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account for the two rates, or the efficiency of the (V-T)
process could be faster for ortho than for para NH3. A simple
Zraté equation model was developed po see if energy transfer
_between ortho and para NH3 could atcount for the results. The
model assumes the same (V-T) rate Tyy for each species, and
allows for energy transfer between species with a relaxation

time,Tyy, where:

1 g
L= kg -k DXyt kg 3P (4-1)
NH, N, /NS T N,

1 - (4-2)
— = {kVVXNH33 P

The (V-T ) rates associated with NH3-NH3 and NH3-N,
collisions are kNH3 and kN2. The rate of energy transfer from
one species to the other is Kyye Xnyy3 is the fractional NHj
concentration, and P is the total gas pressure.

When the CO, pump pulse has ended and no further
optical pumping takes place, the populations in the Vo=1
Tevel of NH3 are assumed to be in rotational equilibrium.
However, the ortho and para populations, N10 and Nlp, are not
equal and energy transfer takes place from the ortho to the
para species at a rate given by 1/tyy. Both the ortho and the
para vo=1 populations are assumed to relax to thermal
equilibrium at the same (V-T ) time constant, Tyy. With
these assumptions, the v, populations can be described by the

following equations, once optical pumping has ceased (See
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Appendix):
_ = +2 t
N0=c et/ TVT - cpe (ryrre/Ty)t 4+ o, (4-3)
= -(1 +2/1 t
NP=c e B/ TVT 4 che (Vrypr2/oyylt o o, (4-4)

where C1s Cop and Cg are constants which depend only on
initial and final conditions, i.e., upon the degree of
optical excitation of each species and their thermal values
in equilibrium.

The sum and difference of equations (4-3) and (4-4)

are:

N? * N? = 2c1exp(—t/TVT) ‘- 2c3 (4-5)
o _ P = - 4-6
Ny - Ny = 2c,exp{ (Vtyp ¥ 2/tyy )t} ( )

Hence, a semilog plot of (N10+N1P) and (NIO—NIP) VS.
time should be straight lines with slopes 1/Tyt and

(l/TVT + 2/TVV), respectively. Figure 4.2 is a semilog plot

e

para vs. time.

v e e
) and (Bo/0gppno b4/ %par,)

of (Aa/airth0+Au/a
Since the absorption coefficients are proportional to Nl

and Nlp, the straight Tine graphs predicted by this V-V model
are observed. Similar straight lines were obtained for a
series of experiments in which pressures and NH3

concentrations were varied. Values of VT and TVV were



. 5 £ e e
FIGURE 4.2 Semilog plots o (Aa/aorthomwapara)

e e
(upper) and ( Aa/aortho_Aa/apara) (1ower)
vs. time. These straight lines have
slopes (TVT‘I) and (TVT'1+2TVV‘1)

respectively.
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determined as a function of pressure and NH3 concentration.
Several different pairs of ortho and para transitions were
probed for a given NH3_concentratidn, and Figure 4.3 plots
the V-T and V-V relaxation rates as. a function of pressure
for a 2% NH3 mixture. Each pair of NHy transitions gives the
same linear relationship between relaxation rate and
pressure. Further confirmation that the model explains the
difference in the vy, lifetimes is shown in Figure 4.4. In
this plot, a variety of mixtures was used, and each mixture
was analyzed in the same manner as Figure 4.3. The
experimental results are in good agreement with the V-V
model, and Ty, depends only upon NH3 content of the mixture.
The V-T rate, Tyr, has some contribution from the buffer gas
content, as expected. Hence, all of the measured 14NH3 rates

are consistent with V-V transfer by the following mechanism:

NH,(1,ortho)+NH,(0,para)->NH,(0,ortho)+NH,(1,para) (4-7)

3 3 3( 3

An ideal method of checking that vibrational energy
does indeed transfer according to (4-7) is to pump an
isolated ortho transition and look for changes in absorption
on para transitions. The 9R(30) COp pump was downshifted 180
MHz with an acousto-optic modulator (AOM) such that the
pumping radiation is in exact resonance with the sR(5,0) NHj
absorption line. The 9R(30) pulses were shifted in a manner

similar to that described by Kroeker.13 Unfortunately, since



FIGURE 4.3 Plot of the (V-T ) and (V-V) relaxation
rates as a function of pressure for a 2%
NH3 in N, mixture at 300 K. These rates
were determined from semilog plots

similar to those shown in Figure 4.2.
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FIGURE 4.4 Relaxation rates as a function of NHj
concentration, XNH3e The straight lines
are least squares fits to Eq. 4.5 and
4.6. The inset shows an expanded version

of the low concentration region.
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the sR(5,1) NH3 transition is only 156 MHz away from the
sR(5,0) transition, there is still a small amount of direct
pumping of the para species. While the experimenfa] results
obtained using the downshifted radiation supported the
existence of the V-V transfer process, the proximity of the
sR(5,1) transition did not allow definitive proof.

