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11. Abstract

The Raman spectrum of N, isolated in an argon matrix at 4;2°K was
obtained using single photon counting techniques and a CW argon ion laser.
Attempts at measuring the vibrational relaxation (VR) time for N, were
made by monitoring the Raman intehsity from upper vibrational levels as
a function of time. Stimulating the Raman process using a rhodamine 6G
jet stream dye Taser tuned to the Stoke's frequency while simultaneously
jrradiating with the argon ion laser, was also attempted in an effort
to improve Raman intensity. Although an accurate measurement of the VR
time awaits a more efficient excitatibn'précess (or a more powerful laser),
our results indicate a'VR time as long as a few minutes is possible for

N, in this environment.
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II1. ‘Introduction

The study of energy transfer processes of small molecules isolated
in rare gés matrices has received a great dea]lof experimental and theo-
retical attention in the recent pastL Using a frequency doubled
C0,-N,-He laser, Dubost gg;gl.l measured a rather 1ong'f1uorescen¢e life
time (4 msec) for 1% CO X(12+) in an argon matrix. Allamandola and
Nib1er2 found a vibrational relaxation time of 1.2 msec.for 0.05%

C,” (zzg+) in an argon matrix upon excitation with a tunable Rhodamine-6G
dye laser. Both of these experiments 1ndicate that vibrational re]axatfon
(VR): can indeed be slow in the propér environment. |

Tinti and Robinson,3 in an earlier experiment,‘found a vibrational
relaxation time for N, in the A(3zu+) stéte on the‘ordéf‘of 1 sec using
X-ray excitation of a N, doped (1%) argon matrix. This extremely long R
time prompted the investigation that is the subjeci of this report;

In its ground X(1zg+) state, Né has a substantiai]y larger vibra-
tional energy spacing (2331 cm 1) than in its A(3zu+) state (1460 cm 1).
Recent theoretica]bstudies4'7 (and foresight by Tinti'and Robinson) sug- :
gest that N, X(1Zg+) shoqld therefore have a much longer VR time when
isolated in a rare gas matrix invoking an inefficient multiphonon process
as the most ]{ke]y re1axation mechanism. The 6bject_of our experiments
will be to measure the vibrational relaxation time of NZ-X(?zg+) in this
environmeht and to determine the effect of temperature; concehtration,

rare gas host, and isotope substitution.



IV. Experimental

The experiments described herein involve matrix iSb]ation techniques®
and the use of a CW argon ion 1asef and rhodamine 6G jet stream dye laser
to vibrationally exCite the N, molecules in a Raman scattering brocess;

ExperimentS completed to date employed Matheson research’grade argon
(99.9995%) and nitrogen (99.9995%). Both gases are used without further
purification. Mixtures of N, and Ar are prepared in a glass vacuum linek
using a continuous flow téchnique.r Before mixing the gases, the vacuum
manifd]d is evacuatéd to a pressure of 1 x 107° torr using a CVC 2" dif-
fusion pump appropriately baffled to minimize contamination by pump oil.
Gas flow rates are controlled by calibrated Granvi11efPhi111ps variab1e
leaks set such that the ratio of flow rates (argon/nitrogen) is approxi-
mately 130. This produces a matrix containing 0.8% N,. The rate of
deposit was varied from 15 to 50 mmofes/hr and deposit times of Qp to 23
hodrs were employed.

The gas mixture enters a rotatable dewar through a nozzle which in-
“jects it upon a chromium plated copper targetvattachéd to a Tiquid helium
cryostat. The target is hollow and in direct contact with coolant.
Attached to‘its bottom is a silicon diode for témperature measurement.
Surrounding the target is é copper heat shield in thermal contact‘(via '
indium seal) with the 1iquid N, reservoir surrouhding the 11qUid'he1ium
cryostat. The heat shield is constructed with saphire windows (indium
sealed) at 90°‘to each other such that theﬁincidénf Taser 1ight can‘enter

and the scattered Raman light can be co]]eéted as shown in‘Figure 1.



Figure 1. Top'vie'w of cryostat base

I -incident laser beam S - saphire. window

R - Raman scattered light R O- outside wall of dewar

AD- inside of heat shield is Y C-copper heat shield
coated with aquadab to T- chrome plated target
absorb scattered incident attached to helium dewar
light A-gas inlet

Q- quartz window : ‘ B-gas nozzle

Note: Dewar is rotated such that A aligns with B for depositing.



Attached to the cryostat base is a gate valve separating the déwar
assembly from a Freon-baffled 4" CVC diffusion pump. While the deposit
is being made, this gate valve can be closed allowing the deposit to form
and anneal rapidly or left open giving a‘mofe crystalline deposit. After
the deposit is formed, the gate valve is opened and dUring‘experiments
pressure inside thé matrix chamber is <1 x 1077 torr due to efficient cryo-
pumping by the liquid helium. |

Vibrational excitation of nitrogen in the matrix is aCcomp]ishéd
using a SpectravPhysics Model 170 argon ion CW laser. With a prism for
tuning in the rear reflector assembly, we are able to realize a maximum
output power (TEMy,) of 5.6 watts at 4879.9 A with 40 amps at 550v DC sup-
plied to the discharge tube. The laser is mounted on a NRC’vibration'iso;
lation optical table. Light scattered from the matrix is collected with a
quartz lens and after removing unwanted laser light at the incident fre-
quency using Vé]pey’or CVI dielectric coatings, it enters a Jarrei-Ash,
Model 78-400 1.83 meter scahning spectrometer. This spectrometer has an
effective apefature ratio of F/11.6 and a first ofder reciprocé] linear .
dispersion of 9.0 R/mm. We use a slit width'of_55 microns for a resolu-
| tion of 0.5 R.

In all our experiments, data is gathered and processed using single
photon‘counting techniques.9 First, light is detectedbat the exit slit of
the spectrometer by an;EMI 62565 high gain'photomultiplier (PMT). It is
housed in a Products for Research RF shielded, dry-ice cooled, photomul-
tip]ier housing; The PMT is supplied with -2500 volts by a keith]ey Model
246 high vo]tage power supply. |

A special cab]e was constructed with doub]e shielding to carry the -



photohu]tip]ier signals. The cable is terminated at 50 ohms and care was
ﬁaken to e]iminate all ground loops. PMT signals are received by an EG
and G counting module. There they are amplified 64 times by AN 101
broadband‘linear amplifiers before passing into a TR‘104S discriminator
whose threshold is set to maximize signal to noise. The scalar output of
the discrimihator is fed into a Nuéiear Data series 2200 multichannel
analyzer (MCA).

