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Laser induced fluorescence of microwave stimulated OH molecules fr@npHotodissociation is
investigated as a first step in a series of laboratory experiments to understand features of
astronomical OH masers. The inversion betweerlthg J=7/2 A-doublet states of OH generated

via photodissociation of cold J© at 157 nm is shown to be 1.8:1. Within a microwave, Fabry—
Perot cavity tuned to the resonance of one of the main hyperfine transitions ik tasblet it is
possible to stimulate all inverted OH molecules. The linewidth of the two main microwave
transitions is measured as a function of the microwave power and interaction time. The results show
that Doppler broadening is negligible at short interaction times of the molecules with the microwave
field. © 1996 American Institute of Physid$§0021-96066)02231-3

I. INTRODUCTION Laser induced fluorescendglF) was used to probe the
Spopulation distribution of the generated OH molecules. The

Astronomical OH masers are very interesting object d ¢ lation i _ derived f the ratio of
because they are found in the vicinity of massive star forma- egree of population Inversion was derived irom Ine ratio o

tion regions(“interstellar masersY) or in the outer shell of the intensities ofP or .R lines problng the lowerlly,

late starg‘‘stellar OH masers’). A proper understanding of A-doublet stsates anQ lines probing t.he }Jpper_states. ter
the pump mechanism of these masers may allow to extraéﬂemen et al’ have mea;ured population inversion between
important information about the physics and the environmen 1€ OHA-doub[et h_yperflne states as well as acc.urate tran-
in these objects. The present experiments are an attempt %tlon frequencies in an OH beam maser experiment. The

investigate only features of the interstellar OH masers undeftversion was crgated either |n'the OH production or by ap-
ying electrostatic state selectién.

the assumption that they are pumped by photodissociation (H“I ) . :
In this experiment, a molecular beam maser setup is used

H,0. Interstellar maseréH,0, OH) are found at a distance . _ ; : )
2 ¢, H to investigate OH-maser action based on the photodissocia-

of around 16° m from the central object close to the bordert_ f cold HO bet . Fabry—Perot "
of the HIl region®2 ion of cold HO between microwave Fabry—Perot cavity

The pump scheme of these OH maser is still under geblates. This maser should work like an interstellar OH-maser

bate despite a large amount of observational datastar in dr_lve_n by l_b(.) photolysis, so that it ma)_/_be poss@ Ie_to ob-
ain information about the maser conditions, oscillation be-

a star forming region may have a temperature of abouL . L .
g reg y b avior and polarization effects. First LIF measurements of

25 000 K. Thirty percent of the black body radiation is then' * ) .
in the range of the first absorption band of wate85—190 microwave stimulated OH molecules from the@Hphotodis-
sociation are presented.

nm). A first step photodissociation of water yields a popula-
tion inversion betweeAll,, A-doublet states of OH and the
maser activity starts. To close the pump cycle, it is probablql_ EXPERIMENTAL METHOD
that in a second step photodissociation of OH te KD or

reactive collisions of OH with K destroy OH and thus de- The experimental setup is shown in Fig. 1. A heated
populate the lower maser level. The reactive collisions als@ulsed nozzle with a 0.8 mm hole is used to form a pulsed
regenerate watér. molecular beam of pure water with a pulse risetime of$0

The first measurements of the inversion between the Okind a full width at half-maximuniFWHM) of 100 us. The
A-doublet states iRIl, from the photodissociation of J  H,O backing pressure is 1 bar which is obtained by heating
in the VUV have been reported by Andresenal® Using a  water in an oven up to 100 °C. The jet expansion into the
heated gas cell, an effusive beam and a pulsed nozzle bearacuum chambe10~® mbay yields rotationally cold HO in
they showed that the inversion depends on the temperature tife electronic ground stade 1A, . Utilizing a 5 mmskimmer
the water molecules. The highest inversion resulted from disthe central part of the beam is directed between the plates of
sociation of cold HO molecules. Here, a pulsed nozzle beama Fabry—Perot microwave cavity tuned to one of the
of pure water was expanded into a vacuum chamber and H;,, J=7/2, A-doublet hyperfine transitiongFig. 2),
F,-excimer laser(157 nnj dissociated the y0 molecules. 13.441 417 3 GHz foF'=4—F=4 and 13.434 637 4 GHz
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Fabry-Perot microwave cavity plates
distance 3/2A

FIG. 1. Overview of the experimental setup in the vacuum chamber. The
outcoupling waveguide was not used.

for F'=3—F=3." The distance between nozzle and skim-

2655

waveguides

reaction volume is in the centre of the Fabry—Perot plates. In this experiment the

with a microwave amplifie(HP 83 006 A up to a maximum

mer is 40 mm and the distance between skimmer and thpower of 400 mW. A subsequent attenuator allows to vary

centre of the cavity is 86 mm.

