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INTRODUCTJO 
T

There have been a number of theoretical studies of the amnlificatin

of sound oronaqatina throuqh gases under a variety of non-enuil ihri um

conditions. Tnqird and others 1-3 have predicted the am~ifictinn nf

sound oronalating in a weakly ionized qas. Clbert 3nd others

predicted the smpliFication of sound nropaqating in reacrina qvqrpm, 0.

& 7 8 q in
Plorh, qchulz, 8ater and lass, qand hieids I redicted the ;mlifica-

tion Of sound propacvatins in cases subjected to external enprqv nnut

(enermy pumpin'g). Tn the latter cases two different mechanisms le~din7

to the amplification of sound have been oroposed: selective awsorption of

the pumping energy and relaxation nrocesses of internal modes. The sond

arplification due to the relaxation processes reqults from the Fact tOat

Uthe vibrational enerqv transition rate is pressure and temperature denen-

dent. The increase in pressure and temperature results in an increase in

the transition rate, which in turn results in a further increase in

temperature (here, temperature means translational temerature. T""s,

in the presence of the sound wave, the vibrational relaxiny eerov will

he selectively transferred into the hot part of the sound cvrles. Exner-

iental studv to verifv these theories is still limited. Recentlv Vass

II
Ind netsch observed the Pmmification hv ran nhase reactions i- 2l-P -

Nr and Cl- "-SF A mixtures. In this study, the amlification of sound h!

vihrational relaxation rrocesses is nf nri-ir" interest. Tn order tn



separate the effect due to relaxation from that due to pumping, the

pumping mechanism is terminated before the sound wave is introduced into

the gas.

When energy is oumDed into the gas and then the numoinq orocess

is terminated, a metastable state with an overpopulation of excited vibra-

tional states results. Relaxation to equilibrium occurs due to

vibratonal-translational (v-t) energy transfer, or, in the case of polva-

tomic gases due to vibrational-vibrational(v-v), followed by the v-t

energy transfer. The amplification of sound wave should occur when it

is propagated through the gas during the relaxation process. In this

case, however, the sound period must be short compared to the relaxation

10
time. Shields has considered three typical situations in which it is

expeimentally feasible to observe the amplification of sound. The three

situations are:

1. Metastable state with a single long lived relaxine mode:

2. Metastable state with fast v-v, slow v-t exchanges; and

3. Metastable state with slow v-v, fast v-t exchanges.

The first case can be produced in most diatomic gases. Diatomic gases

such as N29 02, C1 and CO have a single vibrational mode with a long

relaxation time. After energy is pumped into excited vibrational levels

a metastable state persists for a period of time longer than the period

of low-freotiencv sound. The last two cases can be produced in nolvatomic

gases or some mixtures. Polvatomic molecules nossess several vibrational
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3

modes which, in principle, can relax independentlv. Most polvatomic

gases, however, show a single relaxation time. 12 ,13 This is due to the

rapid v-v energy transfer which maintains continuous ecuilibrium between

modes. The amplification of sound propagating in such gases could be

observed if the sound period is short compared to the v-t relaxation

time. In some gases the v-v transfer may be slower than the v-t

- 12,14
transfer. In this situation the sound period must be short compared

to the v-v relaxation time. As examples of the last two cases, Shields'0

calculated the expected sound amplification in CD4 and in a N2-He-Co,

mixture.

In this investigation the sound wave is propagated through a vibra-

tionally excited pure nitrogen gas and mixtures of nitrogen with helium

.3 and hvdrogen. The overDopulation of vibrationallv excited states is

oroduced by an electrical discharge. A sound Pulse is generated in the

gas by the sudden increase in gas temperature accomnanving the disch,rge.

UIn this situation the sound oulse propagates immediately after the meta-

stable state has been established, so that the requirement discussed

above is satisfied. Nitrogen gas was chosen for the following reasons:

1. Nitrogen molecules have long relaxation times of the order of

seconds at atmospheric pressure; and

2. Studies have shown that a large percentage of the energy from

the electrical discharge will wind u in vibrational energv of

15nitrogen molecules.
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3 Nitroqen-helium and nitro en-bvdrogen mixtures T.iere used to see the

effects of changing the vibrational relaxation time an the thermal

conduction relaxation time. The addition of helium and hvdroven mole-

cules drastically decreases the relaxation time of nitrogen.

The sound absorntion and velocitv in the gas were determined bv

observing the decav and the transit time of the comnressional pulse that

reflected back and forth in the gas. To determine the variation of the

absorption and velocity (the translational temperature was determined

from the velocity) with freauencv and time, the nulse wqs Foirier

analyzed after traveling various distances in the qas samnle, and the

absorption and velocitv were determined for each frequencv comnonent.

|I

I

U 4!

. . . ]
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CALCULATION! OF THE SOI TNY ABSORPTION AND VFLOCITY IN AMI FOITTLTP,?tT'M GAS

As discussed in the introduction, the amplification of sound by

relaxation processes results from the preferential heating of the

compression part of the sound wave from the vibrational relaxation

energv. However, the gain in enerqv will he countered hv losses dTe to

number of effects. To observe the effects of the excited vibrational

modes on the sound nronapation it is therefore necessary to deterrine the

absorption and velocity in the unexcited gases.

The most imnortant effects leading to the sound absorntion are shear

viscosity, heat conduction, loss to the wall of the tube, and thermal

relaxation. The absorption resulting, from viscosity and thermal conduc-

tion is termed classical absorption. The classical eauation for sound

absorption and velocity in a tube was first developed hv Virchoff.

Beginning with the conservation eauations for mass, enerqv, and momentum,

he ohtained an algebraic enuation for the nronaqation constant for

radially symmetric waves by approximating Bessel functions with a one

term expansion. In this derivation he assumed that the Darticle velocity

22 7
and the sound temnerature were zero at the tube wall. Shields has

solved for the absorption and velocity rumericalv ari included the slin

velocity and the temperature lumn at the tube wall. In this qtudv the

* .. . . . ... .. . . . . . . : _ .. . * . . .*. . . - .



I sound absorption and velocity in the unexcited gas were calculated at

various freouencies and temperatures using the numerical solution

23
develoned bv Shields. The comnuter program for this numerical solution

allows for calculation of viscous and thermal losses both in the bodv of

the Las and at the tube wall and for relaxation effects. For this

purnose the viscosity of gases used in this study were comnuted over the

temperature range from 290YK to 350°w using formulae and potential

parameters of the gas given in Reference 23. The specific heat for pure

24
gases were taken from the Table of Thermal Properties of Gases. The

specific heat of mixtures were obtained bv takine n veigbted average of

the pure component specific heats. The relaxation times were taken from

17 17
the work of Frey, et al. and Audibert, et al. . The momentum accommo-

I dation coefficient and the energy accommodation coefficient were set

eaual to 1.0 and 0.8 respectivelv. The values are apnroximate but have

little effect on the calculated absorption and velocity. The nhvsical

properties of gases under study are given in Anpendix R. To check the

accuracy of this calculation, measurements on stable pure nitrogen qas

and helium-nitroqen mixtures were made at various pressures and freauen-

cies. The experimental method and results are discussed in Chapters lIT

and IV.

CALCULATION OF THE ABSORPTION AND VELOCITY IN TPF CAF I.IT A M4 TAcTARLE

STATE

In this section the eauations leading to the amplification of sound

are developed, and the numerical solutions to the resulting enuations for

"- .? . -" - . - -. -. L .'.. .I- • '. . -, " il .i .. . • •. __ __ _ __-
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several gases are presented. Assuming that the attenuation and gain 

rates are additive, the amplification factor may be determined

separately.

-m The relaxation absorption (or amplification as the case mav be) and

velocity can be obtained from the propagation constant for the acoustic

wave. !sing the continuity equations for mass, momentum and enerqv and

neglectinq the internal friction and thermal conduction, the pronagation

constant is given by

k = / - /' P . (1)

For an ideal gas Eauation I becomes

k =V7T /C C (2)

where w is the angular frequency, M is the molecular weight, P is the aas

constant, T is the absolute temDerature, and C and C are the snecific
v P

heats at constant volume and pressure. For a relaxainq gas C and C aren V

comolex and frequency dependent. Writing k in Equation 2 in the complex

form

k = k I - (3) 

.2where 1 =-I, the sound absorption (a) and the velocity (v) are viven

s s

by

= k2' - (4)2 sS -



Sound amplification results if k is neqative. The problem of
2

calculating the absorption and velocity is now reduced to finciinq the

real and imaginary part of C and C which can he derived from the

reaction equation that gives the time rate of chanqe of enerqv in a

In
vibrational mode. The following was adapted from the work of Shields.

When nitrogen gas is subjected to an electrical discharge most of

the energy deposited in the gas will wind uo in the vibrational energy of

15molecules, leaving the gas in the state with an overnonulation of

excited vibrational states. fue to molecular collisions some of the

vibrational enerqv will be converted back to the translational enercy bv

v-v and/or v-t exchanges. A sound wave propagated during this transition

process will cause small sinusoidal perturbations in the slowly decaving

values of temperature and pressure. Assuming that the normal modes of

molecular vibration can be treated as harmonic oscillators, and that

resonant exchange of energy between levels within a single mode rapidlv

establishes a Boltzman distribution, the rate of change of enerqv in the

25ath vibrational mode can be written as

. n(,(a)n (b)-.

Ea = ihvP 0 B0  [kP+i;Z+ +J(ab) n"a 1 , 1 a C = K N b

- kc +i- , +1(,b)n+i(a)n + (b) (5)
Nb

where a and B refer to the vibrational nuantum number of modes a and b

resnectively, P is the pressure, Nb is the total number of molecules

carrving mode b, n and n are the numbers of molecules occUDving and

levels in modes a and b respectivelv, h is the Planck's constant, is~a

-p i . i " a ' " : .. ' "" " '" " " - " " " " " "" '
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Ucarrving mode h, n( and na are the numbers of molecules occunvinr a and B

levels in modes a and b respectively, h is the Planck's constant, v isa

the fundamental vibrational frequencv of mode a, and k is the

d-a composition averaqe rate constant in the dimension (time pressure)
- for

the particular Process in which a chanqes to ot+i and a to +i. The

summation over OL and qives a net rate constant for transitions where

mode a gains i nuanta and mode h gains i atanta.

