PHYSICAL REVIEW A

VOLUME 16, NUMBER 3

SEPTEMBER 1977

Straggling of fast electrons in aluminum foils observed in high-voltage electron microscopy
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By using an electron-energy analyzer adapted on a high-voltage electron microscope, energy-loss straggling
of relativistic electrons (0.3-1.2 MeV) through 1- to 8.5-pum-thick aluminum foils has been investigated in
the energy range 0-4000 eV. The energy resolution of the analysis is 3 eV. The experimental values of the
most probable energy loss AE, and of the full width at half maximum AE,,, are interpreted by taking -
account of the effects of all-order terms in the Landau theory. This latter is revisited by introducing the
relativistic Bethe cross section associated with all kinds of excitation processes including plasmons; ‘it is
. observed that plasmon influence is negligible in this thickness and energy range.

1. INTRODUCTION

The energy-loss straggling suffered by particles
through matter has been considered by many au-
thors, mainly in connection with heavy particles
like protons and positive pions.”” The loss distri-
bution for very fast heavy particles was generally
concluded to be in good agreement with the Landau
theory® and with its generalization proposed by
Vavilov® when the mean energy loss in the target
was not very small compared to the maximum energy
transfer ina single collision, but small compared to
the incident energy. The most probable energy loss
AE, and the full width at half maximum (FWHM)

AE, ,, of the straggling remained within a few percent
experimental uncertainty. For protons less than 20
MeV, adifference was observed between theory and
experiments, the discrepancy increasing with de-
creasing incident proton energy 2

For electrons, the measurements are less nu-
merous. Aitken et al.! observed for very fast elec-
trons [458-MeV electrons through Si(Li) detectors]
a spectrum larger than the theoretical one given by
Landau. More recently, Nagata et al !° studied
100-MeV electrons through gas samples and found
disagreement between the FWHM of the ionization
loss distribution and the Landau theory and even
with the correction of Blunck and Leisegang,'*
who took account of the second-order moment in
mechanical resonance energy transfer.

In electron microscopy, energy losses suffered
by electrons give a blurring of the images. In
order to understand the variation of this effect with
the energy of incident electrons in the case of high-
voltage electron microscopy we studied the energy
loss of electrons in the kinetic-energy range 0.3—
1.2 MeV using specimens a few micrometers thick.
In most of the previously published experiments,

16

the accuracy was limited by the energy spread of
the incident beam which generally was about 1%.57
In the field of electron microscopy, some results
have already been reported by Considine et al.}?
Using a magnetic analyzer'® adapted on the 1.2-MV
electron microscope of our laboratory,'* we have
extended those measurements into a higher-energy
range and with a better energy resolution, about
3x107°,

For one-MeV electrons and aluminum foils a few
micrometers thick, the difference between the
Landau and Vavilov treatments is insignificant.®
Recently Bichsel'®'” has proposed a better appro-
ximation of the energy-loss distribution for heavy
particles by introducing moments of higher orders
calculated in the first Born approximation using a
hydrogenic wave function. In our approach we have
investigated the contribution of all moments by
using the mean free paths corresponding to the
atomic excitations and including plasmons which
were measured with a reasonable accuracy in
samples a few thousand angstroms thick.*®1°

In this paper we discuss the results of mea-
surements performed on the energy-loss spectra
obtained with aluminum foils, and compare them
with the theory. Since the experimental values of
AE, and AE, ;, are about a few hundred eV, the
distortion of the energy-loss distribution, because
of the small energy spread of the incident electron
beam (3 eV) and of the resolution of the analyzer,
is negligible, so it is not necessary to make any
correction to the observed values as in several
previous experiments.'”® The electron microscope
also allows control of the effect of the maximum
electron scattering angle o which is defined by the
objective aperture. A particular advantage of the
technique is that the area of the object correspond-
ing to the spectrum can be known exactly.
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FIG. 1. Cross section of the high-voltage electron
analyzer.

II. EXPERIMENTAL ARRANGEMENT AND PROCEDURE

The experimental arrangement for the energy
analysis of the electrons transmitted by the object
is a 37 magnetic prism adapted after the screen of
the electron microscope (Fig. 1). The energy
analysis is performed on a selected area of the
image on the screen of the microscope: it cor-
responds to a 2 X 1072~ um? area of the sample.

