of the C1
current. A small nonlinear variation in the field
was found in the horizontal plane, which resulted
in a 0.03-G shift of the average field with respect
to the field at the center of the target. This field
was held constant by adding an extra coil on the
C2 magnet which was energized by a feedback sig-
anl from a Hall-effect probe inserted into a 0.6-
cm hole drilled to the center of the target. The
field at the center of the target varied by less
than 0.01 G as the C1 current was reversed.

Positron decays in the 0', 90', and 270' direc-
tions with respect to the beam direction were de-
tected by the scintillators F, L,, and R shown in
Fig. 1. At a time t after the p.

' stops in'the tar-
get, a positron decay event in one of the three di-
rections is- indicated by the logic coincidence
FAB, LXB, or ~B, respectively. Six spectra
of events versus time were recorded in a multi-
channel analyzer corresponding to the three
positron detectors and the two directions of
the Fe magnetization. The total event rate after
p.
' and e' pile-up rejection was about 10' sec '.

The direction of C1 was reversed, and the data
acquisition was momentarily disabled, after each
increment of 2 x10' events. The data acquisition
system included a magnet controller, actuated by
a presettable sealer, and a PDP 11/10 computer.
The muon stop and event rates were continuously
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FIG. 6. Positron decay asymmetry measured as a
function of the CH2 degrader thickness.

0

monitored. The true zero of time was periodically
recorded by detecting prompt signals associated
with scattered muons. The timing calibration of
the analyzer was also checked before and after.
each run. A low magnetic field in C2 is desirable
since spurious phase shifts originating from elec-
tronic timing drifts increase in proportion to the
spin precession frequency.

Several runs were carried out on each of a
variety of Fe plates 0.1-, 0.4-, 0.6-, and 0,8-cm
thick, respectively. The spectra corresponding
to either of the three detectors at 0, 90, or 270
were fitted using a nonlinear least-squares meth-
od' with the following model p, SR function:

N(t) =A, e '~'(1+a, e 'cos[(~,~ a&a)t

+ y+ ap])+B, , (5)

where (+) or (-) applies to the spectra for the two
directions of Fe plate magnetization. The fitting
procedure treats A+, A, a„a, A, , e, 4v, y, 4q,
B„and B as 11 adjustable parameters. The
muon lifetime r = 2.1994 p, sec is used.

The parameters a, give the magnitude of the
asymmetry, which depends upon geometrical de-
tails such as the polarization of the muon beam
and the selectivity in the e* detection. These ef-
fects are illustrated in Fig. 6, where the asym-
metry measured for a thin Cu target is shown as
a function of the incident p,

' momentum as deter-
mined by the thickness of the degrader interposed
in the beam. The results display the dependence
of the asymmetry upon the average momentum of
the stopped p' and the target thickness, which
affect the energy of the emitted e'. The angle p
is an average geometric angle determined by the
average initial spin orientation of the p.

' beam
and the location of the positron detector. The
angular precession frequency of the stopped
muons is pl =y& x105 G=9.0x10' sec . The fac-
tor exp(-A. t) takes into account the inhomogeneity
in the local field in the target.

The phase-shift parameter d y gives the change
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TABLE I. Fitted parameters for the 0.4-cm thick Fe
plate, according to Eq. (5). Statistical errors in the
least significant figures are given in parentheses.

TABLE II. Experimental phase shifts Ay obtained for
the various thicknesses of Fe plate.

00 90' 270' dF, (cm) 00
hy(mrad)

90' 270

Events
a+
a.
A, (104 sec ~)

e(106 sec ~)

he (10 sec )

b,y

1.1 xlp~
0.140(1)
0.140(1)
4.0 (3)
8.979(4)
0.002 (4)

-0.316(8)
0.021 (9)

1.7 xlp~
0.169(l)
0.173(1)
4.6(3)
8.957(3)

-0.001(3)
-1.801(8)

0.021(7)

1.5 xlp
0.157(l)
0.154(l)
3.9(3)
8.958(3)

-0.008(3)
1.145(8)
0.034(8)

0.1
0.4
0.6
0.8

8(ll)
21(9)
41(12)
49(»)

-1(9)
21(7)
23(10)
49(10)

early with the thickness of the plate:

Ap = rdFe+ k+0 ~

9(lp)
34(8)
32(12)
59(11)

in the spin orientation of the muon beam produced
by the magnetization and dynamic fields. in the
Fe plate and the fringing field. Both the magni-
tude and the statistical uncertainty in 4p are in-
sensitive to the sampling time interval of the
multichannel analyzer and to the magnitude of the
field on the Al target. This result was deduced
from the analysis of model simulations of the ex-
periment. The parameter 6+ was included in the
model function in order to account for a possible
small change in local field when C1 is reversed.
The parameter Ay is strongly correlated with
6&, the correlation coefficient being 0.8. The
correlation coefficients between hy and the other
parameters have magnitudes less than 0.1. Typ-
ical values obtained for the 0.4-cm Fe plate are
given in Table I, while the phase shifts obtained
for the other thicknesses of Fe are displayed in
Table II.

An alternate procedure was also tested, whereby
h~ was set to 0 and 10 adjustable parameters
mere varied. This analysis did not produce sta-
tistically significant changes in Aq, although the
statistical errors in Ly were reduced by 40$.
In the 11-parameter fits, the 6& values mere
smaller than the statistical errors in 4~.

