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Ab stract: Using a new crossed elec tron-molecule beam ap pa ra tus rel a tive cross sec tions for dissociative 
elec tron at tach ment to SF6, CCl4, CCl2F2, CHCl3 and CHBr3 mol e cules have been mea sured at low elec -
tron en er gies from about 0 to 2 eV. The elec tron en ergy res o lu tion mea sure ments of the elec tron beam
and the cal i bra tion of the elec tron en ergy scale have been per formed with SF6 and CCl4 as a test and
calibrant gases. Using a tro choid al elec tron mono chro ma tor elec tron en ergy res o lu tion of the elec tron
beam with FWHM of 17 MeV has been achieved. The pres ent mea sure ments of dissociative elec tron at -
tach ment to first four mol e cules are in ex cel lent agree ment with pre vi ous stud ies. The dissociative elec -
tron at tach ment to CHBr3 has been mea sured in a crossed beam ex per i ment for the first time. Two
res o nances have been ob served at about 0 eV and at about 0.6 eV.

1. In tro duc tion
Elec tron at tach ment (EA) stud ies to the mol e cules are of fun da men tal im por tance to the 

un der stand ing of elec tron-molecule in ter ac tions at low elec tron en er gies and neg a tive ion
for ma tion in low tem per a ture plasma. Elec tron at tach ment re ac tions play an im por tant role
in var i ous fields of chem is try and phys ics and in a large num ber of tech no log i cal ap pli ca -
tions (gas di elec trics in high-voltage de vices, cer tain types of dis charges and plasma)
[1, 2]. Due to this, EA re ac tions have at tracted sci en tific at ten tion and have been stud ied in
many ex per i ments us ing both beam [3-5] and swarm tech niques [6-8]. Pre vi ous EA stud ies 
to large num ber of mol e cules dem on strated that elec tron at tach ment re ac tions de pend
strongly on the ki netic en ergy of elec trons (or in case of swarm ex per i ments in the elec tron
tem per a ture Te) and in many cases dissociative elec tron at tach ment (DEA) to the mol e -
cules is strongly en hanced by heat ing the at tach ing gas to higher tem per a tures (gas tem per -
a ture Tg). In most crossed beams EA ex per i ments, EA cross sec tions have been mea sured
as a func tion of ki netic en ergy of the elec trons (E). In case of swarm ex per i ments rate co ef -
fi cients for EA have been mea sured as a func tion of elec tron tem per a ture (Te).

The pres ent pa per is de voted to the stud ies of DEA rel a tive cross sec tions to some im -
por tant elec tron at tach ing mol e cules (SF6, CCl4, CCl2F2, CHCl3 and CHBr3). This study
has been per formed with a new high-resolution elec tron/mo lec u lar crossed beams ap pa ra -
tus built at the De part ment of Plasma Phys ics of the Comenius Uni ver sity in Bratislava. In
this re port care ful de scrip tion of this new ap pa ra tus is done and the first mea sure ments doc -
u ment ing re li abil ity of this new ap pa ra tus are pre sented. In or der to test the abil ity of the
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new ap pa ra tus to mea sure rel a tive DEA cross sec tions, the fol low ing mol e cules have been
mea sured:

e + SF6 ↔  (SF6)-* →  SF6
- + hn R1a

 →  SF6
- + M  R1b

 →  SF5
- + F - 0.12 eV R1c

e + CCl4 ↔  (CCl4)
-* →  Cl- + CCl3 + 0.43 eV R2

e + CF2Cl2 ↔  (CF2Cl2)
-* →  Cl- + CHCl2 + 0.4 eV R3

e + CHCl3 ↔  (CHCl3)
-* →  Cl- + CHCl2 + 0.16 eV R4

e + CHBr3 ↔  (CHBr3)
-* →  Br- + CHBr2 + 0.26 eV R5

Re ac tions R1-R4 have been al ready mea sured in crossed beam ex per i ment and there -
fore their rel a tive cross sec tion are known. For this rea son they are suit able as a test mol e -
cules for the new ap pa ra tus. The elec tron at tach ment to CHBr3 (R5) has been mea sured for
the first time in a crossed beams ex per i ment.

EA to the mol e cules is a re ac tion pro cess ing trough two steps i) for ma tion of a tran sient
neg a tive ion (TNI) and ii) dis so ci a tion of the TNI or elec tron de tach ment from TNI, which
is a con cur rent pro cess to the dis so ci a tion.  For ma tion of TNI is a res o nant pro cess and is
ef fec tive only in a nar row in ter val of elec tron en er gies.