In order to avoid the limitation of the resolving
power of the analyzer due to the spatial resolution
of the detector, the spectrum at the output of the
prism is magnified by an additional magnetic lens.
In these experiments, the spectra were recorded
on a photographic plate and the values of interest
were measured by microdensitomer traces. Only
those corresponding to an optical density range
0-1 were kept. The energy resolution of the ana-
lyzer was checked on aluminum plasmon spectra
as shown in Fig. 2. It is given by the full width

at half maximum of the no-loss peak (3 eV) as
deduced from the position of the first plasmon
peak for which E,=7iw,~15 eV. The energy cali-
bration of the system was performed by changing
the accelerating voltage V of the primary electron
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FIG. 2. Electron-energy-loss spectrum in a thin
aluminum foil: E,=~15 eV and the FWHM of the no loss
peak is ~3 eV.

beam. It shows that the dispersion varies linearly
in the 0-2000-eV energy range.

Energy losses of electrons through 1- to 8.5-
um-thick aluminum foils were measured as the
kinetic energy of incident electrons was varied
from 0.3 MeV up to 1.2 MeV. These thicknesses
were determined to +5% precision by the usual
weighing method and also by means of a pneumatic
comparator. Up to 1 um the number and the rela-
tive intensity of plasmon peaks in the spectra al-
lowed us to control those measurements that, on
the other hand, could be extrapolated to higher
thicknesses.

The «a aperture value chosen for the measure-
ments reported here, a =40 mrad, was sufficient-
ly large so that the energy-loss distributions were
monotonic. The characteristic variations were
smeared into the background mainly because of
the continuous single electron collisions. They
are readily revealed by reducing « as shown in Fig.
3(a) where the visibility of plasmon lines confirms
that plasmon is a small angle scattering excitation.
This observation suggests that plasmons contribute
to the straggling and that their contribution should
be investigated.

III. THEORY

The probability f(x, AE) that an electron with
an incident energy E, going through an x- um-
thick layer, will lose an amount of energy AE,
obeys the Boltzmann equation®



FIG. 3. Influence of the maximal scattering angle on
the energy-loss spectra obtained with samples a few
microns thick: Electron kinetic energy, 1 MeV; thick~
ness, 3um. (a) =0.5 mrad. In this micrograph the no
loss line has been superimposed in the spectrum; (b)
a=40 mrad.

—z—-];-(x, AE) = ; fo " doy,[fx, AE - AE,) - fix, AB)],
(1)

where AE,, is the single collision energy loss due
to the excitation of an atomic electron from the dis-
crete state » to the continuum state , and do,, the
differential cross section for N atoms per unit
volume. The Fourier transform of f(x,AE) is
written

Ax, w) =exp[-xg(w)],
with (2)

glw)= ;fondok,,[l - exp(-iwAE,,)].

From the Bethe treatment with the Mgller correc-
tion?° for the relativistic Born approximation of the
scattering of a fast electron,

§ E 1 mc3(2E - mc?

@ T QFAE-m-Q)

1 1
rEme—r tE)  ©
where
2me* 1 P
=0 Bl g

px is the mass thickness, A is the atomic mass,
and N, Avogadro’s number. The energies E and
E’ are the electron energy before and after scat-
tering. In this expression it is a reasonable ap-
proximation to set E’/E ~1.
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=(1/2m)[n%¢? - (E - E')?/c?],

where #§=Pp -’ is the linear momentum trans-
ferred to the atomic electron. 7,, is the relativis-
tic form factor. The other notations are conven-
tional. )

As suggested by Landau, Eq. (2) is separated
into two terms by introducing an intermediate @
value, @,, such that for @>@Q, the energy trans-
ferred to an atomic electron is much greater than
the atomic-level excitation energy. In this case,
it can be shown that

Q~AE,, and I""kn'z'szm 4)

where F,, is the oscillator strength associated
with the transition n—~%. When @<Q,,

ITI,,, lz N(Flm/AE;m)(Q AE: /zyzmcz)’ (5)
-where v is the relativistic factor.
Hence

&(w) =g w) +g®Nw). (6)

As the lower limit of @ is given by
Quin=AE%/2V°8mc?, g w) is written

& Q% F ( AE2? ) 1
W) ) == S (g ——gee
£4(w) x; fqm AL, \O~ Tme (Q2+ ")
X[1 - exp(~iwAE,,)]dQ. (7)
In the first approximation, g* ’(w) becomes

gm0t T [ Fo(e-gi) . ©
where we have dropped the Mdller correction terms
because both @, and @, are small compared to
the incident electron energy.

