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ABSTRACT

Synthesis of NO in plasma-chemical reacter based en plasme-
beam discharge (PBD) is treated both theoretically amd expe-
rimentally, Experimental results presented were obtained en
PBD plasmetrens with different configuratiems ef the dis-
charge.Experimental results en disseciatien of 0201333

are also given.

IBTRODUCTION

It was shewn in (1,2) that plasmatrons based en statiemary
PBD are the mest promissing from_ﬁechnelogical point eof view.
High degrees eof ionization (x=10""+1) can be achieved in °
this tynz of a discharge under working gas pressure ranging
from 10 Fto 10 tor. The discharge was stable déspite whether
neble gases or electremegative gases were used. Physicel =~
principles of PBD plasmetrons are briefly described in (1,2).
The paper deals with investiggtiom of chemical reactiems in
PBD plasmatrens with ribben-like and pipe-like beams.

T,PBD PLASMATRON WITH RIBBON-LIKE ELECTRON BEAM,

Device. Schematic diagrem ef plasmatron is shewn om Fi o1e
Electron gun (1-anode,2-catede) injects electren beam %3)
along axial magnetic field. Vacuum resistance (5) separates
electren gun frem high pressure reaction zone, Coellecter of
an electrom beam (6) soeling by water operates as calerime-
ter used to determine the part ef beam energy dissipated in
plasma. Electren beam pewer is about 30KW (I=54,U0=6KV).Wor-
king ges flow is fermed by the system (4) and passesthrough
the discharge zeme (7).Products of chemicel reactien were
sempled by spesial collector (8) providing flow rate G=

120 1/sec or G=150991/sec which assuxs expenditures of wor-
king gas from 5°10 “part/sec te 5,10 part/sec depending en
gas pressure and velocity of pumping. Products were analysed
by mass-spectrometer of emegairen typres

Synthesis of NO in PBD.
T%eogx. Synthesis of WO preceeds most efficiently whem nit-
rogen

s vibrationslly excited accerding te reactien (4):



/\/;v/zr)+0%N0+/v (1), O +/\/£[—: NO + 0 2)
Here Ng(v)-vibrationally excited Np, K, -rate constants
of direct and inverse reactions.If each particle of working
gas is staying in the discharge zone during ¢, ,then deg-
ree of processing of No im thedischarge zome can be estima-
ted by the formula: a [INOI/N, = (A/N,) K, N, T,

Here A-concentration ef N,Ng-cencentration of N,,Eg=10-11
cm3/sec =rate c*estgnt of the_precess.In eur experiments
A/F =10-2,K,s10'%cm’, 7, =10-Jsec.Then degree of precessing
equals te 18- oSynthesis ef WO in plasmatren based on PBD
proceeds in two stages:i) passing of working gas through the
discharge where molecules gain vibratienal emergy and partly
dissociate.2)Chemical reactiene of nitrogem oxidatiom in af-
terdischarge zene.Let us comsider the first stage.Since de-
gree of precessing increase im accord with increasing of vie
bratienal emergy it is necessary to learm the dependence of .

E, upon discharge parameters( o, 7. ) im the regime ef
saturatien,i.e, when 7, —+co ,Then maximal degree ef proces-
aing can be evaluated.To obtain this dependence the system
ofequations discribing time variatiems ef nitrogen vibratio-
nal levels populations was calculated numerically(5).Rate
constants were takem frem (6),The results obtained are shown
in Fig.2.,It can be easily seem that for all x : &, =72 o
Then te achieve highest precessimg ef NO nitrogem have te
stay in the discharge zome during time 7T, ,which can bs
estimated frem this ebvious relatien:

To = & = fitw Ker Ny T, 3
where K e-r -rate constant of vibratiomal excitatiem ef
B2 by electron, 7w =vibratienal quantum.Hewever cellisi-
ons of electrons with Ny results not only in vibratiomal ex=
citation but in disseciation ef N, excitatien of elecirenic
states and lonization of melecules and atoms as well,Te ach-
leve better efficlemncy energy spent on those perpeses have
%o be much less than &, .Consider seme medel gas taking in-
te account all these processes except for excitation of ele-
etronic states.It was shewn in (7) that Kp= &Kz
{ Kpy Kr =rate constants of disseciatiem and iomizatien,

