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The angular distribution of secondary electrons w~s .inve~tigated using a vac~um system 
containing a spherical collector whose surface was div1ded mto several conductmg belts. 
The observed angular0 distributions of the secondary elec~ron.s e~hibit pro~ounced maxima 
at large angles ("-' 60 ). It is shown that the observed d1stnbut10ns are distorted from the 
true distributiqns by secondary emission from the collector (tertiary electrons). A method 
to correct for this effect is introduced. The corrected angular distributions obey a cosine 
law. The energy distributions for the different angles of emission of the secondaryelectrons 
are investigated by the method of electrical differentiation. 

INTRODUCTION 

T liE investigation of the angular and energy dis­
tributions of secondary electrons is not only in­

teresting from the point of view of applications but 
it also is important in explaining the mechanism of 
secondary electron emission. The different 
theories of secondary emission 1• 2 give different 
angular distributions. According to Viatskin's 
theory 2 the electrons come out mainly at large 
angles ( cp""' 65 ° ) with respect to the incoming 
electron direction in the case of normal incidence 
of the primaries. On the other hand, in the theory 
of Kadyshevich 1 the number of secondaries increases 
with decreasing angle cp. It has been shown in 
several investigations3 that the yield of secondary 
electrons j (number of secondary electrons per 
steradian) decreases with increasing angle between 
the normal and the direction of emission. Kushnir 
and Frumin 4 have found for Mo and Ag that in 
normal incidence of the primary electrons, the se­
condary emission j first decreases with increasing 
angle cp; from a certain angle on, j begins to in­
crease and reaches a maximum at an angle Cfl"' 60° 
to 70°. An investigation of the secondaries from 
nickel 5 and soot 6 , also for normal incidence of the 
primary electrons, showed that j changes approxi­
mately according to cos cp. This is in disagreement 
with the results of Ref. 4. The main shortcoming of 
the above investigations seems to be the absence 
of compensation of the magnetic field of the earth 
which may greatly influence the trajectories of 
slow electrons (the radius of curvature of 3 ev elec­
trons at H"' 0.5 Oe is roughly 10 em). 

EXPERIMENTAL ARRANGEMENT 

The measurement of the angular distribution of 
secondary electrons was performed with the fol­
lowing apparatus. The vacuum system had a . 
spherical part with a diameter of UO mm, the In­

side of which was painted with aquadag. This 
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served as the collector for the secondary electrons. 
The collector was separated into five mutually insu­
lated belts. The secondary electrons could reach only 
the upper four belts, the fifth was the lower half sphere. 
The areas and the median values of the angle cp 
for the different belts are: 1. 2cm 2 and 12.5 ° ; 2. 
3.2 cm2 and 24.3°; 3. 5.8cm 2 and 55.3 °; 4. 
6.6 cm 2 and 79.5 ° . The emitter E, consisting of 
polycrystalline cuprous oxide, was placed in the 
center of the sphere. The emitter was attached to 
a cylindrical electrode with a diameter of 20 mm 

and a length of 17 mm. Inside of it was placed a 
thermocouple for temperature measurements and a 
bifilar filament W which served as a heater. The 
preparation and baking of the system was performed 
\n the way as described in Ref. 7. The pressure 
in the system as measured by an ionization gauge 
before sealing off of the system was 10-6 em Hg. 
After sealing off, a getter was flashed at 450° C. 
When connecting only one belt to the current 
measuring setup, the potentials on all belts re­
mained equal. Two coils of 1m. diameter were 
used to compensate the earth's magnetic field. 