Fquation 5 assumes that mode a is exchanaing enerv with mode h and

with translation (1=O, n /' b=1). Modes a and b can he in the same mole-

[- cules, or, in the case of mixture, in different molecules and mnv havp

different temneratures. Assumptions that the normal vibrations can be

treated as harmonics oscillators and a Roltzman distribuiion is main-

K tained allows us to write the following relations

'" kc - +  ' -  +  = [(o-1)(a-2) .... (a -i+1)],

~~~~x [(+/(+ I ( l 1i!j } x k

and

n(, (a) = n (a)e- hva/kTa = N (-e-hVa/kTa)e hva/kTa (7)0a

where N is the number of molecules with mode a. TIsinv Fouations 6 and 7a

and the relation

( +i ) ( O+i- I .... ( CL4 )x'-'= d i (~ I ( Vx i + l (
dx' 1.-x (lI+X)

Eauation 5 can he written as



in Il
i-~~~- r)Oiie/

k i-'f ,b-t~ e-tOa/

= *Z.iN hv P[k ' (ab)e a a
a 1,1 a a

0-~ ., i-

k i ( a , b ) e - i b/Tb1/(fx (T )I'fx (Th)1 i ), (9)

where 0 = a = 1-e -  
. Pere the orinciple of 4etaileA.

bi-i + i  kj i- -i6/T
balancing, k e , has been used. Fouation q can now be

snecialized to the three situations discussed in the introduction.

Mlost diatomic P.ases have only a single vibrational mode with a long-

relaxation time. In this situation, the vibrational mode, say mode a,

communicates onlv wit-h the translational mode so j=O and i=l. Equation 9

then becomes, after some manipulations,

=-Pk OX (' )[E (T )-F. (T)] (10)
a a a a a a

whr T -Nakeaexp(-
0 a/Ta) NakEaexp(-0 a/T)where E (T) and E (T) =. When a

a a Xa(Ta) Xa(T) .We a

sound wave is introduced F will depart from its steadv state value. Tet

AE, be the chanpe in E due to the presence of the sound wave. AF can '
Sa a a

be obtained bv differentiating Eauation 9 with resnect to the trpnslp-

tional temprature T. The result is given bv

.0 I [ 1 dP I dk1 0 _ aexp(0a/T) _ AEa(Ta)-AEa(T)

a a P dT kl0  dT T2Xa(T) JAO . I
a

Pere onlv the first order terms of the sound variable are maintained.

a', T and T represent values without the sound wave. Introducing the
a a9

sinusoidal time denendence and setting AF (T ) = C (T )AT , AF(T)a a a a a

C (T)T and 0 Ea(Ta)Ea(T)
a a , enuation 11 becomes

t I
____ _- 1



PO 10ATa A~ P ~n (a)) 6ae 'a /T
(I+jwT)- ~ X [CT1 ~P_ dT2A Ca (a) Pd T 2Xa(T)

Ca (T) (2
Ca (Ta)

In the case in which the gas is in equilibrium (the gas has not been

pumped) T =T and E0 =O. Equation 12 becomes
a a

,ATa -1 (3

T (1+lwt) 13

and the frequency dependent specific heat is given by

AT a Ca
C v(W) =CM + C a \T C +m + C (i) M C v(w)+R (14)

where C. is the frequency independent Part of the specific heat. When

the gas has been pumped the vibrational temperature T ais not equal to

the translational temperature T and E* is not zero. The frequencv derpen-
a -

dent specific heat is now given by

-1 iOT
C (w M CM + G(1+jwt) ;C Dw M C (w)+R - ajWT (15)

where

.0 d~n1 0(a aea/T
C1 (E [+f d- lk (), a + C (T )(16)

a a T dT 2 a a
Ta Xa(T)

and Ris the universal Ezas constant. The extra tern, E0/T(I+jwT), the
a

second equation of Equation 14 results from the fact that, at constant

Pressure, DP =0. Amnlification will occur if C' becomes negrative. This

T a
-10

dimension K )is of the order of a few one hundreds. Powever, t~he

amplification may be small and too difficult to observe. Tlsincq P-uations
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2,4,15, and 16, Shields has calculated the amnlification factor for

several diatomic eases. The results are shown in Table 1.

-TABLE 1

Sound amplification in dB per wavelength for tvical diatomic qase"
at 300'K. d(lnK )/dT is set equal to 0.01, and uT =100.

GAS I Amolification factor (d1I/X)

(cm) - I T =500°K 1000°K 2000°K 30000K 40000K 6nnn°
a

N 2  2331 0.0027 0.082 0.52 1.1 1.7 2.9

CO 2143 0.0042 0.10 0.56 1.2 1.8 3.0

02 1556 0.015 0.18 0.73 1.4 2.0 -

f Cl1 557 0.075 0.37 1.00 .

d 10
In this calculation uT was set eaual to 100 and dT-(lnk ) equal to 0.01.

* For this range of wT the amplification per wavelength is approximatelv

proportional to (WT) - or the amplification ner unit length is indenen-

dent of frequency.

The equations derived above also aonlv to a mixture of a diatomic

vas with a monoatomic gas such as N -He. In nure NO the relaxation time

is of the order of atmosphere seconds. To observe appreciable qain,

measurements would have to be made at such low frequencies and long

wavelengths that it would he verv difficult to conduct the needed

measurements in the laboratory. 1v adding He or H. molecules, te Fre-

nuencies where apnreciable Tain is exnected are more accessible.
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When the sound wave is o~rooavated throug.h a netastable state with

more than one excited vibrational mode the oroblem becomes more compli-

cated. However, th~e change in E due to the sound wave perturbation can
a

mbe obtained by differentiating Equation 5. The freouencv dependent

specific heat similar to Equation 14 is given by

AT a +cATb (7
C (w) = Cc + C - a +lf b  o- + 417ev a AT b T ..

where
(7i) 2e- i/1

CXFIMNA = ODTO FO (IEVN TEAPIFCTO

i ( 1 je- i/Ti) 2nf

ia,b, ....... Using Enuation 17 and a similar enuation for C (1f, Shields
D

~has calculated the sound amplification in CD4 and a mixture of N2-CO2-ne.

The results are shown in Table 2 and Figure 1 of Reference 10.

FXPERIMENTAL CONDITION FOR OBSERVING THE AMPLIFICATION

As discussed in the preceding section, an electrical discharge in

low pressure N12 will result in overpooulation of excited vibrational

states. The electric circuit used in this experiment to oroduce the

discharge is able to deposit aponroximatelv 2.5 Joules of energy in the

28
gas. Assuming about 70% of this goes to vibrational energy, the

vibrational temperature was estimated to he of the order of a few thou-

sand degrees Kelvin denending on the volume and nressure of the gas.

After the discharge has been turned off, accordirq to MAraottin

aclou, nvennette, and henrv , the vibrationallv X-jte,4 ,cas will relax

in three different wavs. First is relaxation dIe to collisional
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r de-excitation in which the vihrational energy is transferred into trans-

lational energy. Second is relaxation due to wall collision in which the

vibrational energy is transferred to the wall. Third is relaxation due

to spoitaneous radiation. Since N,, has no dipole moment, th"e latter

process is not involved in its relaxation.

Let T and T be the relaxation times for transferrini 'Tratn~nal
V VC

energy to translation and to the tube wall, and let r he the relaxation
tc

time equating the gas translational temoerature with the wall temnoeratire

hv thermal conduction. The variation of the tr ,i-itional temnerature

with time then denends upon TV, T, and T . 'arqottin-Macloi, Pt at.26

found that in carbon monoxide t vc=r tc We will assume that the two are

annroximatelv equal in N also.
2

SFor the experiment proposed here, it will be necessary for the sound

period, P, to be less than either tvi T VC or T . Unless P is les than

- the propagation will be isothermal and no relaxation effects will hete

observed. If P is not less than T and T the metastable state will not
V vc

persist over a number of sound vibrations. However, if P/T is small .T
V V

will be large and the gain per wavelength will be small (Notice the gain

per wavelength is inversely proportional to ut i). In addition, theV

total oath length for the sound in the qas, and thus the total main, is

restricted bv the condition that the transit time for the sound wave

through the gas must he small compared to the vibrational relaxation

time, T , and/or T " Otherwise the overpopulation of excited
v$ vc

vibrational states decivq a.wav before the sound wave can traverse the

gas.

p , - . , . . i . . " "" .. - " ' . .-. . . . . . . .
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hs final constraint must be placed ,upon the ratio T . "nlessv t

this riti o is considerably -ore than one, hot spots are like! t,7 ',,, ],

in the : as and there is not time for spatial variations in to-nert,ro to

1e s moothed out by conduction before the vibrational excitatin dies

away. hat the above means is that there 4s a very li-ited rane , f

values of I tc for which it ,.,ill hP nossible to observe t e exrecteIv tC

a in.

Table 2 shows the value of T and T (in milliseconds) for casesv tc

tused in t t1s studyV. Values of T were taken from the work of Frev, et

&16 ad'Tsigteformulla2 6 27

a. and 's were calculated usinu the
tc

k -1
where 'W, is the coefficient of diffusivitv (cm-s ), and (a0) is the

V

first zero of the Bessel function .J0 (a ) where a is the tube radius. In

this calculation, the thermal conductivity ,k, for nure nitrocen was

U
taken from the Table of Thermal Pronerties of Cases, NLational nureau of

Standards, Circular 564, '.ov. 1955, and for mixtures were calculated

usine equation .2-40 of Hirschfelder, Curtis, and Bird- . v and T

v tc
were calculated at oressure 40 Tort in a 0.615 cm radius tube.



% TABLE 2

Vibrational relaxation time t and translational
relatation time it (both in milliseconds) fortc

several gases, calculated at pressure of 40 Torr
in a tube of 0.615 cm in radius.

Gas T v(ms) I tc(m s)

Pure N 2  19x103  11.56

251e-75N 520 7.16
2

50He-50N 2  260 3.79

10H 2-90N 2  52.8 11.16

20H -80LN 26.4 8.78
2 2

As we can see from Eauation 19, is directlv proportional to Pressurei." tc

and inverselv proportional to the snuared tube radiuq. Since r isU v