With thié type of signal processing, single photon pulses from the
PMT show up as counts in'chénne1s of the analyzer. During an experiment,
the spectrometer slowly scans (0.25 R/min) and the MCA advances channels
automatically at predetermined time intervals. Syncronization Waskaccom-
plished using a digital clock interface. Soon after>the spectrometer
begins scanning, a microswitch is closed which starts the clock. It sends
a start pulse to the MCA which then "opens" the first channel. »At the
end of a predetermﬁned‘time interval (2 minutes in our case), the’c1ock
records the channe1 number in a LED display and sendsvanother‘pulse to
the MCA causing it to advahce to the next chanhe]. In this manner, a
spectrum can s1ow1y be_obtained. »

Data (counts/channel) from the MCA is displayed on a Tektronix Model
~ 547 oscilloscope. Plots of the spectrum are obtained using a Hewlett
Packard Model 759O C point plotter interfaced with the MCA, and a fe]etype
33-KSR printer is available for permahent data storage. on punched paper
tape. |

After a matrix has been deposited on the target, a careful alignment

procedure is followed to maximize the photon gathering power of our



detection system. fhe laser beam is fdcused on the target using a 25 mm
FL quartz lens. Scattered light is collected by'a 50 mm FL quartz lens,
coT]imated and refocused at the entrance slit of‘the.spectrometer by a
100 mm FL quartz Tens. For alignment purposes only, a chopper is placed
along the optica] axis and the PMT is connected to a PAR HR-8 Tlock-in
amplifier. Lens positions are varied using translation stages until a
maximum signal from the laser (attenuated by neutral density filters)
registers on the PAR. We have found that very sma]]ladjustments 1n,thé'
a]ignment have improved signal strength two to four orders of magnitude!
Figuré 2 shows the experimental set-up for initial results described in

the f0110wihg section.



Figure 2. Schematic diagram of the experimental set-up

o, | | ] 7Ty
OSCIMCA|DC A'HV
Ay T
Oty ‘ A PP

SP - Spectra Physics argon ion laser
== SS OT - vibration isolation optical table
' VM- vacuum m‘onifold
V -valve
DP - diffusion pump
P -prism
L -lens
T - target
DW - dewar

BS - beam splitter

BT - beam stop

SS -scanning spectrometer
M -microswitch

PM - photomultiplier

- S -signal
H - high voltage

SP

HV - power supply
A - amplifier
D - discriminator
—0T DC - digital clock
- MCA - multichannel analyzer
OSC - oscilloscope
PP - point plotter
TTY - teletype

“Vp =pump frequency

YR = Raman frequency



V. Experimental Results

Upon excitation of an N, doped argon matrix With 5.0 watts at
vL=4879.9 R and scanning through the Raman Stoke's region %or N, at 0.25
X/min, we were able to obtain the spectrum shown in Figure 3. A Tog
scale was used so that all channels could be displayed on the same plot
without losing detail in the spectrum. -Each channel was open for two

o] .
minutes and thus contains 0.5 A of spectral information.

Raman transitions should occur following the selectjon'ru1ef10 Av=%1,
Therefore, the Raman spthrum of an anharmonic oscillator should contain
lines shifted from the exciting Tine by an amount_éorrésponding-to the
vibration‘frequency with spacings determined by the anharmonicityﬂof the
osci]lator."Thé number of lines one sees depends upon the population of"
the upper vibrational levels. Term values for the X(lzg+) state of N, can

be calculated following Herzberg's notationll

G(v) = wo(v +3) = wx (v +%)2+uy (v+35)3

Vibrational constants, term values, and vibrational spacings v
{AG(v) = G(v+1l) - G(v)} for the X state of N, are found in Table I. From
this table one can see that the anharmonicity (aaG(v)) in the'stre£ching
vibration of N, is approximately 29 cm 1. ’Tab1e 11 shows the wavelength
(AR) and frequency (vR) of the observed Raman Stoke's lines, the N2
stfetching frequency (vs = vL-vR), vibrational spacings AG(v) from Table I,
and the tentative assignments. Reported‘freqqgnciés are accurate to ap-

proximately +2 cm’ !,
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Figure 3. Raman spectrum for N, doped argon matrix at 4.2°K
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Table I. Molecule Constants of Nj

Vibrational constants

Vibrational spacings

AG(O)
AG(1)
AG(2)

(cm

2359.
14.
0.

1176.
3506.
5808.
8081.

2330.
2301.
2273.

-1yl

6
456
00751

o ®  ©
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Table II.- Raman Stoke's Lines for N, Doped Argon Matrix:

xR(A) ' vR(cm’l) vL-vR(cm'i) AG(v) Assignment
5505.2  18164.6' 2327.2 2330.7 vs(i+0) |
5501.7 18176.2 . 2315.6

5500.2  18181.2 2310.6

5498.0  18188.4 2303.4  2301.9 vs(z;l)

5496.0  18195.1 2206.8 |

5493.5  18203.3  2288.5 2290.7%2 vs(15N-1”N)(1+0)_
5490.9 18212.0 2279.8 2273.1 ve(3¢2)

' The unassigned Tines are difficult to account for unambiguous1y.31’32

The weak lines on the red side of the large v=0 Tine are seen in a blank
(no matrix) scan over the same region. The other unidentified lines may
appear (too weak to say) in the blank spectrum which was obtained at
lower Taser power or they could result from combinations of Vg plus
lattice modes v, . ‘Weak lines in the Raman spectrum of solid Nj(a-N3) h
attributed to (vs+vz) modes were seen by Cahill and Leroil3 at 2369 cm'!
and by Anderson et al.l* at 2365 and 2374 cm!. It is not known what
lattice modes of an argon matrix could couple with vs'to'give a Raman

Tine. One could look much closer to the exciting 1ine for evidence of

Tattice mode Raman scattering, but a double monochrometer is necessary
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to remove enough of the intense unshifted Rayleigh scattered Tight such
. that one cou]d unmask the weak lines close to‘the exciting line.

