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PROTOBMIB8IVE SURFACES

During the period July 1 to October 1, 1952 considerable progress

was made toward understanding the chemistry of the formation of the

S-1 photo surface. This progress has been possible because there were

no changes in the personnel during the quarter. The crystal structure

of 0520 has also been further refined.

1. TUBE FABRICATION AT 150°C.

In the preparation of the 8-1 photosurface the cesium addition is

usually performed with the tube at 1900 to 2000C. At these temperatures

the solid cesium oxides which may be formed are Cs02, Cs203, and Cs20.

However, at temperatures below 170*C the solid cesium oxide, Cs30, may

also be formed during the reaction of cesium with silver oxide. It

has been reported(l) that tubes prepared by cesium addition at 1500c

(1) N.S. Zaitsev aad N.S. Klebnihov, J. Tech. Phys. (USSR) 8 1023-33
(1938)

do not develop appreciable infrared sensitivity. From an investigation

of the relation of photoelectric properties, composition, and cesium

vapor pressure, Sayama(2) concluded that for cathodes prepared at 145*C

(2) Y. Saym, J. Phys. Soc. Japan 1 13-17 (1946)

the spectral sensitivity does not vary in the composition range
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2.0 < C,/o < 3.0, and thus that the cesium in excess of Ca2 0 was present

predominantly as the suboxide C330. In addition the absolute yield of

photoelectric and thermionic emission remains at nearly the same values

for the above range of composition. Consequently to establish the facts,

an investigation has been made of the development of thermionic and

photoelectric emission at 1500C using the techniques described in the

previous report for fabrication at 190"C.

1.1 Experimental Methods.

A series of four massive cathode tubes have been prepared at

150*C using the same cathode and capillary in each run. Two of the tubes

were used to investigate the characteristics of the thermionic and photo-

electric emission during continuous addition of cesium to the formation

* of a conducting film on the tube wall between the cathode and anode.

The second pair of tubes was used to study the effect of cooling the

cesium source, cooling the tube, beAing, and reintroducing cesium on the

photoelectric and thermionic emission.

The massive cathode tubes used in the investigation were similar

in design to those used in the 190*C investigation previously reported.

The massive silver cathodes with an area of approximately 22 cm2 were

oxidized in an oxygen glow discharge to the second-order yellow color.

At the second-order yellow color the oxide film contained approximately

4.5 x 10- gram atom of oxygen per square centimeter. At 150@C the

capillary used to control the cesium flow into the tube gave 6.13 x 10-8

mole of Cs per minute (7 cathode monolayers per minute) and at room

temperature 9.4 x 10"-0 mole per hour.
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After the oxidation and firing of the Cs2OrO4.$j pellet in the sie

tube, the tube was tipped off the vacuum system, placed in the oven at

150" C, and connected to the vibrating reed allfier-Brown recorder

unit. During the cesium addition the thermionic emission was continu-

ously recorded. The photoemission was periodically measured by illu-

minating the cathode with white light passed through the following

filters:

P,- Clear glass
F2 - Polaroid =CX-60 > 775 mu

F3 - Polaroid XUR-30 > 830 mi
F4 - Corning 2540 > 800 mIA

F5 - Polaroid XAU-14 > 880 mp

During the tube preparation the cesium addition was stopped by the

simple expedient of placing a piece of moist cotton on the cesium

source to reduce the cesium vapor pressure to a negligible value for

the experimental periods involved.

In the discussion of results which follows, composition data for

the tubes are presented. It is worth while to coment at this point on

the precision of these values. The reported cesium-flow rate into the

tube is dependent upon the validity of two assumptions, namely (1) that

the partial pressure of cesium in the tube is negligible compared to

the cesium pressure in the source, and (2) that the cesium flow rate

through the capillary my be computed using the intermediate pressure

flow equation.

The experiments of Say*m (2) show that for the composition range

0.0 < Cs/O < 2.4 the cesium vapor pressure at 145C is less than g6 m

of
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during cesium addition at flow rates approximately 10 times larger than

used in the tube fabrication at 15U*C described in this report. In

addition, the equilibrium cesium vapor pressure in the tube after sealing

the cesium source off at a Cs/O ratio less than 2.92 was less than

7.0 x 10"8 mm Hg. In Sayama's experiments it was observed that beyond

the composition Cs/O - 2.4 the ion 6auge characteristics during the cesium

addition did not correspond to pure cesium sacid consequently the actual

cesium vapor pressure could not be determined. Thus to the composition

Cs2 .40 the cesium partial pressure in the tube should be negligible com-

pared to the pressure in the source. In addition, it is also evident

that to the gross composition Cs2 .40 it would be difficult to distill

cesium out of the tube by cooling the cesium source.

