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Formation and quenching processes, as well as the optical emission characteristics of Xe,Br*, centered at 
44O±30 nm were investigated for electron beam pumped mixtures of argon, xenon, and several different 
bromine donors. Three-body collisional quenching of XeBr* was identified as the primary formation 
mechanism for the triatomic species. Quenching rates for Xe,Br* and XeBr* were measured and the Xe,Br* 
radiative lifetime was determined to be 245 ± 30 ns. 

INTRODUCTION 

In recent years there has been considerable interest 
in the triatomic rare gas-halogen excimers. 1-5 These 
excimers exhibit radiative transitions in the wavelength 
region from 260 to 650 nm. Because the triatomic rare 
gas-halogens have a steeply repulsive potential energy 
curve in the ground state, the fluorescence is inherently 
broadband, as compared to the narrow spectral linewidth 
of the diatomic excimer. 

The existence of the triatomic excimers was first 
identified from companion fluorescence observed on the 
long wavelength side of the emission from their diatomic 
counterparts. 1. 3 These trimers were first viewed as a 
loss mechanism for the diatomic rare gas-halide la
sers. 6- 9 It was proposed by Huestis et al. 10 that these 
triatomic molecules could be employed as tunable laser 
media. Subsequently, electron beam excited Xe2Cl* was 
shown to have optical gain within its fluorescence bandY 
Two triatomic lasers Xe2Cl* centered at 520 nm and 
Kr 2F* centered at 435 nm were demonstrated by Tittel 
et al. 5 .12.13 

In this paper, we describe the excited state kinetics 
of the triatomic rare gas halide Xe2Br*. This excimer 
was investigated in order to establish the feasibility of 
a Xe2Br* laser. Furthermore, the formation of Xe2Br* 
represents an important loss mechanism for the XeBr* 
laser. 

Narrow band emission from the diatomic species, 
XeBr* was first reported by Velazco and Setser14 and 
Brau and Ewing. 15 XeBr* was the first diatomic ex
cimer for which laser action was demonstrated. 16 The 
fluorescence emission spectrum of the triatomic spe
cies, Xe2Br* was recently reported by Konovalov et 
al. 17 

In our experiments, the trimer Xe2Br* was formed by 
electron beam excitation of high pressure mixtures of 
argon, xenon, and a bromine donor. Figure 1 illustrates 
typical fluorescence emission from an electron beam 
pumped mixture of Xe, Ar, and Br2• The XeBr (B-X) 
emission at 282 nm, the Br: emission at 291 nm, and 
the very broadband Xe2Br* emission centered at 440 nm 
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are depicted in the figure. The fluorescence intenSity 
and decay rate of the Xe2Br* emission were studied as 
a function of gas mixture in order to determine the 
quenching behavior of the constituents, and the radia
tive lifetime of the trimer. From this data, a kinetic 
model for the formation and removal of the triatomic 
excimer was developed. 

EXPERIMENTAL PROCEDURE 

Mixtures of high purity argon (99.999%) (0.5 to 6 
atm), xenon (50 to 900 Torr), and various bromine donor 
gases (0.1 to 5 Torr) in a stainless steel reaction cell 
were transversly pumped by an electron beam. The 10 
ns long beam of 1 MeV electrons was generated by a 
PhYSics International pulserad 110 accelerator, and 
typically had a maximum current denSity of 200 AI cm2 

at the optical axis of the cell. Details of the apparatus 
and experimental techniques employed have been de
scribed elsewhere. 5.18 

The optical emission from the cell was monitored with 
two fast vacuum photodiodes (ITT F4000S). Interference 
and color glass filters were used to define the spectral 
region of interest (280 and 450 nm) for each diode. The 
photodiode Signals were recorded with a Tektronix 7912 
transient digitizer, with a time resolution of about 3 ns. 
A 0.25 m Jarrell-Ash spectrometer, in connection with 
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FIG. I, Fluorescence spectrum of electron beam excited mix
ture of Ar/Xe/Br2' The broadband Xe2Br* emission centered 
440 nm is seen together with XeBr* emission at 282 nm, and 
Bri at 291 nm. 
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FIG. 2. Kinetic model for the XeBr*-Xe2Br* system. 