Another possibility is that tne Tines are spurious reflections and
grating ghosts due to small impérfections in the spectrbmeter grating.
Repeating the experiment at 5145.4'3, another strong argon ion laser line
would he]pbdiétinguish between instrumehta] artifacts and real lines.

The very weak line at 2288.5 cm ! corresponds quite nicely with that
expected for 15N-1*N which occurs in natural abundance (~0.7%) in 1FN2.
The intensity rétio of this 1ine compared to tne Tine for vs(l+0) is
approximately 0.7% also. However, the S/N ratio of the line (<2) makes
this aSsignment tentative. Hopefully, improvements in experimental
technique will improve overall signal strength in future experiments.

- The assignment of the line at 2279.8 cm ! as ys(3+2) was made with
some\reservatﬁon.’ The 1iné appears >6 cm from the value ca]cuTated‘
using gas phase vibrational-conStants while the Other.vS Tines are within
3.5 cm ! of their calculated values. However, with the assignments made
‘in Table II, the vibrationa] Tine spacings in the matnix differ by ap-
proximately the same amount (~24 cm 1). Thus, vibrational constants can
be found15 to describe the vibrational level spacings consistent with the
form of the term symbo1 notation mentioned earlier.

- Population of the.upper vibrational levels-in the X state of N, as
evidenced by Raman Tlines originating from v=1 and v=2 suggests a very .
long vibnationa] reiaxation time. Our next expériment was an attempt to-
obtain an order of magnitude estimate of this nate, The experiment in-

volved watching the vs(2+1) Raman signal build-up with time, possibly to
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some'steady-state value. The laser would then be turned off, allowing.
the excited molecules to relax, and then turned on again just long enough
to‘obtain the new population of the v=1 state. We found that after ap-
proximately 100 minutes of excitation (5.2 watts at 4879.9 R) the counting
rate (m5800]counts/5 min) showed no apparent increase. We then turned
the Taser off and probed the population periodically for a five minute
counting period. Figure 4 is a plot of log (counts/5 min) versus time
(min). There is’appreC1ab1e scatter in the data and the plot does not
represent a very large change in the population of v=1. A least squares
fit gives a,§1ope‘of 7.1 + 1.2 x 10”* min"!. Neglecting additional
excitation during the probe period and repopulation of v=1 due to relaxa-
tion of molecules in v=2, this slope is the vibrational relaxation rate
for molecules in v=1 returning to the‘ground state.

Theylifetime t(1/e) corresponding to this rate is 23 * 3 hours!
Obviously, this is a crude approximation due both to the assumptions made
and the short data gathering period. Crucial points in this experiment
are whether the counting rate really does level off and whether fhe o
"probing pulse" is exciting enOUgh molecules to make the VR time abpear
Tonger than it really is. If steady-state can indeed be reached in 100
minutes, a VR time of 23 hours makes little sense at all.

To get a better estimaté of the VR time, one should consider a more
cbmp]ete kinetic expression considering the time evoTution of the popula-

tion of both the v=1 and v=2 vibrational levels.
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Proposed energy relaxation mechanism

ky Ko
0 = 1 »— 2
K_1 _2
kyp  [KvR
0 1
ky = rate constant for population of v=1 via Stoke's scattering.
K 1 = rate constant for return to v=0 via anti-Stoke's scattering.
ko,k_o = corresponding rate constants for v=2.
kVR,k\',R = yibrational relaxation rate constants.

Assumptions
a) Raman transition probability > with quantum number:10 ko ~ 2k
. . _
by ky v kg

[T ‘

The rate equation describing the time evolution of the population of

v=1 is then
dp,
g = kil Po + k21| Po - kaT Py - KoIj Py - kyrP1 + KypP2 (1)

where IL = laser intensity'(phbtons/cm2 sec) and Pg» P15 P, = populations
of v=0, v=1, v=2 respectively. If P; can indeed achieve steady state
value, _ | _ ,

0= k1ILPo + 2k11LPé - k1ILP1 - 2k11LP1 - kVRPl + kVRP2

kil (Pg+2P,) = kyIy (3Py) + kyp(P1-P2) o (2)
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Py + 2Py . p Kyy 1
Z s L | S

P, - Py P, - P, kg I

(3)

‘Now if experiments are done at different laser intensities and one
monitors the intensity of the Raman lines after steady-state is reached

and plots Equation (3), the slope should give

kyr

ky
where ki‘is simp]y the differential cross-sectioh for Raman scattering.
Hyatt‘g;_gl,ls measured this cross-seétion for N, in the gas phase and
found it to be 6.8 x 10730 cn? at 4880 A, This value should be a rea-
sohab]e estimate for N, in this envirohment since it is believed that rare
gas matrices do not perturb their guest mo]eéU]es appreciably.

A one point fit to Equation (3) was attempted using data ffom‘Figure_

3. A kyp of 6.0 x 1075 sec™! was obtained corresponding to a lifetime

R
TVR(lle) of'XS_hours. As of yet, this result is tentative because we have
no evidence that the'observed decay rate obeys our integrated rate equa-
tioh (Equation 3).

Anbther way of manipulating EqUation'(l) provides a rate equation
‘applicable for all times. It would be more desirable to use this approach
if steady state could not be reached in a'reésonab1e length of time.

When the laser is on, Equation (1) descfibes the time evo1ution of
the population of v=1. However, when the laser is off, it simplifies to

dp,

——=k' P2"'k Pl . (4)
dt VR VR :
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If one considers v=2 the uppermost populated vibrational level, its

population should follow the expression (1aser‘off)

-k\nt
Py(t) = Py(0)e ¥ (5)
Then Equation (4) becomes
dPy : : "k\l/ t

Tt kRP = KjgPa(0)e R (6)

This Tinear nonhomogeneous differential equation is easily solved.

: ~kypt  kypP2(0) -k{pt -kypt
Py(t) = Py(0)e R+ RE__ (¢ VRT_ o VR (7)
kVR - k!

