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Ab stract: Tro choid al elec tron mono chro ma tor (TEM) using crossed homogenouse elec tric and
mag netic fields has been in ves ti gated in a nu mer i cal sim u la tion us ing the SIMION 7.0 pack age. The
elec tron tra jec tory cal cu la tions have been car ried out for a large num ber of ini tial elec trons with fi nite
en ergy spread and an gu lar dis tri bu tion func tion. The elec tron en ergy dis tri bu tion func tion (EEDF) of the 
TEM has been stud ied as a func tion of the mono chro ma tor pa ram e ters. The nu mer i cal re sults have been
com pared with the ex per i men tal dis tri bu tion func tions.

1. In tro duc tion

The beams of mono-en er getic elec trons are re quired in many ex per i men tal stud ies con -
cern ing elec tron in ter ac tions with the mol e cules in the gas phase or on the sur faces. The
elec tron beams with well de fined and nar row dis tri bu tion func tions (high en ergy res o lu tion 
of the elec tron beams) can be formed with the help of elec tron mono chro ma tors.

There ex ist sev eral types of the elec tron mono chro ma tors op er a tion of which is based
on dif fer ent phys i cal prin ci ples. To the most pop u lar types be long the elec tro static mono -
chro ma tors (in cy lin dri cal or spher i cal ge om e try) [1, 2] and the tro choid al elec tron mono -
chro ma tor (TEM)[3]. The TEM is able to pro duce the elec tron beams with cur rents in
or der of 10-9nA and the elec tron en ergy res o lu tion down to 20 meV. At low elec tron en er -
gies, the ef fect of elec tro static re pul sion of the elec trons may play a sig nif i cant role in the
elec tro static mono chro ma tors. This prob lem can be omit ted if ax ial mag netic field is ap -
plied, how ever, the pres ence of the mag netic fields is harm ful for the op er a tion of the elec -
tro static mono chro ma tors. On the other hand, the tro choid al elec tron mono chro ma tor is
based on the dispersive prop er ties of the per pen dic u lar ho mo ge neous elec tric and mag -
netic fields. The mag netic field is ax i ally aligned with the axis of the mono chro ma tor. For
this rea son the TEM is pop u lar in ap pli ca tions where low en ergy elec tron beams are re -
quired [4-9].

In pres ent pa per, we dis cuss the ba sic at trib utes of the TEM op er a tion on the ba sis of
nu mer i cal sim u la tion of the TEM. Using the SIMION [10] charge par ti cle op tics pro gram, 
de tailed three di men sional nu mer i cal cal cu la tions of the elec tro static fields in the TEM
have been per formed. The prin ci ple of op er a tion of the TEM has been in ves ti gated ear lier
[11-13]. These an a lyt i cal stud ies were per formed only for the sim pli fied case ne glect ing
transversal ve loc i ties of the elec trons, fring ing field. Grill et al. [14] car ried out three di -
men sional study of the TEM, how ever, only in a very lim ited range of elec tron en er gies
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and an gles. In pres ent work, we have per formed nu mer i cal sim u la tion of the trans mis sion
of the elec trons through the mono chro ma tor. The elec tric fields were cal cu lated for real
ge om e try of the elec trodes. Thus, the cal cu lated elec tric fields in cludes the fring ing fields
at ap er tures of the elec trodes. The tra jec to ries have been cal cu lated for a large num ber of
the elec trons in dif fer ent ini tial state (ki netic en ergy and the di rec tion) sim u lat ing the ther -
mi onic emis sion of the elec trons from the fil a ment.

The ge om e try of the sim u lated TEM was iden ti cal with the TEM used in our lab o ra -
tory [15]. The aim of this study was to sim u late the op er a tion of the TEM and to es ti mate,
on the ba sis of the sim u la tion, the elec tron en ergy dis tri bu tion func tion (EEDF) of the
elec tron beam formed in the mono chro ma tor and to com pare it with the ex per i men tal one.
It is also as sumed [17] that the EEDF may de pend on the en ergy of the elec trons, how ever,
there ex ists, so far, no sys tem atic study of this ef fect. In the pres ent work we have sim u -
lated the EEDF in the elec tron en ergy range from 0 to 100 eV and ob served broad en ing of
the EEDF.