In the case of the second assumption it has been experimentally

established in this laboratory that the cesium flow rate for the capil-

lary size used is actually 5% high if calculated by means of Knudsen's

molecular flovr equation. If the intermediate press.ure region flow

equation is used with a cesium viscosity of 49.2 x io-5 poise at 150*C

and the mean free path of cesium in cesium then the calculated and ob-

served flows differ only by 0.9%. Thus the calculated cesium flow rate

should be reliable to at least 1%.

In the calculation of the Cs/O ratios for the tubes the amount of

oxygen deposited during the glow discharge is used. The magnitude of

error in the oxygen content of the cathode is probably of the order of

5%. Thus the absolute value of the Cs/0 ratio my be in error by 5%.
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In considering the Cs/O ratios it is to be noted that these values

represent the gross conjosition of the tubes. These values do not neces-

sarily represent the actual composition existing at the photosurface

because of the reaction of cesium with tube walls etc.

1.2 Discussion of Results

The investigation of tube fabrication at 150C has demonstrated

that for cathodes oxidized to the second-order yellow color reproducible

results are obtained. Therefore, the discussion will be restricted pri-

marily to the characteristics of two tubes, PT 52 and PT 53.

1.21 Development of thermionic and photoelectric

emission on continuous addition of cesium.

In the preparation of PT 52 the cesium was added continu-

ously until a surface conduction film was formed on the tube wall. The

variation of the thermionic and photoelectric emission during contixmous

cesium addition to PT 52 is shown in Fig. 1. The maximum photoemission

was obtained when the gross Ca/O ratio was 1.5. The thermionic emission

maximum which appears at 1.6 Cs/O is actually less sharp than is indicated

by the figure. This arises for the following reasons during the illu-

mination of the cathode in the composition range 1.5 t 0.2, there was a

marked photoactivation of the thermionic emission which resulted in a

higher value for the thermionic emission than would appear if there had

been no illumination. At 150C the rate of decay to the normal value

appears to be slower than at 190C. The sharp peak in the thermionic

emission curve was thus produced by the 'photoactivation. The maxiauu

emission at 150'C occurs at approximately the same gross composition at

150C as in earlier runs at 1909.
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From the appearance of the photoemission curves it would appear

that three different types of photosurfaces my be formed during the

cesium addition. At the composition Cs/0 a 1.5 the surface of maximum

infrared sensitivity appears. As the cesium addition is continued the

photoeiission decreases to a new steady state at 2.0 Cs/O as shovn in

Pig. 1 300 to 375 minutes. This surface has a long wavelength limit

of approximately 890 mp as indicated by the filter responses. During

this process the thermionic emission decreased to the order of 10 =e

(105 range) compared to 330 mm (105 range) at the maximum. Further

addition of cesium resulted in a second decrease in photoemission at

375 to 0O minutes to a surface with a long wavelength limit less than

800 mp . For this surface the thermionic emission had decreased to

-0.r( mm (10 5 range).

Shortly before the composition C830 is reached the emission

starts to change from a thermionic current to a conduction current.

This is indicated by the fact that the current becomes directly pro-

portional to the applied voltage and the reverse polarity current equals

the correct polarity current. At the composition 3.2 CslO the reverse

polarity is equal to the correct polarity and the equivalent resistance

is 1.4 x i010 . It is of interest to note that this leakage current

probably is not due to pure metallic cesium since cooling a tube which

has a conduction film at 150*C results in a decrease in conduativity.

MNouremants on the conductivity of these fMlus as a function of ten-

perature has indicated that the film has a conductivity work function

of approximately 0.3 ev.
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The appearance of the conduction current is related to the gross

composition of the tube. At 1900C the equilibrium phase for.2.0 < CS/0

< 2.91 is a solution of oxygen in cesium liquid in equilibrium with

CS20. At 150*C, however, for 2.0 < Cs/O < 3.0 the equilibrium phases

are solid Cs2O and solid C830, but for 3.0 < CB/o < 3.29 the equilib-

rium is between cesium liquid and solid Cs30. Experimentally it is ob-

served that the conduction current appears at approximtely 2.1 Cs/O

for 1906C and at approximately 3.0 Cs!O for 150*C tubes. The fact that

the conduction current appears at a gross composition involving the

presence of liquid cesium in the tube suggests that to a first approxi-

mation the composition within the tube corresponds to chemical phase

equilibria. Thus between the composition Cs20 and Cs30 the species

Cs3 0 undoubtedly is formed.

