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Ch\.micai L.aser
Vibrational Deactivation

Hydrogen Fluoride
Deuterium Fluoride

\ Laser-Induced Flucreacence
STRAZT [Continus on raveres ol€ [l Fececsisy &nd iSontily by black number) i
The deactivation of the upper vibrational levels of DF by HI §2 &2 HF,
and C{), has been studied with the technique of laser-induced fluoresceace,
The upper vibrational levels were produced by sequential photon absorption
in which DF{v = 0} was géﬁ‘;’?éé first to DF(v = 1) and subsequently to
DF{v = 2), DF{v = 3}, and DF(v = 4) by photons from a pulsed multiline DF
chemical laser, The dsactivation rates (V-V + V-R, T} for all the collision
partners except DJ scaled with vibrational levels as g7 withn = 1.9 to 2.0 —T
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for v = 1 to 4. Similar studies have indicated the somewhat larger value of
n= 23‘@ 0.2 for HF(v} deactivation by diatomic molecules,
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I. INTRODUCTION

The discovery and development of gas lasers and, in particular,
chemical lasers have greatly ¢+ wmulated studies of vibrational relaxation
and egerg:y transfer. Successful modeling of such lasers requires a knowl-
edge of vibraticnal deactivation rates for the vibrational levels populated by
the chemical reaction. In the HF chemical laser, the pumping reaction

?-I-HZ': HF(v)+ H (1)

directly populates v = {, 2, and 3. When 32 is substituted for Ez*
ing reaction produces DF{v) with v = I to 4.1 Studies of upper level (v > 1)
deactivation are complicated by the difii:uif;? of §?céucing the upper vibra-

the pump-

isolated. Several technigues have been developed for studies {}f the upper
vibrational levels: selective laser pumping of v = 2-4 of HF, 2,3 low-pressure

s . R - . 4_4& s . s
combustion with spectroscopic diagnostics,” ° reactive flows in medium

s . .. 10
pressure flow tubes, -9 high-temperature combustion in shock tubes, and

L3

. " . 4
laser-induced fluorescence by sequential photon aﬁsérphon.ii‘i =

£3 . . e s

In an earlier study, ~~ the latter technique was used to study the room-
temperature deactivation of HF(v = 1, 2, 3) by N3, H;, Op, HCIl, and CO;.
The deactivation rates scaled approximately as k{v) = v2.7 * 0. 2k(1} for Ny,

O,, and HCl. The deactivation by Hj involves an endothermic energy

exchange, and its deactivation rate was found to decrease with v. The present

study was undertake : to determine if the deactivation rates for DF(v) scale

similarly for several diatomic deactivators. The results are compared wi

:

: 5,6, . . ,
those obtained by Poole and Smith 3 in a low-pressure combustion experiment
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stored in a 10, 000-pF cupacitor charged to 18,000 V was dischargsed through

o

the laser with 2 hydrogen thyratron *ube. A silver-cozted mirror of 2. 5-m
radius and a germanium flat formed the optical cavity when the laser was
operated on DF. The DF laser preduceé about 0.03 J in pulses shorter than
0.5 pusec at a repetition rate of about i Hz.

The fluorescence cell was used previously in a study of the deactivation

of HF(v) by K atoms.14 The calorimeter proYe for measuring H atoms was

removed, but no other changes were made., The Pyrex walls are protected

from HF and DF by a coating of halocarbon wax. The DF or HF is injected

i | My

into the main {low through 2 small Teflon tube sealed into the connecting s. s

tnbing. The cell has sapphire windows that pass the DF laser pulse and the

LN

resulting DF fluorescence. The flow rates of the test gases were measured
with rotating ball flowmeters calibrated by pressure-rise measurements in
z standard volume, The DF flow was rsgulated with a calibrated vernier

needle valve. Partial pressures of the constituent gases were calculated from 3
the flow ratss and the totzl pres: "~ -, which was mezasured with a2 Baratron %
maodel 221 capacitance manomete. Jhe experiments were carr-ied out at DF E
partial pressures of ~5 m Tory, T

was monitored with 2 Texas Instruments
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pumped into v = 3 and 4. Also, = 3} ana DF{x = 4)

decayed on shorter time scales than the DFiv = 2). The exponential decays
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of the fluorescence through the g

4 - 3 and 3 = 2 fluoresnences were significant contributions.