The Fabry—Perot cavity is part of a microwave system
A frequency stabilized klystrorn(frequency range 12-18
GH2) with a bandwidth<1 Hz delivers the microwave
power. The continuous output of the klystron is amplified
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the input power to the Fabry—Perot cavity. The diameter of
the Fabry—Perot plates is 155 mm. The plate with the cou-
pling holes is flat, the other one has a radius of curvature of
446 mm.

The distance between the cavity plates can be tuned
from outside the vacuum chamber. This allows to change the
resonance frequency without any change of the incoupling
microwave power. The distance between the plates38
mm which corresponds to 3/2 for the Il;, J=7/2
A-doublet transition of OH, and the quality factor is about
6000.

The density of the KHD-molecular beam is estimated by
filling the vacuum chamber with 0 up to a pressure at
which the same LIF signal is obtained as in the molecular
beam. It was checked that at these densities no significant
absorption of laser radiation took place. Inside the cavity, the
density of the molecular beam turns out to be abou@?
cm 3. The H,O molecules are photodissociated in the center
(see Fig. 1 of the cavity by VUV photons from an
F,-excimer laserlLambda Physik, LPF 205, 157 nmrhe
laser delivers maximum pulse energies of 40 mJ inside the
vacuum chamber at a repetition rate of 10 Hz. To estimate
the efficiency for HO photodissociation, we consider the
excitation rate which is given by

v)

y=o( | 1(0)dv= o)

with N=3x10" photons/pulse,r =10 ns excimer pulse
length, o(v) =2x 10 8 cn? cross section for the 4 ab-

FIG. 2. The schematic energy level diagram shows the electronic groun§0rpti0n av\f157 nm andF=0.6x 1.3 cnf the area of the
state of OH. The arrows indicate observed interstellar OH-maser emission€xcimer profile.
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<
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2 a . . . .
< s The relative microwave induced population change be-
B tween theA-doublet states is determined from the change in
the population of the upper and lowdrdoublet state with
and without microwave stimulation via ttgg,(3) andP,(3)
1.0 = v T T T T . . )
O T % @ 1 8 % 00 tra_msmon, respectively. The depen_dence (_)f th(_a LIF signal on
microwave power, frequency, and interaction time of the OH
pulselength [ps]

molecules with the microwave field is investigated.
FIG. 3. (a) The LIF intensities of th&),(3) and theP;(3) transitions as a

function of time in the pulse(b) The resulting ratios 0Q,(3)/Py(3) asa  Ill. RESULTS
function of time in the pulse. The same measurements done for a constant ) .
background pressure of,B result in a ratio 0fQ(3)/P;(3)=1.25+0.1. In the following, we present experimental results about

Dividing the pulsed nozzle ratio by the background pressure ratio a maxithe inversion between the OM-doublet states as a function

mum inversion of 1.8 is achieved. of the time in the pulsed water beam, the saturation of the
microwave transition, the linewidth of the microwave transi-
tion as a function of microwave power, and finally the influ-

The fraction of dissociated J& molecules is ence of the interaction time of the OH molecules with the
microwave field. The photolysis within the,8 pulse at dif-
n=vyrT ferent times affects the inversion between thedoublet

states. Using the same experimental setup shown in Fig. 1,
and equals to an amount of 8%. With this fraction of dissothe population of the?,(3) and Q;(3) A-doublet state is
ciated HO molecules, the resulting OH density in the cavity measured as a function of the time in thgG4dmolecular
is 3x10 cm 3. The distribution between th&-doublet lev-  pulse without a microwave field. Figuréa shows the mea-
els and the population of the selectdg),, J=7/2, A-doublet  sured intensities of th€,(3) and P,(3) LIF signal as a
hyperfine levels yields an estimate of1x10® OH  function of time in the pulse. The ratio @;(3)/P(3) is
molecules/cmin the F=3 or F=4 hyperfine state. plotted in Fig. 3b). To avoid systematic errors, the following