Because the absorption lines of NH; are spaced widely
apart in comparison with individual linewidths, coincidences
between COp, lasing transitions and NHy lines are rare. As a
result, convenient 12C1602-14NH3 coincidences which would
allow pumping of only one species of NH3 do not exist. Instead
the 9R(10) CO, laser line was used to pump 15NH3, and the
nearest para absorption is > 6 GHz away.25 As expected,
direct optical pumping of the ortho transition resulted in
significant population transfer into all the ortho rotational
lTevels in the vp=1 level. To enhance sensitivity the
(2vy - VZ) transitions were probed by the TDL. Typically, the
peak transient absorption was ~7 times the thermal value , as
shown in Figure 4.5. A transient increase in absorption was
also observed on the (2v, - v,) para transitions. In this
case, the peak value of Aa/a® was approximately unity, but
less than 1 % of this change can be accounted for by direct
optical pumping or by thermal effects. The magnitude of the
direct optical pumping effect was estimated from the known
linestrengths and linewidths of the aR(6,0) and aR(6,1) 19NH,

transitions and the relative frequency offsets from the



FIGURE 4.5 Observed and calculated Au/agara as
function of time in a 2% 15NH3 in N,
mixture. In the calculation, (V-T ) and
(V-V) rates measured from 14NH3
observations were used. The calculation
assumes no direct optical pumping of para
15NH3, and therefore all of the change 1in
vo population is due to the (V-V)

transfer process.
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9R(10) CO, laser line. The absorptions were calculated using

g(v) = %Z» 1+ {(v-vo)/Av}? (4-9)
The width of the lines is Av and is known for NH3 /N,
mixtures. the C02 radiation is offset V-V, from line center.
In formula 4-8,A, is the line center wavelength, h is Plank's
constant, Uyp is the transition dipole moment, n, and ny are
the upper and lower population densities, g, and g, are the
statistical weights of level 2 and level 1 and g(v) is the
lineshape. The ratio of |u12|2 for the two transitions is

equal to the ratio of Ay for the R branch:
Agg = [ (9+1)2 - k2 7 / [ (9+1) (23+1) ] (4-10)

The temperature effect was calculated from a pulsed
version of the NH3 Taser model developed by Morrison.? For
the pump powers used in this experiment ( =5 kW/cm2 ) a
change of temperature of =~1K was predicted. On the 2sP(5,3)
transition this corresponds to a change in absorption of 1 %
on a timescale much longer than the =100 % changes in
absorption that were observed on the para 15NH3 transitions.

The increase in population in the v,=1 para levels of 15NH3
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can only be caused by the'(V-V) transfer mechanism given in
equation 4.7. This interpretation is confirmed by the
calculation of Aa/ae shown in Figure 4.5. The calculation
used the measured ortho population and the (V-V) and (V-T)
rates from 14NH3 as input, and predicted the time-dependent
para populations with a high degree of accuracy. Similar
results were obtained for other mixtures and pressures in the
15NH3 experiments. Clearly the observed difference between
the ortho and para relaxation rates is caused by collisional
energy transfer from the ortho to the para species.

A similar energy transfer can be expected to occur
during collisions between 14NH3 and 15NH3. A series of
experiments were performed using a mixture of 1 % 14NH3, 1 9
15NH3, and 98 % Np. Only ortho 15NH3 was directly pumped by
the 9R(10) CO, transition, but transient changes in
absorption were observed in ortho and para transitions of
both isotopes. Figure 4.6 shows the transient signals
observed on ortho and para 14NH3 transitions. Also shown are
two model predictions ; one using Tyy for a 2 % NHy mixture,
and one using Tyy for a 1 % mixture. Since (V-V) transfer is
taking place between the ortho species of 15NH3 and one
species of 14NH3, one would expect the (V-V) rate to be that
of a 1 % NH3 mixture, while the (V-T) rate should be equal to
that of a 2 % mixture. This is confirmed by Fiqgure 4.6. Tﬁe
observed signals are caused by the following v, vibrational

energy transfer mechanisms:



FIGURE 4.6 Observed and calculated Aa/&efor ortho
and para 14NH3 transitions as a function
of time in a 1% 1%NH3, 1% 15NH, 98y N,
mixture. In the calculation, a (V-T)
rate for a 2% 14NH3 mixture and a (V-V)
rate for a 1% 14NH3 mixture were used. A
second calculation using a 2% 14NH3 (V-V)
rate shows that the change in absorption

is quite sensitive to the (V-V) rate.
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15NH3(1,or‘tho)+15NH3(O,para)-~%15NH3(0,ortho)+15NH3(l,para)
15NH3(1,ortho)+14NH3(0,para)alsNH3(O,ortho)+14NH3(1,para)
15NH3(1,ortho)+14NH3(0,ortho)-->15NH3(0,ortho)+14NH3(1,ortho)

Within experimental error (*15 %), the rate constants of
these mechanisms appear to be equal, as equal transfer of
population was observed from 15NH3(y2=1, ortho) to the other
three NHy species.

Table 4.1 summarizes the results of the measurements
of the (V-T ) and (V-V) rates. Also included in this table
are results obtained at 200 K by packing the capillary tube
in dry ice, and a comparison with the results obtained by

Hovis and Moore.

4.4 Conclusions

When a Pb-salt diode laser was used to probe
transient changes in absorption induced on NH3 transitions by
a pulsed C02 laser, a different Tifetime for ortho and para
transitions was measured. This difference was entirely due to
a (V-V) transfer of energy during NH3-NH3 collisions.
Population changes due only to (V-V) energy transfer were
observed on 14NH3 and 15NH3 transitions. However in inversion

NH3 Tasers, the NH3 concentration is typically 1 % so the
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- Table 4.1: (V-T)relaxation rates and (V-V) transfer rates between

ortho ancd para NH3, as measured with a tunable diode laser.

300K 200K
Rate 1 -1 : 1 1
[us ~ Torr '] : [us ° Torr ']
Ky 1.14 + 0.05° 1.45 + .1°
3
1.3+0.2° 2.4 4+ 0.4P
By 0.0102 + .0009% 0.0075 + .0009°
2
.012 + .0013° .0091 + .0014°
o 2 i i a
Kyy 0.69 + .03 0.74 + .14

a
Present measurements

b . 6
Hovis and Moore,  ortho and para populations could not be

distinguished.
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(V-T ) process dominates. Thus, it is only possible to
obtain lasing on the particular NH3 species that is directly
pumped.13’14 In Table 4.1, the results are compared with the
values obtained by Hovis and Moore. Although Hovis and Moore
only monitored fluorescence from the combined ortho and para
levels in NH3, their results for the (V-T ) rates generally
agree with our measurements within experimental error. The
following chapter investigates the sensitivity of this
technique, and includes a summary of related energy transfer

phenomena that can be studied.



CHAPTER 5

SENSITIVITY OF THE TRANSIENT DETECTION SYSTEM

5.1 Introduction

In the experiments described in Chapters 3 and 4, the
dominant source of noise was digitization noise in the
oscilloscope. This is most evident in the semilog plots of

( Aa/ae +Aa/ae ) vs. time, where at the end of the pulses

ortho para
the digitization levels are separated. Digitization noise is a
result of the relatively small dynamic range of the analog to
digital converter in the oscilloscope, and is not related to
detector noise. In order to study detector noise on the
oscilloscope, a transient signal on the same order of
magnitude as this noise must be observed. These experiments
are described in Section 5.2. An effort to improve the
sensitivity of the detection system with a powerful cw CO,
laser replacing the TDL is discussed. Finally Section 5.3

outlines future energy transfer studies, and the possibility

of a TEA COp pump/ cw NHy probe ammonia detector system.