Introducing the expression of the mean free path
for the excitation of the transition » —~ k&, we have

g (w)=iw ; AE N, (9)

Assuming that the summation on the continuum
can be made by taking account of the variation of
the generalized oscillator strength like AE;3 *

it can then be shown that

g (w) =iw Z AE M}, (10)
n

where A7! is associated with the initial level n
and E, is obtained from the edge AE,, by AE,
=1.5AE,,. I F, is the oscillator strength associ-
ated with the »n level,

N

This formula has been confirmed by our experi-
ments; @, has the value defined by the maximal
scattering angle @ which is small. Hence,
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gM(w)=iw = Z [ <27 iﬁf Q.) B“] (12)

This equation can be simplified by considering the
sum equation

Y F,-2, (13)

where Z is the number of electrons per atom, and
by introducing the mean ionization potential I given
by

> F,InAE,=Z 1l (14)
Hence
gfl)( w)=iw _EZ [1n<2'y232__127;£39_q) - Bz] . (15)

The second term in Eq. (6) can be written

23(w)= ;f: do,[1 - exp(-iwAE,,)]
0

Z f Fh,,dAEk,,(KlET +)

X [1 - exp(~iwAE,,)]. (16)

This integral has been calculated by Landau with-
out taking account of the Mgller correction terms.
The value of g®(w) is

g{”(w)=%"’[€ k;;l fo ®

‘min

where Q,=%2¢2/2m. Then g{(w) can be written
() = P98, [ (W.q)_ 2] ( g

giw)= = {Z e S At ML W YT
or, if we consider that

}; F,InAE, =Z,InAE,, (22)

i e 220 )

AE, V? ]
n(——m1
+Zu1n<1 .1327E,) +B1. (23)

Hence,

&, () =g (w)+g,(w),
with

g,(w) =iw(£/x)Z,[In(AE, /1.132YE, ) + gl.  (24)
Setting

Fkn(Q- %ﬂ%ﬁ)g+j;:0

£9(w) =iw é ; Fi[1-€-1n(iwQ,)]

=iw(£/x)Z[1 - C- In(iwg,)], am

where C is the Euler constant: C=0.5717.
Finally, by adding (15) and (17), the expression

“of g,(w), which is the first order of g(w), is the

same as the one of Landau treatment:
& (w)=g(w)
=iw(&/%)Z[In(2y2Fmc?/I?)+1 -C- 2. (18)

A. Influence of plasmons

The plasmon creation which is well known in
metals can be included in this theory.?? Unfor-
tunately the expression of the mean free path
associated with this excitation is not given by
(11). Since plasmon creation is essentially only
longitudinal and not partially transversal as in the
case of atomic electron excitations, it can be dem-
onstrated that'®

. _EF figv \?

%=y Eim(l.ISZE,,) ’ (19)
where E, is the plasmon energy, F, the oscillator
strength associated with the outeratomic electrons,
and ¢, the cutoff wave vector. F, can be considered
as equal to the number Z, of outer atomic elec-
trons. i

Introducing plasmon creation in gf¥(w), Eq.
(8) becomes

do,E +£Zf Fm(Q m%) Z?] (20)

) m[ o(EmenE) ot @

a=£Z,[In(AE,/1.132YE, ) + /],

the Fourier transform j“;(x, w) of the first order
energy loss distribution is

filx, w)=Fy(x, W exp(-iaw).
Thus

fi(%,AE) =f (x,AE) * 5(AE - a) =f,(x,AE~ a), (25)

where f, 2(x, w) and f,(x,AE) are relative to the
Landau treatment and * is the convolution oper-
ator. In this model, the influence of plasmons is
only to shift the Landau distribution. When the
electron kinetic energy is. 1 MeV and the foil
thickness is 3 um, the factor a~-20 eV. This
shift towards larger energy losses is smaller
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than our experimental uncertainty and is therefore
neglected.