2. Ex per i ment
The pres ent stud ies were car ried out with a new high-resolution elec tron-molecular

beam ap pa ra tus. Sche matic view of the ap pa ra tus is pre sented in Fig. 1. The elec tron beam
formed by Tro choid al Elec tron Mono chro ma tor (TEM) and ac cel er ated on de sired en ergy
is per pen dic u larly crossed by a mo lec u lar beam formed by Ef fu sive Mo lec u lar Beam
Source (EMBS). Neg a tive ions pro duced in the re ac tion cham ber are ex tracted by weak
elec tric field from the in ter ac tion re gion and fo cused into the en trance of Quadrupole Mass
Spec trom e ter (QMS). The mass se lected neg a tive ions are de tected as a func tion of elec -
tron en ergy in sin gle-ion count ing mode us ing a sec ond ary elec tron mul ti plier, ion count ing 
elec tronic and PC ac qui si tion sys tem. The whole sys tem is lo cated in a high vac uum cham -
ber and pumped out with 500 ls-1 turbo-molecular pump. The vac uum cham ber is heated by 
a sys tem of two lamps (2x500W) in side the cham ber, in or der to achieve clean sur faces of
the TEM (limit pres sure of the ap pa ra tus p < 5.10-7 pa). Dur ing the mea sure ments, when
mol e cules flow trough EMBS in side the vac uum cham ber, the pres sure in the vac uum
cham ber is usu ally be low 8.10-6  pa.

The TEM (Fig. 2) has been for the first time de vel oped by Stamatovic and Schulz [9].
The elec trons are pro duced by ther mal emis sion from a hair pin fil a ment di rectly heated by
pass ing cur rent. The elec tron beam is formed by a sys tem of elec trodes, is di rected in the
x-direction and en ters dispersive el e ment of TEM. As a dispersive el e ment of this mono -
chro ma tor, re gion with crossed ho mog e nous elec tric (y-direction) and mag netic field
(x-direction) is used. In this dispersive el e ment the elec trons are sep a rated ac cord ing to
their x-component of ve loc ity. Af ter pass ing the dispersive re gion, slow elec trons are more
de flected (in z-direction) then the faster ones. Using an ap er ture with di am e ter of 1 mm,
only elec trons with a nar row en ergy spread leave the dispersive re gion and are fur ther ac -
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cel er ated or de cel er ated by a sys tem of three elec trodes on de sired en ergy. The elec trons
en ter the re ac tion cham ber end re act with the mol e cules. The ki netic en ergy of the elec trons 
is de fined by the po ten tial dif fer ence be tween fil a ment and re ac tion cham ber. The ho mog e -
nous elec tric field of the dispersive re gion is formed by a sys tem of two pla nar elec trodes
(E about 1V/cm). The ho mog e nous mag netic field is pro duced by a pair of Helmholz coils
mounted out side of the vac uum (typ i cal value of the mag netic field B is about 0.01 Tesla).
Ad justing sep a rately the elec tric and mag netic field of the TEM, the en ergy dis tri bu tion
func tion of the elec trons in the beam is af fected. The en ergy spread of the elec trons in the
elec tron beam mea sured as a Full With at Half Max i mum (FWHM) can vary on this way
from a very broad (more then 200 MeV, elec tron cur rent more then 200 nA) to a very nar -
row (20 MeV elec tron cur rent lower then 10 nA). 

The EMBS con sists of ab so lute pres sure senzor (MKS Barratron, pres sure range
1-7 Pa) and heatable stain less steel gas con tainer with a sin gle 4 mm long 0.5 mm di am e ter
chan nel. A nar row mo lec u lar beam is formed by ef fu sion of the mol e cules trough this
chan nel. Be tween the EMBS and re ac tion cham ber of TEM a 3 mm ap er ture is lo cated in
or der to re duce the flow of the gas in the re ac tion cham ber and TEM. The gas in let sys tem
of the EMBS is work ing at higher pres sure (typ i cally 105-100 Pa) and the gas is in tro duced
to the EMBS trough a pre cise diafragm reg u lat ing valve, re duc ing the gas pres sure to
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Fig. 1. Sche matic view of the elec tron-molecular beam ap pa ra tus, TEM - tro choid al elec tron mono chro -
ma tor, EB - elec tron beam, MB - mo lec u lar beam, QMS - quadrupole mass spec trom e ter.



0.5-7 Pa. At this pres sure mean free path of the mol e cules in the EMBS is lon ger than the
typ i cal di men sion of the EMBS.