VR

~The vibrational relaxation rate constants can be extracted from ,
FEquation (7) by performing a nonlinear least squares regression analysis

on a plot of P;(t) versus time., P;(t) is obtained by probing the Raman

vas(0+1) signal intensity periodically after initia]'excitation has pro-
vided a strong signal. This analysis was not performed on the data shown
in Figure 4 because the change in signal strength over the period of data
“collection was too small. |

The next set of experiments was aimed at obtaining a more accufate
VR rate. The expériment'whose results are shown in Figure 4 was repeated
" “and an increase in signal strength with'time was séen, contrary to the \
previous observation. This evidence suggests that the Tine could origiQ

nate from the laser. A series of blank experiments, both with and without

argon but no N,, were run to see if the Tine did indeed originate from
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the laser. Figure 5 is a scan over the Stoke's region for ah argon
métrix with an excitation power of 5 watts'at'4879.9'x. Figure 6 is a
scan ovef‘the same region with no matrix and 460 mW of argon ion laser
power at 4879.9 K. Except for chahges in intensity, the same lines appear
in both experiments. When these figures are compared with Figure 3, close
. inspection reveals that laser plasma lines are.responsible for a11 £he
unidehtiffed lines as well as lines previously identified as vs(2+1) and
vs(3+2)'Réman transitions. The laser plasma lines disappear at low laser
power (<50 mW) which is the reason why they were not observed in previous
blank experiments. | v

P]agued by interfering 1éser plasma lines in the Stoke's region,
experiments were then attempted in the anti-Stoke's region'(vag =y * vs).
Here the photomultiplier is approximate]y three times more sensitive and
the spectrum should conclusively identify upper vibrational Tevels. Un-
fortunately, we found_rather strong fnterfefence'in'this region from lines
emitted by the laser also. Presumably, the laser cavity (>2 meters long)
is acting as a waveguide for argon fluorescence or impurities in the dis-
charge tube. To eliminate this problem, we placed a narrow-band (30 R)
ihterference filter in the path of the beamvbefore it entered the dewar.
The filter blocks to 10° on either side of the bandpass. However,it trans-
mits only 60% at the peak so maximum avai]ab]e power is reduced to ™3
watts. Repetitive scans were made over the spectral region 4386 3 %
4380 A at 0.25 A/min. with an MCA dwell time of 1 min/channel. Figure 7
shows a sum of six separate scans. No aésignment'of the'Ramah transition

va5(0+1) expected near 2326 cm ! is possible.



: 0
Figure 5. Scan over the Raman Stoke's region at 0.25A/min.-channel
with 5 watts of argon ion laser power at 4879.9A. The

matrix consists of a 4 hour deposit of argon.

19.



Figure 5.
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Figure 6.

‘ | o
Scan over the Raman Stoke's region at 0.25A/min.-channel

; 0
with 460 mW of argon ion laser power at 4879.9A. No

matrix present.
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Figure 6,
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Figure 7.

23,

Multiple scans over the Raman anti-Stoke's region at
o .
0.25A/min.-channel with 3 watts of argon ion laser power
o | _
(filtered) at 4879.9A. The matrix consists of an 8

hour deposit of argon containing 1.0%‘N2.
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At this time, we decided to try experiments using‘5145.4 R argon ion
laser excitation. Since there are no interfering laser plasma lines in
the vicinity of expected vs(1+0) and vs(2+1) N, Raman Stoke's'tfansitions,
power robbing filters are not required and maximumeexcitation power (5W)
is available. |

Figure 8 is a low power blank scan over the Stoke's region with the
positions of expected vs(1+0) and vs(2+1) N, Raman transitions indicated
by arrows. Figure 9 is a scan for a seven-hour depdsit of argon con-
taining 0.85% N, over the same region. The intensity of 1aser plasma
Tines changesbduevto increased excitafion power,'howeVer vs(1+0) is
clearly visible. Unfortunately, vs(2+1) does not appear.. |

Figure 10 shows a low power blank scan over the'anti—Stoke'svregion.
Four of the strongest laser plasma lines were identified as specific argon

ion transitions17

and are marked as such. Here too, the position of the
ekbetted Raman transition vas(0+1) is marked by an arrow. Figurelll shows
an anti-Stoke's scan for the same seven-hour deposit as in Figurev9. The
_ laser p]ésma lines appear but still there is no evidence of vas(0+1).

At this point, we did an experiment to test the effect of N, concen-
tration.’ Hopefully, a matrix containing more N, would give a Raman Qs(2+1)
Stoke's signal at a detectable 1eve1. Figure 12 Shows e scan oVer the
Stoke's region for an argon matrix containing 8.5% Né. This four-ﬁour u
deposit gave'a vs(1+0) Raman signa] almost ten times that seen in Figure 9
- where the matrix.containedkonly 0.85% N,. However, no evidence of a
vs(2+1) signal can be found. This is probably due to the greater>proba-

bility of multiple site formation and lattice defects at higher concentra-

tion, both of which are thought to provide additional channels for VR.



o

Figure 8. Scan over the Raman Stoke's region at 0.25A/min. -channel
0

with 500 mW of argon ion laser power at 5145.4A. No

matrix present.
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Figure 9.

o

Scan over the Raman Stoke's region at 0.25A/min.-channel
0

" with 5 watts of argon ion laserrpower at 5145.4A. The

matrix consists of a 7 hour deposit of argon containing

0.85% N2'
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Figure 9
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Figure 10.

)
Scan over the Raman anti-Stoke's region at 0.25A/min.-

channel with 500 mW of argon ion laser power at 5145.4

No matrix present.

0
A.

30.
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Figure 11.

channel with 5 watts of argon ion laser power at 5145.4A.

32.

o

Scan over the Raman anti-Stoke'S region at 0.25A/min.~-
: )

The matrix consists of a 7 hour deposit of argon containing

0785% N2.
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Figure 12.

0
Scan over the Raman Stoke's reg1on at 0. 25A/m1n -channel

with 5 watts of argon ion laser power at 5145. 4A The

matrix consists of a 4 hour deposit of argon containing

85% N

34.
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Since all attempts at obserying Raman scattering from upper vibra-
tional levels of N, had failed using the maximum power available from the
argon 1a$er, we decided to try and stimulate the Raman process using the
‘argon laser at 19,435.0 cm'? (5145.4 K) and a rhodamine 66 jet stream dye
laser at 17,108.5 cm ! (5845.2 R), the Stoke's freduency. In thié manner,
we hoped to vibrationally excite N2 mo1ecu1és mare effiéient]y. The
process is illustrated schematically in Figure,iB.