The population distribution of the OH-doublet states procedure is used. The rai,(3)/P,(3) is measured twice,
is probed by LIF using a frequency doubled excimer pumpedl) for the cold water in the molecular beam at short delays
dye laser via the OH?[I-23) absorption band around 308 between dissociation and probe laser, and (t®tor water
nm. One of the important parameters in the experiments oat 300 K at long delay$10 us).
the microwave stimulation of OH is the microwave line In the second case, the populations of the twdoublet
width, which is affected by the time that OH is exposed tostates are equal because water at 300 K does not give inver-
the microwave field"interaction time”). In the present case sion and even if this were the case, equilibrium would be
the interaction time of the produced OH molecules in theachieved because of the collisional redistribution at the long
microwave field is determined by the delay between the disdelay of 10 us. Dividing the two ratiosQ,(3)/P(3) for
sociation and probe laser. The LIF signal is imaged on &old water by the rati®,(3)/P,(3) for 300 K water yields
CCD-camera(Wright PO79 by means of a Maksutov— a direct measure for the inversidrin the present case, we
Newton-telescope and averaged over an area where the sigbtain for 300 K water a ratidR=1.25+0.1. For the cold
nal is strongest20 000 pixel$. Further averaging is done water, in the beam the inversion depends upon the part of
over 400 laser shots, to obtain a reasonable signal to noiqmlse that is photolyzed. Based on the data in Fig. 3, the
ratio. The measured statistical error is then less than 5%. division by this ratio of 1.25 yields in a maximum inversion

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996
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FIG. 5. Decrease of th®,(3) intensity as a function of the microwave frequency and microwave power with a fixed interaction time @$.1The
interaction time defines a minimum linewidth of 590 kHz.

of 1.8 after 30us and later in the pulse the inversion de- Via the Q4(3) line the probe laser excites simulta-
creases down to 1.5. The pulsed nozzle opens very fast amgously the state6=3 andF=4, whereas the microwave
results in a cold molecular beam and a high inversion only irfield affects only the population in the=4 state. For the
the beginningFig. 3). At the end of the pulse, the expansion measured inversion of 1.8, the theoretically predicted de-
is less good and the inversion decreases. crease is 12.5%. The deviation from 12% to 12.5% is well
Figure 4 shows the effect of microwave radiation on thewithin the error limits of the experiment. This value is based
population in theA-doublet state probed by th@,(3) tran-  on the assumption of statistical population between the hy-
sition. Plotted is the decrease in the LIF signal. It should beperfine states of OH after photolysis, resulting in a 9:7 sta-
kept in mind that the inversion implies that the state probedistical population of thec=4 andF=3 hyperfine states,
by theQ,(3) line is more populated than the state probed byrespectively. For thé==3—3 transition, a maximum de-
the P41(3) line. The microwave field couples these two statexcrease for theQ,(3) line of 9.7% is expected. Below 100
and depletes the population in the state probedb§3). mW, of microwave power the population change is smaller.
The decrease of the population in the uppedoublet The microwave induced decrease of the population in
state probed by th&,(3) line is shown in Fig. 4, as a the state probed by th®,(3) line is measured also as a
function of the input power of the microwave field at the function of microwave frequency. The microwave frequency
F'=4—F=4 hyperfine transition frequency. The interac- is scanned over the full linewidth of the selected hyperfine
tion time that is the delay between dissociation and proberansition at a fixed microwave power. Each data point en-
laser is fixed at 1.5s. This transition is obviously saturated closes eight measurements of the population of the state
at a microwave power of 100 mW. A maximum intensity probed byQ,(3) four with and four without microwave in-
decrease of 12%1% is reached in the saturation case. Atfluence at the selected microwave frequency and microwave
high power, the microwave field obviously stimulates all power. This is shown in Fig. 5. For a maximum power of
molecules down and reaches population equilibrium betweed00 mW, the population decreases by I2%6 in case of
the upper and loweF =4 state. both hyperfine transitions whereas at the lowest powers the