inversely proportional to pressure, the desire d ratio of Tv/Ttc can be

obtained by choosing the proper tube radius and qas pressure. However,

there is a high pressure limit due to the difficultv in gettinq a uniform

electrical discharge in a gas above a few tens of Torr pressure.

Increasing the pressure also increases the energv needed in the discharqe

to produce the high vibrational temperature.
b

p

. ..

" " ?" '- .i -i'. '2 ' . v - .. i-. -i ?. ? . "- " - . - - - . -.' . '.' ...~
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CHAPTER III

EXPERIMENTAL

APPARATUS

-The apparatus used in making the sound absorption and velocity

measurements is diagrammed in Figure 1. The different comnonents are

described below.

5 Sound Tube

The sound tube, which contained a movable reflector, was a Dvrex

tube, about 100 cm long. Two different size tubes, 2.54 cm and 1.23 cm.

in inner diameter, wrere used. One end of the gilass tube was joined

coaxially to a short section of a brass tube. A receiving microphone was

mounted on the side and a stationary reflector was mounted in the end of

the brass section. (In experiments with stable gases the stationary

reflector was replaced by a speaker which served also as a reflector.)

The brass section was connected to the gas handling system by means of

0.25 inch in diameter conper tubing. At the junction between the qlass

tube and the brass section a metal screen made of a piece of Copper wire

mesh of about 25 cm was mounted terminating the electrical discharge.

The brass section together with the gas handling system were grounded.

The other end of the tube was terminated with the second brass section,

the end of which contained an fl-rinq seal through which the rod movinq.

the reflector passed. This second brass section was connected to the -,as

17

pq'
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handling system bv means of a 3/8 inch ovrex tube, and the reflector W.as

connected to the nositive terminal of the discharge circuit. This end of

the sound tube was electricallv isolated from the grounded end by meian

of plastic rod supPorts. The movable reflector and the screen served as

a pair of electrodes between which the discharge occurred. T I'e qas in

the region between the electrodes was ranidlv heated by the discharge

whereas the gas in the region between the screen and the stationary

reflector remained cool. The length of this cool section was adjusted

producing the optimum sound pulse.

Microphone and Speaker

The microphone was mounted on the side of the grounded brass sec-

tion, apnroximateiv 3.5 cm away from the screen, and immediately in front

of the stationary reflector. Its face was parallel to the tube axis and

was adjusted so that the microphone surface protruded only slightly into

the sound tube avoiding sound reflections. In experiments with the 2.54

cm tube, the microphone was an adapted one inch Bruel-Kiaer (R-K) conden-

ser micronhone. The microphone was connected to the nreamp through a

vacuum feed-through that was sealed through the wall of the brass tube

with a Swaqelock fitting. In experiments with the 1.23 cm tube, the

microphone was an adapted one-half inch B-K condenser microphone with

diaphragm made of Mylar of 1.27 x 10- 3 cm thick. Both microphones were

nowered by a B-K tvpe 2801 power supplv and their outnuts were nreamnli-

Fied by a B-K tvne 2615 cathode follower amplifier.
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The speaker used in experiments on stable iaqes was one previoiislv

used bv Bass and Detsch in their investigation on the sound amnlification

11
in vas phase reaction systems. The nolarizinq voltage of the sneaker

was maintained by a Heathkit model IP-17 regulated nower supnlv and

driven by tone bursts generated by a CP model 13qMl tone burst generator

and amplified by a Hewlett Packard (HP) Model 467A amplifier.

Discharge Circuit

The discharge circuit used in this experiment was a modification of

28
the SCR discharge circuit designed by M.M.T. Lov and P.A. Roland. The

circuit diagram is shown in Figure 2. The original 16 F Mvlar canacitor

was replaced by three 10 1F Micamold capacitors set in parallel. The

nulse transformer was an automobile ignition coil, Telco T523, and the

SCR a tve 50 RIAI00. The 2 volt-l second trigger pulse was qenerated

bv a HP model 214A Pulse generator. The transformer was placed near the

500 20-30pf

0-550V SCR TO
RIA100 INPUT SOUND

TRIGGER TUBE

2 .2 kS

IGNITION COIL

DELCO D523

FTURF 2. DTSCRARrF CTRCUTT
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Nsound tube and connected to the SCR circuit, housed in a separate box, bv

a shielded cable. The discharge circuit was able to produce a discharge

of approximately 2.5 joules in 1.23 cm tube, 30 to 50 cm long at pressure

on of 40 Torr.

Electronics

An externallv-triggered model 214A HP Pulse generator was used to

trigger the discharge and the Nicolet oscilloscope trace. The large

capacitor,at relatively high voltage, then discharged through the orimarv

oF the transformer. The voltage pulse from the secondary of the

transformer produced the discharge in the gas sample and a metastable

state with an overpopulation of excited vibrational states resulted.

Efforts to generate the sound pulse in the metastabale gas using a

speaker in the end of the discharge tube were unsuccessful due to the

masking effects of the discharge on the sound wave and damage done to the

transducers by the discharge. These difficulties were finally solved bv

U nlacinq a metal screen a few cm from the speaker/reflector, as discussed

in the preceding section. In this configuration, the sound pulse was

generated by a sudden increase in temperature of the gas in the region

where the discharge occured. The increase in temperature caused a pres-

sure increase which expanded into the cool section. The eynansion

produced a pulse which reflected back and forth in the tube. The

pressure pulse was detected each time it was reflected from the micro-

phone end of the tube. The signal from the microphone, after being

amnlified, was passed through an Ithaco 4302, 24 dll/octave filter and

then applied to the vertical input of the Nicolet digital oscilloscone.
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U
The signal thus displayed on the oscilloscope screen was stored in the

scone memory and finally transferred to a RP model 85 computer to le

analyzed.

The sampling time of the oscilloscope may be adjusted from 50n nsec

to 200 sec per point. In this experiment the sampling time was set at 10

-sec per point. The total number of points recorded and stored by the

oscilloscope was 4096 points. The data points of reflected pulses were

transferred to the computer and Fourier analyzed one nulse at a time.

Gas Handling System

The system was evacuated with a Welch Duo seal fore numn which was

connected to the manifold of the gas handling system. The pressure of

the system was measured with M.K.S. Baratron type 170 M-25 and PDR-D-1

transducers. The first being used for the pressure range up to 10 Torr

and the latter used from 10 to 100 Torr. The fore pump was canahle of

evacuating the system to less than 2 millitorr. Gas samples were stored

in storaFe tanks and connected to the sound tube through a manifold and a

series of valves.

EXPERIMENTAL PROCEDURE

The absorption and velocity measurements were made in mire N and

mixtures of N 2 with He and H The gas mixtures were made using the
2

method of partial pressure. k storage tank was alternatelv filled with

N, and He/H? until the desired concentration at total pressure of one

atmosphere wa- established. The gases were then allowed to -ix it leat

one day before measurement was made. Since the relaxation time and the
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maximum relaxation freouencv of N. are very sensitive to the concentra-

tion of impurities, especially water vanor, it was necessary to ensure

the purity of the gas under consideration. For this nurnose the

am
following steps were followed. Prior to makin7 any measurement, the

system was thoroughly evacuated and the combined outgassinq and leakinq

rate was frequently checked. (This svstem was able to be evacuated to

about 2 milli Torr and the combined outgassing and leaking rate was less

than 0.5 milli Torr Per minute at a Pressure of 20 Torr.) The Pressure

in all pines connecting the storage tanks and the manifol, of the as

handling system was alwavs kept lower than the pressure of interest in

the sound tube to avoid impurity leaks into the sound tube. The sound

u tube was then flushed several times with the gas sample. In doing so,

the evacuated sound tube was filled with the test gas to about lO Torr

in pressure and re-evacuated. This was repeated several times. The

electronic equipment, except the discharge circuit, was warmed un before

measurements were made. The band-pass filter was set to lass frequencies

from 2 to 6.3 kHz.

When evervthing was ready, the pump was closed off from the svstem

and the qas sample to be tested was introduced into the tube until the

desired pressure was obtained. After thermal equilibrium with the tube

wall was established, the pressure and the tube wall temperature were

recorded and the discharqe circuit was turned on with the canacitor

voltage set at a desired value. To avcid imnurities aenerated bv the