The much weaker overtone intensities of DFiv = 4} at 0.94 pm {4 = 0)

»:ﬂ

DF({v = 3) at 1,20 pm {3 = Q) were monitored with a photomultinlier mounted
at the far end of the cell. The gix octomuitiplier viewed the entire excited

volume and collected 5 to 10 time mounted in the

transverse configuration of the infrared detectior. I was protected from the -
direct DF laser pulse by a 0. 63-cm sl
gignal was measurable without DF

tone fluorescence was monitored &

iigi?ﬁe contribution. The DF 4

F4-pgm waveleapth of

finorescence. A load resisto

4]

fication) mounted directly o
time of £2 psec. The photomultip

tion 825 and averaged with the

A sample 3 = § fivorescer
£.69 Torr of D3 iz shown in Fig, 2. The sy time was deter-
mined from 2 semileg plet the fiuorescence

8.
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The gases inciuded hydrogen and helium (Air Products 99,995%),
nitrogen (Air Products 99, 998%), carbon dioxide (Liquid Carbonic 99.99%),
deuterium (Oak Fidge > 98%), hydrogen fluoride (Matheson 999% in liquid
phase), and deuterjum flucride (Ozurk Mahoning 98%j., The HF and DF were
purified by purving at 77 X for removal of the noncondensibles before distil-
lation into pagsivated stainless-steel cylinders,

¥
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1. RESULTS

A, VIBRATIONAL RELAXATION OF DF(v = {-4) in DZ

The relaxation times of DF'{v) were measured in mixtures of He, DF,
and D, with the flow rates of He and DF set at 16. 5 L-Torr /sec and 0. 006
L-Torr/sec, respectively, at a total pressure of 13 Torr and higher, Partial
presaures of D were calculated from the relative flow rztes and the total
pressure., Dj deactivates DF(v) by both V-V and V-R, T processes, which

can be described by

vv
k(v)
DF(v) + D2{0) = DF(v-1) + Dy(i) + AE(v) 12)
A
k{v;
and
vr
k(v)
DF(v) + D2(0) = DF(v-1) + D,(0) + AE(v) + 2900 ¢m™1 (3)

We neglect the possibility of multiquantum transfers because the present
experiment cannot distinguish between therm and single-quantum transfers,
Equations describing the rclaxation of the v = { population are given in Ref. {5.
Because of the iarge concentration of D; relative to DF, only single exponen-
tial decays were cbserved. The reciprocal values of the exponential decay
times are plotted in Fip. 3 as a function of the partial pressure of 2;. The

A2 vr
slopes of the data are equal to the sum of the deactivation rates (k{v) + k(v
and are given in Table I. The deactivation rate of 2.1 x 10~% (psec ’I‘ér’r}'i
obtained for DF(v = 1) agrees closely with previously reported valuesi5-17 of

0.0188 + 0.0020, 0.0202 + 0, 0033, and 0.014 = 0, 006 (psec Torr)~1,

-11.
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Table i. Vibrational Deactivation Rates for DF{v) in Dy

kv 4 k() /k(1) ), -w -w  AE(v),
(esec Torr)~ ! k{v)/k(1) (gsefg’g;r)'i k(v} [ %i1) et

1 2.05x 1072 { 3.1 % 1072 £ -83.4

2 1,81 x 10-2 0.88 4,3 %102 1.4 <175
3 1,55 x 10-2 0.76 5.6 X {0-2 1.8 -264
4 1,85 % i0-2 0.90 10.3 x 10-2 3.4 -353

-13.