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996



2658 Wurps et al.: Microwave stimulated OH-molecules

1 interaction time 1 interaction time
12 4 a) 1.5 ps e 4b) 1.5 ps
10
¢ | |FWHM 587 kHz s 4 |FWHM 375kHz
e .
e 4 .|
Z
w2
g 2 - 2 4
k= 1 = )
= 0 - u a 1
C? He T T T T T T T T 0 ——f T T T T T T T T ;
S~
o . . . .
Q 7 interaction time 7 interaction time
S 12 4¢) 5.5us Y 5.5us
o ]
o 10 -
) ]
2 o | [FWHM 178 kHz] 6 |1 |FWHM 215 kil|
O
L |
S 6 E
o .

2 4 2 A
0 - | t
= T T y T T T T T 0 ——ff— " T T T y T T T
13433500 13434000 13434500 13435000 13435500 13440800 13441000 13441200 13441400 13441600
F’=3—F=3, microwave power ~8 mW F'=4—F=4, microwave power ~4 mW

microwave frequency [kHz]

FIG. 6. Decrease of th@,(3) intensity as a function of microwave frequency and the interaction time of the OH molecules with the microwave field.

decrease is only 4%. The interaction time is L% A simple Despite saturation occurs at high microwave power, this
Lorentz shape fit is made to determine the FWHM of thewill not cause any measurable line broadening. Saturation
hyperfine transitions at different powers of the stimulatingaffects the molecular linewidth which is, however, much
microwave field. The experimental accuracy, however, is nosmaller than the present linewidth. Microwave line broaden-
very high. ing due to saturation is typically in the kHz range. It is con-
The main contributions to the linewidth are the inhomo- cluded that the time of flight broadening is the most impor-
geneous Doppler and the homogeneous time of flight broadant factor determining the linewidth of the hyperfine
ening. The OH molecules from the photodissociation ¢®H transitions. This is demonstrated in Fig. 6. The linewidth is
at 157 nm move with a velocity of 1600 m/s with an isotro- measured atr=1.5 us and r =5.5 us with 4 and 8 mW
pic velocity distribution in first approximation. This results microwave power for th&=4—4 and 3-3 transitions, re-
in a maximum Doppler shift of=70 kHz. The interaction spectively. The longer interaction time results in a linewidth
time of the OH molecules with the microwave field is deter-of ~200 kHz for both hyperfine transitions and in an in-
mined by the delay1.5 us) between the dissociation laser crease of the stimulated OH molecules. The theoretical con-
and the probe laser for the LIF detection. The linewidth canvolution of Doppler and time of flight broadening results in a
be calculated by Fourier analysis of the electric and magnetiEWHM of 200 kHz in this case and is in an excellent agree-
field experienced by the molecules. For different transversenent with the experimental data.
electric (TE) and magnetid TM) fields, one gets different Preparations are made to stimulate the OH emission by
linewidths, as has been shown by Heuvr cylindrical  applying a pulsed microwave field. In this case, the interac-
microwave cavities. As an example, he found for they]M tion time will be determined by the length of the microwave
mode Av~0.89/ and for the Thk;; mode Av~1.20/. We  pulse. Instead of probing the depletion of the inversion by
did not perform the Fourier analysis for the present cavity LIF, the stimulated emission will be observed by superhet-
because the mode structure is quite complex. Instead, werodyne detection.
assume thaf\v=~1/7, which will give a reasonable estimate Spontaneous maser oscillation of OH molecules from
of the interaction time broadening. Fer=1.5 us, a broad- the photodissociation is not detectable with the present setup,
ening of 670 kHz is obtained. because of the low density of OH-molecules per hyperfine

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996
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quantum state~2x10'° cm™3) between the Fabry—Perot than the Doppler width. At long interaction times and high

plates. The calculated threshdlidr spontaneous oscillation enough microwave power, the population inversion can be

of the OH maser is reached at a density of OH molecules irquilibrated completely.

the upper hyperfine state o202 cm™3. To investigate the

oscillation behavior, a higher OH density between theACKNOWLEDGMENTS
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