sparks, the qound signal was taken from the first snark that gave tbe

I-I
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expected signal shape. To further ensure the nuritv of the aas -nmnle :

under consideration, every sound signal recorded was for a fresh gas

sample that had been in the tube no longer than 6n seconds. The

, procedure discussed above was reneated for measurements at different

pressure and tube lengths (the distance between reflectors). ror a given

set of these parameters, data was taken for apnroximatelv nine discharges

and averaged.

FOITIF TPANSFORM

The absorntion and velocity of sound at a given frenuencv were

determined by Fourier analyzing the sound Pulse after each reflection.

For this nurnose, the signal detected by the microphone was filtered and

then digitized by the oscilloscope. The starting time and ending time

for each of the reflected pulses were read visually off the oscilloscooe

and stored in the computer. The digitized signal between these two times

was then transferred to the computer and Fourier analyzed. The fundamen-

tal freouencv in the analysis was set at 390.6 -z by setting the time

-3
interval covered in each analysis at 256 points or 2.56 x In seconds.

If, for example, there were N digitized points between the beginning and

end of the pulse as read visually from the oscilloscope, the signal

Fourier analyzed would consist of N noints transferred from the oscillo-

scone memory followed by 256-N zero points. The sampling period, T = 10

psec, easily satisfied the condition that I/ T = 2 x maximum frenuency

since the highest fronuencv .ith an anreciahle comnonent in the nuItie

was 6 k"z. 29
'
3 The number of points, 256, was limited v the time
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reauired by the computer to make the analysis. The 390 Hz freauencv

spacing, however, was auite adenuate for the purpose of this experiment.

The average sound velocity for one round trin in the tube was

obtained by the equation

27n(2L)
V N , n 0,1,2,.... (20)

n NAtAo

where N is the number of samole points (256), At is the sampling period

(10 psec), A is the change in Phase after the pulse had travelled one

round trio in the tube, L is the distance between the microphone and

reflector. n/NAt corresonds to the nth frequency component.

The amplitude of various frequencv components in successive pulses

are related bv the enuation

-2LOL+B)
A = A e (21)

2 1

where a is the absorption coefficient (neper/cm) and B is the effective

reflection coefficient. By making measurments at more than one value of

L, both x and can be determined. nnce the reflection coefficient is

determined, a can be determined from the amplitude without varying the

length of the sound path.

A computer program developed by the Hewlett Packard Comnanv was

modified in order to determine the sound absorption and velocity of each

frequencv component of interest directly from the amnlitude and phase

obtained from the Fourier analysis. The computer nroqram -ias developed

by using the Fast Fourier Transform (FFT) algorithm that tranforrmed ?,,

L. .
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U sample points by means of an N noint transform. The results of this

procedure were checked by direct measurements of the sound absorption and

velocitv of the pulse after it nassed throuqh the filter set at a qinale

frequency. The two methods gave results that a5reed within experimental

error. The computer nrogram. used to Fourier analvze te sound si-znal is

presented in the anoendix.

7

ai

U
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aEXPERIMENTAL RESULTS

RESULTS OP MEASUREMENTS IN STABLE GASES

Sound amplification and translational temperature were obtained by

comparing the measured absorption and velocity in excited gases with the

absorption and velocity calculated for the unexcited gases using the

num(irical solution discussed above. To check the accuracv of these

calculations the sound absorption and velocity were measured in unexcited

nitrogen gas and mixtures of 25% le - 757 N2, 50% He - 50% N of various

pressures and freauencies. In these measurements, the gas was contained

in a cylindrical glass tube 2.54 cm inside diameter. A tone burst,

nroduced by the sneaker in the end of the tube was allowed to pronagate

back and forth between the speaker and the reflector while the amplitudeU

was monitored by the microphone. The amolitude of the tone burst after

it was reflected m times is given by

- (2La +$ )m
A = A e (22)

0

where a, 3 and L have been defined previously. The absorntion, , aird

the coefficient of reflection, , were obtained by plotting on a log

scale the amplitude, A versus L, with m as a parameter. -N sample nf

these olots is shown in Figure 3. The straiht line plots of amnlitude

versus distance for the various value of m q I h ve the s,-e slope

27
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corresponding to a, and they are disnlaced from each other bv an amount

corresnondino to . The results obtained from a least Qnware fit of

straight line to the data are O vven in Tables 3 and A alone with th,:

- calculated values. From comparison of values in these tables it is

concluded that individual measured and calculated values of absorntion
+

differ bv at most -2" .  Note that relaxation absorntion in nitroven YAs

at room temperature is very small. This factor was not includeH in this

calculation. The coefficient of reflection, 6, in N,, 25' qe - 757 H

and 50'' He - 50" N'), averayinq overall oreqsurps and freonienci es of

+ +4-
interest, were found to be 0.18 - 0.n3, n.18 - 0.9?, and n.15 - 0.P2

resnect i velv.

The velocity was obtained by measuring the time the sound took to

travel a distance of 2L (one round trip) in the tube. The results ir-

compared with theoretical in Tables 5 and A. From comparison of these

values it is concluded that the maximum difference in individual measured
+

and calculated values of velocities is -n.37>.

SnUND ABSORPTION AND VELOCITY IN EXCITED KT.STAFB, STATE PQSF5

Absorption and velocity measurements in excited metastable state

yases were made with two different tube sizes, 2.54 cm and 1.23 c7 insit

diameter. Cases used with the higyer tube were oure N. and mixtures of

257 He - 75' N. and 5071 He - 50", N, all at nressures of 2n) Torr. in

exneriments with the smaller tube, the above oases and a t107 P, - qO N

-ixtt r at nreqqures of 2W) an& An 7'orr ',-re ."qod. Fxneriments were be un

bv di chariiny tbe canacitor throu rh r'e nri "rv of the induction coil,
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TABLE 5

Sound velocity in stable N2 at various frequencies.

Pressure = 20 Torr, tube radius = 1.27 cm.

f(kHz) Vb (m/s) V (m/s)

mis) caic.

1.6 --- 342.4

2.0 342.9 343.1

3.15 345.2 344.3

4.0 344.8 344.9

I!

TABLE 6

USound velocity in stable 50% He - 50% N mixture at various Dressures.
2

f 2 kHz, tube radius = 1.27 cm.

P(Torr) Vobs. (m/s) V calc (m/s)

20 468.5 469.7

30 471.6 471.8

40 472.4 473.1

.
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I thus producing the discharge in the Ras sample. The electrical discharge

rapidly increased the gas pressure in the reqion between the two elec-

trodes (the region between the reflector and the screen; see Figure 1).

The rapid increase in the pressure in the discharge region creates a

pressure pulse at the hot-cold iunction where the discharge terminated in

the gas. This pulse travelled back and forth in the tube and was moni-

tored bv the microphone. The microphone response to the sudden pressure

increase is illustrated in Figure 4. In this figure, positive oressure

corresponds to a negative voltage. The spikes represent the sound nulse

U that reflected back and forth in the tube. The shape of the response

curve without the superimposed pulses is the resnonse of the micronhone

to the rapid increase in aressure that decavs with a decay time eaual to

that for cooling the gas in the tube. By filtering and Fourier analyzing

the signal, the amplitude and the phase of the different freouencv comno-

nents in the pulse as a function of time can be determined. Examples of

* a filtered signal are shown in Figures 5 and 6. The legend for these and

other figures specifies the energy in the discharge in joule/mole. The

energy was obtained by dividing the energv stored in the capacitor before

discharge by the moles of the gas heated bv the discharge. It is esti-

mated that apnroximatelv 70% of this energv actually went lito h jeatir

the vibrational modes of the gas.

The decreasing neaks in Figure 5 reoresent the sound Pulse detected

after it travelled successive round trips down the tube (a distance of

2 1). The first peak is the original pulse detected after it travelled a

distance of approximately 4 cm through the cold region. The second peak

- --.. ..- .- ' A .~
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is the pulse detected after it travelled one round trip. The third neak

is the pulse detected after it travelled two round trios, etc. The

distance between two adiacent peaks corresponds to the time the nulse

ftook to travel a distance of 2 L. In general the first pulse considered

in our analysis was the one reachinr the microphone after travelling one

round trip in the tube.

The average absorption per unit length between any two successive

reflections is given bv

Am+

a = (-In-- - )/2L; m = 1,2,3,.... (23)