The results described above show how thermionic emission and photo-

sensitivity develop as cesium is added to the photocathode without inter-

ruption. The results show that both thermionic and photoelectric emission

are considerably reduced after passing the composition Cs/O - 2 and hence

suggest, at first sight, that Cs30 which is formed beyond this composi-

tion is not active in the far infrared. It is of interest, however, to

pursue the matter further by adding cesium beyond the composition - -.

Cs/0 . 2 and then to bake the phototube at elevated temperatures for

considerable times to see whether the infrared sensitivity can be re-

covered. This has been done in several instaacesj one of which is dis-

cussed in the following section. At the same time several other experi-

ments have been performed for different purposes. All of these are

described in the next section.
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1.22 Iffect of cesium addition in excess
followed by heating

During the preparation of P 53 at 1500 C the effect of

the following operations on the thermionic and photoelectric emission

were investigated,

1. Cooling of the cesium source during cesium addition
at 150*C. This interrupts the flow of cesium to the
photocathode.

2. Repeated addition of cesium at 150"C, recooling of
cesium source to equilibrate the tube, and then
cooling the tub* to room temperature.

3. Addition of cesium to the tube at room temperature

followed by rebaking with the cesium source cool.

In Table I data are presented sumarizing the processing conditions and

the room temperature spectral response characteristics. It is of interest

to note that the spectral response characteristics after bake are essen-

tially constant for the composition range 1.615 < Cs/O < 2.82. In Table I

the first column contains the number assigned to each heat treating op-

eration so as to identify the operation in subsequent figures. Column 2

gives the temperature to which the tube is heated. Column 3 gives the

number assigned, for identification purposes, to the spectral response

measurement. The spectral responses were measured at room temperature.

Column 4 gives the time in hours and minutes at which the spectral re-

sponse measurement was made. Column 5 gives the temperature of the side

tube containing cesium during the interval preceeding the spectral re-

sponse measurement. In the interval preceding measurements 2, 3p 4 5,

6, 7, 9, 12, 13, 14, 15, 16 and 24 both the cesium source and the attached

phototube were maintained at room temperature. Column 6 gives the time

C(in minutes) during which the cesium source was at oven temperature

9
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during the baking operation. This constitutes the time interval during

which cesium is added to the photosurface at a high rate. During the

reminder of the interval the source was cooled to 1O0*C in order to

reduce the cesium flov rate and examine the effect on thermionic

emission and photoelectric emission. Column 7 gives the ratio of atoms

of cesium which have entered the phototube to the atoms of oxygen added

in the initial oxidation. Columns 8, 9, 10 give respectively the wave-

length in mg at the peak of the spectral response curve, at one-half

the maxim m and at the long wave limit. In the following discussion

several significant aspects of the behavior of this tube will be pointed

out.

The development of the photoelectric and thermionic emission in

PT 53 during the initial cesium addition is shown in Fig. 2. During

the cesium addition, the photoemission passed a maxiuum at 24 5 minutes

and the cesium source was cooled. On cooling the cesium source there

was a marked increase in the (F1 -72) photoresponse and the thermionic

emission rose to a maximum. The discontinuity in the thermionic

emission beyond the maximum is due to the cesium source having warmed

and then being recooled. The thermionic emission characteristics of

the tube are very sensitive to the addition of cesium at this stage in

the fabrication. Cooling the cathode to room temperature resulted in

a marked increase in the infrared response as shovn by the increase in

2' F3, 74 and F in Fig. 2.

For coWrison, the following facts concerning the fabrication of

photocathodes at 190 0 should be kept in mind. During the fabrication

(1 31
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of tubes at 190"C it is observed that cooling the cesium source my result

in a decrease, an increase followed by a decrease, br an increase to a

stable value for the photoelectric and thermionic emission depending upon

the gross composition. These cases are encountered in the order given

as more cesium is added to the phototube. As the gross composition

1.6 - 1.7 Cs/O is approached the stability of the surface formed on

cooling the cesium increases and the emissions tend to stable high

temperature values.

In the initial preparation of PT 53 the cesium source was cooled at

0.57 s/O and 1.60 Cs/0. As shown in Fig. the thermionic and photo-

leetric emissions increased to maximum values. A comparison of the

relative photoemissions for the two Ce/O ratios is shown in Table II.