an OMA-1 optical multichannel analyzer, waS used to 
observe temporally integrated emission spectra. Both 
the transient digitizElr and the OMA-1 were interfaced 
to a DEC 11/23 minicomputer. Computer software al
lowed integration of the OMA data over various spectral 
regions, and temporal integration of the photo diode sig
nals. Least-squares fitting to the decay of the photo
diode signal permitted accurate determination of the 
Xe2Br* decay time as a function of the partial pressures 
of argon, xenon and the bromine donor. 

KINETIC MODEL 

From fluorescence measurements it is possible to 
characterize the formation kinetics, quenching pro
cesses, and donor efficiency for an excimer system. 
Based on the data to be presented below, and in analogy 
with other triatomic excimer systems which have been 
studied, 19-25 the most likely formation route for Xe2Br 
is via the diatomic excimer XeBr*, as illustrated in 
Fig. 2. 

In the case of e-beam excitation, the primary forma
tion mechanism for XeBr* is via a harpooning reaction 
between the xenon metastable Xe*, and the bromine 

donor molecule RBr 26 and ionic reactions of Xe; with 
Br'. Xe* is removed by a termolecular reaction with 
Ar and Xe to form Xe:. The primary quenching path
ways for xe: are radiation and possibly, reaction with 
a donor to form Xe2Br*. This formation channel for the 
trimer molecule has been observed in the case of Ar2F* 
by Chen et al. , 19 and by Bowering et al. 22 

The most important reactions involving XeBr*, lead
ing to the formation of Xe2Br* are listed in Table r. 
The removal of XeBr* can occur via radiative decay 
[Reaction (1)], as well as through interaction with the 
other constituents of the gas mixture [Reactions (2)-
(7)]. However, only two of these reactions result in the 
production of Xe2Br* [Reactions (4) and (6)]. The rate 
constants for Reactions (4) and (6) are both of the same order 
of magnitude (see below), but because in most of the experi
ments the argon pressure is much higher than the xenon 
reaction, Reaction (6) dominates. 

Assuming linear quenching for Xe2Br*, and neglecting 
a possible production channel for Xe2Br* via Xe:, the 
following rate equation describing the time dependence 
of the Xe2Br* population is obtained: 

!! [Xe2Br*] =' (ks[Ar] + k4 [Xe])[Xe] [XeBr*]- _1_ [Xe2Br*]. 
dt T eff 

(1) 

In this equation, the quantities in brackets (e. g., [Xej) 
represents the denSity of that species in the gas mix
ture. The rate constants for the formation reaction are 
given by ks and k4 (see Table I) and T eff is the effective 
decay time of Xe2Br*, which will be discussed below. 
For sufficiently low xenon pressures, the xenon-xenon 
formation reaction [given as Reaction (4) in Table I] can 
be neglected, and Eq. (1) can be integrated to yield 

[Xe2Br*(t)] =,ks[Ar][Xe] f [XeBr*(t')]dt' 

__ 1_ (I [XeBr* (t')] dt' • 
Teu )0 

(2) 

The observed time integrated fluorescence intensities in 
the UV and visible Iuv and Ivls are given by 

TABLE I. Formation and quenching reactions for XeBr* and Xe2Br*. 