It was necessary to devise a new experimenta] configurafion to attempt
these stimulated Raman expériments.' Figure 14 showé a schematic diagram
of how the apparatus provides tunable two-frequency éxcitation. A dif-
fraction grating (1200 grooves/mm) blazed at 5000 K is used to remove un-
wanted plasma Tines.ffom the argon laser output. It has higher efficiency
(67%, first order) than'a'narrOW-band-interfefence filter (55%). The
right—ang1e prisms used for beam direction are anti-reflectfon (AR) coated.
An achromatic lens (AR coated), which minimizes spherical and chromatic
aberation, is used for optimum focusing of the two laser beams. It is
aperatured, as well as the outside dewar window, to prevent”unwanted re-
flections from entering the matrix chamber. The dye 1aser output is con-
tinuously monitored by an Epply thermo pile whose output‘is,dispTayed on-
a‘Keith1ey microvolt meter and Leeds & Northrup strip chart recorder.
Experiments are not begUn until the dye laser output has rémained stab1e
for 30 minutes. - A | |

Before attempting to utilize a stimulated Raman process to improve
'excitation efficiency, ca]cﬁ]ations were performed to estimate possible
gain{ It was found that a gain of 10" over tha spontaneous Raman intensity

at the anti-Stoke's frequency should be realized (see Appendix I).
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Fugure 13. Energy level diagram for
stimulated Raman process.
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A]lvexperimenfs involving both the argon and‘dye lasers are per-
formed in the fo]ﬁowing manner. After the deposit has formed and the
6ptics_are q]igned, a scan using only the argon laser is made over the
Stoke's region to locate the vs(1+0) N Raman transition. This Tine con-
| sistently apbears at 2326.5 + 0.5 cm 1. Then the argon laser -is blocked
and the dye Taser is tuned to the Stoke's frequency (vR). This is ac-
complished by observing a maximum count rate with the spectrometer set at
the position of vs(1+0). Upon completion of this tuning procedure, the
matrix is then irradiated with both lasers while multiple scans over the
anti-Stoke's region are made.

Figure 15 shows a scan over the Stoke's region for‘a 23-hour deposit
,bf argon éontaihing 0.85% N2 using only 5145.4 K:afgon laser excitation. |
The vs(1+0) N2 Raman(transitfon is quite strong. The dye laser was tuned
- to this ffequency and Figure 16 shows the resu]t-of multiple scans over
the anti-Stoke's region. No evidence of yas(0+1) appears. Figure 17
shows the result of a very slow scan (5 min/chénne]) over the anti-Stoke's
region for a separate experiment involving a four-hour deposit (same ma-
trix composition). Again, we had failed to provide sufficient excitation
to observe’vas(0+1).

Not being able to realize the eépected‘gainlin a stimu]ated process
with our Tow power CW lasers, we decided to try and mode-Tock the dye
laser. Other{group518519 were able to realize 100 watt'sub-picosecond'
pulses from CW pumped jet stream dye 1asers similar to ours by adding
~ 3,3' diethyl-oxadicarbocyanine iodide (DODCI) to rhodamine 6G. |
After adding approximately 1 x 10'3 M DODCI to 5 x 1073 M rhodamine

6G in ethylene glycol, we were ab1é to mode-lock successtle at the



Figure 15.

0
Scan over the Raman Stoke's region at 0.25A/min.-channel
with 1.3 watts of argon ion laser power at 5145.4A. The

matrix consists of a 23 hour deposit of argon éontaining

0.85% Ny-
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Figure 16. Multiple scans over the Raman anti-Stoke's region at

0.25A/min.-channel with 1.3 watts of argon ion laser
0 v

power at 5145.4A and 280 mW of rhodamine 6G dye laser

s 0 : :
power at 5845.0A (Stoke's shifted 2326.3 cm™1). The
matrix consists of a 23 hour deposit of argon containing

0.85% N

0"
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Figure 17.

44,

Scan over the Raman anti-Stoke's region at 5 min./channel

0 .
(channel width = 0.5A) with 1.3 watts of argon ion laser
R

| power at 5145.4A and 275 mW of rhddamine,ﬁG dye laser

o B
power at 5845.2A (Stoke's shifted 2326.9 cn 1), The

“matrix consists of a 4 hour deposit of argon containing

0.85% N,



Figure 17.
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Stoke's frequency w1th 2.2 watts of 5145.4 A argon pump power. Mode-locking
would occur Just above thresho]d on]y With a fast s111con photodiode
(terminated . 1nto 50 ohms) and a KS 1 Tektron1x samp]1ng unit, we were able

to observe the pu]se tra1n -as shown in F1gure 18

“Figure 18. Mode-locked dye laser output at 5845.1 R.
. ~N

~ The osci]1oscope trace was taken at 1 nsec/div horizontal and 50 mV/
div vertical. The photodiode has a response time of a few nénoéeconds SO
the pulse train has been convoluted into the photodiode response time.

The pulses are separated by approximately 3.4 nsec (extrapolated base]ine),
which is Just the'cavity transit time of the dye laser. If we assume the

18,19

pulse width is actually 1 psec, which others have seen ,. peak power

is estimated to be 4.3 watts. Although much lower than we had hoped for,
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we tried a few experiments anyway.

Figure 19_shows the result of mu]tib]e scans over the anti-Stoke's
region for an eight-hour deposit of a matrix containing 0.85% N, with 1.3
watts of 5145.4 R argon laser power and the dye laser mode-locked at
5845.1 A (Stoke's shifted 2326.7 cm™!). As in*ail'pkevioﬁs attempts, ho
evidence of vas(0+1) can be found. We simply do not have enough power to
vibratiohally excite N, such that Raman scattering from upper-vibrétiona1
levels can be observed.