Mol e cules SF6 and CCl4 are usu ally used to cal i brate the elec tron en ergy scale and to es -
ti mate elec tron en ergy res o lu tion of the elec tron beam [10]. Both mol e cules pos ses very
high cross-sections for EA in the thresh old re gion (elec tron en er gies close to the zero).
These cross sec tions have been re cently mea sured with high sub-milivolts res o lu tions by
Klar et al. [11, 12] and Hotop et al. 1994 us ing their la ser photo ion is ation tech nique. In
these stud ies, thresh old be hav iour of the EA cross sec tion has been mea sured and strong
de crease of the cross sec tions with elec tron en ergy has been ob served (E-1/2 at very low en -
er gies and E-1 at higher elec tron en er gies). Strong de pend ence of EA cross sec tion on elec -
tron en ergy close to the thresh old is the rea son why both mol e cules are used for elec tron
en ergy cal i bra tion and es ti ma tion of the en ergy spread of the dis tri bu tion func tion of the
elec tron in the elec tron beam in ex per i ments with free elec trons [13].

3. Re sults
The TNI of SF6 mol e cule (SF6)-* is ob serv able in mass spec trom e ter due to its long life -

time against autodetachment and dis so ci a tion.  Tem po rary neg a tive ion is even the most in -
tense ion at low elec tron en er gies (be low 100 MeV). The cross sec tion for non-dissociative
EA to SF6 has a max i mum at very low en er gies due to elec tron at tach ment of slow s-wave
elec trons and thus the cross sec tion var ies with the elec tron en ergy as E-1/2 [11]. In crossed
beam ex per i ments and also in swarm ex per i ments ra di a tive sta bili sa tion of (SF6)

-* (re ac -
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Fig. 2. Sche matic view of the tro choid al elec tron mono chro ma tor (TEM), F - fil a ment, B - mag netic field,
E - elec tric field, EB - elec tric beam, MB - mo lec u lar beam, IB - ion beam
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tion Ra) can be ne glected, due to a very low prob a bil ity to re lease the ex cess en ergy in form
of elec tro mag netic ra di a tion. In swarm ex per i ments collisional sta bili sa tion of the  (SF6)

-*

plays an im por tant role [14]. In crossed beam ex per i ments (at sin gle col li sion con di tions)
collisional sta bili sa tion does not oc cur and due to this fact an im por tant dif fer ence be tween
swarm and crossed beam ex per i ments ex ists. In crossed beam ex per i ments much more SF5

-

ions are ob served than in swarm ex per i ments. Due to ab sence of collisional sta bili sa tion of
(SF6)

-* ion in crossed beam ex per i ments the dis so ci a tion is much more sig nif i cant. With in -
creas ing elec tron en ergy frag ment ion SF5

- be comes more and more im por tant and at en er -
gies above 100 MeV the SF5

- ions be come the dom i nant ion. The cross sec tion for DEA to
SF6 pos ses two dis tinct peaks, the first close to the zero elec tron en ergy, due to EA to the vi -
bra tional and ro ta tional ex cited mol e cules and the sec ond at about 380 MeV due to di rect
DEA to the SF6 in a vi bra tional ground state. Brüning et al. [15] ob served en hance ment of
the DEA cross sec tion to SF6 at very low elec tron en er gies by CO2 la ser ra di a tions.

In the pres ent ex per i ment elec tron at tach ment to SF6 has been mea sured with high elec -
tron en ergy res o lu tion. Non-dissociative at tach ment to SF6 has been ob served with strong
sin gle peak at zero en ergy, from the shape of the peak en ergy res o lu tion of the elec tron
beam of 17 MeV has been es ti mated (Fig. 3). Cross sec tion for DEA to SF6 has two peaks,
the first one at about 0 eV and the sec ond one at about 0.4 eV (Fig. 4).  Peak po si tions in the 
cross sec tions for non-dissociative EA and DEA to SF6 are in ex cel lent agree ment with pre -
vi ous beam stud ies. The main ad van tage of pres ent stud ies is the high elec tron en ergy res o -
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lu tion. Better res o lu tion has been achieved only in pho to elec tron ex per i ment, which is,
how ever, lim ited to very low elec tron en er gies.