Reaction Rate constant Reference 

1. XeBr* - Xe +Br +hvXeBr TXeBr=17.5 ns 27 

2. XeB r* + RBr - products k2= 8 x 10'10 cm3 S·1 a 27 

3. XeBr* + 2Xe - products k3+k4 = (2.7 ± O. 9) x 10'31 cm6 S-1 This work 

4. XeBr* +2Xe-Xe2Br* +Xe k 4"" 2. 7 X 10'31 cmS s·1 This work 

5. XeBr* + Ar + Xe - products k5 +k6= (3. O± O. 8) x 10'31 cm6 s·1 This work 

6. XeBr* +Ar+Xe-Xe2Br* +Ar k6= (3.2 ± O. 4) x 10'31 cm6 s'l This work 

7. XeBr* +Ar+Xe-other products k5 $1 X 10'31 cm6 S'1 This work 

8. Xe2Br* - 2Xe +Br +hvXe2Br TX"2Br=245±30 ns This work 

9. Xe2Br* + RBr - products see Table II for kq This work 

10. Xe2Br* +Ar- products kl0$ 2x10'14 cm3s·1 This work 

11. XezBr* +Xe -products kl1 = (2.8 ± O. 9) x 10.13 cm3 S·1 This work 

aFor donor Brz. 
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FIG. 3. Ratio of the time and wavelength integrated fluores
cence intensity of the visible emission at 440 nm to the UV 
emission at 282 nm as a function of xenon pressure for argon, 
xenon, and CHBr3 mixtures. 

Iuv =C,l" [XeBr*(t')]dt' , 
o 

lVi • = C 2 f" [Xe2Br* (t')] dt' . 
o 

(3) 

(4) 

The constants C, and C 2 contain the radiative lifetimes 
of XeBr* and Xe2Br*, as well as the spectral sensitivity 
of the detection system. The Xe2Br* population will 
decay to zero after sufficient time. Thus, if we set 
t=co in Eq. (2), the left-hand side is zero, and then sub
stituting Eqs. (3) and (4) we obtain 

£:w. - ~ k [] [A ] I uv - C 1 6 T off Xe r. (5) 

These intensities are directly measured with the optical 
multichannel analyzer, when the spectra are integrated 
over the appropriate UV and visible wavelengths. Fig
ure 3 shows the intensity ratio as a function of xenon 
pressure. The linear dependence of the intensity ratio 
on the xenon pressure supports the assumption that Re
action (6) is the primary production channel for Xe2Br*. 

Formation of Xe2 Br* 

In order to study the formation mechanism of Xe2Br* 
in detail, the time dependence of the Xe2Br* and XeBr* 
fluorescence was investigated. The time dependence of 
the fluorescence Signals, as measured by the photo
diodes, is given by 

V (t)- [XeBr*(t)] 
XeBr -a,... ' 

• XeBr 
(6) 

(7) 

The constants a, and a 2 contain the transmission charac
teristics of the filters used to separate the UV and the 
visible fluorescence, which were very carefully deter
mined, and the sensitivity of the photodiode for the dif
ferent wavelengths. Substituting Eqs. (6) and (7) into 
Eq. (1), and neglecting the k4 [XeJ(Xe] term as com
pared to the ks[Xe][Ar] term, we find 

d _ [ ][ ]~.!A.tlu.. 1 () 
dt Vxo2Br* -k6 Ar Xe V XeBr - - V X"2Br ' 8 

a, Tx~r T off 

The constants ks and T eft can be determined by fitting 

the Xe2Br* fluorescence signal obtained by integrating 
Eq. (8) to the observed Xe2Br* fluorescence. The mea
sured XeBr* emission is used as input data for the in
tegration. To insure good time synchronization between 
the input XeBr* pulse and the Xe2Br* pulse to be fit, the 
same photodiode was used to obtain both signals, the 
interference filters were simply interchanged, leaving 
everything else in the experiment constant. Figure 4 
shows a typical XeBr* fluorescence pulse at 282 nm 
and the observed Xe2Br* emission at 450 nm. The 
dashed curve in Fig. 4 is the result of a computer in
tegrationofEq. (8), withks=3.1xlO-31cmss-'. Fits 
for a number of different gas mixtures, resulted in a 
formation constant ks of (3. 2± 0.4) x 10-3' cmB sol. This 
value also agrees to within 20% to the value one gets by 
substituting for CJC, and Teft in Eq. (5). 