5.2 Sensitivity of Transient Double Resonance Detection
There is much interest in the detection of transient

IR absorptions. Radicals which have a short lifetime have

been produced by powerful pulsed lasers and detected with cw

TDL probes. In another type of transient experiment, the

44
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thermal equilibrium population of a molecular gas is upset
with a pulsed laser, as in this study of NH3. A TDL then
monitors the subsequent return to equilibrium and information
on energy transfer efficiency can be measured accurately.
Both of these experiments are very similar in the sense that
a transient absorption change is induced by a powerful pulsed
laser and probed by a cw TDL. In the experiments described in
Chapters 3 and 4, the sensitivities were limited by
digitization noise of the oscilloscope. In contrast, the
sensitivity of cw detection systems is limited by optical
fringing and beam noise2® and these levels are much larger
than detector noise. Therefore, it is important to eliminate
the digitization noise and determine whether the pulsed
system sensitivities are Timited by beam noise or detector
noise.

The digitization noise problem can be easily
eliminated simply by observing small transient signals
slightly Targer than the detector noise. Small transient
signals were obtained by lowering the pressure until the NH3
absorption line sR(5,0) was too narrow to allow efficient
pumping by the COp pulses. The signals can also be decreased
by lTowering the CO, power, or by slightly detuning the TDL.
The magnitude of the transient signals was decreased until
they were on the same order of magnitude as the noise level.
Once the transient signals were recorded, the NH; gas was

removed from the cell and background signals were observed.
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Finally the detector noise was recorded (with no CO, or TDL
beam incident:on the detector) so that the noise components
could be isolated. Figure 5.1 shows a_typical transient
signal observed in experiments in Chapters 3 and 4, and a
(2vp-v,) transient signal whose size approaches the detector
noise level. In the latter case, a change in absorption of
0.06 % was observed with the noise level of 0.01 %. To detect
transient signals of this magnitude, a high pass filter was
used to cut out noise below =10 kHz. The experiment is clearly
detector noise limited, and therefore a more sensitive
detector or a more powerful cw probe would improve the
absorption sensitivity further.

The power of the TDL is optimally =0.2 mW and so to
obtain more power, the probe was switched to a cw CO, laser
having maximum power output of 3.0 W. However, only 3 mW of
probe power could be used before the Hg-Cd-Te detector
response became non linear. In order to observe transient
signals, the probe laser must be tuned to an NH3 absorption
line. The cw COp Taser was tuned to the 9P(24) transition
which is in close coincidence to the 2sR(4,3) NHj
transition.2’ The experimental apparatus is very similar to
that described in Chapters 3 and 4, except the C02 probe does
not have to be frequency locked, and it is off line center
from the 2sR(4,3) NHy transition. Figure 5.2(I) shows the
transient decrease in absorption of the cw C02 laser at

relatively high NH3 pressure. When the pressure is lowered,



FIGURE 5.1 Sensitivity of the transient detection
system using a TDL. A high pressure
signal (.1 % NH3 in N,) typical of the
signals observed in Chapters 3 and 4 is
shown. The Tower trace shows the detector
noise level and a 0.065% transient pulse
( average of 256 pulses ) observed with
decreased CO, power (2% NHy mixture at 33
Torr) with the TDL slightly detuned from

line center.
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FIGURE 5.2 Detection of a transient absorption with
a cw CO, lTaser as a probe. The upper
trace shows a typical high pressure
transient signal. Trace A is recorded at
lower pressure (=1.2 Torr) of a higher
concentration NH3. Background trace B is
recorded with no gas in the cell. The
background is repeatable so the signal
can be subtracted from the background.
The resulting sensitivity is detector
noise limited and is reduced by averaging

16x256 pulses.
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the signa]s decrease in size and the transient absorptions
approach the detector noiée level (Figure 5.2(11) ). Due to
the increased sensitivity of this experiment; a transient
decrease in absorption can be observed even though no NHy gas
is present in the cell. This decrease in absorption is
probably due to a small deflection of the probe beam during
the COp pulse. With no NH3 present in the cell, background
scans were recorded and subtracted from the NH3 signal. The
result of averaging sixteen X 256 scans are shown in Figure
5.2(III). When the averaged backgrounds are subtracted, a 13
ppm absorption signal was observed with a noise level of

= ] ppm.28 Hence the sensitivity of the detector noise
limited transient detection system can be enhanced by
increasing the probe laser power, and by averaging more
signals. A similar increase can be expected with a more

sensitive detector with a larger dynamic range.