The absorption determined by Eauation 23 was assumed to be the absorption

at a time eaual to

t = (t m+t m+l)/2, (24)

where t is the time after the pulse was reflected m times, taken at them

center of the pulse. In the case that the sound pulse is amplified, a is

time dependent because the vibrational temperature is time dependent. In

experiments with the 2.54 cm diamter tube, was obtained from the exner-

iment on stable gases as discussed in the preceding section. W ith a 1.23

cm diameter tube, attempts to determine 3 by usinq a tone burst from the

speaker failed because the sound attenuation at low pressure was tio

large. The tone burst decayed out verv rapidlv. In this cise, a -ound

pulse generated by the discharge was used instcad of the tone burst. 3

was determined from the intercept of the plot of the locririth- of an-litude

* ... . * ,.. . -.- *
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I versus distance, L, as discussed previously. In this case, of course,

the discharge circuit was adjusted so that the energy ner unit volume in

the lischarge remained constant for all reflector senarations.

bDischarges were chosen for different reflector distances, L, so that the

amplitudes for the first reflected pulse were the same. Table 7 shows

the coefficient of reflection in Nener/reflection averaged over fre-

aniency components from 1.9 to 4.2 kHz, observed in gases used in this

experiment.

TABLE 7

Coefficient of reflection (a) observed in

experiments with 1.23 cm diameter tube.

(Neper/reflection)

GA S

P = 20 Torr P = 40 Torr

N2  0.16±0.07 0.15±0.03

25He-75N2  0.05±0.03 0.09±0.02

50He-50N 2  o.In±0.04 0.11±0.04

10M 2 - 90N2  0.03±0.01 0.07±0.01

Results of Measurements in Excited Metastable Pure Nitrogen

Sound absorption and velncitv observed in excited metastable nure

nitrogen are nreqented in Tables 8-l3. Table 8 qives the average

absorption coefficient over the total time the nulse was observed. klso

..--- --- - - - -*- - - --
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- TA131E I1I

Soutnd velocity in rn/s as a function of time in excited

metastable N 2at Pressure = 20 Torr; tube length - cm';

tube radius =1.27 cm; discharize enercv = 10.5 x 1(; loule /mole.

time ca C at

f S 4.77 7.61 lnI 13.31 1 30-5I

156~2 I35n.7 350.5 150.2 350.3 348.7

*1953 I350.8 I35n.4 350.4 350.A' 34q.5

2344 350.5 350.2 350.2 350.6 350.0

2734 I349.7 349.5 350.1 F 350.0 350.4
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K

TABLE 12

Sound velocity in -Is as a function of tine in excited

metastable N 2 at Pressure = 20 Torr: tube lenvth =4n cm;

_~3.

tube radius = 0.(15 cm; discharge eneray = 33.4 x 10 joule/mole.

Lr

time Ncc (,s)
s) ~ ~ calc (q

f -ns 3.87 Q.47 at T=304°K

(Hz) Ip

1953 1 342.6 '142.2 343.0 342.8

2344 I 342.9 343.1 344.n I 343.Q

2734 343.9 344.1 344.9 344.8

3125 I 344.q I 345.1 346.1 ! 345.A

3515 345.5 3A5.8 346.8 346.0

3906 345.8 346.0 347.2 34r.5

4297 346.1 1346.5 347.7 34(.9
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TABLE 13

Sound velocity in rn/s as a function of time in excited

metastable N 2 at Pressure =40 Torr; tube lenazth 40 cm;
23

tube radius =0.615 cm; discharge energy 16.7 x 10 joule/mole.

time I 
IV (Ms)

ins) IIci
f 3.91 6.23 at.721 0

1953 I 344.6 I344.3 345.0 344.7

2344 344.9 I344.8 345.1 I 345.5

2734 I345.2 I 345.4 I345.5 I 346.0

3125 I345.7 345.9 I346.1 I 346.6

3515 I346.1 I346.2 I347.5 I 346.9

3906 I346.4 I346.3 347.6 I 347.3

4297 346.6 I346.7 I 347.1 347.6
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given in Table 8 are values of the absorntion calculated for stable

nitrogen at the equilibrium pressure and the temperature determined from

the velocity measurements. Measured values of the absorntion and

velocity in Tables 8-13 are the average of nine or more individual

measurements. From the standard deviation in these individual measure-

ments it is estimated that the measured values given in Table 8 are aood

+

to -3%. Aa is the difference between the observed and calculated absorp-

tion (Aa = alc.-o .

T'qe nain (Ac) in ±3/cm should be frequency indenendent. Making use

6 of this fact, by averaging Aa over all frequency comnonents in able Q,

we found - of approximately 0.003 d/cm in the bigger tube, and 0.004

IR/cm and 0.005 dB/cm in the smaller tube at pressures of 20 and 40 Torr

respectively. This difference is only slightly more than experimental

error. If it is due to relaxation, it should be changing with time. -

Therefore, in Tables 9-13 the absorption and velocity between individual

Ureflections is tabulated as a function of the time at the midnoint of the

interval considered. Any change in velocity and absorption with time was

within experimental error.

At first sight it might be somewhat surprising that the temperature

of the nitrogen gas was not changed more by the discharge. (The velocity

measurements show the gas temperature to be only a few degrees above the

tube wall (room) temnerature.) In later experiments with mixtures, the

discharge was found to heat the gas from 10 to 40°C. However, a closer

look at the oroperties of oure nitrnqen exnlain the absence of the

15
heating. 'icyhin'-, calculations from measured electron cross sections
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i n nitrogen ind ic ate that for the voltages and pressures o f our

discharge, oracticallv all of the discharge energy goes into vibration.

Further, the vibrational relaxation time in pure nitroven is so much

,greater than the thermal diffusion time in the gas that the vibrational

energy is conducted to the walls without appreciably heating. the gYas.

Though the difference between measured and calculated absorption is

small, the observed values were consistantly smaller than calculated as

would be expected if amplification were present. If this difference

between measured and calculated absorption is due to relaxation it is

10
larger than Shields' calculation. Assuming the vibrational temperature

is between 1000 and 2000*K during the measurement, the gain would indi-

cate a relaxation time in nitrocaen of the order of a few milliseconds per

atmosohere. This relaxation time is considerably shorter than the

relaxation time in pure nitrogen and, for the estimated amount of energy

in the discharge, the vihrational temperature could not exceed 3onn*K.

The small discrepancy is thus unexplained, and is assumed to be due

to a consistent experimental error. In experiments on mifxt~ireq of nitro-

gen with helium and hydrogen, which will be discussed later, .a here

observed will he used as a correction factor.

The uncertainty in velocity at a particular time, estimated from the

stnaddeviation in the individual measurementq, is approximatelyv

-0.4%. In what follows, the temperature of che w .ill he ohcained hy

comnarinq measured velocities with values calciilAtAe qq f unc t iopT of

* -. . .. .



47

23
temnerature by numerical solutions. Temneratures obtained in this wav

are estimated to be accurate to C.

Results of Measurements in Ne-N 2 Mixtures

Sound absorption measurements in He-N mixtures are presented in
2

Tables 14-17. The variation in Aa with :ime in 50% He - 50% N2 mixtiirp

is plotted in Figure 7.

The addition of He molecules to N2 gas drastically reduces the relaxa-

tion time of N2 .  In a 25% He - 75/ N2 mixture tO relaxation time is

reduced to about 1040 and 520 milliseconds at pressures of 20 and /; Torr

respectively, and in a 50% He - 50% N2  mixture to 520 and 260
16

milliseconds. However, compared to the thermal conduction relaxation

time (Tt ) which is of the order of In milliseconds, the ratio of T and
vJ

T is still large. The vibrational energy transferred into translation
tc

during the transit time is still small, and the gain Aa is expected to be

so small that it will be difficult to observe. The observed value of Anx

given in Tables 14 and 15 was corrected by subtracting the An observed in

pure nitrogen. When this is done, no appreciable gain is observed in the

25% He - 75% N2 mixtures, nor is there an observable change in it with

time.

However, in the 50% He - 50% N mixtures there is a measurable gain.
2

Averaged overall frequency components in Table 16, An, after correcting

by subtracting Aa observed in N.,, is 0.0018 dB/cm and 0.0074 dB/cm at

pressures of 20 and 40 Torr respectively. The measured -A values are

I"

I

i "' .: " . . ''. , . -. -.V 0*. - . - - . . : , . ... - .i " " . -.. -. . . .- . .- . -.- , .- !
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FIGURE 7. Gain (Aa) as a fuinction of time observed in 50'~ He -5fl% v,
mixtutre at n ess;ure W) Torr; tube radiliq = nl.615 rrm; discha.1rrp nerc-~

33.4 1 0 i 11 oue /mol. P. %;lIit! line is calcuilatedl -ain qettinq

d(lnT V_ )/dT- 0.05, T 6000'Vy at 4 ms;ec: , ~ * tisec.
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nlotted versus time in Figure 7. The magnitude and time denendence of

this gain is comnared to theory below.

Tables 1 and 1 give representative velocities measured in 25= Tle -

- 75% N and 50% He - 50% N mixtures at a pressure of 40 Torr and tube
2 2

length of 30 and 40 cm respectively. This time the measured velocities

show an apnreciable increase in translational temperature. This indi-

cates that, with the added Pe, a larqer amount of the discharge enerv is

going directly into the translational energy of the gas mixture. The

