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Abstract

Described is a new apparatus which enables us to obtain quantum yield data
for l iquids or solutions of up to about 5—torr vapor pressure, e.g., aqueous
solu tions, using photon energies up to 10.5 eV. Data are taken by on-line
minicomputer and are stored on floppy disk for later analysis. Features of
the apparatus include: efficient temperature control; continuous renewal of
l iquid surface; very short path of li ght through va por to m in im ize photon
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“ INTRODUCT ION

Described herein is a new apparatus desi gned to obtai n quantum yield data
(i.e., photoelectron emission current as a function of exciting wavelength)

for liquids or solutions of moderately high (“ 5 torrs) vapor pressure , in  the

UV and VUV range up to 10.5 eV photon energies. Novel features of the

apparatus include hi gh sensitivity in the presence of hi gh vapor density and

on— l ine computer data acquisition and analysis.

The apparatus achieves high sensitivity by use of a very smal l gap (“ 1

m) between the emitting surface of the liquid and the grid which captures the

electrons. Such a small gap minimi zes losses due to gas phase light
absorption since the space between the collector and ‘iquid emitter is
maintained at the equilibrium pressure of the liquid.

Use of the on-line computer has a number of advantages for this experiment:

(1) Yield curves, calcu lated by dividing photoelectron emission current by

photon density, are generated quickly and plotted within seconds after an
exper iment is completed.

(2) Data are stored permanently on a computer-readable medium (floppy

disk).
(3) Data can be subjected to mathematical analysis of various sorts long

after the experiment is done.

Fi gure 1 shows a simplified block diagram of the experimental setup, with
emphasis on data paths and signal handling. As seen in Fig. 1, the total
apparatus consists of several main sect ions: cell compartmen t, computer,
monochromator , l i ght source, cell current amplifier and associated
electron ics, photomu ltiplier (Pill) and electronics, scan drive relay circuit ,
and temperature control circuits. The following sections detail the various

components of the system.

(j’9 4 .
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PART I

CELL DESIGN

The cell design is predicated on several considerations:
(1) Short path for incoming photons and emitted electrons through the gas

phase.
(2) Chemically inert support for the film of solution .

(3) Rapid renewal of surface (age of the liquid film at the point of

illumi nation is 500 rnsec).
(4) Operation at equilibrium vapor pressure of the solven t to preven t

freezing and concentration inhomogenei ty due to evaporation .

(5) Efficient and accurate temperature control.

(6) Warming of the LW window in the sample chamber to prevent

condensation of solution and inhibit attack of the window.

(7) Good reproducibility of liquid surface to collector grid distance ,

independent of viscos ity of the solvent.

Figure 2 shows water vapor absorption and transmi ttance spectra calculated
for 1 mm path and 5.1 torr, corresponding to the equilibrium vapor pressure at

1.5°C. 1 The short path for the photons up to 10 eV makes it possible to
provide quantum yield data even for aqueous solutions. The design of the cell

compartment is shown in Fig. 3 and its detai l will be described part by part.

Photon Intensity Monitor. A wi re (0.02” dla), B in Fig. 3, coated with
sodium salicylate is horizontally placed 1 cm behind the exit slit ,
intersecting a small portion of the photon beam for monitoring purposes.

Because of the horizontal wavelength dispersion of the monochromator, the

spectral distribution at the wi re should be similar to that at the target.

The f luorescen t l ight from the coated wire is detected with a photomulti plier

at a right angle to the photon beam, through a vacuum—ti ght glass window. The

details of the electronics will be described in later sections.
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LW Window and Grid Electrode. After the monitoring of its intensity, the

photon beam passes through a LW window (H in Fi g. 3) and a grid mesh

electrode (I). The electrode made of gol d Is supplied with an accelerating

voltage of +10 to +250 V. The mesh electrode (from Buckbee-Mears Co.2) is

80% transparent. it is in contact with the LW window which is fixed with

Ap iezon W wax onto a holder made of brass (G). The edge of the grid mesh is
treated with silver paint to make electrical contact with the holder. The

brass holder has two 1/8 W 2 kg resistors in parallel supplied wi th 30 V for

heating, and a small glass bead thermistor for temperature monitoring.