5.3 Future Studies

Since the detection system decribed in this thesis is
very sensitive and presently Timited by detector noise it may
be possible to develop a very sensitive and fast NHi
detection monitor. Such a monitor would be based upon a
powerful TEA CO, Taser pump combined with a cw NHj
laser probe copropagating over a long cell length. To develop
such an NH3 monitor, the scalability of the apparatus from a

40 cm waveguide to a very long open path length would have to
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be studied to evaluate probe beam deflection problems.

Other energy transfer mechanisms that are suitable
for the COp pump/ TDL probe setgp include 2v, lifetime
measurements, and rotational energy transfer rates. The 2v,
lifetimes are important for accurate modelling of 16 - 21 pm
NH, lasers9:29 and the timescale will be approximately the
same as the (vo - ground) decay times. The Tifetimes could be
measured by pumping the 1 % thermal population in the Vo
level up to the 2v, level and probing (2v, - vp) transitions,
or even (3vy - 2v,) transitions. The transient signals will
be much smaller simply because the available population to
pump is much smaller, but the sensitivity of the technique
should offset this problem. Another interesting possibility
is to pump low pressure NHy into a single vy rotational level
and observe transfer to other J, K levels. Since only one
velocity class is pumped in such an experiment, extremely
weak transient signals are expected. The double resonance
transient detection system is not lTimited to NH3. As long as
a pump coincidence can be found, energy transfer mechanisms
in many molecular gases can be studied by probing individual

vibrational-rotational states with a TDL.

5.4 Conclusion
The CO, pump/ TDL probe system is a very sensitive
method of detection transient signals, and at present the

sensitivity is detector noise limited. As a result, the
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sensitivity can be improved By averaging over many pulses,
increasing the probe power,:or by using a more sensitive
detector with a large dynamic range. A cw C02 laser near
resonance with a (2v2 - Vo) ﬁH3 absorption line was used to
improve the sensitivity to near the 1 ppm absorption level.
It may be possible to scale the detection system by using a
TEA C02 / Cw NH3 laser combination to detect NH3 in the
atmosphere. Finally the system is ideal for studying other
energy transfer mechanisms in NHj.

Part of the work reported in this chapter is to be
28

published Figures 5.1 and 5.2 were obtained with my

colleague P. Beckwith.



CHAPTER 6
CONCLUSION

This thesis has presented results of experiments
designed to measure collisional transfer of vibrational
energy in NHj. Accurate information on the (V-T ) process in
NH3/N, mixtures and the (V-V) energy transfer between ortho
and para 14NH3 and 15NH3 is now known. The advantage of using
a tunable diode laser to monitor relaxation processes in
gases is clearly demonstrated by the measurement of (V-V)
transfer in NH3. A fast, detector noise Timited method of
monitoring transient absorptions has been developed, with
possible applications in the monitoring of atmospheric NH3.

Many NH; linestrengths and linewidths were
accurately measured with a TDL so that NHy concentrations
could be calculated from TDL scans. The vibrational transfer
processes were studied by exciting the Yo vibration of NHj
with a Q-switched COZ laser and probing the subsequent
relaxation of the NH3 populations with a TDL. When different
NH3 transitions were probed by the TDL, the lifetimes of the
vy level fell into two groups - those associated with
measurements on ortho NH3 transitions and those associated
with para NH3 transitions. By varying the NH3 concentration,
the difference in v, Tifetimes was shown to result from NH3 -

NH3 collisions. After remodelling the NHy system by including

52



53

a (v-Vv) transfer'of energy between the NH3 species, the
difference in lifetimes could be explained by this process.
Finally,only the ortho species of 15NH3 was excited by the
CO0, laser radiation, and energy transfer to both 6rtho and
para 14NH3 and 15NH3 was observed, providing evidence of the
(V-V) transfer process. The relatively slow (V-V) transfer of
energy in dilute NH3 in N, mixtures is consistent with past
observations that lasing only occurs on optically pumped
species.

The sensitivity of the detection system described in
this thesis is presently limited by detector noise.
Experiments have shown that the sensitivity can be improved
by increasing the probe power, by averaging more pulses, or
by using a more sensitive detector. The TDL probe was
replaced by a more powerful C02 laser, and absorption
sensitivities of »1 ppm were achieved.

In summary, the combination of a pulsed C02 laser as
an optical pump, and a tunable diode laser as a probe, is a
very versatile and sensitive technique for monitoring energy

transfer in gases.