Further inSight into the processes leading to the for
mation of Xe2Br* can be obtained by looking at the re
moval of XeBr*. Neglecting the inefficient two-body 
quenching by the rare gases, the pertinent rate equa
tion for the dimer can be written as 

d[XeBr*] 
dt =p -{k2[RBr] + (k3 + k 4) [Xe] [Xe] 

+ (ks +ks)[ArJ[Xe] + (l/T)}[XeBr*] . (9) 

In this equation, P is the net production rate of XeBr* 
and j is the radiative lifetime of XeBr*. In our pres
sure regime, the production of XeBr* is much faster 
than the production of either Ar; or xe;, and P can be 
written as 

(10) 

The constants I, and/2 represent the formation constant!: 
for XeBr* as a result of the argon and xenon concentra
tion in the cell. This assumption will be discussed in 
detail below. With the argon concentration set to zero, 
and taking the time dependent XeBr* fluorescence at its 
peak (when the derivative is zero), one can put Eq. (9) 
in the follOWing form: 
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FIG. 4. Temporal behavior of the ultraviolet XeBr* emissions 
at 282 nm and the visible Xe2Br* emission at 440 nm for a mix
ture of 2 Torr CHBr3' 100 Torr Xe, and 600 kPa Ar. The dot
ted curve results from an integration of the XeBr* pulse, us
ing appropriate formation and quenching rates. 
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FIG. 5. XeBr* fluorescence peak intensity as a function of 
xenon pressure for a mixture of 1 Torr CHBrs and xenon. The 
solid line is the result of a fit of Eq. (11) to the data. 

(11) 

Using (1/'r)+ka[RBr]=1.0x108 S-l
a7 

a fit was made of 
the curve obtained by observing the peak in the XeBr* 
emission as a function of xenon pressure with no argon 
present (F ig. 5). The fit yields the parameters fa and 
(k3 + k4)· 

Returning to Eq. (9) and again letting the derivative 
equal zero, the following expression for the peak of the 
XeBr* emission is obtained when both argon and xenon 
are present: 

[XeBr*] 

_ b[Ar]+b[Xe] 
- ka[RBr]+ (k3+k4)[Xe][Xe] + (k5 + k6)[Xe][Ar] + (l/T) • 

(12) 
With this equation, a fit is made to a plot of XeBr* 
emission as a function of argon pressure, with a fixed 
xenon pressure. Since T, ka, (k3 + k4), andfa are known 
the two parameters f1 and (k5 + k6) can now be deter
mined. Such a fit is shown in Fig. 6 for two different 
xenon concentrations. The same rate constants were 
used to fit both curves. The constants determined from 
this analysis are (k5 + k6) = (3. 0 ± O. 8) x 10-31 cm6 S-l and 
(k3 + k4) = (2. 7 ± 0.9) x 10-31 cm6 S-l. 

Quenching and fluorescence characteristics of Xe2Br* 

Quenching of xeaBr* results from radiation and colli
sional interactions with the other species in the cell. 
The dominant quenching reactions are shown in Table I 
as Reactions (8)-(11). The observed decay of the 
XeaBr* fluorescence tail was always of an exponential 
form, so the quenching constants can be found by moni
toring the effective decay rate, T elf of the xeaBr* fluo
rescence. This effective lifetime is given by 

T;:f = TilezBr +kq[RBr] of k10 [Ar] + kll [Xe] • (13) 

The three quenching constants kq, k 10 , and kw are found 
by taking the slope of the xeaBr* fluorescence decay rate 
plotted against the partial pressure of each of the 
quenchers. For example, the data for various mixtures 
of Ar/Xe/CHBr3 are shown in Figs. 7(a)-7(c). For the 

quenching of XeaBr* by Xe [Fig. 7(b)] a rate constant, 
ku = (2. 8± 0.9) x 1O-1S cms S-l was determined. The 
quenching of XeaBr* by Ar was Significantly smaller 
and only an upper limit of k10 < 2 X 10-14 cmS S-l could be 
estimated from Fig. 4(c) • 

Quenching by the bromine donor molecule is depen
dent on the particular donor species used. Those donors 
which we investigated were CBr4, CHBrs, HBr, Br2, 

CHsBr, CaH5Br, and C6F4Bra. Quenching values for 
many of the donors studied are given in Table II. Us
ing the quenching constants determined above, a radia
tive lifetime TxoaBr of 245± 30 ns is determined from 
Eq. (13). 