P G0 i s 0120 kG 4050 e o i v S

(it



vy vr
The total deactivation rate k(v) = k{v) +k{v) decreases with v, in contrast

to the increases with v observed for other molecules in this study. The mea-
sured value for k(4) is 20% larger than that for k(3), and k(v) may be starting
to increase with v for v > 4. However, 20% is the order of the combined
experimental uncertainties in the two measurements and may not be signifi-
cant, Deactivation by Dz by means of Process {2) is endothermic {the endo-
thermicity increases with v because of the anharmeoenicity of DF), whereas
the other molecules deactivate DF in exothermic V-V or V-R, T processes.
In a previous g;aéy,is k(';g was determined to be $1.0 x 10-4 {nsec Torr)-1i,
a small contribution to k{g}e If we estimate 3{535 = v k(?}:; }{z% is £10% <f the
total deacdvation rate measured for DF{v = 4}, which indicates that the V-1
energy exchange process, Procass (2), is the dominant deactivation process
for v = i-4, The endothermicities of these exchanges, AE{v), are given in
Table I and were used to ca’ieii}.?fe the rate coefficients in the exothermic
direction from the relation g%ii’?i = kﬁ) exp{-AE{v)/RT). These rate coeffi-
cients (Tuble I} increase with v,
B, VIBRATIONAL RELAXATION OF DF{v = {-4) in H,, N,

The reiaxation times of DF(v) were measured in mixtures of DF and H;
ind DF and N,. In both cases, the flow rate of DF was fixed at 0,006 L-Torr/

Etl

¢, and the flow rate of H; or Nz varied to give total pressures up to about

]

15
30 Torr. The reciprocal values of the decay times are plotted in Figs. 4
and 5 for Hp and N3, respectively. The deactivation rate coefficients were
determined from the slopesz of the data and are given in Table II.

The value of (5.6 = 0,6} X 10-4 {psec Torr) -1 for the deactivation rate
of DF(v = {} in H compares favorably with the value of (6.6 2 0.7) X 10-%
{psec Torr}‘ i determined previously in this laboratory with different
aggaratus.*g A much larger value of (4.4 = 0.8) X 10-3 (usec ’E‘orr)'i was
reported in Ref, 16,

The value of {7.4 % 0.8) % i0-4 (nsec Torr)"! obtained for the deactiva-
tion rate coefficient of DF(v = i) in N is somewhat smaller than the value
cf{3.1%6.9) ¥ i%}“"i {psec Tﬁ;?}' obtained with different apparatus in ths

~-14-
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same labora érgi% and much smailer than the value of (20 = 5) x 10-4
{ssec Torr)~! reported in Ref. 16,
COnly V-R, T relaxation processes are possible for single-quantum

eactivation of DF(v) by H;. N;, however, can deactivate DF(v) by both
-V and V-R, T processes,
C. VIBRATIONAL RELAXATION OF DF{v

The relaxation times of DF({v) were measured in mixtures of DF and
Th= flow ratez of DF and basic helium

< &

§§3§ in C@g

[ I

helium with small amounts of CG;.
diluent were maintained at 0.006 L-Torr/sec and 16.5 L-Torr/sec, respec-
tively, and a gas mixture of 10% CO; in helium wa. added to the {lov: through
a calibrated Matheson 610 flowmeter. The total pressure increased from

13 to about 14 Torr at the maximum flow rate of the CO, mixture. The

& as a function of the calcu-

reciprocal relaxation times are plotted in Fig.
d The deactivation rates obtained from the slopces

lated CO; partial ?féé%’{ireg n ra
of the data are given in Table II, The valuc of 0, 154 2 0, 015 (use g Torr} :'i
for DF(v = 1} agrees favorably with previocusly publizshed values 4,12, 19,20
D. VIBRATIONAL RELAXATION OF DF(v = 1-3} in HF

2 of DF{v} were ﬁzfzés,g?éé in mixtures of DF, HF,
The calibration of the HF

Tie relaxation time
znd helium at a total pressure of about {3 Torr,
flow rate through the vernier needle valve was not as xccurate as the cali-
braiions of the flowmeters., Therefore, the DF({v = 1) {luorescence decay was

recorded along with each DF{v = 2} and DF(v = 3) fluorescence trace. The

““'f

"“11

eciprocal decay times for DF (v
versus those for DF{v = 1). The measured slopes of the data in Fig. 7 and

v )
= 3 20,21 =2 ean w=31=f s the da :

a value“Vr» <% of 3, 5X 107° {(usec Torr)~? for the deactivation rate of DF(v = 1}
by HF were used to calculate the rate coefficients for DF(v = 2) and DF{v - 3)
given in Table IL.
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1V. DISCUSSION

The deactivation rates of DF(v) by %;,,, "Ez, HF, and C3J3, 2 lotted in

8 as 2 famction of the vibrational lev ‘ei v. Within the accuracy of the

‘-

cale 25 v?, wheren = 1.9 to 2.0. This

’?