These data suggest that the photoelectric yield as a function of wave-

length of the two surfaces 0.57 Cs/0 and 1.60 Cs/0 differ only by a

?A II. WF71CT 0 COOLZm CUBIUM
ON THE PT 53 PUDTOINIM ION

White light
responses

Cs/0 Stage 72/F1 F3/F1 F4/F1  F5/71  (Photocurrent)E1

0.57 Before Cs 0.294 0.103 0.065 0.031F 1.07
cool

After Cs 0.332 o.161 0.103 0.061 1.31
cool-

1.60 Before Cs 0.262 0.115 0.078 o.o8 159.0
cool

After Cs 0.333 0.116 0.125 0.066 180.5
cool

scale factor despite the fact that the photocurrents differ by more than

a hundred fold. This is in accord ith the view that the emitting centers

( in the two cases are slike but are more numerous in one case than in the

other.
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- In the preparation of PT 53 it was observed that, at 0.33 C/O,

cooling the cesium source resulted in a rapid decrease in emission

whereas at 0.66 Cs/0 the emission increased steadily to a limiting

value. It is interesting to note that the composition 0.6 Cs/O is

within experimental error that correspanking to the compound C0203. In

addition, the cesium vapor pressure data of Bayam indicate that at

145*C and low 0s/0 ratios a significant partial pressure of cesium is

not developed in the tube, thus the cesium reacts rapidly with the oxide

film.

The above described behavior (at 150C) of PT 53 on interrupting cesium

flow (by cooling the source) differs from that encountered in the pre-

paration of photocathodes at 1900C in one particularly important respect.

lamly, in the intermediate composition range, 0.6 < Cs/O < 1.6, at 150@C

no case is encountered in which, on interrupting cesium flow, the thermi-

onic emission first rises and then falls. This difference in behavior

cannot be attributed to different rates of cesium addition at the two

temperatures because the capillary size was changed so as to make the

flow rates approximately equal.

The data suggest that some reaction rates involved in the formation

of the photosurface become markedly slower on decreasing the reaction

temperature from 190* to 150*C. However, with the present data, it is

not readily possible to evolve a unique hypothesis to account for the
results. It is possible that at the photosurface approximate phase

equilibrium is established during fabrication at 150* and 190*C, and

that the loss in emission at 190*0 involves a secondary process such

as reaction of cesium with the glass. Alternatively it is possible

15



that at 150"C a 'layer" phase equilibrium Ag8Oy-CsO2 -Cs 2 03 -C5 2 O is es-

tablishd but that the rate of equilibration of the surface to true phase

equilibrium is slow. In this case the decay in emission at 190C could

be associated with a thermal decomposition of residual silver oxide and

a corresponding destruction of the photosurface by the evolved oxygen.

Still another possible explanation is that at 190"C the diffusion rate

of oxygen through the layer structure is rapid enough until the co Wo-

sition approaches 1.6 Cs/O that the infrared photosurface is unstable

until the thickness in sufficient to reduce the diffusion rate to the

surface to a negligible value. To establish the correct hypothesis

further experiments on the stability of the high teuperature surface as

a function of baking time must be performed.

As mentioned earlier the spectral response characteristics (mximum

photoemission wavelength, long wavelength limit, and half Maximum photo-

current), remain essentially constant for the composition range

1.61 < cs/O <_ 2.82. These quantities indicate the shape of the spectral

sensitivity curve. During the baking operations, depending upon the

stage of fabrication, the photocurrents undergo considerable variation.

The photocurreuts obtained on illumination through the various filters

(1) Just prior to cooling the cesium source, (2) after cooling the cesium

source, and (3) after cooling the tube to room temperature are presented

in Table III. The photocurrent ratios are also gives. In considering

the data in Table IIM it is important to note that Bakes 1 and 2 were

performed at 190eC. The data for Bake No. 2 do not necessarily represent

equilibrium conditions in the tube because of experimental difficulties

encountered in maintaining the cesium source cool.

16'



(9 TAX III Y IUT3 RUPON M 7!AFO PT 53
Btage 1 - Just before cooling cesium source
Stage 2 - Af ter cooling csiua source
Stage 3 - Afte r cooling tube to room texperature

Tilter Response m 105 wg beaive Filter Reozie

Bake
No. Stage 71 72 7P3 114 75 72/71 lF3/Jpl ui4 ki r5/lr

nit. 1 159 . 42 18. 4 12..4 7.6 0.262 0.115 o.o78 o.o4'
2 180 60 30 22.5 12.0 0.333 0.166 0.125 0.066
3 290 99 54 40.4 25.2 0.341 o.186 0.139 0.087

i1 1

2 195 55 0.282
3 364 15o 83 60 ho o.412 0.228 0.165 0.110

2 1 830 340 150 95 50 o.1410 0.181 o.126 0.o60
2 820 322 150 105 54 0,392 0.183 o.128 0.o66
3 695 230 102 68 35 0.33.1 0.147 0.098 0.050

3 1 560 240 110 71 4o o.429 o.196 o.127 o.o71
2 780 4Mo0 210 150 95 0.513 0.269 0.192 O.L22
3 1020 545 320 235 150 0.535 0.314 0.230 0.147