B. Influence of quadratic terms
If the exponential term in g{(w) is expanded to

the second-order term, as proposed by Blunck
and Leisegang, g(w)=g,(w) with

a@=g@ e 1T [

Q

AE,F,,

'min

1 AE?
X = {Q - ——kn_
Qz (Q 2')’27}102) dQ»
and by summing over the % states,

&o(w)=g,(w)+3u? );"j AEZ
=g,(w)+ 3P Y AERNE, (26)
n

Following those authors

K2=) " aE}

n

and

£:(w) =g,(w) + 37K 2. @n
Thus,

fz(x; w) =f1(x) w) exp(_%xwzi{—é)
and

folx,AE) =f,(x, AE)*[1/(2mxK2)*/?]

The second-order distribution f,(x,AE) is a con-
volution of the first-order distribution f,(x,AE) by
a Gauss function defined by K2. The main result
is an enlargement of AE,,,. Figure 4 shows this
effect in the case of aluminum. The influence of
plasmons in K2 is negligible due to the low value
of the associated energy loss. The Landau dis-
tribution used is the one recently tabulated by
Borsch-Supan.?® On the other hand, AE, is in-
creased because the Gauss function is a symmetric
one alike the Landau distribution.

Since our experiments show a systematically
lower value of the enlargement of the straggling
distribution and of the most probable energy loss
as compared to the Blunck and Leisegang theory,
we have attempted to explain them by considering
the contribution of all higher-order terms.

C. Influence of higher-order terms

If we expand the exponential term in g*)(w) up
to the M order, we obtain

gM(x,w)=gL(w)— a(;zlo')—m;ﬁo 5

m)
min

AEZ \ dQ
X AE™L ——kn | 2%
B Fin < 272mcz.> I°d

H (= dw)m -
sz(w)— ; ml ;AEZV\ML:

(~iw)™ )
— =g (w)—Z: AE™ . 29)
x exp(-AE?/2xK?) . (28) £ &z m! ; e (
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FIG. 4. Influence of the Blunck and Leisegang correctiononthe Landau distribution in the case of a 3-um-thick aluminum

foil at 1 MV.
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FIG. 5. Influence of the all order term correction on the Landau distribution in the same case as in Fig. 3.

Hence,
glx, w) =g (w)+Y_ N1 - exp(~iwAE,)]

—iwy AEN!. (30)
Writing ’
g.(w) EZ A1~ exp(-iwAE,)] - iw Y AE M}
C 0
and (31)

fo(w) =exp[-xg(w)],
we obtain )
flx,AE) =f,(x,AE)*f (x,AE) . (32)

This equation shows that the complete distribution
f(x,AE) is deduced from the Landau one by con-
voluting with a correction function f,(x, AE) which
takes into account all order terms. This function
is a generalization ot the Blunck and Leisegang
correction and can be computed numerically.
Figure 5 shows the influence of the correction in
the case studied in Fig. 4. As compared to the
Landau distribution, AE, is shifted towards lower-
energy losses and the increase of AE, ,, is smaller
than the one given by the Blunck and Leisegang
correction.

IV. COMPARISON WITH EXPERIMENTS

As the thickness of the samples increases, the
characteristic distributions due to plasmons and

inner-shell excitations vanish progressively into
the background and the energy-loss spectra can
be compared to the Landau distribution. The mi-
crodensitometer traces of Figs. 6(a)-6(c) show
this modification for 0.76-8.5- um-thick aluminum
foils and 1-MeV incident electrons; Fig. 6(d)
shows the variation of straggling for 0.3-, 0.75-,
1.2-MeV incident electrons transmitted through
the same 3- um-thick aluminum foil. As can be
seen in Fig. 6(d), the chromatic aberration on the
electron micrographs decreases with increasing
accelerating voltage. We have determined AE,
and AE,,, from these spectra. In Tables I and II,
experimental values of AE}*® are compared to the
values deduced from the Landau treatment AEf
and from the corrected treatment AE]. These re-
sults are shown in Figs. 7(a)and 7(b) and in Table I.

The experimental determination of AE, is easy
and the accuracy is mainly limited by the preci-
sion of thickness measurements. We observe that
experimental values are systematically 10 or 20%
lower than Landau’s ones. With the correction
which takes account of all orders, we get calcu-
lated values of AE, within the probable error of
the experiments.