L1

"6
experiments, the deactivation rates
v dependence is not as steep as the v2.7 %+ 0.2 gependence obtained for the
deactivation of HF by several diatumic molecules, but it is stesper than the
linear v dependence predicted for harmonic oscillators with no energy
defect.2> The v dependence appears to be the same for deactivation rates with
V-V contributions as for purely V-R, T deactivation rates. For example,
D=(1) relaxes in H; and HF only by V-R, T processes because V-V energy
exchange is much too endothermic to be significant. On the other hand, DF{1}
relaxes in CO, and N by both V-V and V-R, T processes. The V-V exchange
between DF and CO; is the basis of the ,i}?eii} chemical transfer laser 23,24
Lusht and Coo1?0 have estimated that V-V energy exchange accounts for as
much as two-thirds of the total rate of deactivation of DF (i) by COp. The
relative V-V auad V-R, T contributions to the total deactivation rate for DEF{i)
in N2 have not been established. However, the values of 5.6 X 10-4 (u.set:'!‘t:»r:{-}‘i
{Ref. 18), €1.0x 10-4 {gsec Tarr“i {Ref. i%}; and <3 x 107 Sigsec Torr)~ i
{Ref. 16) for the V-R, T relaxation of DF(1) by H3, D;, and argon indicate thai
the V-R, T rate may not be a large contributicn to the total deactivation rate
of DF(1) in N, whichis 7.4 x 10-4 {usec Torrj™

Part of the increase of the deactivation rates with v can be attributed

\Mﬁh

to the decrease with v of the energy defect AE(v). HF arnd DF are anharmonic—
the upper vibrational levels are more closely spaced than the lower ones.
Therefore, in both exothermic V-V and V-R, T deactivation processes, a
smaller amount of energy must be absorbed by rotational and translational
degrees of freedom when DF(4} iz deactivated toc DF(3) than when DF(1) is
deactivated to DF(0). The changes in the energy defect arelarger byafactor of
1.85 for HF{v) than for DF (v}, which is qualitatively consistent with the faster

scaling with v of the measured HF{v) deactivation rates.
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The molecul-r and spectroscopic propertiss of the collision partner do

e

not affect the v deprndence of the deactivaticn rates, although they ma
affect the rate coefficients for DF(v = {). Molecules witl similar st
scopic properties, however, may have deactivatl 1 rates with similar v

dependencies, HCliv) and DF{v) have very similaer spactrescopic constant

4]

except that DF{v} kas a larger radiative transition probabiliry. Althoug
the deactivatioa rates for HCI{1)-COQ;, and DF(1)-CG; differ by a Iszicr
of 1.7, Azactivation rates for vibratioanal lavels 1, 2, and 3

sC-is very
similarly.25 Macdonaid and Mocrelb found the rate for B {2} deactivation

']
T

by Q ztoms to be four ¢in-zs faster than that for HCI{J: the totzl rem
rate of LC1{2) was more than four times faster bur included the co
of chemical reaction. In apother stué;gz? HCI{2} was removed sixz

faster than HCI{i) in the presence of Br atoms, but the contributions of

emical reaction and V-E were not ascertained. It appears that de Hon

t deactivation

5 &b

tes for BCl and DF scale with v in ¢ similar manner.
In 2 study of HTI zad DCl relaxalicn, Chen and MooreZ8 concluded
that the duminant process for the deactivation of BCl{i: by HCI was ihe

version of the vibrational energy to rotationa: energy of the in.tially excited

¥ €XCiE€
molecule, For such a deactivation mechanism, the scaling with v could be

expecied to depend on the anharmonicity of the excited molecule and its

rotational spacing and not on the properties of the collision partner. Tkis is
in 2asic agreement with the ~yru~rimental resalts for d

Foole and Smith3+® have measured deactivatic IF¢
and DF(3 £ v £ 5) for a niunber of collision partners by observing ths
queaching of the steady-stute infrared chemiluminescence of the HF (v} and

DF{v) formed in a low-pressure ckemical reaction. Their me
were a continuation of the upper-level deactivation studies of HF initiated by