41
2 608 305 164 116 72 0.502 0.270 0.191 0.118
3 790 435 250 195 130 0.550 0.316 0.246 o.164

5 1 380 140 52 34 15 0.368 0.137 0.089 0.039
2 620 31o 15o 1o2 68 0.5o0 o.242 o.169 o.1o
3 895 472 270 202 132 o.528 0.301 0.225 0.147

6 1 386 126 42 28 12.4 0.326 0.109 0.072 0.032
2 610 302 160 105 62 0.495 o.262 0.172 0.102
3 930 500 295 220 145 0.538 0.317 0.236 0.156

7 1 300 70 13 7 1 0.233 o.0o43 0.023 0.003
2 460 200 90 60 22 o.435 0.196 0.130 o.o43
3 800 42 240 180 115 0.526 0.300 0.225 0.1144

8 1 430 15.2 1.4 1.5 -- 0.035 0.003 0.003 --

2 970 350 124 84 39 0.360 o.128 0.086 o.0-4
3 2158 1080 57o 410 250 o.5o2 0.265 o.191 o.116

9 1 375 15 o.o4 .. ..
2 554 82 12 7.5 0.5 0.148 C.022 0.014 0.009

3 1555 605 235 155 75 0.389 o.151 o.1o o.o48

10 1
2 710 160 35.5 21 5.5 0.225 0.050 0.030 0.008

1 1470 114 95 5 0.o4090.128 0.083 o.o39
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The characteristics of the photoelectric and thermionic emission

during the cesium addition were similar to thos shown in Fig. 1 for

PT 52. After the Os/O ratio vas greater than 2.0, the addition of

cesium caused a decrease in the 72, 13, F, and 15 photoemission. Hov-

ever, cooling the cesium source resulted in an increase in the photo-

electric and thermionic emission, the magnitude increasing as the Cs/O

ratio increased. To the composition 2.56 Cs/O Bake 7, the thermonic

emission at 1500C with the cesium source cool remained at the same

order of magntude. At the end of Bake 7 the maximunt thermionic

emission at 150C0 with the cesium source cool had decreased to approxi-

mately half the previous value; hovever, the spectral response after

Bake 7 did not differ significantly from the response present at the

end of Bakes 3, 4P 5, and 6. As the Cs/O ratio increased it was also

observed that the increase in infrared sensitivity on cooling the tube

became greater so that the final surfaces from Bake 3 through 7 wre

practically identical in photoemisuion characteristics.

In the cases when the eathode vas rebaked at 150*C with the cesium

source cooled and no appreciable amount of cesium had been added at room

temperature, the photoemission decreased reversibly to the value previ-

ously existing at the high temperature. Thus the gain and loss of photo-

emission with temperature is reversible in the absence of a composition

change.

As shown in Table III there was a marked increase in the photoemission

during Bake 8. The variation in the thermionic and photoelectric emission

during this bake is shown in Fig. 4. During the initial heating with the

£ cesium source cool there vas a decrease in the photoexission followed by

• 18
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an increase to 'stable" values. The thermionic emission, however, in-

creased to -1100 mm (105 range) as compared to approximately 500 mm

(105 range) at the end of Bake 7. This high emission value is compar-

able to that present at the end of Bakes 3 through 6. The decrease in

photoemission to a minimum observed during the heating period is attrib-

uted to the distillation of cesium from the walls to the Photosurface.

As the temperature increased this excess cesium reacted at the surface

,to form the "stable" emitter surface.

After the photoesission became constant (see Fig. 4) the cesium

source was warmed to 1500C. During the cesium ad ition the thermionic

emission decreased to a minimum and was replaced by a conduction current

as shown in Fig. 4. Accompanying these changes there was a marked

£ decrease in photoemission, the P5 response actually disappeared, and the

long wavelength limit was less than 890 mp. Recooling the cesium source

resulted in the disappearance of the conduction current and the re-

appearance of thermionic emission. After rmintaining the cesium source

cool for 60 minutes the thermionic emission had increased to 240 mm 105

range compared to 1100 mm 105 range prior to the cesium addition.

During the cooling of the tube to room temperature there was a marked

increase in the infrared photoemission as shown in Fig. 4.

The changes in the spectral response characteristics before and

after Bake 8 are shown in Fig. 5. From Bake 3 through 7 no marked

changes in spectral response occurred, thus curve 20 in Fig. 5 my be

considered as representative of this series. After Bake 8 the response

shown in curve 21 was obtained, the marked increase in sensitivity is

20
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evident. Bake 8 shifted the uximlu from 970 O to 950 1L, the long

wavelength limit from I4o0 to 1350, and the half-maxima photocurrent

from 1095 to 1060 W. In Fig. 5 the dotted curve represents the in-

crease in photoemission that vas obtained. Actually the difference in

the long wavelength region (A > 1150 p) for the two curves was small.