-gome ceefficient equals te 10).Iemizatien rate cemstant
can be obtained from ance equatien for electroms in the
discharge.Since o =10"J¢1 in PBD life-time of electrens is
regtricted by ambipelar diffusien or by disseciative recom-
bination,Thus we obtain -

Kr = (Tad N,) " + A Kdr © (4
Where T, =characteristic time ef ambipelar diffusien,

Kdr =rate constant of disseciative recembination.We may

cenclude that 'héf the cenq%tiig 7 /

D _ _le Kdr

Aw L T o Kew Ny * hAw Kew Ke»u/voz;}< (5)
(D -disseciation potential) ie valid the major part of ene-
rgy input- inte gas is spent en vibrational excitatien.Ma-
king use of equatien (4) eme ebtains the comcentratiom ef
working gas which assures eptimal vibrational excitatien
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. Por characteristic parameters ef PBD plasmatren T, s10~5sec
5 9

D/fw = 20, Te/hw=3 o £ =10y Kdp= K., =10-Ocm3/sec
10-19 ¥y, we obtain N,=6.10950n : ’
Coensider new the secend stage. 1t is suppesed that gas en
eutlet frem discharge is partly disseclated and it's mean
vibratienal emergy equals &, . Since eress-sectiems ef
vibrational excitatien fer Op and NO are abeut twe erders
of magnitude higher them that of li; and en the eutlet frem
discharge £.2)~ T then &% ~T«]; where T-gas temperature,
Honresonant -7 exchange between 02,H0 and H, is not quick
enough tgmghangp appreciably mean vibrational emergy of NO
and Op- & £%7 -during reasction time end therefore the
only mecheanism resulting in incressing of &,”and &%)
is chemical reaction itself. Neglecting the dissociation
processes in afterdischarfe gone and making use of quasi-
stationary approximation for comcentration of atoms of
oxigen and nitrogem we obtain from (1) amd (2):

d [vo] 24 K Ky [0 T[N ] ~ K3 Ky [VO]* N

olt Ky e T # Kz [02]+ (K3 + Ky )INO) 7

where A= O + ¥ = const. It follows from (4)that rete conm-
stants of emdothermal reactiom K; and K4 depend upon meam
vibrational energy of the molecules imvolved,but Kpand K3
depend upon T.Thus equation (7) end equations for time
variation of vibrational energy amnd gas temperature des-
cribe the whole process of NO synthesis., Indicated system
of equations was solved numerically by means of computer,
Rate constants of reactioms (1) and (2) were taken from (8).
It was supposed that 10% of emergy im excess of threshold
energy of vibratiomsl excitation is transfered im heatin
of the gas. Om Fig.3 relative concentratiom of NO in equi-
moler mixture is plotted against time for different values
of initial ges temperature T and £, ?=1 eV (T =(A/MNo)K,N,T )o
Dependenee of energy cost of ome NO molecule on vibrational
energy for equimolar mixture is shown on Fig.4.Almost the
same results were obtained whem air was teken,

Thus the celculations presented here demomstrate the
posgibility of WO synthesis in PBD plasmachemical reactor
with degree of processing about 10-%2% and emergy cost of
NO molecule about 6-8 eV,