Airey and Smith.? Comparisons of the:r data and the data obtained with the

& Siammesg Wit
laser-induced fluorescence technique in the present study of DF{vjandina

previous study of HF(v}{3 are given in Figs. 9 and {0. The data obtai
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Poocle and Smith have been multiplied by the factors necessary to bring them
into agreenient with the deactivation rates for v = 2 and 3 of the present study.
in five of seven cases, the Poole and Smith deactivation rates had to be
raultiplied by factors of 1.6 to 2. 8. However, the v dependencies of the data
are in very good agreement within the uncertainties of the experiments and
the multiplicative factors applied to the data, We have not plotted their data
for HE (v = 2,3,4)deactivation by Hy, but thcse dataare also a factor of 2 lower
than the data of Ref. 13, The rates of Airey and Smith for DF(v = {,2)-HF
and those of Poole and Smith for DF(v = 3,4,5)-HF have been increased by

the same factor of {, 65. These data {all along a smooth zurve but not a
straight line, in contrast to the other data. Foole and Smith5s ® tabulated
their deactivation data for HF(2 £ v £ 7) and DF{3 £ v £ 5) and other pub-
lished data for HF (v = 1) and DF(v = 1), Comparison of their upper-level
deactivation rates to the v = { deactivation rates of others does not indicate
as strong a v dependence as indicated in Figs. 9 and 10.

Kwok and Wilkins!? have measured the deactivation rates for DF(v = 1-4)
in HF in a medium-pressure, large-diameter flow tube. They obtained rates
that increased with v up to v = 3; the rate for DF(v = 4}, however, was slower
than that for DF(v = 2). They observed substantial V-V coupling effects at
higher X7) DF concentrations, and it is possible that some V-V exchanges
among the DF vibrational levels served to pump v = 4, giving it a slower
apparent decay rate,

The deactivation rates of DF(v) in D; obtained in this study and listed
in Table I decrease with v, The deactivation rates for 1iF(v)-H; also decreasc
with v up to v = 3 and increase thercafter.> The deactivation of DF(v) by D;
by the V-V enrcgy exchange process {2) is endothermic., Because this endo-
thermicity increases with v, the V-V exchange rate coefficients decrease
with v. Through the use of state-specific equilibrium constants, we have

-vv

calculated the exchange rates li(v) for the reverse

[t

xothermic exchange

2

(Table I). They increase with v, but do not increase as fast as the v¢ depend-

ence obtained for the other DF(v) deactivation processes in this study. The

. 26-
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other DF(v) deactivation processes, however, have energy defects that
decrease with v, whereas D¥(v)-D, and HF(vj-H, have eneigy defects that
increase with v. The total obscrved deactivation rate is the sum of the rates
for proceases (2) and (3), k‘(I\Y} + k‘(’g). At scme v, the total deactivation &gte
can be expected to increase as a result of the increasing contribution of k(v),
which, on the basis of this study, can be expected to scale as v&, Poole

and Smith observed that this increase occurred for HF (v)-H) deactivation
atv = 4,

Diilon and Stephensonzg’ caljculated exchange rates for HF (v)-CC,,
DF(v)-COz, and HCl(v)-CO;. They performed semiclassical calculations

with the use of curved classical trajectories. Excellent agreement with the

measured exchange rates was obtainea for HCl(s = 1)-CO; between 298 and
510 K. Measured rate coefficients of the CGZ exchanges with DF{v) of the
pr2sent study, HF(V),13 and I-I(f,‘.l(ar},,26 however, have steeper v dependencies
than the calculated rate coefficients,

Shin30 performed semiclassical calculations of the energy-exchange

rates for DF(v) + DF(0). The molecules were considered to underge hindered

rotational motion and back-and-forth translational motion. The hindered

rotational motisn was described quantum mechanically, whereas the trans-
lational moticn weas analyzed in terms of classical dynarnics. The model is a
simplified one, but contains the essential features of hydrogen-bonded systems
near the equilibrium configuration.
DF{v = 2} through DF{v =
as v+ 53 at 300 K.