The thermistor indicated that the temperature of the holder was around

45°C during the experiments. The heating of the window was essential to
keep the window dry. Preliminary experiments without heating the window
indicated that after a few runs with aqueous solution the photolonization
current could be increased by the use of a hot air blower at the window. The
brass holder itself is electrically and thermally insulated from the slit and
photomultiplier assembly through a rubber 0-ring and plastic cylinder with
screw.

Liquid Cell. The liquid cell is composed of a Pyrex glass liquid
reservoir, a g lass rotating disk , a glass tube dipped into the li quid as a
cool ing unit, a therm istor , and a platinum wire electrode. The reservo i r is
glued to a Teflon support which hooks to the brass plate. The hooks hold the
reservoir in position and make the changing of solutions easy. The glass
rotating disk , 52 mm dia, and 2 mm thick , is attached on an acrylic plastic
shaft with Torr Seal epoxy. The disk is immersed in the solution up to a few
mm un der the plastic shaft.

The solution is cooled by a glass tube through which nitrogen gas cooled
by dry ice—alcohol or liquid nitrogen passes. An electromagnetic gas valve
controlled by a thermistor bridge circuit regul ates the passage of cooled
ni trogen gas which keeps the temperature of the solution constant. Since the
solution is connected to a very high impedance input of the current amplifier,
the thermistor circuit is completely floated from ground and shielded in order
not to bring outside electrostatic noise to the solution . The floa ti ng of the