2. Prin ci ples of the Op er a tion

The dispersive el e ment of the TEM is showed in Fig. 1. The sep a ra tion of the elec trons
oc curs in a space with crossed per pen dic u lar ho mo ge neous elec tro static 

r
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fields 
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B. The elec tric field pro duced by a pair of par al lel plain elec trodes (length L in the

ax ial di rec tion) has only the y com po nent. The mag netic field formed by the Helmholz
coils has only the x com po nent and is ax i ally aligned with the orig i nal di rec tion of the
elec trons. The ve loc ity 
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mag netic field and has the x di rec tion. The Lorentzian force acts on the elec tron. The tra -
jec tory of the elec trons in such fields can be ob tained as a so lu tion of the dif fer en tial equa -
tion:
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There ex ists an a lyt i cal so lu tion for this sys tem of equa tions [3, 14]. In the z di rec tion a
con stant drift ve loc ity 
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vD  ex ists, which de pends only on the mag ni tude of the elec tric and

mag netic fields and is ve loc ity in de pend ent:
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The drift ve loc ity can be used to sep a rate elec trons ac cord ing to the mag ni tude of the x
com po nent of the ini tial ve loc ity. The fast elec trons spend rel a tively short time in the



dispersive el e ment and thus, at the end of the el e ment, only small de flec tion in z di rec tion
is ob served. On the other hand the slow elec trons spend a lon ger time in the dispersive el e -
ment and, thus, their de flec tion in z di rec tion is larger. The ap er tures at the be gin ning and
at the end of the crossed field space have dif fer ent z co or di nates. Thus, only elec trons with 
proper ini tial ve loc ity and with nar row en ergy spread may leave the dispersive space.
More de tails on the an a lyt i cal the ory of the TEM are given in pa pers [3, 14].

This an a lyt i cal model il lus trates only the ba sic at trib utes of TEM mono chro ma tor and
can not de scribe all prop er ties like the in flu ence of the inhomogenities in the elec tric
fields, the tra jec to ries of the elec trons with dif fer ent ini tial an gu lar ori en ta tion and the ini -
tial en ergy dis tri bu tion func tion of the elec trons in the TEM. In or der to get better un der -
stand ing of the TEM op er a tion, we have de cided to per form nu mer i cal tra jec tory
sim u la tion of TEM.

3. Nu mer i cal Sim u la tion

The nu mer i cal sim u la tion of the TEM has been per formed us ing the charge par ti cle
op tics pro gram SIMION 3D 7.0 [10]. This soft ware is a pow er ful in stru ment for nu mer i -
cal cal cu la tions of the elec tro static fields for a sys tem of elec trodes. More over, this soft -
ware is able to cal cu late the ion and elec tron tra jec to ries in the sys tem of elec tro static and
mag netic fields.

The sim u lated TEM has the ge om e try and the di men sions of the TEM built at the De -
part ment of Ex per i men tal Phys ics, Comenius Uni ver sity [16]. The de tailed de sign in clud -
ing re ac tion cham ber is shown in Fig. 2. The elec trodes made from stain less steel are
1.2 mm thick and the dis tances be tween the elec trodes are 1.0 mm. The ap er tures of the
elec trodes in the model are cy lin dri cal in con trast to the fun nel shape of the ap er tures in
the real mono chro ma tor. The fun nel shape ap er tures are used in or der to de crease the
charg ing of the ap er tures due to ad sorp tion of the mol e cules on the ap er tures. We ne glect
this ef fect in the pres ent model. The di am e ter of the ap er tures is 1.0 mm. The dispersive el -
e ment of TEM is 20 mm long. The en trance ap er ture of the dispersive el e ment is 2 mm of
axis. The exit ap er ture is ex actly in the cen ter of the elec trode (Fig. 1).

The EEDF of the elec tron beam formed in the TEM is de ter mined i) by the ini tial dis -
tri bu tion func tion of elec trons emit ted from fil a ment and ii) by the dispersive prop er ties of 
the elec tron mono chro ma tor. The elec tron source of the real TEM is a hair pin fil a ment di -
rectly heated by pass ing elec tric cur rent. The elec trons are emit ted from the tip of the fil a -
ment by ther mi onic emis sion. In pres ent sim u la tion we have ap prox i mated the fil a ment by 
a point and we as sume that the ini tial dis tri bu tion func tions of the elec trons is de ter mined
by the ther mi onic emis sion. Thus the ini tial EEDF has thus an ex po nen tial char ac ter.
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where f E( ) is the rel a tive abun dance of the elec trons with ki netic en ergy E, T is the tem -
per a ture of metal. In this sim u la tions, we have not con sid ered the mu tual re pul sion (Cou -
lomb re pul sion) of the elec trons. We ne glect this ef fect due to the fact that we have been
us ing mag netic field in ax ial di rec tion, which pre vents the re pul sion.
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Fig. 1. The dispersive el e ment of the TEM mono chro ma tor.