In case of CCl4 mol e cule, TNI is short liv ing (in pico-second range [16]) and there fore
no par ent mo lec u lar ions can be ob served in crossed beam ex per i ments at low elec tron en -
er gies (be low 2 eV). The only prod uct of the DEA re ac tion is the Cl- ion. The cross sec tion
for DEA to CCl4 has two peaks, the first one at very low en er gies due to DEA of slow
s-wave elec trons, and sec ond at around 0.8 eV due to DEA to ex cited state of the neg a tive
ion [3, 17]. In the pres ent study, DEA cross sec tion to CCl4 has been mea sured with a high
elec tron en ergy res o lu tion of 17 MeV (Fig. 5). The first most in tense peak has been found
at zero en ergy and the sec ond broad peak at about 0.8 eV. The shape of the cross sec tion and 
po si tions of the peaks are in very good agree ments with pre vi ous stud ies.

The mol e cule CF2Cl2 (freon 12) is of a great im por tance for at mo spheric chem is try. The 
role of this mol e cule was rec og nized in de struc tion of the strato spheric ozone. For this rea -
son, stud ies of re ac tiv ity of this mol e cules at tracted high at ten tion. In beam ex per i ments
Illenberger et al. [18] have mea sured DEA to CF2Cl2 at room tem per a ture. At low elec tron
en er gies one peak for pro duc tion of Cl- at around 0.8 eV has been ob served. Chen et al. [19] 
have mea sured DEA of low-energy elec trons to this mol e cule in the tem per a ture range
from 300 to 1 000 K us ing re tard ing po ten tial cross beam tech nique. In their ex per i ment
zero en ergy peak has been ob served and ac ti va tion en ergy of 130 MeV has been es ti mated.
At low elec tron en er gies at about 0 eV a strong peak has been ob served with a shoul der up
to about 0.8 eV. In the pres ent ex per i ment rel a tive cross sec tion for DEA to CF2Cl2 has been 
mea sured (Fig. 6). The rel a tive cross sec tion pos ses two peaks, the first one at 0 eV and the
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sec ond one at about 0.75 eV. The agree ment with pre vi ous ex per i men tal re sult of Hahn dorf 
et al. [20] and Kiendler et al. [21] is sat is fac tory, how ever Kiendler et al. did not ob serve
0.8 eV peak in the DEA cross sec tion (only a shoul der) this was due to strong dis crim i na -
tion of fast ions in this ex per i ment. Schumacher et al. [22] did not de tect the zero en ergy
peak in his ex per i ment. Rea son for this fact is prob a bly in abil ity to get slow elec trons in the
re ac tion cham ber. The po si tion of the 0.8 eV peak agrees with the po si tion of a peak in the
pres ent ex per i ment.

The first mea sure ment of DEA to CHCl3 in a crossed beam ex per i ment has been car ried 
out by Spence et al. [3]. The mea sured DEA cross sec tion as a func tion of elec tron en ergy
to CHCl3 had two peaks, the first one at zero en ergy and the one sec ond at about 200 MeV.
Chu et al. [17] mea sured the DEA cross sec tion to CHCl3 at the room tem per a ture and find
the po si tion of the first peak at zero en ergy and the po si tion of the sec ond peak at about
270 MeV. Matejcik et al. [13] mea sured DEA cross sec tion to CHCl3 as a func tion of gas
tem per a ture in the tem per a ture range from 310 to 436 K. The po si tion of the two peaks was
in agree ment with the pre vi ous two beam ex per i ments. Pres ent stud ies of DEA cross sec -
tion to CHCl3 (Fig. 7) are in excelent agree ment with the pre vi ous crossed beam stud ies.
The cross sec tion for DEA to chlo ro form has two dis tinct peaks the first at zero en ergy and
the sec ond at about 250 MeV.

The rel a tive cross sec tion for DEA to CHBr3 (R5) is pre sented in Fig. 8. The DEA to
this mol e cules pro ceeds trough two res o nances, the first one very narow at 0 eV and the
sec ond one at about  0.5 eV. The first res o nance is prob a bly due to low en ergy s-wave elec -
tron at tach ment to the low est (CHBr3)- ionic state. The sec ond res o nance is prob a bly due to 
elec tron at tach ment to the ex cited an ionic state. There are no other crossed beam data on
DEA to bromoform.

4. Con clu sions
In the pres ent pa per elec tron at tach ment and dissociative at tach ment stud ies to the mol -

e cules in the gas phase have been per formed us ing a new high-resolution elec tron-mo lec u -
lar beam ap pa ra tus.  The mea sured cross-section for elec tron at tach ment to the SF6, CCl4,
CCl2F2 CHCl3 are in a very good agree ment with pre vi ous ex per i men tal find ings. DEA
cross-section to CHBr3 has been mea sured for the first time in a crossed beam ex per i ment.
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