L ~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~ 
--

~~~~~~~~~~~~
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circuit is achieved by the use of an internal battery power supply and an
optical coupler. The electr ical ci rcu i t di agram w i ll be shown i n a la ter
section . In order to avoid liquid condensation on the cooled g lass tube,
whi ch might electrically connect the solution to the ground, the parts of the

tube outside the solution are covered with thick Dif ion plastic tubes.

Glass Disk Rotation and Distance Adjustment Mechanism. The disk is

rotated at a rate of 0.5 rps by the use of a 60 rpm electrical motor and a 2:1

ratio speed reducer (E in Fig. 4). The output of the reducer is connected
through a flexible coupler to the drive shaf t on which the glass disk is

attached. The shaft is held in place through two 0—rings to a sliding block
(B) having a screw mechan ism wh ich produces 0.5 mm displacement by each turn

of a case (C). The movable parts are doubly sealed with 0—rings and the space

between them is evacuated by rotary pump to serve as differential pumping.

Distance Adjustment Procedure. There are several causes which make the

dist ance measur ement between the grid electrode and the g lass disk liquid film
difficult. They are: irregul ar shape of grid mesh; imperfections of
parallel i sm of the glass disk and the LW window; and the nonp i anar shape of
liquid film on the glas s disk which is determi ned by the comb ined effects of
gravity, centr ifugal force, viscosity, ripple in the liquid cell , and probab ly

electrostatic attractive force . It is very difficult and inconvenient to
measure the distance from outside by means of a cathetometer. Instead of
using a visual technique, an electrical distance—determining method was used.

The lock—In amplifier used to measure ionization current can also provide a
reference output of the same frequency at which a bandpass filter in the
amplifier works. The high voltage source is disconnected and the reference
output (0.9 V, 12 Hz) is applied to the grid electrode. All the other

circuits remain in the same configuration as for the ionizat ion current
measurement, and are used to amplify the capacitive current. Since the
capacitance (c) of parallel plates is inversely proportional to the distance
between the plates, the extrapolation of a linear plot 1/c vs. distance should

provide us an accurate distance measurement. The calculated capacitance
composed of paral lel plates in vacuum, 1/2” dia. and 1 mm apart, is aroun d 1
pF. The experimental results shown in Fi g. 5 indicate the plot is not
linear . The liquid on the disk touched the grid electrode well before the

- 
_ _ _ _ _ _ _ _
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extrapolated zero point. The liquid contacts often occurred around the point

B in Fi g. 5 where one could still see more than a few tenths of a millimeter
clearance by visual measurement. In order to avoid accidental liquid contact

which may greatly alter the LiF window transmission characteristics , the glass
disk must be kept at more than 0.5 mm from the grid , and the distance normally

used was 1 mi. The distance was arbitrarily chosen so that the capacitive

current gave 60 mV output at a current—voltage converter with 1010

feedback resistor. Before each experiment, the position of the disk was

adjusted to give the same capacitive current , in order to compensa te the small
liquid film thickness change depending on viscosity and 0-ring deformation.

Pumping System and Pressure Measurement. Two mechanical rotary pumps are

used. One with liquid N2 tra p evacua tes the ion iza ti on cell chamber and has
a three-way stopcock which closes the chamber after evacuation and introduces
air after taking a spectrum. The other one serves as a means of differential
pumping at the rotary feedthroughs for the UV li ght chopper and for the target

disk. In order to measure the vapor pressure in the chamber, an oil manometer
is used which is fifled with silicone diffusion pumping oil to avoid mercury
vapor contamination. The density of the oil is 1.0864 g/cm3.

Experimental Procedure. It is very difficult to maintain the glass disk

surface in a water-wetted condition . Even if the glass disk has been kept
rotating for a day in vacuum , whether it has been dipped in water or not,
parts of the disk lose their wetability. Therefore, it was very important to
clean the disk every day with hydrofluoric acid. Since the hydrofluoric acid
is one of materials having high photoionization cross section, thorough
washing with pure water must be followed after the cleaning. New aqueous
solution should be introduced into the cell only after the quantum yield
spectrum of pure water shows no photoionization current below 9.5 eV.
Solutions were introduced into the cell without prior degassing. There is
little bubbling or splashing of solution if the aqueous solutions are cooled
down to a few 0C before the cell chamber evacuation begins. The evacua tion
process from atmospheric pressure to ultimate vapor pressure must be done
slowly ( about 10 mi nutes total) to avoid splashing.

_______ ________



7

NONOCHROMATOR

The vacuum UV mono~hromator used was the GCA/McPherson Model 235 0.5 meter

scanning monochromator equipped with Model 815 Pumping Control System. The

characteristics of the vacuum system and details of the monochromator are

given in ref. 3.

The monochromatcr i~ of the Seya—Namiok a type with the grating as the only

reflecting surface between source and target. Grating specifications are as
follows : concave focal length = 0.25 m; 1200 L/mm; reciprocal linear
dispersion 17 A/mm; coating, A 1MgF2; gra ti ng area with mask , 2 x 3 cm;
without mask , 3 x 5 cm.

The pumping system consists of a Sargent-Welch Model 1397 Duo-Seal

two—stage rotary pump,4 and Varian /NCR M4 4” oil diffusion pump.5 The

Model 815 control system provides control for the electro-pneumatic valves as
well as safety interlocks for the entire system.6 The pumping system is
capable of producing a vacuum of better than 10~~ torr in the monochromator
as indicated by the discharge gauge of the Model 815.

ELECTRONICS : CELL TO COMPUTER

The electronics associated with the amplification of the photoelectron

curren t are shown i n F ig. 6. The solution is maintained at virtual ground by
a high—gain current to voltage converter. Contact with the solution is made
through a platinum wire dipped in the solution container . The feedback
res i stor is curren tly 1010 ohms. The operational amplifier is Burr-Brown
type 3420 with variactor input.7 As shown in Fig. 6, this DC amplifier is
followed by a bandpass fi l ter,8 the electrical schematic of which is shown
in Fig. 7. This filter is particu l arly important when hi gh sensitivities are
required as a result of low emission currents. The light is chopped before
entering the monochromator at a frequency of 12 Hz. The phase sensitive
detector (Princeton Applied Research , Model 121)~ detects only the component
of the cell current corresponding to 12 Hz. The bandpass filter is
necessitated by the fact that the input amplifier stage of the PAR detector is

.

~ 

.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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not tuned. Thus, at hi gh sensitivity, signal of all frequencies are amplified

before going to the tuned circu i try. If large components at frequencies other

than 12 Hz are present, the input amplifier stages will saturate. The

bandpass fi l ter therefore reduces these frequencies so that the PAR detector

will work properly.

During data acquisition, the PAR phase sensitive detector is operated in
the “selec ti ve external” mode. In this mode, an external reference signal of

arbitrary amplitude and shape is used to synchronize the rectification of the

chopped signal into a DC signal suitable for the computer. The output is +10

V ful l  scale , so that further amplif ication or processing of this output is

not necessary before sen di ng it to the computer A—to—D.

In order that yield curves from one experiment to the next be comparable ,