logarithm of the difference between the translational temnerature (T ) as
r

determined from the velocity measurements and the tube wall temnerature

(T ) is plotted versus time in Figures 8 and q. The decav times calcu-W

lated from the curves are compared with theoretical values of - intc

Table 20. The measured values of T do have roughly the expected

variation with pressure and tube radius as predicted bv Eauation 19.

In mixtures in which t tc was considerablv longer than the time for

the sound to make one round trip in the tube (257 He - 75% N2 and in 12

- 90% N at a pressure of 40 Torr) the first data point of the transla-

tional temperature (see Figures 8 and 12) was far off the straight line.

This was attributed to a non-uniform heating of the gas by the discharge.

When c was long, comnared to the transit time for the sound, there was

not time for thermal diffusion to smooth out the hot Pnd cold regions in

the gas left bv the non-uniform heating of the discharge. The hot snots

evidently raised the measured sound velocity. At lower pressure the

effect was not so obvious due both to the fact that the 1iscar-e was

more uniform and the thermal diffusion time was shorter.

1.

. .. :. > . .. : -- -- : .1 - . -. . - . .., ....-. , -:
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TABLE 18

Sound velocity in rn/s as a function of time in excited metastable

25% He - 75'% N 2 mixture at Pressure =40 Torr; tube lenqth

30 cm; tube radius = 0.615 cm; discharqe energy = 12.5xl10 joule/mole.

time it
Is caic

f ns) 2.70 4.21 5.72 7.*20 =0*

(Hz) I

2344 399.4 396.3 395.0 394.4 396.6

2734 400.2 396.8 395. 1 395.1 397.5

3125 I401.1 I397.8 I 396.8 I396.9 I398.4

3515 I 402.2 I399.2 398.5 398.6 398.7

3906 I402.3 399.8 I398.9 ] 398.6 I399.2

4297 I402.4 I399.6 I 398.6 I398.0 3q9.6

4687 I401.9 I399.2 I 399.0 399.9
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TABLE 19

Sound velocity in rn/s as a function of time in excited metastableI

50% He - 50% N.~ mixture at Pressure = 40 Torr; tube lenqth = 40 CM;

tube radius = 0.615 cm; discharge energy = 16.7 x 10 3Joule/mole.

\Time 

Iv 
at

mns) caic
f .1 4.53 6.21

f T=303*Y
(Hz)

1953 471.8 468.4 I 467.2 467.6

2344 I471.5 468.6 467.5 469.2

2734 471.3 468.9 I 468.3 I 470.4

3125 I471.3 I 469.9 I 469.3 471.3

3515 471.7 471.1 I 472.2

3906 I472.1 471.2 I 470.4 472.0

4688 473.8 I 473.0 I 471. 3 I 473.5
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TABLE 20

Measured values of the decay time for translational terinerature in 2
0.615 cm radius tube compared Twith values of T calculated

by Equation 19. Values are given in milliseconds.

P 20 Torr P '4Trr

Observed r a .ccpa wicated Observed Calculated

byPure "Iu -------- 5V10 ------ 11.56
2

25% He 75% N 3.40 3.58 6.67 7.16
2 I

12.35(1) 14. 26(1)

50°% Ie - 50% N2 1.81 1.89 2.79 3.79
(1)42

8.90 8.06 (' )  -

10% t - 90% N 10.22 5.58 35.17 I11.20
2 2

(1)Tube radius = 1.27 cm.

- A
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Results of Measurement in H 2-N 2 Mixtures

In 10% H2 - 00% N2 mixtures the vibrational relaxation times are

reduced to about 106 and 53 milliseconds at pressures of 20 and 40 Torr

respectivelv. The thermal conduction relaxation times in this tiyllre

at these pressures are approximately 5 and 10 milliseconds for the 1.23

cm tube diameter as predicted hv Fouation 19. Thus the ratio Tv/t is
V tO

relativelv small. For a vibrational temperature of 3000°K, the gain, Aa,

is predicted by Shields' calculation to be about n.009 dR/rm at a ores-

sure of 40 Torr.

The observed time averaged absorption and gain (after suhtractinq bv

Act observed in pure nitrogen) are presented in Table 21. As expected

Bfrom Shields' calculations the gain is independent of frentencv to the

accuracy of measurements. Table 22 and 23 give the observed velocitv at

20 and 40 Torr pressures. The corresponding translational temneratlre

are plotted in Figure 11. ks shown in Table 21, the average gain was

found to he 0.02 dB/cm at 20 Torr and 0.017 dB/cm at 40 Torr. Viaure 10

shows the variations in Aa versus time at 40 Torr. At 20 Torr, the time

dependent value of Act showed too much scatter to allow P reliable deter-

mination of the decav time. This was attributed to the fact that T was
vy

shorter than the sound transit time over several reflections.

COMPARISON OF THFORFTICAL ANPI) "FASURFP PFLAXYA7T0 TT4FS f" T IV n°V -

90% N MIXTURE
2

When t and t are of comnarable i, t , C.3IV r imne of the
v tc

translational temperature should be lnnser tran t'er- i jffuijsn tine
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TABLE 21

Time average sound absorption (a) and gain (Aa = calc - obs) in excited

metastable 10% H 2 - 90% N2 mixture. Tube radius = n.615 cm:

discharge energy = 44.8 x 103 joule/mole at 20 Torr and 22.4 x

3
10 joule/mole at 40 Torr. Ac has been corrected by

observed in pure N2 .  Values are given in dB/cm.

P = 2n Torr P = 40 Torr
Freauency

(Hz) a°bs a calc 3 Aa a 3 al Aa•. obs cac 1 calc

I I
1953 0.092 I 0.119 i 0.023 0.61 O.084 I n.OIPI. .3. I I.
2344 0.103 0.130 0.023 0.070 I 0.092 I 0.017

2734 0.112 0.141 0.025 0.080 .o09q I 0.014

3125 0.121 0.150 I 0.025 0.084 0.106 0.017

3515 0.133 0.159 I 0.022 0.089 0.112 I 0.018

3906 0.141 0.168 I 0.023 0.097 0.118 I 0.016
F 1 I

4297 I 0.148 n.176 I 0.024 n .102 0.124 I 0.017

4687 0.157 0.183 ! 0.022 0.106 0.129 I 0.018

5078 I 0.166 0.191 0.021 n.112 0.134 3 0.017

5468 I 0.172 n.198 I 0.022 0.105 0.139 n.017
_ _ _ _3_ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

,, ... :,........... ,.............. -.- . v,.'...- -- ,-, i
-w , . . . . ° . . .. - .. 7,,
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TABLE 22

Sound velocitv in m/s as a function of time in excited metastahle

10% H2 - 90% N2 at Pressure = 20 Torr; tube length = 45 cm;

3
tube radius = 0.615 cm; discharge energy = 48.8 x 10 joule/mole.

\time
(mns)

f 3.57 5.70 7.87

r (Hz) I I

1953 I 369.6 I 365.9

2344 I 373.8 370.1 I 366.6I. t
2734 373.5 370.3 367.1

3125 I 373.1 370.1 I 367.8

3515 I 373.4 369.8 369.2t *I
0 3906 375.1 370.0 I 369.9

t i
4297 376.5 371.9 368.4

4687 376.4 372.5 369.2

5078 375.9 372.6 371.7

5468 I 375.7 372.7 373.8

"._ _ _ _ _ _ _ _ _

.~--....
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TABLE 23

Sound velocity in m/s as a function of time in excited metastable

10% H - 90% N at Pressure = 40 Torr; tube length = 40 cip;
22

3
" tube radius = 0.615 cm; discharge energy = 24.4 x 10 joule/mole.

time
f ns 3.55 5.66 7.80 9.93 12.07

(Hz)

1953 374.0 372.8

3 2344 380.4 376.9 375.5 374.5 373.6

2734 380.6 377.2 376.2 375.3 374.7" 
I

3125 381.1I 377.4 377.3 376.6 375.R

1 3515 382.2 377.8 378.0 377.4 376.0

3906 383.6 378.2 377.7 377.2 376.8

4297 384.3 378.8 377.3 377.5 377.5

4687 384.2 379.6 378.0 377.8 377.8

5076 383.9 380.4 379.3 378.0 377.3I

5468 383.7 380.9 379.5 378.3

.

.
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FIGURE 10. Gain (~a) as a fuinction of time observed in 10'4 H,,- 0
mixture as ressure = 40 Torr: tube radius = n.615 cm; discharqe enerav
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d(lnT )/dT 0.05. Cuirve 3i is -IT x 10 2 comniited from Prnation 37.

*Cuirve C is the calculated cain by settinq d(nT -')/(IT =.N

v

1w~
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due to the feeding of energy into translation from vibration. The

difference is noted between the measured and calculated relaxation times

for 10% "2 - 90% N2 mixtures in Table 20. The enerv going from vibra-
i2

tion to translation also makes the decay time for vibrational trmnerature

shorter than the calculated -e. The relationship between T as calcu-
tc tc

lated from Equation 19 and these decay times for translitional and

vibrational temperature as determined from measured velocities can be

obtained as follows. Assume the translational mode gains energv from the

vibrational mode and loses it to the wall. The time rate of chanpe of

the translational and vibrational energv can be written as

dEtr (-T) - (T-T), (25)

dt v w(

and

dE C.(T v ) C.(T)
v( -T) v (T -T), (26)

dt v v w
V VC

where Et is the translational energv, F is the vibrational enerqv, T

T, and T are the vibrational, translational, and wall temnerature
w

respectively, C. is the vibrational snecific heat, and ' is the time
I.0

independent specific heat enual to 5/2 R per mole for NI_ and HI)' TvI T
-~ yC

and T are the same as defined before. Rv settingt c

- T -T = (T -T ) - (T-T), (27)

and

dEtr C dT dE C.dT
t 1 v (2)

dt dT -dT dT

....
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and assuming exponential time dependence the differential eauations 29

and 26 are reduced to algebraic eauations:

C. C.
[X-( + -)IAT + T = 0 29)

SC° V tC C° V

AT + I T : n (n
T T T ]
V V VC

where AT = T-T and AT = T -T The solution of the secular equationW V V W

gives two permissible values of X in terms of the known relaxation times,

C.

I I
V 00 tc

1 --. (32)
2 T tc

The solutions for AT and AT nre then

.t -X t
AT =Ae 1 + A e 2 (33)1 2

ATv =Ae X-
t + A4e 2 (34)

where A and A can be determined from the measured values for AT and
12

dYlnATUat a particular tire. Por this purpose we choose AT values from
dt

Figures 11 and 12 corresponding to t approximatelv equal to t This

value of time was chosen since for t<i the excited metastable state•tC

haO no time to develop and the gas temperature was not unifor-, in the

tube.