At this point, work on the project was stopped due to the failure of
our equipment to provide sufficient excitation. A]though we were not ab]e
to_confirm a very Tong VR time for N, isolated in an argon matrix (as
theoretical interpretations suggest), we'have;not ruled out a lifetime in

the range of a few minutes (see Appendix II) which is certainly far longer

than any ever seen before.



Figure 19.

Multiple scans over the Raman anti-Stoke's regibn.at

0 _
0.25A/min.-channel with 1.3 watts of argon ion laser
) . -
power at 5145.4A and the dye laser mode-locked at

1

0
5845.1A (Stoke's shifted 2326.7 c¢cm ). The matrix

consists of an 8 hour deposit of argon'containing

0.85% N2.
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VI. Discussion

The problem of vibrational relaxation in a solid environment has

6’7‘a1th0ugh some

been investigated most recently by Nitzan and Jortner,
preliminary work in the area was done earlier by Sun and R1'ce.4 After
invoking a few simp]ifying assumptions, Nitzan and Jortner were able to
formulate an expression for the relaxation rate of a diatomic molecule

in a monatomic lattice from which the temperature dependence could be
extracted. However, they were not able to identify the-molecu]e—matrix
coup1ing terms and‘so presently no a priori rate calculations are’poss{—
ble. A brief resume of their work is 1n’ordér.

The discussion must begin with the»simp1ify1ng agsumptions they
“invoked. The first few are standard for matrix isb]ation experiments..
Each guest molecule is isolated in a 1att1ce site completely surrounded
by matrix molecules and decaysuindependent1y of the other guest molecules
in the lattice. The ﬁo]ecu]e-mat?ix interaction is‘considéred linear 1in
intramo1ecu1aridisp]acement. :Rotations of the guest mo]ecu]e'afe ignored
and the medium is considered to be in thermal equi]ibrium during the
relaxation protess. |

A Hamiltonian for the system was then constructed.6

_ il +
H=hea a + iﬁwvbvbv +Ho (4)

Here a' and a are the creation and annihilation operators respectively

for the guest diatomic treated as a harmonic oscillator with frequency w.
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The medium is considered a sum of harmbnic osci]]atoré with analogous
operators 51, bv for each phonon frequency w, . N |

The. interaction term of the Hamiltonian takes the form®

Hol = 'zﬁ{G{v}a’Lnbv + gfv}anbt)} o : (5)
{v} v v :

Here G{v} are the coupling terms and {Q} refers to a collection of phonon
states {1,2,...,N} such that energy is conserveq}(va=§). This equation
results from making the rotating wave approximation upon a system of
linearly coupled oSci11ators. Terms of the form‘dsz;_abv are neglected.

The equations of motion describing the system were set up.in the

Heisenberg representation

Ve
it

i
— {H, a3l
P

b

A

;
Ei£H, b}

The equations were solved and from them resulted an exbressidn‘for the

relaxation rate of the guest molecule

_ eBﬁw_l ’
Y(T) = nz{G{v}|?p{v} ————— ~ (6)
v . B w . .
v

Here p(v) is the Tattice density of state function and (g=kT)7!. The

temperature dependence comes out of an expression for the occupation

number (therma]]yéqveraged) of the-individual 1att1’ce'm0des6
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_ ot
= = b b (7)

Nitzan andZJortner's'ffna1 expréssion invO]ves replacing thebsum
over v by a single co11ecfion of phonon states {v} which provides the
smallest number of phonons consistent with ng=w required for energy
conservation. |

" There is'very 1ftt1e data available tb test the validity of the
temberature‘dependence of Equation (6). Legéy‘gg_gl,l saw a factor of
three decrease in the fluorescence lifetime of CO in an argon matrix
upon increasing the temperature from 8 to 20° K. HoWever; they were hot
confident enough in their teﬁperature measurements to publish the data.

3

Tinti and Robinson” saw very 1little change in the emission spectrum of

N2A(3zu+) upon temperature in the region 4-30° K which ing;;ates.é weak
temperature effect upon the VR rate. Equatioh (6)'predicts'a factor of
five 1ncreasevinbthe VR rate for N2A(32u+) over the temperature region
4-30° K, cbntfary to experiment. This 1aboratoryintended to do extensive

temperature studies upon the VR rate of NoX(!l: +) once the rate at 4.20 K

g
had been accurately measured.

A priori rate ca1¢u1at10ns for these systems'cannot be done uhti1
' thé molecule-matrix coup]ing terms G(v) are undersfodd. |

An energy gap 1aw7 has been proposed by Nitzan and Jorther-as?a
starting point in the understanding of these terms. Théy propose fhat

the coupling terms take the form G(v) = cb®v o that the VR rate

becomes
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y = Ab2m/wv

Here A and b are constants for a given temperature with the constraint
that (0<b<1) and ) is taken near the maximum in the phonon density of

20

states function. A plot can be made of log vy versus w havihg slope

2 .

—a;—1og b‘.

and intercept log A. A crude uppér bound for A can be obtained by exam-
ining this‘equation as w>0. As the diatomic Vibrationa] frequency w ap-
proaches the lattice mode frequencies wv; the VR rate should achieve its
 maximum value. | | |
At 4.2°K, typical spectral line widths in a matrixfaré_x3 cm—1.3.’21

If Tifétime broadening were résﬁdnsible for the ehtire width and the VR

time governed the lifetime of fhe vibrational level, then the VR rate

would be 10711 sec. Certainly this is an upper limit for A. A plot of

log v = 210g b/wv + log A is shoyn in Figufe 20, drawn such that the 1line
‘passes through the knowh VR rate of NZA(3zuf) and the crude estimate of
log A found above. Using 60 cm ! for ws which is near the Debye cutoff

for argon, b has a value of 0.6. An arrow has been placed at the |
stretching frequency for N2X(1zg+). One immediately sees that a VR time

of over 400 hours is predicted by this plot for N, ih its ground electronic .
state! Although this is an unreasonable reéult, it does not indicate that
thé form ofkfhe coupling terms 1s'cohp1ete1y wrong since in estimating an

A value {t was assumed that 1lifetime broadening was résponsib]e for the

entire spectral'Tine width. Certainly, mo]ecu1e-matr1x coupling contributes



~ Figure 20. Log VR rate versus vibrqtional stretching
frequency S

20 |

LOG RELAXATION RATE

0 1000 2000 3000
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something to the observed line width and Tnhomqgeneous broadening is com-
m0n»iﬁ métrix isolation experiments due to differénces in individual sub-
stitutional sites. Until many more experiments have been done, a more
quantitati?e form of the coupling terms involved can not be obtained.