Experiment. Prior to consideration of maim results of NO
synthesis it is instructive to eomsider briefly experimen-
tal evidence of effective relaxatiom of am electrom beam
in plasma. Variation of energy gained im plasma Wp with
increasing of beam power W under comstant current of the
beam I=1A (ocurve 1) and comstant density of the beam (cur-
ve 2) are shown on Fig.5., Air pressurg in reaction zone
was 5.10~2tor with gas flow rate 2.102Opart/sec.It is seen
that enmergy imput in plasme is strongly dependent uponm re-
lation between beam current I and it's voltegs U.
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Consider now experimental results on NO synthesis. Fig.6
shows the variation of NO concéemtration in gas om outlet
from the discharge with increasing of energy imput in plas-
ma Wp under gas preseurgziﬁai:”ction zone Pg=5.10-2%or
and gas flow rate 2.7e s.!l'he'curren% of the beam
in this experiment was hold constant.It is seen that degree
of WO processi is inoreased with increasing of I/ .Com=
paring the results shown on FPig,5 and 6 one may come to
conclusion that im order to imcrease the output of the reac-
tion concentration of the beam have to be increased umder
being fixed at the optimal value Fig.7 demonstrates depen-
denee of HO concentration om the output of reactor on beam
powsr Iv; under different ges pressure P and gas flow rate
GoBeam energy was inereased due to imecreasing of ites current
(and therefore its demsity),the voltage of the beem was
varied omly slightly. Saturaiion which is seen on FigsT is
evidently caused by tae fact that during the time needed for
gas to some through  thedischarge zome vibratiomal énergy
reaches it's stationary level &, = 7e (Pig.2)o0m
Fig, 8 energy coest of ome NO {article is plotted agaimet
beam power Mg (p=10=ltor,das flow rate -1500 L’/aecﬁlt
must be noted tgat energetic efficiency of NO synthesis
in plasma-beem discharge 1s about two times as high as in
the other types of discharge (10).Thus the possibility
of BOs§hthesis from gir in plasma-beam discherge is experi-
mentally shown with degree of processing about 10-20% and’
energy cost of each NO particle about 10eV;These experie
mental results are im good agreement with theory presentmd
in the first part of thé paper, : ’
PIPE=LIKE ELECTRON BEAM, Plagsmatron with pipe=like elect-
Ton beam were -used with the aim to obtain high-~intemsity
atomflows due to dissociation in the discharge.Experiments
were undertaken on the device differimg from that descri- -
bed in (2) by the exchange of the cylimdrical beam for pipe-
like hollow beam 40mm in diameter and 1mm width.Molecular'
ges was injected into immer volume of pipe-like dischgrge.
The preductis were analysed by mass-specirometer of omega-
tron type. ’

Dissociation of TiCla. Final products of dissoclation can
be collected on quemching target in the form of films or
thin powders.Under power regime when 30 eV was spend om
each particle of TiCl, intensive deposition of TiCl,TiCl2,
TiCl, was obtained oﬁ the eooling target.The rate of depo-
sitidon was about 0,5 mkm/min,It is supposed that the rate
of deposition can %e increased by instantaneous increase -
of the discharge powsr and gas flow rate.The products depo-
gited on the target can be easily cleaned out by means of
pumping velocity decreasing.In this case Cl2 is in excess’
in the reaction zone ,end part of it dissociates in the dis-
charge.Interactfon of atomic Cl with clorides deposited
on the target results in creation of gaseous TiCl4,Thus
etching of previously deposited products occurs,
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Diasociation of freoms=113 .In order to obtain atomiec flows
of ssotlation of C2Cl3F3 was investigated in
plasma—beam discharge.Electron beam power was varied from
0,6 up to 2,5 kW,gas pregsure of C2C13P3 in the reactiom
zone was about (1-3) 107¢ tor.In the absence of the discha-
rge th® presence of heavy component and smaell part of Cl
was indicated by mass—spectrometer.The present of Cl was
evidently caused by dissoclates of 0201313 in the mass-
spectrometer lamp.Ad the power of the discharge was
increased prononced peaks of Cl1,Cl2,P3,HF were obtained.
The traces of atomic F were obtained when power was &8 high
as 2,5 kW.0n Pig,9 the ratio of peak intensities of light
components to heavy conponent is plotted ageinst discharge
power.Molecules Clp,F, ,HP are evidently the secondary
products which result%d to recombination of atomic Cl and

P in the tube comnecting reaction zone and mess-spectrometer
ter.Experiments described here demomstrate that atomic
flows of high intensity can be produced due to dissociation
of appropriate products in plasma-beam discharge.
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