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Fl(rUIF 12. The difforence h)etaeer. translational and wall temnerat~ire
(AT) as a function of timne for experitient on 10'~ (, -)l~ N, nix<ture atf
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observed at tube leng~th = 40 cm. Iotid cuirve is the theoretical curve
co'nouted From rpIiation 19.
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A and A can be related to A and A bv substituting Eauations 33
3 4 1 ?

and 34 into Eauations 25 and 2A. Separating the terms containing

exp(-X It) and those containing exn(-X t) one obtains

C

A= - -C.A1  (35)
31

and

A4 =A 2. (36)

The nrocedure in analyzinq the 107 P - qNT- \2 data then is asr2 2

fol lows

1. Assume an average value for the vibrational temperature, T, over
24

the period of measurement, and determine C. from C using the eauation

I v

2. Using known values of T and T (=T ), and the assumed C
v tc vc i

determine X I and X2 from Eauations 31 and 32.

3. From the values and slopes of curves in Figures 11 and 12 at

T -T determine A I and A2, A3 and A4 as explained above.

4. Calculate AT uisinq Fouation 34 over the measured time interval
v

and compare with the average value assumed in Step 1.

5. Repeat until the values of AT obtained in Sten 4 are consistent
v

with values of T assumed in Step 1.v

Using a value of C. = f.21R corresnondin, to T = 15CO'K; values oF
V

AT = 24 ° , and r- (n ,T)!- Q.0f5 milliPoenntis corrpsnniing to -nlneq
dti_

-.- .'. . ..- .- . . . . .... ..-. . ., ... .' . . ... .. . -. -, •.-. - . . . . . - - - - . ., . . - -
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5from Figure 11 at t =6 milliseconds; calculating T tcfrom F~quation 19:9

setting Tr =c t; and obtainingr T from Reference 16 we obtained

AT(*C) =532.5e-n19 - 492e-09t (37)

and

AT (*C) = 5 32.5 -0.179t + 4 7 3 1.4 -0.190t (3R)3
v

where t is in milliseconds. The curve in Figure 11 drawn through the

points taken at 20 Torr is calculated from Equiation 37. In a simila.r way7

C the equations-

AT(*C) =238.Oe-nfls~t- 220.3e 0. h0t (39)

and

AT (*C) =238.0. OAn 9t + 26 22.4e O.llnt in
v

Wfit data points observed at 40 Tnrr pressure in Figure 12. The constants

in the 40 Torr equation were obtained by using values of AT =24*C and

mnAT -1
d( d = 37.84 msec as determined from Figure 12 at t = 10 riser and 1),w

setting C.=0.21R corresponding to T =15000 K. It shouild he noted that
.V

these enuations have been obtained from the velocity m-easurement without

reference to absoration.

The agreement between the measured and calculated time dependence of

AT in Figure 11 is impressive since the only adlustahle parameter is thet

vibrational temoeratutre.

II

,.. 69 0 -
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3 In Figure 12 the time dependence is correctly predicted after aporox-

imately 10 msec, but the velocity obtained from the first reflected mu1se

is too high. This was also the case for the 50' He - 50" N9 mixture at

40 Torr. Here, as there, the difference can be attributed to the fact

that the first reflection is occurring for times shorter than i and the
tc

temnerature variations left by the discharge have not been smoothed out

nor the metastable state developed.

Eauations 38 and 40 give the vibrational temoerature, 1 T , as a

v

function of time. Note these enuations have been determined iust from

measured AT vs time values and known values of -r v T tc and Tvc TV e

value of AT predicted at t = T is 2100°K for 20 Torr and 1200°K for 4n
v tc

Torr. These values would implv that R.4% of the discharqe enerqy was in

the gas at that time. This percentaqe is unreasonably small. The _aii

measurements in the next section indicate a higher vibrational

temperature was present. This discrepancy would infer that the value )F

T in H -N mixtures used in calculatinc the constants in 7nilation 'q and 7-
v 22?

40 which were obtained from fluorescent measurements by Frev, et ql.

were too small.

COMPARTSnN OF THEORETICAL AND MEASUPED GAIN IN 1O - P - Ao< T) 9N 
,

He - 50% N
2'

In two cases it has been possible to plot the cain versi,; 1bnp ( ' O-

He - 50% N2 at 40 torr and 10I H2 - 90n4 N2 at 40 Torr). For the H2-N 2

mixture it has been possible to get T vs time from the velocitv rea< ir -
V

ments as well. It is now interesting to compare t 1lese meioired gzains,

with values calculated From Shields' theory. or 10%" PI - Qn' T, t'-e

:A
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measured values of gain vs time are plotted in Figure 10 also shown

plotted in this figure to a different scale is IT vs time calculated by
V

Equation 40 (curve B). Since both T and T are determined by Eouations
13 V

39 and 40 as a function of time, it is also nossible to calculate

expected gain versus time using Shields' theorv. The result is plotted

dT -1)=no. Tersl
in Fizure 10 as curve C assuming value -(InT 1 0.01. The result

dT v

gives magnitudes of gain that are too small bv a factor of 10 and a

negative slope that is too largTe by a factor of two. There are three

d -
parameters that affect the calculated gain: T, (lInT and T Thle .

V dT V V

magnitude of the gain can be increased by increasing (lin ) or T ,or
dT v v

decreasing T . However the slope of the gain with time is changed little 4v .

£ by changing any of these. The measured small decrease in gzain with time _

implies a T that changes more slowly with tithe than predicted by Eoua-
v

tion 40. This descrepancv may be due to the fact that most of the

measurements in this mixture were made for times less than T while3 tc

the temperature T and T were still probably far from uniform in thev

tube. The appropriate magnitude of the gain would be predicted by

Shields' calculation if 70% of the discharge were in vibration at t = T
tc

d -1
msec and (lnT ) = 0.05. Curve A in Figure Io corresnonds to valuesdT v

calculated by Shields' theory assuming -(inT ) 0.05 ind T enual to
dT v v

3000°K at t = 7.5 msec which decays with !ecav time eaual to rtc This

would correspond to 70% of the discharge energy residing in tbe

vibrational energy of the ;as at t -i

t
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For the case of 50% He - 50% N2 mixture at 40 Torr, it was not

possible to get T vs time from the velocity measurements. 'owever,
v

because T is so much larger than Tr in this gas it is safe to assume

v tcT decays with a relaxation time equal to -tc ssuming the sa-ie per-

centage of discharge eiergv goes into N2 vibration in this mixture as

with the H2 mixture, a value of T at t = t would eaual 6000°K. 2sLn.
2 v t c

this value of T and again assuming - n n -) = 0.05. The calculated
V V

gain in 50% He = 50% NI is plotted as a solid line in Figure 7.

A': EX.\IN:ATIO OF THE CONSISTENCY OF THE RESULTS.

It is interesting to note a number of consistencies in the data.

First consider the AT vs time data that has been obtained from the

g velocitv measurements.

1. The initial translational temperatures that result fror the

discharge are reasonable. In pure N the translational temnerature
2

changed only slightlv as expected due to the small amount of discharge

energy Loinz directly into translation and the big value of T /T t Inv tc

the mixtures, the value of AT0 increase approximately linearly with the

discharge energy as might be expected (see Figure 13).

2. The time dependence of IT in all mixture- aarees rotivhlv with

values calcmilated from values of -u t' and T obtained independentlvtc ' vc v

(Table 20).

3. The gain per unit length was found to he indenpndent of freouencv

as predicted theoretically for the freauencv range considered (see Tablo'

21).

.. - • , - . ° - .: . . ..P. , . . . ,.
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50-

40-

300

* 20-

Ii 10

0 1 2 3 4 5 6
4

Discharge Energy x 10 (oule /mole)

FI'GURE 13. The increi,;e !I Lranslational termperattire (.LT -ias a finction
of discharc~e eriercqv in ctases tinder study. Solid line is visuial straight
line fit to data.



4. TIn both 10% H - 90 N and 507 Re -50* NP the qain vs time
2 2 2

d -l

curve indicates the temneratiire denendence of the transition rate-r '
dT v

dI

is given by d ln-l 0.05 and 7n% of discharqe enerqy is in the

MM!

vibrational mode of the gas.

There are two aspects of the data still tineynlaineA:

-1. The measured gain is larger than predicted by Shiehis'

theoretical calculation.

2. In bt H - 90% N the values of LT calculated from the time

derendence of the tT data and knodn value of t t-i and T are

tinreasonable when compared with values estimated from the amouint of

discharee energy going into vibration.

ciV

virtoaUod fte s
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CONCLUSIONS

An investigation to observe sound amolification in a vibrationallv

excited gas has been described. By means of an electrical discharge,

nitrogen gas was vibrationallv excited to a vibrational temperature of

the order of a few thousand degrees Kelvin. The discharge was also able

to generate a soind oulse that nropaqated throuqh the excited gas after

the discharge had ceased. By discrete Fourier analysis of the sound

pulse upon each reflection in the discharge tube it was possible to

measure the absorption and velocity for different freouencies as a fiinc-

tion of time. By comnaring the measured velocity with the numerically

calculated velocity, the variation in translational temperature of the