An upper limit to the observed vibrational re]axation time of a dia-
tomic must be determined by all other decay'processes available. One must
considérvthe radiative lifetime for both dipo]é and quadrupole emisSion.
In a]]'hombnuc]ear dfatomic molecules, the dipole moment is zero and thus
dipo]e:emission‘is strictly forbidden. However, Nz’doés have a quadru-
pole moment22 (-1.52 x 10726 é.§.u. cm?) and,if the selection rules are

satisfied (see Table III), electric quadrupole emission is allowed.

Table III.  Selection Rules for Quadrupole Emissionll

symmetry g«—g
U—>U

g+X—)(j

S

FeXr—

~ rotation | Ad = 0, +2

J=0ex>d = 0
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The Einstein transition probability for spontaneous quadrupole emis-
" sion?3 from state n to state m is
32116

A —_— |<n|Q |m>|2-
nm 5h(2J +1) ‘

Here in is the “instantaneous quadrupole moment having the form??

QZZ(R) =% {(322 - r2)p(r;R)dr

Recent calculations of the vibrational matrix elements of the quadru—
pole moment necessary to obtain the quadrupole trans1t1on probabilities

24

were performed by qutwr1ght and Dunning for N2 using generalized va]ence

bond wavefunctions.

Their matrix elements took the form>T

<w'd']Q,,[v> = fox, 1 (R)Q, (R)e 4 (R)AR
. o i .

. Converting their values from atomic units to cgs units for the first two
vibrational levels of N, in its ground state, the following transition

probabi]ities for spontaneous quadruple emission were obtained

2.0 x 1078 sec™!

=
e
O

e 2@

2.5 x 1079 sec !

Ay; % 3.7 x 1078 sec”!

The mean radiative lifetime for quadrupole emission from vibrational state

n is thenvsimp1y the keciprocal of the corresponding‘Anm value. Thus,
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1~ 5 xf107jsec and T, © 3 x 107 sec. |

‘Herzberg states that quadrupole emission transition probabilities are
typically 1078 times.those of strongly a1lowéd'dipo1e transitioné.11 To
verify th1s generalization, one can compare the A, value found for N2
with the d1po1e em1ss1on transition probab111ty for HCI.

Herbelin and Emanuel report a value of 34.6 sec™! for the A;, value
of_HCL23 ‘Thus, the ratio of quadrupole to dipole emission prdbabi]ities
for N,/HCT is %1079, |

Cartwright and Dunning's calculations on N, have provided estimates
of X7 x 103 hours and ~1 x 10* hours for the rédiative_]ifetimes.of v=2
and v=i‘ih'N2 respectively! It is'expected that the perturbation of the
matrix upon N2 will cause the quadrupole radiative lifetime to be much
less than the calculated estimates.

There is not mdch experimental evidence fkom which the perturbation
of the matrix upon the lifetime of quadrupole emission can be determined.
IR absorption of N, has been seen in the gas phase under high (60 atm)
pressure by Crawford 95;31,25 and in the liquid phaSe by.Oxholm and
Wi1]iams.26 In both cases, absorption was considered to be due to "en-
forced dipole radiafion" involving collision induced dipole moments. No
evidence for IR absorption by N, was seen by Becker‘and Pimente'l27 when
~solid N, was_uséd as a host for matrix-isolation experimehts on the hydro-
gen haijdes. N | |

The only conclusive way to determine if thé matrix perturbation upon

N, is strong enough to make quadhupo]evemission an 1mpbrtant decay channel

for excited (vz})'nitrogen would be to éheék in the IR for the 1-0, 2-0,

etc. emission lines. If seen, the radiative 1lifetimes corresponding to
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the 1nten§ities of the emission lines would be upper limits to the ob-
served vibrafiona] 1ifetimes.from the Raman experiment. If the matrix
perturbation upon thé radiative lifetime is small, our crude estfmate of
‘a few minutes for the VR time of N, (v=1) is not beyond reason since the

radiative ]ifetime'is_muth Tonger.
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VII. Conclusion

- The Raman spectra of N2(1zg+) we obtained did not provide conclusive
evidénce of scattering from ubper vibrational levels. If more excitation
power was available at a wavelength closer to resonance with allowed elec-
tronic transitions (where the Raman process is more efficient), then the
techniques we used should provide én accuraté determination of the VR time
for N, isolated ih an argon matrix. | |

Once the VR rate is obtained at 4.2°K, of spécia]binterest w111.be
the temperature dependence of the VR rate. Nitzan_and Jortner's theory
predicfs a factor of five or more increase in the VR rate between 10 and
22°K. | o

. The effect of the host matrix might a1sq prove interesting. From
Figures 21—23, one can‘sée that a]though argon, krypton, and neon have

similar phonon frequency distributions, the position of the maximum density

of statés differs

4"
argon ~
n, . -
neon ~ 50 cm” !
n,
n

krypton

Thus, if'thé energy gap_]aw is indeed corréct and the coup]iné term sum
can be approximated by one term containing a single coi]ection of phonon
states near the density of stateé maximum,. then the VR rate wi]] be sub-
stantially slower in krypton and neon than in argon.

An isotopé effect is possible for N, as well. The_stretching vibra-

tion for 15N-1%N is approximately 40 cm™! smaller than that of 1”N2) This
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alone should mean a faster VR rate. On top of this is another perturba-
tion, perhaps even more important. In 15N-1%N, the center of mass is
slightly disp]aéed from the center of charge. The effect this would have
on the radiative transition probability should bé noticeable, further |
fncreasing the observed decay rate. |

Finally, a concentration study would provide additiona]~impbrtant
data. The rate of excitation is_concentration dependent. Increasing the
concentration of N, should give larger Raman signals. However, as fhe :
concéntration of N, increases, other channels for VR involving multiple
sites and lattice defects might become important.