The occurrence of the increase in photoemission with a corresponding

decrease in theruionia emission is not unusual. It has been observed

by Asao(3) in the cae of thin film cathodes that evaporation of a

() . boo, Prop. " lith. Soc. jMa 22 I-8 (l9O)

third silver layer my cause an increase in photoemission and a

decrease in thermionic emission with the thermionic work function re-

maining constant.

During Bake 9 the tube was heated to 150*C with the cesium source

cool and the thermionic emission rose gradually to the value at the

end of Bake 8. During Bake 9 additional cesium was added to the tube

producing a larger conduction current than in the previous bake.

Baking the tube at 150eC for a short time ( -10 min) with the cesium

source cool caused a decrease in the conduction current. Cooling the

tube to room temperature did reduce the leakage current to a sufficiently

low value so that the spectral response could be measured using a 7.5-volt

collecting field. The spectral response after Bake 9 is shown by curve

22 in Fig. 5. Further baking at 150*C with the cesium source cool reduced

the conduction current and added a thersionic emission component. The

spectral response at 202.5 volts after ]ake 10 corresponds to curve 23

2



in Fig. 5. The addition of cesium at room temperature for 6I: hours

caused the response to shift to curve 24 in Fig. 5.

During the prepa" tion of cathodes in this laboratory it has been

observed that the photoesission characteristics are to a large extent

dependent upon the chemical composition of the cathode . The compari-

son of the 150"C to the 190"0 fabrication teperature data clearly

demonstrated that at 150C a process becomes very slow which at 190"

quickly destroys the photosurface for Cs/O less than 1.5. It has also

been observed that after a "stable" surface is equilibrated at high

temperatures its characteristics my be readily modified only by changing

Whe composition. The composition my be changed as a result of adding

more cesium or bakIng at a temperature hi&We than the equilibrating

temperature. Cathodes which, after fabrication) exhibit a marked

variation in spectral response characteristics depending upon the

position of cathode illuminated may be made uniform in photo response

characteristics by a baking operation at an appropriate temperature.

After the equilibration further baking produces consistent changes inde-

pendent of position on cathode. It is also true that the characteristics

of a cathode with attached cesium source are invariant after a stabiliz--

ing bake provided that no significant amounts of cesium are added from

the side tube.

At the end of section 1.21 the question was raised as to whether

on adding cesium to a photocathode beyond Os/O - 2 the photosensitivity

could be recovered by prolonged baking at a high temperature. As the

result of the experimnts described in this section it is now clear that

e the photosensitivity can be recovered by such heat treatmnt, out to

23



gl

cesium-oxygen ratios of almost 3. If all of the cesium added to the

tube actually collected on the cathode itself and remained there, this

would establish that C30 is an infrared emitter which had to be

activated by prolonged heating. This, however, cannot yet be accepted

as a fact because it is krn from the radio tracer work (Section 2)

that considerable quantities of cesium accumlate on the tube envelope

rather than on the cathode. The baking operations my therefore serve

mainly to remove cesium from the cathode because of reaction with the

tube envelope. This can be tested by adding cesium in excess, baking

to restore the infrared sensitivity, and determining the amount of

cesium on the cathode itself. This can readily be done by means of the

radio tracer technique described in Section 2 and is planned for the

idiate future.

1.23 Effect of adding excess cesium at
low temperature

From the experimental data it is clear that the spectral

response is a function of chemical composition and equilibration of the

tube. Since at room temperature the rates of the chemical reactions at

the photosurface would be slow, two experiments were performed on the

effect of room temperature cesium addition on the photoemission.

After the initial fabrication of PT 53 the spectral response was

measured and the cesium source was cooled overnight with a dry ice -

acetone mixture. When the spectral response was remeasured the next

morning, it was found to be unchanged. Thus merely standing without

cesium addition has no effect on the photocathode. The cesium source

was then warmed to room temperature and the change in spectral response
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with tim determined. The room-temperature cesium flow rate was

9.4 x l0 " 0 mole per hour. The change in the speotral response during

85.75 hours of cesium addition is shown by curves 2 through 7 in Fig. 6.

After the response had decayed to curve 7, the tube was rebaked at 1900C

with the cesium source cool to give the final response curve 8. The

thermionic emission during the 190eC bake increased to a stable maximum

value.