DISCUSSION OF THE RESULTS

As the muon velocity in the iron is approximate-
ly constant, the phase shift is proportional to the
time spent in the iron plate and hence varies lin-

The slope x and the intercept hy, were obtained
from a linear least-squares fit. and are given in
Table III. The results for the 11-parameter fitting
procedure appear to be more consistent, and were
adopted as the better representation of the re-
sults. There does not appear to be a systematic
influence of the beam bending, since the three
detectors give the same precession angle within
the statistical error. The geometric effect caused
by the lateral deflection of the beam was expected
to be maximum for the 0 detector, where it would
tend to increase Ay. The width of the Al target
was chosen to be narrow compared to the width
of the muon beam, in order to minimize this ef-
fect. The magnitude of the beam bending influence
was estimated in a model calculation where beam
profiles such as the typical one shown in Fig. 5
were assumed to represent the spatial distribution
of stopped muons in the target. The calculation
neglected positron scattering and attenuation in
the target and a small inhomogeneity known to
exist in the efficiency of the scintillator. The cal-
culation gives a geometric contribution to the
phase-shift parameter x of 0.001 cm ', which is
near the limit of detection.

The net precession angle averaged over the three
detectors, is plotted against the Fe plate thickness
in Fig. 7. The solid line represents the linear
least-squares fit. From .the slope r = 0.065+ 0.011
cm ' of the fitted line and the average muon ve-
locity of v=0.68c, the net field on the muon is ob-

TABLE III. Results of fitting the pSR phase-shift measurement of Ay to the linear relation
given in Eq. (6). The slope r is given in milliradians/cm and the intercept b,yo in milliradians.

Method Parameters po 90' 270' Average

Az variable~ variable
~=0.
~=0

r
&to
r
&eo

64(20)
-2 (11)
51(13)

5(7)

65(18)
—7(9)
63(12)
-5(6)

65(20)
4(10)

55(12)
1(6)

65(ll)
-1(6)
56(7)

0(4)
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here, the Geld would be proportional to the veloc-
ity of the muon, and the resulting phase shift would
in turn be proportional to the Fe plate thickness
dFe:

CI 20— =ypgZ p, sNpdv /vp ~
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j I
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FIG. 7. Muon spin precession angle (phase shift in
the p SR fits, open circles) averaged over the three spec-
tra as a function of the thickness of the Fe plate. The
least-squares fit (solid line) and the measurements of
the beam deflection angles (filled circles) are also
shown.

TABLE IV. Calculation of the dynamic field and en-
suing total phase shifts 6y for muons at v/e =0.68, or
v/v OZ = 93, based on three proposed parametrizations
of the dynamic field. The saturation field of the iron was
taken as 16 kG, the measured value for the iron plates
used in the experiment.

b,B(kG) Ay/dz~ (cm ~)

Dynamic field Eq. (1)
Dynamic field Eq. (2)
Sak and Bruno Eq. (7)
Experiment

1530
178

0.17
(2.6

5.96
0.73
0.0063

tained:

B= xv/y„= 15.5 + 2.6 kG .
Since the stauration field in the Fe plates used was
16.0 ko, the dynamic field enhancement is

ca=-0.5~ 2.6 kG.

Thus the observed precession can be explained
entirely in terms of the magnetization field. If
this result were precisely true, and since g=2 for
the muon, the beam deflection and spin precession
angles must be equal. For comparison, the beam
deflection angles calculated from plots such as the
one shown for the 0.4-cm plate in Fig. 5 have also
been plotted in Fig. 7. These results are consis-
tent with kB=0.

In Table IV the values for hB resulting from the
parametrizations of the dynamic field obtained
from heavy-ion reactions, and from the theoretical
calculations of Sak and Bruno are listed. If the
extrapolation based upon Eti. (l) were applicable

This phase shift turns out to be (8.2 cm ')d„, ra-
dians —a rather dramatic prediction. The data
easily rule out such an extrapolation of the field-
to high velocity.

Although we do not have a precise measure of
the dynamic field, our result is in agreement with
the Sak and Bruno prediction" for v)& v,g:

DB= 47lZijsNpvp/'v ~

Lindhard and Winther did not acutaQy evaluate
the enhancement of the magnetic field at high ve-
locity. Their theory was designed to explain the
large magnetic fields acting on relatively slow
(v «Zvp) ions. For this reason, they assume the
field is approximately spherically symmetric and
neglect the asymmetric corrections represented
in their notation by the parameter $. These cor-
rections are, however, important at high velocity.
Hence the Lindhard-%'inther theory is not directly
applicable to fast ions or muons. Furthermore,
even though in principle their theory could apply
to slow ions„ they also neglect atomic shell effects
and assume that the ions are essentially stripped.
Shell effects can be neglected only for swift iona
with v» v,Z, hence in just the region where the
asymmetry corrections are important.

It would be very interesting to fill in the large
gap in velocity between the present muon experi-
ment and the heavy-ion experiments. The two ex-
periments taken together indicate that there is a
maximum in the velocity dependence of the dy-
namic field. However, the possibi/ity exists that
the large dynamic field observed with heavy ions
may partly be due to atomic effects such as equi-
librium between hole production and capture of
polarized electrons from the mediuin. Experi-
ments on very slow muons (vc v, ) and on very fast
totally stripped heavy ions (va Zv, ) may be nec-
essary for a better understanding of the dynamic
field.

In conclusion we mention two examples of re-
lated work with positive muons. It is known that
the p,

' picks up a bound electron in semiconduc-
tors and insulators, forming a rnuonium atom. Re-
cently, a muonium stage for p.

' stopping in a Ge
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crystal has been observed through a measurement
of the phase shift in the p. SR signal associated
with muonium precession in a transverse external
field. " Also, our results show that magnetized
solid Fe deflectors and lenses may indeed be used
for the transport and focussing of high-energy

muon beams without significant loss of polariza-
tion.
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