In conclusion, there is a wealth of information to learn about energy ’

transfer in this system.
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VIII. Appendix I

An estimate of possible gain a stimulated Raman process can provide
over the normal spontaneous Raman prbcess can be obtained by comparing
expected signal strength for each phenomenon. o

The stimulated Raman process we have attemptéd to utilize has been

called "three-wave mixing"33

34

by physicists and also "coherent anti-Stoke's

Raman" by others. Briefly, it is considered to be an interaction of

the laser field at v with the Stoke's field at v (v, = vL—vs) through the

R*™R
third order nonlinear susceptibility x(3) to generate polarization at

Vas = ZvLﬁ--vR,'the anti-Stoke's frequency.

The intensity of the stimulated anti-Stoke;s signal has been shown

to follow the expression34

dleox(3)|2I(vL)21(VR)

I(v = 2.77 x 1073
(Vas)st1m 22

- (8)
Here d is the medium thickness (cm), N, is the mo]ecu]ar,dehsity (em™3),
n is the index of refraction, i,  is the anti-Stoke's wavelength, and o
is the 1aser~beam cross section. All intensities are expressed as photons/

sec and frequencies are in hertz. At resonance (vL-vR = vs) the third

‘order nonlinear susceptibility X(B)‘takes the form34~
)z | |

" In this expression (da/dQ) is the differential Raman cross section with

units (cm? mo]ecu]efl sr 1) and In is the Raman 1inewidth (Hz).
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Combining (8) and (9), one obtains

2-h,,2 2
0.27d2c*v2 N,

(v ) =

stim

Voo (da/d2)2 T(v))2 T(vg) (10)

4 2, 6p 2
n*o VS FR
The intensity of the spontaneous Raman anti-Stoke's signal follows the
expression

Nl(da/dQ)I(vL)dQ
vas)spont B o

I{ (11)

Here do is the fraction of Raman scattered 1ight collected expressed in
steradians. N;, the pdpu]ation of v=1, can be obtained from the total

Raman signal originating from v=0.
N; = 4HNo(da/dQ)I(vL)d (12)

Since the number of excited (v=1) states will build up»with time

(assuming slow VR), the spontaneous anti-Stoke's signal will bui]d up

47Nod (da/da)? T(v )2 de

I(vas’t)spont.= (13)

I;
" For the purpose of estimating gain, the spontaneous anti-Stoke's signal

will be taken after 1 sec excitation. Thus,

-2 4.2
I(vas)Stim _ (2.15 X 1072)Ngdc*v2 T(vp)

gain = — | (14)
. I .
(va5)spont n*ovp rpda

Assuming that the laser beam cross sections at the matrix are 2 x 1073

cm2, the matrix has a thickness of 0.05 cm, and the Raman Tinewidth®® is

2 x 102 sec” !, then the gain is found to be
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g = 4.7 x 10714 I(vp)

The dye Taser can provide 7 x 1017 photons/sec at vg giving a final

result

g =3 x 10%
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IX. Appendix II

An estimate for the upper 11m1t to the VR time of N, in a d11ute
argon matrix can be obta1ned from our data and Equat1on (13).

The maximum power available from the argon laser at the matrix is
3.8 watts considering all reflection losses. This cofresponds to a photon
flux of 9 x 10!8 photons/sec at 5145 K The differentia] Raman cross
section for N, has been reported16 as 5 4 x 10731 cm? molecule™® sr ! by
Hyatt et al. 1In a matrix containing 1% N2, the Ny molecular dens1ty is
approximately 2 x 1020 cm 3. Taking the matrix thickness as 0.05 cm, the
fraction of scattered 1ight collected as 5.8 x 1073 sr (spectrometer.
apérature), and the minimum laser beam cross sectidn as 3,x 10;l+ éng'the

spontaneous Raman anti-Stoke's signal strength is
I(vas,t) = 5.7 x 1072 photons/sec per sec of irradiation

Now if the VR time is at least a few mindtes, the approximate signal
strength after 2 minutes of excitation is 7 photons/sec since Ny << Nj.
This corresponds to a counting rate of about 50 coUnts/min:considering
the quantum efficiency of our photomultiplier. A signal this large shdu]d
be extractab]e,from a background of 200'counts/min if multiple scans are
made; We were Uhab]e to confirm é signal of this magnitudé ) itldoes

not seem probable that the VR time is longer than a few minutes.
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31." Although rotation is commonly neglected for molecules isolated
in Eare gas:matrTCes at 4.2° K, it is possib]e‘that rotation of N, in
soiid argon is free or only slightly hindered. If this fs indeed the
case, then the unassfgned Tines in our Raman spectrum shown in Figure 3
may originate from upper rotational levels ih thé vibrational progression.
Nitrogen has a small rotational constant (By = 2.00 cm !) and if this gas
phase value is used to’roughiy estimate the Boltzmann population of low-
lying rotational levels in the ground vibrational state at 4.2° K, one
finds that the population ratios of J=1 and J=2 compared to J=0 are 0.5%
and 0.08 respectively. -

‘ Rotationa] Raman sé1ection rules (see reference 10) allow
transitions with AJ=0, +2. Thus, the observed line at 2315.6 cm”] may
be the Raman transition v=0, 3=2 > v=1, J=0 which occurs at 2318.7 cm'!
in the gas phase while the Tine at 2310.6 cm™! could be the transition
v=1, J=0 + v=2, J=2 (2313.7 em™! in the gas phase).

One might intuitively expect the pdpu]atidn of v=0, J=2 to be
Targer than that of v=1, J=0 which would contradict the observed Tine
intensities. However, if VR is indeed slow, one could eXpect the observed
intensities. |

These 1ine assignments are highly tentative for‘at least two
reasors. First, if rotation is occurring, it must be'perturbed by the
matrix to some'extent. A complete rotational analysis would be required
to see if rotationa] constants could be found consistent with the
observed lines before these assignmehts could be confidently reported.

Second, evidence of a barrier to rotation of 140 cm™! (at 30° K) was
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reported recent]y’for CO in an argon matrix (see reference 32). CO has
rotation and vibration constants similar to N, and a very small (20.1 D)
dipole moment. If these results are correct, it does not seem possible
that rotation of N, in a solid argon matrix is'completely unhindered.
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