it is necessary to carefully adjust the controls of the PAR detector as
described in the manual of operations.9 Adjus tments inc l ude: reference
channel frequency; signal channel frequency; reference channel attenuation;

phase; and time constant. Since the bandpass fi l ter introduces an apprec i able

time con stant of its own , there is no advantage to using a time constant of
less than 1 sec. From the PAR detector , the si gnal trave l s to the computer
A-to-0 converter through a 30-foot shielded cable with twisted pair conductors.

ELECTRONICS : PHOTOMULTIPLIER CHANNEL

The photomultip lier channel provides a reference li ght intensity so that
quantum yield can be calcu lated. Figure 8 shows a block diagram of the signal
path. A portion of the chopped vacuum UV li ght is intercepted by a wire

coated with sodium salicy late crystals ( applied as a saturated solution in 95%
ethano l by airbrush). ’° The salicylate fluorescence is in the blue region
of maximum sensitivity of the Hamamatsu TV Model 347R photomultiplier
tube.1’ The signa l is amplified (Fig. 9) by a simple op—amp circuit. The
output of the amplifier is sent to the Keithley Model 822 phase sensitive
detector. The output of the first amp l i f i e r  also controls the high voltage
supp ly for the tube. If the output of the amplifier exceed 8 volts, the 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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circuit shown in Fig. 10 w i l l  instantl y interrupt the hi gh voltage to the

tube, thus protecting it from damage when high li ght i ntensities are

accidentally encounte-ed when the voltage supply is on.

The Keithley phase sensitive detector, Model 822 ,12 is a much simpler

device than the PAR detector described above. There is no control of

sensitivity or phase angle, so that the former is controlled by

photomultip l ier voltage, and the latter by mechanical adjustment of the

reference chopper. The output is +10 V , so that interfacing with the computer

A-to—U converter is di rect.

The hi gh vol tage supp ly i s Harr ison Model 6525A , manufac tured by Hewle tt
Packard.13 In order to keep calculated yield comparable, it is important to

operate this at a constant voltage from day to day. For our present work, we
usual ly use 440 vol ts, which , after amplification and phase sensitive
detection, yields a max imum output of 3-7 volts (1600 A).

REFERENCE CHANNEL

Use of the two phase sensitive detectors requires a waveform synchronized

with the chopper for reference purposes. Figure 11 shows schematically the
design of the reference chopper and the amplifier circuit. The reference
chopper is mounted on a common shaft with the UV chopper. Modulation is
achieved by a bladed disk which periodicall y passes between the emitter and
detector of an optical switch (Monsanto MCT81).14 This optical switch is
mounted on a hinge so that the phase angle may be adjusted mechanically.
Power is supplied by four 1.5 V alkaline batteries in order to avoid ground
loop problems which were encountered with an ordinary transformer supply. The
output of the amplifier is sufficient to drive several loads at 6 V.

Monochromator Scan Drive. The GCA/McPherson Model 235 monochromator has
provision for external control of the scan drive motor on/off function. In
order to start the scan dr ive at the same instant that data collection begins,

a circuit was built which allows computer contro l of this function. In Fig.
12 we see that a sing le IlL bit from the DR11-M digital output is amplified

_____________ ~. ~~~
. ~~~~ _ ;~~~~~~ W - —.~~~~~~~~~~~~~~~~~—— ~~~~~~~~~~~~~ 

. ——



r W~~~~II’ ~~~~~~~~~ I L  .

10

and used to drive a relay which enables the monochromator scan. Note that all

other controls - scan direction and speed as well as initial wavelength - must
be manuall y set by the operator.

Temperature Control. A thermostatting apparatus was built in order to
produce a reproducible low temperature of solution. The temperature sensor is
a small thermistor (Fenwal Electronics , type GB41P2) dipped into the
solution. Cooling of the solution is achieved by passing a stream of cooled
nitrogen gas through a glass cool ing tube. The use of gas rather than liquid

coolant prevents electri cal noise which might be introduced by the liquid.
The rate of cooling of solution is governed by controlling the gas flow wi th

an on/off valve. A block diagram of the cooling train and control circuitry

is shown in Fig. 13. Electrical schematics are in Figs. 14 and 15.

Lamp and Chopper Assembly. The hydrogen lamp is essentially the same as

described previously.15 Between the lamp and the monochromator are three

flanges supporting a shutter, filter elements, the entrance sl it , the chopper,

and two lithium fluoride windows. The external appearance of this assembly is

shown in Fig. 16. A cutaway view is shown in Fig. 17.

The shutter interrupts the li ght from the lamp in order to save the window
material from unnecessary exposure. The filter assembly provides a choice

between glass , sapphire and Suprasil fi lters. The first lithium fluoride

window is not glued in p lace; its purpose is to protect the second window,

which acts as a hi gh vacuum seal for the monochromator, from degradation by

plasma and hi gh energj photons from the lamp. The first window Is replaced

after each one-hour period of exposure. Windows used in this position are

cleaned with organic solvents and baked at 5000C to remove F—centers. They
may be reused several times. Windows used at position 2 are usually fres h
froi~ the manufacturer and may be used for several weeks before changing is

necessary.

The UV chopper Is made from a 1” tube of brass with six 1/4” slots mi l le d
at spacings of 600 around the circumference. The shaft rotates at 120 RPM,
resulting in a chopper frequency of 12 Hz. Differential pumping Is provided

for the shaft feedthrough to prevent contamination of the hydrogen l amp by air.

-
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Computer Program. The program used for data acquisition (“YIELD”) was

wr i tten mostly in Fortran with a few subroutines for operation of the A to 0

converter, dig ital input/outputs and real time clock written in assembler

language. The current program allows for data acquisition as well as plotting

for either one or two data sets. Each data set corresponds to a single scan

of the monochromator. Data sets are stored on floppy disks from which they

can be retrieved at any time for plotting or analysis. Figure 18 shows a

flowchart of the program YIELD.

Figure 19 shows in more detai l the steps involved in taking experimental
data and recording it on a disk file. The sequence is as follows: The file

Is named and the computer allocates buffer space in memory for the data; the
operator then enters one line of identifying text to be recorded with the data
on the permanent file. The operator then enters initia l wavelength , final

waveleng th, scan rate and PAR scale. These are the only parameters necessary

for the computer to calcu l ate the yield curve. Of course, the operator mus t
insure that all other factors which affect the yield curve are in good order.

With the shutter closed, the computer than takes “basel ine ” points - the

vol tages corresponding to the zero li ght levels for both the cell current and

photomultiplier current. The shutter is then opened and the wavelength scan
commenced under computer control. Points are presently taken at one per
second for fast scans or at a slower rate for slow monochromator scans. The
sample rate is adjusted so that a maximum of 500 data points is taken per
experiment. At the end of the scan, the scan drive motor is turned off under
computer control. The data are recorded permanently on floppy disk. The

operator may then examine the raw data or the calculated yield data. It is
also possible to compare two different data sets on the same scale. In this
mode, it is possible to compare raw photoelectron emission current,
photomultiplier current, calcula ted yield curves, log y iel d, as well as the
ratio and difference of yield for two different data sets.