The Xe2Br* peak fluorescence intensity was investi
gated as a function of the various components in the gas 
mixture. The fluorescence increased with increasing 
xenon pressure up to about 200 Torr, after which the 
fluorescence intenSity saturated. No further increase 
was observed up to 500 Torr xenon. The peak fluores
cence intensity increased linearly with argon pressure 
up to 5 atm after which it saturated. 

The fluorescence from various donor species was 
studied to determine which would yield optimum XeaBr* 
emission. Carbon tetrabromide (CBr4) had the highest 
fluorescence yield of the donors studied, but is a solid 
at room temperature, with a vapor pressure of only 
0.5 Torr. In order to achieve a sufficient vapor pres
sure to conduct experiments, the entire cell must be 
heated to about 50°C. The next best donor in terms of 
fluorescence yield, was bromoform (CHBr3), which 
gave about 80% of the maximum yield of CBr4 • Since 
this donor has a vapor pressure of over 20 Torr at 
room temperature, it was experimentally more conve
nient to use than CHBr3 • Elemental bromine (Bra) dem
onstrated only about 30% of the output of carbon tetra-
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FIG. 6. XeBr* fluorescence peak intenSity as a function of 
argon pressure for two different xenon pressures; (a) 100 Torr 
and (b) 300 Torr with 1 Torr CHBr3_ The solid lines are a fit 
of Eq. (12) to the data. 
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FIG. 7. Variation of decay rates (1/1' eU) for Xe2Br* emission 
at 440 nm as a function of (a) CHBr3 pressure, (b) xenon pres
sure and (c) argon pressure. 

TABLE II. XezBr* quenching rates of bro
mine donors. 

Donor 

CBr4 
CHBr3 
HBr 
Brz 
CH3Br 
C ZH5Br 

Quenching rate 
k. (cm3 S'I) 

3.2 X 10.10 

5.6 xlO·IO 

6.5 X10'11 

3.3 X 10.10 

8.0 X 10'10 

7.4 X 10.10 
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FIG. 8. Comparison of XezBr* fluorescence as a function of 
donor pressure for CHBr3' CBr4. andBrz donors, with 500 
Torr of xenon and 600 kPa of argon. 

bromide. Although HBr had reasonable yield, it was 
very reactive and hydroscopic making it difficult to ob
tain useful experimental information about its proper
ties. Figure 8 depicts the fluorescence yield of three 
different donors as a function of donor pressure. 

DISCUSSION 

The production process for Xe2Br* is essentially a 
three-body quenching process of XeBr*. Unlike the case 
of Xe2CI*, where the three-body quenching of XeCI* is 
much larger than the production rate of Xe2CI*, 24 these 
values are equal to within experimental error for 
Xe2Br*. This means that there is a very high produc
tion efficiency for Xe2Br* from XeBr*, of more than 
75%. 

In order to explain the difference between the three 
body quenching rate of XeCI* and formation rate of 
Xe2CI*, an intermediate species, ArXeCI* was sug
gested. 24 No evidence was found which would suggest 
that an analogous molecule (ArXeBr*) was being formed 
in our experiments. 

Because of the large energy difference between 
Xe2Br* and 2Xe + Br(2p3/2) or 2Xe+Br(2Pl /2)' the cross 
section for a quenching process yielding the atomic 
products should be quite small. 28 Therefore, Xe2Br* 
formation is the only important channel for a three
body quenching reaction of XeBr*. As a result, the 
three-body quenching of XeBr* by 2Ar should be negli
gible. Indeed, no evidence for removal of XeBr* by 
2Ar was found in our experiments. 

