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We have measured the ionization loss of electrons with Lorentz factors y = 2.91 and 1.6
&&104~y-10 passing through a (100.71+0.15)-pm silicon detector. Our results are in

agreement with accepted theory for y = 2.91 and y = 1.6X 10; however, for y -8&& 104 our
results are systematically (7+2)% below the theoretical value. We suggest an explana-
tion in terms of the finite detector thickness and a relativistic effect.

The presently accepted Fermi-Sternheimer
theory of ionization loss' predicts that for large
Lorentz factors, y=10', the most probable ion-
ization loss will approach an asymptotic value,
the Fermi plateau, independent of y. The ioniza-
tion loss proceeds through momentum transfers,
q, greater than a minimum component parallel
to the incident trajectory,

,.„=q ~ p =(h(u/pc)(1 —pv e)—:h/1 „g, (1)

where P is the direction of the initial momentum,

P =v/c, and a =1 —to, '/&o' is the dielectric func-
tion of the detector. From the uncertainty rela-
tion, Eq. (1) defines a coherence length' over
which the interaction takes place. The minimum
of qi~ is found for ~ = yes„which results in a max-
imum coherence length l „„=Pc/&u, . When the co-
herence length thus defined exceeds the path
length, a, of the incident particle in the detector,

the interaction time exceeds the transit time, and

we may expect deviations from the accepted the-
ory. To test the theory under these circumstanc-
es, we have made an absolute measurement of
the ionization loss of ultrarelativistic electrons
in a thin detector.

An ionization-loss theory based on considera-
tions of transition radiation was proposed by
Garibyan, ' who predicted a ln(y)-dependent in-
crease for y»(a&a, /c)'~'. Alikhanyan et al. » cia, im
to have seen the predicted increase, but the ef-
fect has not been verified and no absolute meas-
urement has yet been made. Garibyan's theory
does not include multiple scattering and requires
modification for y~ y * =(mc'/E, )'(L&o,/c), where

E,= 21 MeV and L is the radiation length. Since
y„*=9&10'for silicon, our experiment is not a
test of this theory. However, our measurement
may have some bearing on the radiative correc-
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tion proposed by Tsytovich, ' which would reduce
the Fermi plateau value by 5~/& to 100/& for y 2 200.
Although one group' claims to have seen this ef-
fect in certain emulsion data, evidence from other
groups" suggests that the correction, if it exists,
is smaller than 5o%%d. Crispi na, ndFowler 'a.rgue
that the effect of a strongly absorptive medium,
neglected by Tsytovich, makes the correction in-
appropriate for ionization-loss phenomena.

The experiment was performed in a parasitic
mode in the electron tagging arm of the tagged-
photon beam at Fermi National Accelerator Lab-
oratory. The most probable energy loss was
measured by observing the charge signal from a
(100.71 +0.15)-pm-thick (-10 ' radiation length)
silicon surface-barrier detector. The tagging
electrons were momentum dispersed in a vacu-
um pipe with less than 10 ' radiation lengths of
material ahead of the detector at the highest two
momenta and less than 2.2 X10 ' radiation lengths
at the two lower momenta. The trigger consisted
of a smaller-area silicon detector, plastic scin-
tillator hodoscope counters, and a total-energy
lead-glass shower counter, all downstream. For
calibration purposes data were also taken in the
same geometry using a '"Bi source and the in-
ternally converted electrons (0.976 and 1.051
MeV). The cost to produce a,n electron-hole pair
was determined for '"Bi electrons by simultane-
ously measuring absolute charge and absolute en-
ergy loss using a following stopping detector.
The result was 3.80 +0.02 per electron-hole pair,
which is in agreement with previous published
values. '

The most probable energy loss was obtained by
fitting a convolved spectrum plus background to
the data. This convolved spectrum consisted of
the measured electronic noise spectrum, calcu-
lated radiative corrections, and a calculated
Landau distribution. The electronic noise spec-
trum was taken with a precision pulser and typi-
cally had an energy resolution of 5. 5 keV (full
width at half-maximum). The radiative correc-
tions were made taking into account both material
upstream and the detector. This correction typi-
cally reduced the most probable energy detected
by 0.2 keV. The background spectrum was least
at the highest momentum. This correction re-
duced the value of the most probable energy loss
by 0.3 keV at y=l0' and 1.0 keV at y=1.6&10'.
No background correction was applied to the data
at y=2. 91.