- ~~~~- 
—
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COMPUTER

The laboratory computer used is a PDP 11/3416 equipped as follows (see

Fi g. 20): 32 k words (16 bit) solid state memory; KWh real time clock;

DR11-CK digital input/output; DR11-M~ two-word dig ital output; Plessey OL11-WA

teletype interface; AD11 16-channel AID converter; RX11 dual floppy disk

drive; VT55 graphic terminal wi th hard copy unit. The programming was done in

Fortran and assembler language under an RI-il operating system. The only mass

storage device was a floppy disk.

Analog input from the experiment was accepted by the AD11 analog to
di gital converter. This unit is 12—bit +10.24 V full scale (1 lsb = 5 mV).

It was connected in “true differential” mode to minimize noise pickup on the

long cables. The +10 V output from the PAR and Keithly phase sensitive

detectors was thus well suited for di rect input into the computer A to D
without amplification.

The real time clock was used to time the interval between data points ,
usuall y 1 sec or longer. A small correction in timing (1%) had to be
introduced in the program to synchronize the rate of the clock with the
monochromator scan rate. This discrepancy is probably due to a programming
problem rather than to hardware problems with either the clock or scan drive.

The DR1]-CK and -M input/output units work with IlL signal level s and are
useful for interfacing digital logic such as 0—to-A converters and digital
meters. The only use in the present experiment is to initiate the scan drive
(see below). For other techniques, such as EDC measuremen t and constant
In itial state spectroscopy, the digital outputs will be used to drive 0-to—A
converters controll i ng the elec tron energy anal yzer. Digital inputs can be
used to input digital data from photon counters or DVM’s.