RESULTS 

Figure 1 shows the resultant curves ohtained 
from each belt separately and from the entire 
collector. The primary electron energy was 
V = 400 v ; the temperature of the emitter was p 

400° . Figure 2 shows the energy distribution of 
the electrons. This was obtained under the same 
conditions by the method of electrical differentia­
tion. 7 •8 The form of the curves of the current at 
positive V (Fig. 1) and also of the energy dis­
tribution (#ig. 2) is quite different for the dif­
ferent belts. The slope of the current collected 
at belt 1 shows a sharp break at V k "' 0. For 
positive, increasing V k , the value / 2 / / 1 keeps 
increasing until it saturates at Vk "' 20 V. The 
curve showing the current to belt 2 also has a 
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FIG. l. Currents collected at V = 400 v and t= 400 °; 
p 

curves 1 to 5 for the belts 1 to 5 sep,arately, curve 6-
total current. 
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FIG. 2. Energy distributions for V = 400 v and t 
= 400 °; curves 1 to 5 for the belts lpto 5 separately, 
curve 6 for the whole collector. 

break; it occurs at V k"' 3v. At roughly the same 
voltage the curves of the currents to belts 3 and 
4 even have an extremum. The currents to belts 
2 and 3 increase monotonically while the currents 
to belts 4 and 5 decrease for increasing V k .These 
collected currents, particularly for be It 5J s"till 

show rather marked variation around 30 v and reach 
saturation only around V "'80 v 

As already mentioned, secondary electrons can 
not reach region 5 of the collector. Therefore the 
curveS, Fig. 1, shows the current of tertiary elec­
trons emitted from the other belts of the collector 
due to secondary electron impact at different col­
lector potentials. The slight decrease of the values 
of this current for increasing positive vk is due to 
a bending of the trajectories of the tertiary electrons by the 
electric field which deflects some of the electrons away 
from region 5 to the other belts. 3ut even at very 
large positive V k (100-150 v ), the number of 
tertiaries reaching 5 is still roughly one half the 
value reaching it at V k = 0. 

The tertiary electrons emitted by any of the belts 
arrive not only at 5 but also at the belts 1 to 4. 
Therefore, the measured currents consist of the 
arriving secondaries, plus the tertiaries arriving 
from the other 3 belts, minus the tertiaries emitted 
by the belt under consideration and collected by 
the other belts and the emitter electrode. One 
must then reckon with the fact that the collected 
secondary currents tothe different belts will be 
distorted for all values of V k (even for large 
positive ones) by tertiary currents. The amount of 
distortion will be differeit for the different belts. 

There was another source of errors in our setup. 
The secondary electrons striking the unpainted 
strips of glass (width 1mm) between the belts 
could charge 11p this surface1thus creating local 
electric fields. However it was possible to check 
on the existence of such fields by sudden changes in 
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FIG. 3. Angular distributions at the following conditions: 
400 V - 1 5 10 and 30 v; b. vp = 100, 400, and a. Vp = v, k- ' ' 

600 v' v k = 30 v. 

V • It turned out that the glass surfaces were es­
s:ntially uncharged fc;>r positive, zero, and even 
for slightly negative V k • This clearly can be ex­
plained in the following way. There a~e both fast 
electrons striking the collector for winch the 
coefficient of secondary emission on glass, o 1 , 

is larger than 1, and slow electrons with a coef­
ficient o smaller than l. The fast ones would 
charge th~ ~ass positively, the slow ones nega­
tively. Thus, under favorable ratios of fast to 
slow electrons as well as of 8 1 to o2 , the glass 
surface will not become charged. 

Figures 3 and 4 show ~e angul~~ distributions 
as obtained in this experunent. (] 1s the current 
per steradian,cp-the angle to the normal). Except 
for curve a, Fig. 3, the different curves are nor­
malized to coincide at cp= 12.5 ° . Curve a , 

d . 550 Fig. 3, shows a pronounce maxu~um at cp= 
in addition to the higli value of j at small angles 
This results in agreement with results of He£. 4. 
However, with increasing positive values of V k , 
the angular distributions become smoother by an 
increase of j at small angles ( cp= 12.5 ° and 35.5 ° ) 
and a decrease at cp= 79.5°(see Fig. 1 ). At J 