APPENDIX

CALCULATION OF T,1 AND TVV'FROM TRANSIENT ABSORPTION SIGNALS

The (V-V) and (V-T ) relaxation rates can be related
to the changes in absorption of the tunable diode laser. The
general form of the rate equation for a gas mixture assuming

the molecules are harmonic oscillators is:

dN

_Nn=7 3 [PupNy = PNyl
dt
+ Z/N Z[QuaNiNg - QpmNjNp 2
(2 AgpNg = ZApgN, ) (A-1)

where Pnn 1s the probability per collision of a vibrational-
translational exchange, Q,, is the probability per collision
of an exchange of quanta from levels m and i to n and j, Amn
is the probability of spontaneous radiative transfer from
level m to n, N, is the population of level n, Z is the rate
of collisions, and N is the concentration of molecules.
Generally, in molecular gases the spontaneous emission rates
are orders of magnitude slower than collisional transfer of
energy, and so the third bracket can be ignored. For a two

level system the time dependence of the upper level can be

written

%: Z [PgqNg(t) - ProNy(t)] (A-2)

54
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but POl = EXp(—S;/kT) Plo = XVP10 SO

1 :
E?ﬁf—z PlO [Nl(t) - XvNo(t)]. . (A-3)
For a two level system, N = N; + Njp so equation A-3 can be

rewritten
dN

27T Pro (Texy) DNp(E) = Mxy/(14xy) ] (A-4)
The (V-T,R) rate Tyy is defined in terms of energy
transfer:
dE, .
vib 0
at = YTyt [Eyib - Eyibld (A-5)

where Eeib is the average vibrational energy at equilibrium,

given by
0 e Bk
vib® efEn/kT
0. = EqNxy/(1 d  Eyip=E{EnN, (t
vib = EiNxy/(1+x,), an vib=E1" nNy(t)
=E1N1(t).
Then (A-5) becomes
dE,,:
dtwb:_l/rVT [EqN{(t) - EqNx,/(1+x,)]. (A-6)

But the rate equation for E,j, can also be found using

equation A-4:

dE, . d
vib ==+EF.N,(t
T tEiNp ()
= El (—Zplo)(l + Xv)[Nl(t) - NXV/(1+XV)]. (A-7)
Comparing A-6 and A-7, the (V-T,R) rate is
(typ)~L = ZPo(1+x,) (A-8)
.odNp 11
. T /Tyt [Ny - Nx/(1+x,)]. (A-9)

So far only (V-T) transfer has been considered. To

include the (V-V) transfer between NH; species, consider a
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four level system with populations Ny©, NOP, Nlo, and Nlp'

The (V-V) bracket of equation (A-1) is
0

ggl =(ZQ/N) [NgON{P - N{ON,PT. (A-10)

The population is split equally between ortho and para NHj:
0 0 - =
N7 + Ng® = .5N Nlp + Nop = 5N

Eliminating Ny© and NyP one finds
dN. ©
a_t_l__=_(1/21vv)[N1° - NyPT. (A-11)

Hence the rate equations for the upper level of ortho and

para NH3 are

dn,°
d% =..(N1O - C)/ty7 - (Nlo - Nlp)/TVV (A-12a)
Eg%ﬂz_(Nlp = C) /Ty + (NO - N{P)/Tyye (A-12b)

[Note: The rates quoted in Ch. 4 are based on equations A-12.
To correct for the fact that NH3 is 50% ortho and 50% para,
the (V-V) rates in Table 4.1 should be doubled.]
The above equations can be solved analytically, and

the solution is

NjO=cie B/ TVT - e e=(1/Tyr+2/ Tyy)t &4 g (A-13a)

N P=cqre-t/TVT + c e (1/TyT+2/ Tyy)t 4 g (A-13b)
where C1» Cp, and c3 are constants which depend upon the
relative excitation of ortho and para NH3, and the thermal
population of the upper level. When the solutions are added

and subtracted, equations A-13a and A-13b become:

N;© + Nlp 2cqexp(-t/ Tyq) +2c3 (A-14a)
2cqoexp[-(1/Tyyp+2/Tyy)t]. (A-14b)

If the absorption o is calculated as a function of

0
Ny © - NgP



57

Nl’ the result is:

' ( a-rae) = C (Ny-N;®)
where C is a constant. Hence the rates Tyy and T,y can be
obtained directly from the semilog plots of the sum and

difference of the ortho and para absorptions.
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