Fig. 2. The pic ture of the sim u lated tro choid al elec tron mono chro ma tor.



4. Re sults and Dis cus sion

In the pres ent work we have per formed tra jec tory cal cu la tions of the elec trons trough
the TEM. The tra jec tory cal cu la tions have been car ried out with a large num ber of elec -
trons (appr. 10 000) with dif fer ent ini tial pa ram e ters (elec tron en ergy and di rec tion). The
ini tial EEDF was given by the ther mi onic emis sion of the elec trons from the cath ode. The
num ber of the elec trons, which hit the last elec trode (Faraday cup), and their en ergy have
been re corded and eval u ated. A his to gram ob tained in this way cor re spond to the EEDF of 
the TEM. The cal cu lated EEDF is pre sented in Fig. 3a. The sim u lated EEDF have been
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Fig. 3. Com par i son of the EEDF of the elec trons ob tained in  a) ex per i ment and b) sim u la tion.

Fig. 4. The de pend ence of the width of the EEDF on the en ergy of the elec trons. Note that this set of
data has been cal cu lated un der dif fer ent mono chro ma tor pa ram e ters then the previouse data.



com pared with the EEDF of the elec tron beams of the real mono chro ma tor. The EEDFs of
the real mono chro ma tor have been mea sured us ing the re tard ing po ten tial field
method [?]. The po ten tials of the par tic u lar elec trodes and also the in ten sity of the mag -
netic field in the sim u la tion have been set to the val ues used in the ex per i ment.

The re sults for one par tic u lar set of elec trode po ten tials (iden ti cal set tings were ap -
plied in the ex per i ment and in the sim u la tion) are shown in Fig. 3. On the right site the
EEDF ob tained in the nu mer i cal sim u la tion is pre sented, whereas on the left site the ex -
per i men tal one is shown. The shapes of these two EEDF are re mark ably sim i lar. Be side
the main peaks there are two shoul ders pres ent at the high en ergy site of the EEDF. There
na ture of these shoul ders will be the ob ject of our fu ture stud ies. There ex ists dif fer ence in
the width of the EEDF at half max i mum (full width at half max i mum - FWHM). The cal -
cu lated FWHM of approximatelly 100 meV over es ti mated the FWHM of the ex per i men -
tal EEDF of 72 meV. Sim i lar cal cu la tions have been car ried out for fur ther sets of the
elec trode po ten tials and dif fer ent elec tron en er gies.

The re tard ing po ten tial dif fer ence method may be ap plied in the ex per i ment to mea sure
EEDF only at low elec tron en er gies. At high elec tron en er gies, there ex ist prob lems due to
such ef fects as the sec ond ary elec tron emis sion of the elec trons and re flec tion of the elec -
trons from the Far a day cup. How ever, we have ap plied the sim u la tion in or der to ac count for 
the ef fect of the elec tron en ergy on the EEDF. In this sim u la tion all po ten tial of the TEM
have been kept con stant with one ex cep tion - we have var ied the ac cel er a tion po ten tial in the 
in ter val from 0 up to 100 V. The re sults of the cal cu la tions are showed in Fig. 3. In the en -
ergy in ter val from 0 to 15 eV the width of the EEDF was prac ti cally con stant. This re sult is
par tic u larly in ter est ing, as in this elec tron en ergy range, the dissociative elec tron at tach ment 
re ac tions are mea sured. In ear lier dissociative elec tron at tach ment stud ies [17] it was be -
lieved that al ready in this elec tron en ergy range strong vari a tions of the EEDF oc cur. Only
weak fluc tu a tions have been ob served but they are com pa ra ble with the un cer tainty of the
mea sured val ues. Above 15 eV, the width of the EEDF slowly in creases. How ever, the in -
crease is not as dramatical as ex pected. At elec tron en ergy of 100 eV the width of the EEDF
is about 60 % larger then at low elec tron en er gies.

5. Con clu sions

Using the nu mer i cal sim u la tion, we have cal cu lated the EEDF of the elec trons in the
elec tron beam formed in the TEM. We have ob tained agree ment be tween the shapes of the 
cal cu lated and ex per i men tal EEDF. Ad di tionally, the de pend ence of the EEDF on the ac -
cel er a tion po ten tial has been cal cu lated. The width of the EEDF be tween 1 and 100 eV in -
creased by about 60 %.
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