After Bake 3 cesium was again added to the tube (PT 53) at room

temperature. During this cesium addition the spectral response character-

istics of the tube changed from curve 11 to 16 in Fig. 7. The tube was

then rebaked to constant thermionic and photoelectric emission at 150*C

(Bake 4) and the spectral response 17 Fig. 7 was obtained. Rebaking

(the cathode thus resulted in a recovery of the original spectral response

characteristics.

The change in the photoemission at 900 and 1000 z during the cesium

addition at room temperature as a function of the amount of cesium added

is shown in Fig. 8. It is evident that the photoemission at these wave-

lengths has decreased to a saall value before the equivalent of a cesium

monolayer over the entire interior surface of the tube has been added.

The assumption that appreciable cesium is deposited on the walls is

indicated by the following observations during the rebaking of PT 53.

Mf the tube was rebaked after only a short period of room temperature

cesium addition, then during the heating to the bake temperature the

photoemission decreases gradually to the high temperature value and the

thermionic emission increases continuously to the high temperature value.

Amg
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t A However, if significant cesium flow has occurred (-i0 "8 mole), then

on heating the tube there is initially a rapid decrease in photoelectric

and thermionic emission, followed by an increase to the former high

temperature values. The decrease in emission my be interpreted as

resulting from the transfer of cesium from the tube walls to the cooler

cathode followed by reaction when the cathode reaches a temperature at

which the reaction rates are sufficiently rapid to equilibrate the tube.

The foregoing experiments explain some peculiarities encountered in the

fabrication of phototubeas which it seem worthwhile to describe. In the

preparation of cathodes it is frequently observed that the cathode after

cooling to room temperature and sealing-off from the vacuum line has a

rather poor infrared response. However, after a stabilizing bake at

130*C it my develop a good set of response characteristics. Actually

it has been observed that during the stabilizing bake the response my

shift from the equivalent of curve 16 Fig. 8 to any of the other curves

11 through 15. After approximately a 3-hour bake at 1300C, further

baking resulted only in very minor changes in the response. This behavior

is probably explained by the fact that some cesium is distilled from

the tube envelope to the cathode during the process of sealing-off from

the vacuum line. Furthermore cathodes which after fabrication are

characterized by maxima at wavelengths shorter than approximately 700 MI

may not be readily baked to produce tubes with a significant response at

950 W. In this case the lack of infrared response is not due to excess

cesium but to some other factor.

The data quoted above are consistent with the conclusion that the

spectral response characteristics are inherently associated with the
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gross chemical composition of the tube. If the cathodes are fabricated

by a process such that excess cesium is present on the final room

temperature photosurface, then baking will modify the response depend-

ing upon the cesium sinks present within the tube. As a result of

differing processing conditions, the cesium sinks my assume varied

forms. Ixamles of possible cesium sinks are as follows: (1) unreacted

cesium oxides Cs203, CsO2 in the photosurface, (2) conversion of Cs2 0

to Cs30, (3) adsorption on tube elements, and (4) reaction of cesium

with the glass envelope. In a particular case, the reactions involved

in the recovery of emission on baking would be dependent upon the actual

gross composition of the tube and the temperature of the heat-treatmnt

operation.

2. RADIOAM-flE TRACER

In the previous discussion the relationship between the gross

composition of the tube and the photoelectric and thermionic emission

was emphasized. Te composition of the cathode has been investigated

using radioactive cesium to provide a means for determining the actual

gross composition of the photosurface. These experimnts have demon-

strated that the Cs/O composition of a good cathode prepared at 190C

my vary from 0.80 to 1.49. It has also been shown that excess cesium

introduction at 190C results in a decrease in this ratio rather than

an increase corresponding to a transport of oxygen away from the photo-

surface.
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2.1 Experimental Methods

The microscope cover glass with an evaporated silver-film tube

design has been adopted as standard for the reaioactive cesium tracer

composition determination. For the cathode, a circular silver-film of

definite area with a small tongue extending to the edge is evaporated

on a 0.75-inch diameter microscope cover glass. This cover glass, backed

by a second blank cover glass, is mounted in a tantalum clip which makes

electrical contact with the surface through the evaporated silver tongue.

The second cover glass is used to eliminate the reaction of cesium with

the bakc surface of the silvered disc. The assembled tube is similar

in design to the tubes described in the previous section. The capillary

for controlling the cesium flow rate during fabrication is chosen so

that with the amount of oxygen deposited the tube fabrication may be

completed in approximately four hours. The procedure for the preparation

of the photosurface is very similar to that described in the previous

section. After the completion of the cesium addition operation, the

c esium source is sealed off and the tube is rebaked to establish equi-

librium and to demonstrate that a 'stable" photosurface has been formed.

After determining the final spectral response the tube envelope is

broken and the amount of cesium on the cathode and the backing disc

determined, using a Geiger counter. The Cs/O mole ratio is then com-

puted using the amount of oxygen deposited during the oxidation step.