gas with time could be determined. In some cases (50% He - 50% N 2 at 20

3 Torr, 50% He - 50% N at 40 torr and 10% H - 90% N ) measureble gain was
2 ~2 2

observed. In two cases (50% He - 50% N 2 at 40 torr and 10% H 2 - 90% N 2

at 40 Tort) it was possible to measure the variation of gain with time.

The measured decay rate for the difference between translational

temperature and wall temprature (AT) agreed in all gas mixtures and

pressures with values calculated from indeoendentlv determined values of

the vibrational relaxation time, Tv, and the thermal diffusion time, Ttc ,

assuming that the thermal diffusion time for conducting translational

energy to the wall was the same as that for condtictinv vibrational enerqv

to the wall (t T .

7tc vc
" 75
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Experiments on pure nitrogen confirmed Nighan's theoretical calcula-

15
tion from measured electron cross section that practiallv all the

discharge energy goes into vibration in N2, i.e., the discharge was found

to raise the translational temperature in pure N2 only a few degrees. In

the gas mixtures, :he discharge was found to raise the translational

- temperature from 10 to 40°C depending upon the energy per mole deposited.

In those cases where the gain was measured it was about an order of

magnitude greater than expected from Shields' calculations. These calcu-

lations were based on the assumption that the temperature dependence of

d -the transition rate was given by -ln(- ) = 0.01. Bv increasing this
dT v

derivative to 0.05 and assumming, 70% of the discharge energy was in

vibration at t ---Ttc, Shields' calculations would give the approximate

magnitude of vain in both the gases where this time dependence was Mea-

sured (50% He - 50% N and 10% H - 90% N at 40 Torr).

In the 10% H - 90% N2 gas at 40 Torr, Tv/Ttc was small enough so

that it was possible to imply the AT vs time curve from IT versus timev

curve. However AT values thus obtained indicate that only about 8% ofv

the energy stored in the capacitor was coupled into the vibhrational

energy of the gas.

The time averaged qain in dB/cm over a freouencv range From 1.9 to

5.5 kHz was found, within the accuracy of measurement, to be independent

of frequency as predicted bv Shields' calculations.

Measurements were also tried in a 20% H9 - 80% N2 mixture at a

pressure of 40 Torr. The signal pattern was unreneatable. It was
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A observed that even though the first reflections of the sound oulse for

different sparks coincided, the following reflections were randomly

shifted along the time axis (on the oscilloscooe screen). This meant

- that the velocity (and thus the gas temperature) was not varying with

time in the same way from soark to spark. This was attributed to the

small value of the ratio Tv/tc. Evidently the gas was being heated
- tc

unevenly by the vibrational energy relaxing into translation faster than

it could be conducted to the wall. Due to these difficult-es the exoeri-

mental data for 20% H2 - 80% N2 mixture was not reported in this study.

However, qualitatively, the gain was observed in this mixture to have a

slightly larger value than the gain observed in 10% H2 - 90% N2 mixture.

The results reported here suggest two definitive experiments. (1)

Make measurements on mixture of N2 and H 20. The H 20 will shorten the

relaxation time but should produce less gain since the vibrational relax-

ation rate is nearly temperature independent. (2) A second experiment

* suggested is on mixtures of CO and H 2 .  CO like N2 should be left highly

vibrationally excited by the discharge. In this case the vibrational

temperature of the CO can be monitored by the infrared emission from

vibrational transition.

1,

-- -L
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APPEND TY

Q GComouter program used to fourier analyze the sound nulse and

calculate the absorotion and velocity.

10 OPTION BASE I
20 SHORT V(256),R(256),I(256)
30 SHORT R(30,7),A(30),C(30,7),T(30) ,H1(30,7),TI(30,7)
40 SHORT S1(7) ,$2(7),TO(30,7) ,$3(7),s4(7),AI(30),CI(30,7)

50 DIM A$[8200],BS[280]
60 DISP "GAS SAMPLE"

S -70 INPUT GS
80 DISP "INPUT P,L,T9"
90 INPUT P9,Lq,T9

100 PRINT "GAS SAMPLE=";GS
110 PRINT "PRESSURE=" ; P9; "MM"
120 PRINT "L TUBE="; L9; "CM"
130 PRINT "R.TEMP.=";T9;"DEG.C"I
140 DISP "# OF POINTS N, # OF REFLECTION Il, FREQ. COMP M2, # OF SPARK

M3"
" 150 INPUT N,1I ,M2,M3

160 PRINT "# OF SAMPLE POINTS=";N
170 T=N*.00001

180 FOR M=1 TO Ml
190 FOR I=1 TO M2
200 H1(I,H)=0 (a TI(I,M)=0 R CI(I,M)=O
210 S3(M)=O @ S4(M)=O 9 Al(I)=O
220 NEXT I @ NEXT M
230 FOR K9=1 TO M3
240 PRINT P PRINT "SPARK #",Kq
250 FOR M=l TO MI
260 DISP "INPUT Sl(";M;"),S2(";M;")"

" 270 INPUT SI(M),S2(M)

280 S3(' =3(M)+S1 (M)
290 $4(M)=$4(M)+S2 (M)
300 PRINT "REFL #";M;Sl(M);S2(M)
310 NEXT M

320 FOR M=I TO Ml
330 GOSUB 1480
340 FOR I=S2(M)-S(M)'+2 TO N
350 v(I)=o
360 NEXT I

370 FOR 1=1 TO N/2

80

4 . . ..... .
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. 380 IF 2*1-i=1 THEN 440
390 IF 2*1=S2(M)-SI(M)+l THEN 440
400 IF 2*1=S2(M)-SI(M)+I THEN 460
410 R(T)=V(I*2-1)
420 I(I)=V(I*2)
430 GOTO 470
440 R(I)=.5*V(2*I-1)
450 GOTO 420
460 I(I)=.5*V(2*I) 9 R(I)=V(2*I-1)
470 NEXT I
480 P=I
490 FOR 1=1 TO 10
500 P=P*2
510 IF P=N THEN 530
520 NEXT I

530 PI=I
540 N2=N/2

550 J=0
560 GOSUB 1100
570 FOR 1=1 TO M2
580 TO(I,M)=ATN2(I(1),R(I))-2*PI*(I-I)*S1(M)/N
590 F(I,M)=SR(I(I) 2+R(I)2)
600 TI(I,M)=TI(I,M)+TO(I,M)
610 Fl(I,M)=HI(I,M)+H(I,M)
620 NEXT I
630 BEEP @ NEXT M
640 GOSUB 1670
650 FOR 1=1 TO M2
660 AI(1)=AI(I)+A(T) I NEXT I
670 GOSUB 1850
680 FOR M=l TO MI-1
690 FOR 1=1 TO M2
700 CI(I,M)=al(I,M)+C(I,M)

. 710 NEXT I @ NEXT M
720 IF K9=M3 THEN 750
730 BEEP @ BEEP @ DISP "INPUT SPARK#";K9+1 ( PAUSE
740 NEXT K9
750 BEEP 1 BEEP @ BEEP ( DISP "DONE!!!"
760 FOR I=1 TO M2
770 AI(1)=AI(I)/M3
780 PRINT I-1;AI(I) @ NEXT I
790 FOR M=1 TO MI-i
800 PRINT 1 PRINT "VEL. OF REFL.ik";M;
810 FOR I=l TO M2
820 CI(I,M)=CI(I,M)/M3
830 PRINT r-I;CI(I,M)
840 NEXT I a NEXT M
850 FOR M=1 TO MI
860 S3=S3(M)/M3

i' '-. .'. -> : . ' . , ". - * .: . , . ". .* " "" " ". . .. °
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5 870 S4=S4(M)/M3
880 PRINT (i PRINT "REFL.#";M;"STARTS AT";S3;"ENDS AT";S4
890 FOR 1=1 TO M2
900 H(I.M)=HI(I,M)/M3
910 TO(I,M)=TI(I,M)/13
920 PRINT USING 930; I-I;H(I,M);TO(I,M)

w 930 IMAGE 40,2X,MZ,3DE,2X,MZ,3DE
940 NEXT I

950 NEXT M
960 PRINT (a PRINT "SLOPES OF LOG(H) VS,M"
970 GOSUB 1670
980 FOR I=1 TO M2

990 PRINT I-1;A(I) @ NEXT I

1000 GOSUB 1850
1010 FOR M=l TO MI-I

1020 PRINT "VEL. OF REFL.#";Nf
1030 FOR 1=1 TO M2
1040 PRINT I-1;C(I,M)
1050 NEXT I @ NEXT M
1060 BEEP (a BEEP (3 END
1070 REM
1080 REM SUBROUTINE 1070 TO 1410 FOURIER ANALYZES DATA POINTS
1090 REM
1100 RAD
1110 K=O
1120 FOR J=l TO N2-1
1130 1=2
1140 IF K<N2/I THEN 1160
1150 K=K-N2/I a [=1+1 ra GOTO 1140
1160 K=K+N2/I
1170 IF K<=J THEN 1190
1180 A=R(J+1) ( R(J+I)=R(K+I) 2 P(K+I)=A ( P=I(J+I) ( I(J+I)=I(K+I)

I(K+I)=A
" 1190 NEXT J

1200 G=.5 @ P2=1
1210 FOR 1=1 TO PI=1

S- 1220 G=G+G ( C=l e E=O (a O=S0R((I=P2)/2)
1230 P2=(1-2*(I-I))*SQR(1+P2)/2)
1240 FOR R=1 TO G
1250 FOR J=R TO N2 STEP G+G
1260 K=J+G ( A=C*P(K)+E*I(K) (a R=E*R(K)-C*I(K) (3 R(K)=R(J)-A 3

I(K)=I(J)+B R R(J)=R(J)+A @ I(J)=I(J)-B
1270 NEXT J
1280 A=F*P2+C*Q ra C=C*P2-E*O ( E=A
1290 NEXT R
1300 NEXT I
1310 A=PT/N2 a P2=COS(A) 9 o=SI,'(A) :3 A=R(1) '3 R(l)=A+l(1) (3 I(I)=A-I(1)
1320 R(1)=R(1)/2 3 1(1)=[(1)/2
1330 C= :3 E-0
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1340 FOR J=2 TO N2/2
1350 A=E*P2+C*O C=C*P2-E*Q 9 E=A G K=N2-J+2 @ A=R(J)+R(K)
1360 B=(I(J)+I(K))*C-(R(J)-R(K))*E (a U=I(J)-I(K)
1370 V=(I(J)+I(K))*E+(R(J)-R(K))*C
1380 R(J)=(A+B)/2 ; I(J)=(U-V)/2 @ R(K)=(Av-B)/2 'a I(K)=-((U+V)/2)
1390 NEXT J
1400 I(N2/2+1)=-I(N2/2+1)
1410 FOR J=l TO N2
1420 R(J)=R(J)/N2 9 I(J)=I(J)/N2
1430 NEXT J
1440 RETURN
1450 REM
1460 REM SUBROUTINE 1420 TO 1560 TRANSFERS DATA POINTS FROM NICOLET TO

COMPUTER
1470 REM
1480 OUTPUT 715; "NO"
1490 IOBUFFER BS
1500 TRANSFER 714 TO BS FHS; COUNT 230
1510 CLEAR 7
1520 VO=VAL(BS[5,8])
1530 V1=VAL(BS[14,20])
1540 OUTPUT 715;"D3D2
1550 IOBUFFER AS
1560 TRANSFER 714 TO AS FPS; COUNT 8192

0 1570 CLEAR 7
1580 J=O
1590 FOR I=SI(M)*2+1 TO S2(M)*2+1 STEP 2
1600 J=J+l
1610 V(J)=Vl*(256*NUM(A$[I])+NUM(AS[I+11)-65536*(NUN(AS[II)>=128))
1620 NEXT I
1630 RETURN
1640 REM
1650 REM SUBROUTINE 1580 TO 1720 CALCULATES THE SLOPE OF LOG(AMPL.) VS.

THE # OF REFLECTION
1660 REM
1670 FOP 1=1 TO M2
1680 XO=O a XI=0 2 YO=O ' S=O

1690 FOR M=l TO MI
1700 Y=LOG(H(I,M))
1710 X=M
1720 X2=X-2 9 SI=X*Y
1730 XO=XO+X XI=XI+X2
1740 YO=YO+Y ' S=S+sI
1750 NEXT M
1760 D=XI*MI-XO2
1770 n 1=*M 1-XO*VO
1780 D2=X1I*YO-S*XO
1790 A(I)=DI/D
1800 NEXT I
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U1810 RETURN

1820 REM
1830 REM SIBROUNTINE 1730 To 1800 CALCULTES VELOCITY
1840 REM
1850 FOR M=I TO Mi-i

1860 FOR I=I TO M2

V. 1870 J=I-1
1880 T(I)=TO(I,M+I)-TO(I,M)
18qO C(I,M)=-(2*PI*.j*L9/T/T(I))

1900 NEXT I
1910 NEXT M
1920 RETURN

L.

U
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APPEN DIY B

TABLE 24

Physical Properties of gases study at 3nn°K used in calculations.

The rma I

Molecular C Conductivity Viscositv
V

R-1 -1 -1 -1 -1
Cas Yeight R (cal cm Ieq sec ) (r C 1 ec

N2  2R.013 2.5 602.6x10- 7  1.7R34&xl -

2511e-75NI 22.011 2.25 69.2xlO - 7  1.8542xln /

501e-50':, 16.008 . lnn 1A70xIn 71 . q370v 1 I'

1011O-90N 2  26.829 2.50 623.6xlO 1.76P99xI

I
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