In Table I we list the measured values of the
most probable energy loss along with the relative

TABLE I. Measured most probable ionization loss
with relative errors for relativistic electrons.

Z ~, (keV)

2.91
1.6 x 10'
8.0 x 10
4.8x 10
1.0 x 105

1,0x 10

0.15
1.6 x 10
2,0x10
4.0 x 10
1.0 x 10
1,0x 10

24.8
25.6
24.1
24.3
24.3
BByB
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FIQ. 1. Comparison of measured most probable ioni-
zation loss as a function of y=E/m c with theories of
Sternheimer, Tsytovich, Garibyan, and this paper.

uncertainty. A scale uncertainty of 0.3 keV was
estimated. The results are plotted in Fig. 1 to-
gether with the predictions of Sternheimer (solid
line), Tsytovich (shaded region), Garibyan"
(dash-dotted line), and our calculation (dashed
line) discussed below. With consideration of mul-
tiple scattering, Garibyan's prediction would co-
incide with Sternheimer's. Our measurement
agrees quite well with theory for y=2. 91, which
serves as a test of our experimental technique.
The measurement at y=1.6 0&104 also agrees with-
in the experimental uncertainty and tends to con-
firm the results of Aitken, Lakin, and Zulliger. '
The points at higher energy, however, are sys-
tematically (7 a 2) ojo below the Sternheimer predic-
tion.

We suggest that the deviation of our experimen-
tal results from the Sternheimer theory can be
understood from two considerations: (1) The
thickness, g, of the detector acts as a screening
distance, and momentum transfer occurs only
for l„„~a; (2) in deriving Eq. (1) the accurate
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relativistic relation q'/2m=Q(1+Q/2mc') should
be used for the momentum q of a free electron
with energy Q = Su. We find that this is equiva-
lent to the replacements ~,'-w, '+ &,', where
(u, = 2yc/a, and co -co(1+ furr/2mc') in the loga, rith-
mic density-effect term. The correction to the
Sternheimer value for large y becomes

b, e~ = 2At in(y&u, /l, ),
where the frequency I, is determined from

l, (1+ Rl, /2mc2) = y(a&o'+ ~, ')~2,

(2)

and the coefficient, At, is as defined by Stern-
heimer. ' The effect of this correction is shown

by the dashed line in Fig. 1. It vanishes for en-
ergies y«y, =am, /2c and y«2mc'/bar .

We have also considered the possible impor-
tance of multiple scattering and electron-position
pair production. The coherence length has a di-
rectional dependence proportional to y'P, where
the angle 0 between the incident and scattered
trajectories is zero for the maximum coherence
length. Over the coherence lengths of interest,
both multiple scattering and pair production may
lead to average scattering angles such that y'0'
a1. However, the minimum scattering angle re-
mains zero, and therefore these processes do not
change the coherence length.

With this experiment, we have measured an ab-
solute ionization loss (7+2)~/g below the Sternheim-
er value for three out of four high-energy points.
We feel that the discrepancy is real. Our data are
consistent with either the Tsytovich theory' or the
modification to Sternheimer theory proposed in
Eqs. (2) and (3), but not both. If we believe the
results of experiments" done for y~10', which
we feel are not definitely conclusive, then we
must reject the Tsytovich theory. We shall at-
tempt to resolve this question by making measure-

ments over a range of energies from y=l00 to y» y„with detectors of varying thicknesses.
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Note added. Wur conclusions concerning mul-
tiple scattering are in agreement with M. L. Ter-
Mikaelyan, Zh. Eksp. Tear. Fiz. 38, 895 (1960)
[Sov. Phys. JETP 11, 646 (1960)], and private
communication.
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