Concerning AE, ,,, the measurements are more
critical. They can be affected by the nonlinearity
of the photographic technique. The precision can
be evaluated at +10%. There is a large discrepancy

. between the observed values and the calculated

Landau’s ones. These latter are two or three
times lower than the experimental values. The
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FIG. 6. Electron-energy-loss spectra through aluminum foils for various thicknesses x. (a) x=0.76 pm, V=1 MV;
b)x=2pm,V=1MV; (c) x=3, 4.5, 5.5, 8.5um, V=1 MV; d) x=3pum, V=0.3, 0.75, 1.2 MV,

Blunck-Leisegang correction reduces the discre- The influence of plasmon multiple scattering is
pancy but gives values about 30% too large. Fig- also very weak: the most probable energy loss
ures 8(a) and 8(b) and Table II show that, by in- calculated by multiple plasmon scattering as sug-
troducing all the correction orders, the experi- gested by Hirsch and Humphreys?* would be much
mental values are in better agreement. smaller than AE,: for instance, with 3- um alu-

TABLE I. Most probable energy loss in aluminum for different foil thicknesses and different
accelerating of incoming electrons. AEf, AEj, and AE® are the Landau, corrected and ex-
perimental values, respectively.

x=3 pym x=5.5 pm x=8.5 um,
AEF  AE§ AEX AE}  AE} AEX AEF  AE} AEpe
Vv ev) (ev) eVv) ev) (ev) ev) (ev) (eV) (ev)
300 824 784 770 1621 1585 1360 2628 2572 2400
500 691 611 640 1357 1298 1250 2197 2105 1950
750 641 584 540 1255 1202 1210 2058 1947 1840
1000 626 545 520 1242 1149 1190 1974 1784 1720

1200 618 532 540 1216 1120 1040 1961 1820 1660
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AEp TABLE II. Full width at half maximum of the energy-
(eV) (a) loss distribution in aluminum for different foil thick-
25001 nesses and different accelerating of incoming electrons.

AEY),, AES,, and AES, are the Landau, corrected, and
experimental values, respectively.

x=3 pm x=8.5 pm
AE), AES, AETHR  AEf, OB, AETH
Vir ev) (V) (eV) €ev) (ev) (eV)

300 401 1092 940 1136 1974

500 325 1002 920 920 1820 1950
1500 | Landau 750 289 967 890 820 1743 1816
1000 273 922 870 774 1715 1730
° 1200 265 969 820 752 1720
4
° Ae
(ev\f) (a)
5004 1500
x
10004
° o «a : x x
0 5 X( pm)
500
Aep | (b)
lev) 0 " 500 i 1000
VikV)
20004
e (b)
(eV)
2000
x °
x o
* [ x
10004
1000
0 5 X(pum) 0 500 1000 V(kV)
FIG. 8. Variation of the width at half height of the
FIG. 7. Variation of the most probable energy loss electron-energy-loss distribution AE,/, as a function of
AE, of electrons as a function of aluminum foil thick- the accelerating voltage V in aluminum. The solid curve
ness x. The solid curve corresponds to the Landau corresponds to the Landau theory; O are the experimen-
theory; O are the experimental values and x are our own tal values and X are our own corrected values. (a) x

corrected values. (a) V=0.3 MV; (b) V=1 MV. =3 pm; (b) x=8.5 pm.



minum foils, at 1 MeV, AE, due to plasmons is
about 150 eV .!°

Analogous experimental results, which are in
good agreement with the calculated ones by a Monte
Carlo method,* have recently been obtained in the
case of a gas sample.'®

V. SUMMARY

Finally the experimental values of the most prob-
able energy loss and the width at half maximum
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allow one to conclude that the free-electron model
proposed by Landau with the correction including
all order resonant terms is a good approximation
of the scattering processes of electrons through
aluminum. The density effect, Bremsstrahlung,
and Cerenkov radiation are negligible for this

light element and this incident energy range. These
results confirm that individual collisions by ioni-
zation and excitation are the main scattering pro-
cesses of electrons through matter.
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FIG. 3. Influence of the maximal scattering angle on
the energy-loss spectra obtained with samples a few
microns thick: Electron kinetic energy, 1 MeV; thick-
ness, 3 um. (a) a=0.5 mrad. In this micrograph the no
loss line has been superimposed in the spectrum; (b)

a =40 mrad.