The monochromator scan is Initiated by loading bit l2io of location
1677628. A subroutine supplied by RT1I Fortran allows this address to be
loaded di rectly from the Fortran program. To stop the scan, the bit is
cleared.

~
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CAPTIONS TO FIGURES

Fig. 1. Block diagram of the major components of the quantum yield

apparatus. Arrows indicate direction of informati on flow or control.

Fig. 2. Water vapor spectrum (from Ref. 1). Upper part transmittance curve

is derived from Ref. 1 with the values of path length 1 mm, vapor

pressure 5.1 torr.

Fig. 3. A, exit slit , 2 mm x 10 mm; B, wire coated with sodium salicy la te; C,
glass w i ndow whi ch is fixed w ith Torr Seal to seal the vacuum ; 0,

photomultiplier; E, housing for a resistor network and electronics

circuits; F, p lastic (D if lon) coup ler; G, LiF window holder having a

heater element and a thermistor for temperature monitor; H, LIE
window , 1/2” dia., fixed with wax; I, gold mesh grid; 3, glass disk

wheel; K, plastic (acrylic) disk holder; L, Pyrex glass solu ti on
reservo i r; N, glass bead thermistor; N, Pyrex glass tube for cooling.

Fig. 4. A, 1/4” sta inless steel rotati ng shaft; B, sliding block; C, ou ter
case for B, which rotation provides the shaft disp l acement; 0,
flexible coupling; E, 2:1 speed reducer; F, input axis for a reducer
driven by a 60 rpm motor; G, sliding shafts supporting whole the cell

assembly; H, thermistor bridge circuit.

Fig. 5. The capacitance is formed by grid electrode 0.5” dia. and liquid film

electrode dependence on the distance between them. The ordinate

indicates the reciprocal 0f the capacitance. A, the disk position
normally used; B, at this distance often begin the liquid contacts.
Absc issa is calibrated from number of turns of the sliding block .
Absolute distance from wheel to grid is not measured, since it will

vary depending on solution viscosity.

FIg. 6. Block diagram of photoelectron emission current amplifier channel.

Fig. 7. Electrical schematic of bandpass filter. See Ref. 7 for details of

component selection. 
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Fig. 8. Block diagram of photomulti p l ier output channel.

Fig. 9. Photomultiplier tube current amplifier schematic.

FIg. 10. Photomulti plier tube protection circuit. If output of ampl i f i er

exceeds 8 V, the high voltage supply will be interrupted.

Fig. 11. Schematic layout of reference chopper desi gn and electrical schematic
of chopper amplifier .

Fig. 12. Schematic of computer controlled relay circuit to start and Stop
monochromator scan drive motor. Other monochromator controls must be
set by operator.

F ig. 13. Block diagram of physical layout of coo l i ng tra in and con trol
circui try.

Fig. 14. Thermistor bridge circuit for temperature control. Thermistor has 10
ko nominal resistance at 250C. Resistance ratio 0°C to 50°C is
7.5:1.

FIg. 15. Relay circuit controlling gas valve for nitrogen cooling.

Fi g. 16. External appearance of hydrogen lamp—shutter-filter-chopper-mono-
chromator assembly.

Fig. 17. A, hydrogen lamp; B, shutter; C, Cajon 0—ring connectors (schematic
i llustrat ion); 0, 0—r ing seal; E, filter assembly (glass , Su pras i l ,
sapphire, open); F, brass retaining plate for G and H; G, LI E w indow
#1; H, entrance slit fixed at 2 mm (actually, slit opening is
vertical); I, rotating chopper cylinder; J, stainless steel shafts;
K, monochromator entrance; L, mounting plate for M (makes hi gh vacuum
seal between lamp assembly and monochromator); N, LIE window #2,
fixed to L with Torr Seal; N, chamber for differential pumping of
chopper shaft; 0, H2 gas inlet (outlet not shown); P, 1/4” hole for
evacuation of chopper chamber (chopper, shutter and H2 lamp are at
same pressure during operation, Ca. 5O0~ H2).
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FIg. 18. General flowchart of program YIELD including data acquisition and
plotting.

Fi g. 19. Detailed flowchart of data acquisition section of program YIELD.

Fig. 20. Computer configuration.
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