larger values of V k , th~ distortions due to second­
aries are somewhat smaller, dueto the fact that more 
of them return to the belt from which they were 
emitted. Therefore, the angular distributions ob­
tained for large positive V k are closer to the actual 
values. The large values of j at large cp(55.3 ° 
and 79.5 ° ) obtained here for small V k (as well as 
in Ref. 4) are due to the larger distortions intro­
duced by the tertiaries. For smaller primary elec­
tron energies (V P = 100 v.), there should be emitted 
fewer tertiaries andtherefore the distortions due to 
them should be smalfer. Indeed as can be seen 

in Fig. 3b, the curves for V = 400 v and 600 v 
have a pronounced bump at S5 ° due to tertiaries 
which is absent from the curve for V P = 100 v . 

CORRECTION OF THE DISTORTIONS 
INTRODUCED BY TERTIARY ELEC­

TRONS 

In order to obtain the true angular distributions, 
one hast o correct the experimental results for 
the influence of the tertiaries. It is advantageous 
to correct the results obtained at V k = 0 since 
then the trajectories of the secondaries as well as 
the tertiaries will be straight lines and the elec­
trons will keep the direction of their emission. 

The procedure to obtain the corrections is as 
follows. The current ofthe tertiaries from the belts 
1 to 4 reaching the region 5 is known. From the 
knowledge of the geometry of the apparatus- the 
areas of the belts andthe solid angles with which 
the different belts see each other and the emitter 
electrode- it is possible to obtain the values of 
the tertiaries arriving from each ofthe belts at the 
region 5 and at the other belts and at the electrode 
containing the emitter. The corrected value of the 
secondary current reaching each belt can now be ob­
tained by adding to the measured current the 
tertiary currents leaving the belt under considera­
tion and subtractingthe tertiary currents arriving 
from the other belts. 

In order to obtain the different tertiary currents 
one needsto know the angular distribution ofthe 
emitted tertiaries. As pointed out earlier, the high 
values of j at large cpare due to tertiary electrons. 
One therefore can assume that the secondary e­
mission increases monotonically with decreasing 
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FIG. 4. Corrected angular di~tributions: a. assumed distribution"-' cos cp; 
b. assumed distribution'""' cos cp <v = 400 v, V k = 30 v for both a and b); 

c. assumed distribution "-' cos cp, V pp= 100, 400, and 600 v. 

angle cp(see Fig. 3, b). A natural choice for the 
angular distribution seems tobe a dependence ac­
cording to a power of oos cp. After applying the 
corrections, the distortions introduced bythe 
tertiaries should disappear andthe obtained angular 

distribution oft he secondary emission should then 
coincide withthe assumed distribution. 

DISCUSSION OF THE OBTAINED RESULTS 

l. In Fig. 4a there is shown the corrected angu­
lar distribution with corrections according to a 
cos cpdependence, while in Fig. 4b, a dependence 
according to cos 2 cp was chosen. It turned out 
that these powers of cos cpresulted in corrected 
curves closest to the assumed dependence (viz. 

cos cpor cos 2 cprespectivel~. As already mentioned 
the distortions introduced by the tertiaries decrease 
with increasing V k • Therefore, the charactel' of 

the curves of Fig. 1 indicates the sign ofthe 
corrections forthe different belts. Thusthe cor­
rection for belt 4 should decrease the measured 
value of j , since I 2_ /1 1 decreases with increasing 
V k (Fig. 1, curve 4 ). This is the case both for 
the cos cpand the cos 2 cpdistribution (Fig. 4a and 
b). Similarly, the correction for belt 3 should 
increas;) the measured value of j in accordancewith 
curve 3, Fig. l. However this is the case only for 
the distribution cos cp(Fig. 4a) and not for cos 2 cp 
(Fig. 4b). Therefore one hasto conclude that 
the angular distribution of secondary electrons 
emitted from cuprous oxide has the form cos cp. 