2.2 Results

During the early stages of the investigation considerable

difficulty was encountered in the preparation of a surface having good
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infrared response. The cathodes were characterized by the absence of

significant thermionic emission during cesium addition. Cooling the

cesium source resulted in an imediate decrease in the thermionic and

photc electric emission. In addition, baking the tubes after sealing

off the cesium source did not result in the development of infrared

sensitivity. After considerable experimental york it was established

that the difficulties were inherently related to the nature of the

evaporated silver film. The initial films were prepared by a rapid

evaporation of the silver. It was found that, by either evaporating

the silver film very slowly or by increasing the film thickness and

heat treating, a silver surface was obtained which could be oxidized

satisfactorily and the reaction with cesium consistently produced a

surface with good infrared response. The experiments clearly shoved

that the structure of the silver film could exert a profound influence

upon the characteristics of the final photosurface.

A series of good infrared sensitive tracer tubes have been prepared

at 1900C. During the fabrication the cesium addition was discontinued

shortly beyond the maximum thermionic emission. The tube was baked with

the cesium source cool until the emission became stabilized and. then

cooled to room temperature. After measuring the spectral response the

cesium source was sealed off and the tube rebaked. During the seal-off

a small swunt of cesium van deposited on the surface causing a slight

loss in the infrared response. During the rebaking process the original

spectral response was recovered. The composition as determined by count

and the spectral response characteristics of the good infrared sensitive
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t tubes prepared at 190C are ummised in Table IV. From these data

it is evident that the surface does not eorrespond to an unique chemical

composition. If the cathode composition represents a distribution of

cesium between C20 and Cs2 03, then the mole fraction of Cs 2 0 associated

with these surfaces ranges from 0.25 to 0.83.

TAUS IV. RADIOACTIVE CEIUM
TRAME TUB=S (190)

Ag 7i1m
Thickness Cs/O Wavelength (u )

A Count Peek L onave Limit 0.5 ftximum Current
659-28 10,000 1.01 915 -1375 1010

1588-122 20,000 1.49 950 '1375 lO6O
158-130 k7,000 0.80 930 1300 1030
1588-137 6,000* 1.23 930 1300 100
* Slow Ag evaporation

During the course of the experiments, studies were made of the

effect of adding cesium beyond the maximum thermionic emission. It was

consistently found that the introduction of excess cesium resulted in a

decrease in the cathode Cs/0 mole ratio. In the experiental tubes the

total surface area was large compared to the cathode area, and conse-

quently the Cs/0 ratio calculated from the cesium flow rate was con-

sistently greater than that derived from the count because considerable

quantities of cesium react with the walls of the tube. Since the

variation in tube geometry from tube to tube was small, it was possible

to relate the (Cs/O) by count to the (Cs/O) by flow. These data, shown

in Fig. 9, indicated that the 05/0 ratio by count passes through a

uuximum as a function of the amount of cesium added. The results could
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not be interpreted except by the assumption that when the surface

is exposed to cesium in excess of Cs/O - 2 at 190*C there is a transport

of oxygen away from the photosurface.

In the investigation of the cesium vapor pressure of the surface

at 145-C Sayama(2) found that when the gross composition approached

Cs3O, the ionization gauge characteristics as a function of the filament

temperature were no longer typical of cesium. He suggests that this

behavior can be explained if the observed vapor pressure is due to

molecules of a cesium suboxide such as Cs 3 0 which has an ionization

potential greater than the electron affinity of tungsten. Formation of

a volatile oxide would account for the transport of oxygen from the

cathode, as suggested by the above radio-tracer experiments. This

phenomenon is unquestionably important in the fabrication of photocathodes.

It is finally of some interest that radioactive cesium is invariably

found on the glass after fabrication of a phototube. This is established

by measuring th2 activity of the microscope cover glass which is placed

dn the back of the glass disc on which the cathode is prepared. If the

activity per unit area of this glass backing disc is assumed to apply to

the whole tube envelope, then for photocathodes such as those of Table IV

the amount of cesium on the tube walls is nearly the same as that on the

cathode. It is strongly suggested that this cesium reacts chemically

with the glass.

3. CRYSTAL STRUCTURE OF Cs2 0

The study of the crystal structure of C82 0 is being continued in

order to further refine the parameters. Absorption corrections have been
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calculated on two sets of single crystal reflections, one obtained with

Cuya and the other with Mo0K x-radiation. Structure factors have been

calculated from the corrected intensity data and are in quite satis-

factory agreement. Calculations of electron density are under way.

Both line sections and projections are being calculated. These calcu-

lations are continuin.
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