Shin calculated exchange rates for
5) colliding with DF(0) that increase approximately
His calculations included the contributiors of a nonrigid

dimer model and a rotational model. Th= rotational model contributes

more to the v dependence than the nonrigid model calculation. The present

resulte are in qualitative agrcement with his prediction of rate ccefficients
that increase faster than v, but would be in better agreement if the rotationzl
model contribution were slightly increased

d. His calculationsg for
DF{v = 2)-DF{90) are in reazonable asgreemert with experimental data between
2G5 and 740 K.
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Wilkins has performed three-dimensional classical trajectory
calculations3 !+ 32 of the collision dynamicg of HF (v} colliding with HF'(0) and
DF(0). He .found3i that the V-V rate coefficients k(‘@"} for the exothermic

exchange

k‘(,:)

HF(v) + DF({) = HF(v-1) + DF(i) (4)
scale approximately as v. This exchange has not been studied with the pre-
sent technique., The limited experimental data for HF(v) and DF{v) deactiva-
tion, however, indicate that the rate coefficients for exchange {4] increase
more rapidly with v than those obtained with the trajectory calculations.

Hecent measurements3 of HF {3} and H¥ (4} relaxaticn rates in HF can

£.720.2 dependence with respect to data for HF(1).

be dencribed with & ¥
Although HF(3) and HF (4) relax in HF by endothermic V-V processes as well
as exothermic V-R, T processes, the scaling of the rate coefficients is the
same as for HF (v = {-3) relaxation in NZ' Gz, and HCL.

In summary, the results of this study and a pravious study of HF(v)
deactivationi3 indicate that the deactivation rates scale as v2-0 £ 0.1 for
DF(v = 1-4) and v2-7 £ 0.2 ¢57r HF (v = 1-3) when the deactivator is a
diatomic molecule, The exceptions are the rates for DF(v)-Djy and HF(v)-H,
which involve endothermic energy exchange rather than the exothermic V-V
or ¥-R, T energy transfer of the other deactivators studied. The deactivation
rates for HF (v = 1-3)-CO; and DF(v = 1-3)-CO, were also found to scale as
ve, The v dependence is the same for several collision partners aad, there-
fore, is qualitatively consistent with a V-R mechanism in which the vibrational
energy (or excess vibrational energy in a V-V transfer) is taken up in the

rotation of the initially excited meclecule.
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LABORATORY OPERATIONS

The Laboratory Operitions of The Aerospice Corporation is cenducting
experimental ard theoretical investigations necessary for the evaluation and
spplication of scientific advances to new military concepts and systems. Ver-
satility and flexibllily have been develcped to a high degree by the laboratory
personnel ia dealing with the many problems encourntersd in the nation’s rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasxé related to thesr problems. The
Iaboratories that contribute to this research are:

DD bbbl

Mot

Aerophysics Labéntoﬂ: Launch and reent-v serodynamics, hest trans-
fer, reeniry physics, chemical kinetics, structural ;rechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric eptics, c;ﬁemic;! reactions in puﬁuted stmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
Iaser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
senvitive materials and sensors, hiZh prucision laser ranging, and the appli-
cation of physics and chemistry 1o problems of law enforcement and blomedicine.

A

Elcctronics Research Laboratory: Electromagnetic theoary, devices, and
propagation phenomena, ircluding plasma electromagnetics: quantum electronics,
izsers, and clectro-optirs; communication sciences, applied alectronics, semi-
conducting, supeiconduct wg, and crystal device physics, optical and scoustical
imaging: atmospheric pollution; millimeter wave and far.infvired technology.

Materials Sciences Laboratory: Developmert of new materials: metal
matrix cormposites and pew forms of carbon: test xnd evaluation of graphite
and cocramids in reentry; spacecrait materials and electronic components in
muclear weapons environment: application of fracture mechanics to stres» cor- -
rosion and fatigus-induced fractures in structural metals, :

Space Sciences Laboratory: Aunospheric and ionospheric physics, radia-
tion from the atmosphere, density and position of the atmosphere, aurorae
&nd sirglow: mugnetospheric physics, cosmie rays, generation and propagation
of plasma waves in the maguctosphere: solar physics, studies of solar magnetic
fields: space astronomy. x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the carth's atmosphere, icnosphers, and
mergnsiosphere; the effects of v tical, ele romagnetic, and particulste radia-
tions in space ¢n space systen s,
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E} Segundo, Califorania
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