Fig. 4c shows the angular distributions ob­
tained with primary electron energies of 100, 400, 
and 600 v. The angular distributions for 100 and 
400 v are almost identital while the one for 600 v is 
slightly narrower, indicating a decrease of emission 
at large angles. 
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2. We now shall 'discuss the results obtained 
on the energy distribution of secondary electrons 
for the d iff ere nt directions of emission. In the 
region of positive V the curves for the energy dis-

k 
tributions (see Fig. 2) are distorted forthe fol-
lowing reasons: as V k decreases, (i) the number 
of tertiary electrons surmounting the retarding 
field and reaching the electrode withthe emitter 
increases; (ii) the number of tertiary electrons 
arriving from the other belts increases. The first 
effect decreases, and the second increases, the 
values of the measured currents. The relative 
number of tertiaries leaving the first belt is con­
siderably larger than the number of tertiaries arriv­
ing. Therefore, the distortions forthis belt are 
larger, as is borne out by our results (Fig. 2 ). 

The value of the total current from the collector 
(Fig. 1, curve 6 ) is not constant for different 
positive V k but decreases markedly with decreasing 
V k , beginning at approximately 10 v . Accord­
ingly, the curve showing the energy distribution 
ofthe electrons reaching the collector (Fig. 2, 
curve 6 ) in this same region shows a large value. 
This decrease of the collected current can be ex­
plained by the increased number of tertiaries reach­
ing the emitter electrode due to the decrease of the 
retarding field associated with the decrease of the 
positive value of V k • 

In the region of negative V k there also exist 
distortions. As V k becomes more negative, ( i) 
the number of tertiaries reaching the electrode E 
decreases because the number of Oow energy) se­
condaries reaching the collector decreases, and 
(ii) more tertiary electrons which were emitted in 
such directions as to miss the emitter electrode 
are deflected towards it by the electric field and 
reach it nevertheless. 

The ratios 12 111 attain negative values start­
ing with a certain small negative V k (see Fig. 1 ). 
This comes about when the number oft ertiaries 
leaving the belt is largerthan the number of se­
condaries arriving at the belt. In our numbering 
of the belts the ratio of the number of tertiary 
electrons leaving a belt to that arriving at the belt 
increases with decrease of the belt number. There­
fore the value of V k at which the ratio 12 11 1 

becomes negative decreases as one goes from 
belt 4 to belt l. (Fig. 1). Negative 12 11 1 in 
the region of negative V k have been obtained also 
by other authors (see for example Refs. 9,10 ), 
who obtained results corresponding to our curve 6, 
Fig. 1. 

Curve 5, Fig. 2, shows the "speed" of the de­
crease of the number of tertiaries reaching belt 5 
with increasing negative V k • To a certain degree, 

it shows the distortions introduced by tertiary 
emission in the energy distributions of the se­
condaries obtained forthe four other belts. For 
a given belt, the number of arriving tertiaries in­
creases and the number of arriving secondaries 
decreases with increasing cp. For belt 4, the num­
ber of arriving tertiaries is greater than the num­
ber of arriving secondaries. Onetherefore should 
expect rather large distortions here. Indeed, 
curve 4, Fig. 2 shows a kink at V k rv 3 v,due to the 
considered distortions. 

The position of the maximum in the curves of the 
energy distribution is being displaced insignifi­
cantly towards higher electron energy with 
increase oft he emission angle of the secondaries. 
This displacement amounts to roughly 1 v for a 
change of cpfrom 12.5 ° to 79.5. 0 This is consider­
ably smaller than as observed in Ref. 4, where this 
displacement was 20 v and larger. It is possible 
that our small value forthe displacement is due to 
distortions from tertiary electrons which may have 
a different influence on the energy distributions 
ofthe different belts. 

I am grateful to L. M. Rakhovich, A. lu. 11eit­
sakas, V. A. Bolotin and R. S. !3reslav, who parti­
cipated in performing the measurements. 
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