For the reaction of XeBr* with two Xe atoms, only 
the quenching constant for XeBr* was measured. How
ever, the arguments cited above for the Ar-Xe reac
tion hold for the Xe-Xe reaction as well. Therefore, 
it may be supposed that the production rate for Xe2Br* 
by this process has about the same magnitude as the 
quenching rate of XeBr* by 2Xe. 

No evidence for the production of XezBr* via Xe; was 
observed. Even if this process does occur, its contri
bution to the total Xe2Br* population seems to be negli
gible under the present experimental conditions. 
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The analysis of the three-body quenching of XeBr* 
was founded on the assumption that the production effi
ciency of XeBr* was independent of both the argon and 
xenon pressure. If this assumption is correct, than the 
ratio of the production constants laill should depend only 
on the ratio of the excited and ionized argon and xenon 
species initially created by the e-beam excitation. Tak
ing into account the different stopping powers for Xe and 
Ar and the energy necessary to create either Ar· or Xe·, 
respectively, the ratio lill should equal about three. 
The ratiolalll which gives the best fit to Figs. 5 and 6 
is 2.45. This is a reasonable agreement, and supports 
the assumption that the production rate P depends only 
on the ratio of the density of excited species. 

Quenching of XeBr* by electrons has been neglected 
in our analysis because no information about this pro
cess is available. However, calculations by Hazi et 
al. 29 and experimental investigations by Trainor and 
Jacob3o for the rare gas fluorides suggest a rate con
stant on the order of 10'1 cm3 S·I for the quenching of 
these molecules by superelastic collisions. USing this 
rate constant with XeBr* indicates that in the low pres
sure regions in Figs. 5 and 6, the results might be 
somewhat influenced by electron quenching. However, 
for the higher pressures, the three body quenching 
strongly dominates. The excellent fit to the experimen
tal results shown in Figs. 6 and 7 by Eqs. (11) and (12) 
supports the assumption that all of the important reac
tions have been included in the model. The uncertainty 
in the values of (ka + k4) and (ks + ke) is partly due to the 
uncertainty in/2111' as well as from a possible error 
in the determination of T282 and k 2 • 

The quenching constants (Table II) for CHBra, CHaBr, 
and Br2 are accurate to within about 20%. Because of 
the experimental difficulties associated with HBr, the 
reproducibility of the data for this donor was not quite 
as good. An error of about 30% can be estimated in 
this case. CBr4 had to be heated to yield a reasonable 
vapor pressure. Thus, the donor pressure measure
ment was somewhat uncertain, causing an uncertainty 
in the quenching rate for CBr4 of about a factor of 2. 
The fluorescence intensities observed with the different 
donors (Fig. 8) are not correlated with the quenching 
rates for each donor, indicating much different produc
tion efficiencies for XeBr* by the various donors. Only 
the quenching rates for the three donors yielding the 
most reliable results were used in the determination of 
the radiative lifetime of Xe2Br* . 

From the results of these measurements, it is possi
ble to make an estimate of the stimulated emission 
cross section and gain which one might expect for e
beam excited Xe2Br* . USing the radiative lifetime 
T X "2Br of 245 ns, and a fluorescence emission bandwidth 
(FWHM) of 65 nm a cross section of about 2. 5X 10'18 
cm2 was calculated. Thus, if competing absorption ef
fects are neglected and an excited species density of 
4 x 1015 cm'S could be achieved,S a gain of 1% cm·1 would 
be expected. 

In summary, the kinetic processes leading to the for
mation and removal of Xe2Br* in electron beam excited 
mixtures of Ar/Xe/RBr have been studied. A termolec-

ular reaction involving XeBr*, Xe, and Ar has been 
identified as the primary formation mechanism, and the 
pertinent reaction rates and radiative lifetimes mea
sured. 
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