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EIERGY CONTENT OF MERCURY ARC LINES AND THi PHOTOELECTRIC EFFECT FOR MIRCURY,

hbstrct

4. - Energy Content of ultra-viglet lines of the quarts Mercury Arc.

| By means of 2 vacuum thermocouple it is possible to use 2 Leeds and Vorthrup
high s«msitivity gelvanometer for these measurements directly. The gensitivity
of the coupde is increased from 6 to 15 fold by operation in a vacuwm. Stabili-
zation of the operation of the arc emables one to get accurale and reproducible
results for long verlods of time. The deviation from average between 30004 and
24004 does not exceed 2.2%. Limitations due to absorption by quartz and air and
elso to the increasing amount of stray light below 24008 couses the deviation to
increase up %o 104 at 22264, |
B. - Long Yave-Length Limilt of a clean surfoce of liquid mercury.

Apparatus is designed to permit continual distillation and intermittent

overflow of the morcury in the game circuilt. Hate of change of surface can be
varied. Por & wide range of rapidly daa"x\:ging gurfaces the long wave lengih
limit is foumd to be constant and independent of the presence of gases in the
photoéhamber. The dong wave-length limit of Mercury is fix.ea’at, 373&% and is
an intrinsic property of the metal. The maximum deviation, froﬁa averoze, of

the photocurrents is 2,87 down to 23004 for successive measurements.

¢. - Infiuvence of Dry Alr, Oxyemen znd Hydrogen on the lLong Ef;favé-l%?th 1imit
and vhotecurrent, :

vhen the surface is slowed up or allowed to become stationary gases affect
it, Hydrogem very quickly raises the limit to & new value and incresges the
photocurrents considerably. Oxygen very slowly lowers the limit md decrecses
the photocurrents. The behavior of alir is attributed to the hydrogen and |
oxygen it conteins. IY is concluded that pure melals do have a definite photo-
effect and that the effect is modified by the presence of goses olther occluded
or in the neighborhood of the meial snd that gaseous ccnditions/my be gtable

enotwgh to give reproducible effects which vary depending on the elements enter-

ing into the cowbinmntion.
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De - Discussion.
(A. brief sumwary of previous mothods used in photoelectric worlk and recent
theoretical explanations are given. The simultanéoua measurement of photocurr-
ents and presentation of cleen surface is & distinect advantage.

A lisb of references is put at the end.

- ' D 1 2 3
Fcllowing the early phase of discovery by Hertz , Hallwachs s Lenard and

" J. J. Thomson , later experimentation in the field of photoelectricity has been
uncertain because of the apparently conflicting evidence presented by different
investizators. No attempt will be mede here to enumerate these various investi-
gations for that hag been dons by othors in many reports and may be found in the
literature on the subject.

It may be well, however, to state that these later investigations may be
divided into two groups. To the first belong thuse of Fﬂadmhagens. Wiedemann
and Hallm&ias. Kﬁstn@:, Eughwa, Saﬁae and Simmg. Suhmmm. and pthersu.
The results of their ewperiments and the conclusions they drew from them wonld
throw serious doubt upon the existence of the phenomenon as an'intrinsmkpwperty
of the material under investigation. They conclude t&mﬁ the presence of impur-
ities is an essential condition for the phenomenon to exhibit itself. In the

12 11
gecond group we have the investigations of Pohl and Pringsheim , Plersol
13 14 15 11 .
Millikan and his students , Welo , Elster and Geitel , and otheras . They
ocbbtained sizeable photocurrents in all cases. They experimented with veriation

of total photocurrent mainly.
18 17

Some of the investizators, (Koprius , Tucker , and others), worked on the
ghift of the photoelectric threshold. They found that the threahol& could be

ghifted. In some cases the threshold walue was shifted beyond fhe 1imits of their

apparatus to determine.



(3)

e explanét&an advanced by the first group isg that the effect is one
between the metal and a surface film of reacting gas, and when this reacting
gas is carefvlly removed the effect disappears. I was able to produce condi-
tie_me which would give the same results as theirs, but which were not contra-
dictory to the mliéify of previous experimentation on the photoelectiric effect.
The main factora involved in the differences between the above two groups of
experiments have to do with the treatment of the material studied and the con-
ditienﬁ ma‘ervwhiah the akperimant is mmrie& out. Unforxtumately, the detailed
description of experiments ag reported in the litermtuye are very meagre and
ofton not given or the desoription of the ezperimental part is mized w with the
theoretisal part. If one were completely informed on each expa’ﬂ.mnt reported,
it would be quite possidle to attribmte some of the contredictory evidence %o
methods of procedure. I mention this because I have been able té aha.nge the
conditions of my experdment so as to reproduce results, reported in both of
the above mentioned groups of experiments. Of course, one mein objection to
the earlier experiments is that the ability %o produce and mmintain a high
vaguum was limited and we may safely rule out meny of the experiments on the
basis ‘ef that fack. Even with the degree of vacuum obtainable teday, thére
are still many molecules per ¢. ¢. left and distillation in the presence of
these molecules may easily cause a chgnge in the chayacter of the surface
vhich while not visible to the eye certainly is experimentally ghown,

The ea;’lx work of ?;lsxter a;m AGeitelw, over & ghort range and iater that
of me& (and J. J. !&xomson%indepwamtly). over a wide ré,nge. were the
fore-runnerg of the application of ths quantum theory to the photoeffect.

They showed that a proportionality exigted between the photocurrent and the
intensity of the incident light. In 1905, Einsteinm made the first direct
application of the quantum theory to the pheteeffech He suggested the foll-
owing weli imowm equationi-

' %m\? = Ve ;h-\/-vae
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The validity of this equation has been established throughout the
range of visible, ultra-violet and X-ray frequencies. The evaluation of
"h' by Millﬂmnw’in his photoelectric experiments afforde the most accur-
ate value yet obtained. The direct implication of this equation is that
each material has a photoelectric threshold characteristic of the material
itgelf. In other words, 1t suggests that the threshold frequency ig ean
intrinsic property of the material. Tis being the case, it is mite im-
pertanf to'esﬁahliah beyond doubt the validity of the photoslectrie threshold
and to deviase an experiment which will be free from the pessibze objections
to previous experiments.

Therefore, it was depided to use mercury as the material w be tested.
It could be readily dlstilled and handled so as to ’bé freghly presented to
the incident light and subjected to a variety of tests in order ta vr‘spmt
the conditions of pravious investigators and to go one step further, visi-
‘%o be able to establish the photoelectric long wave-length 1imit of mercury
ag an intrimw property of the material and independent of the presence of
rescting gas in the photochember, '

To dalsemine the long wave-length 1imit, the photecurrents per uait
intensity were plotted against the wave lengths used. The intercept on the
vave length axis gave the limiting wave length. This ip identical with the
method ziven by Mﬁlikanw. Thus 1t was necessary %o iﬁvestcigata carefully,
the method of meaguring the intensity of the incldemt light; ﬁafe maurmm
of the photocurrent and the determination of the leng weve-length limit; and
also the flexibility of the apparetus for use in m\g‘/conditiena of
test as regards influence of goses inthe chamber, ete. Therefore, the report

will be divided along those lines,

Extrems Ultre-Viol
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!ﬁm accuracy of the determination of the long wave-length limit of a
su‘batama is &mmaent;. in part, uon the accuracy of the determination of
the intenasity of the lizw;s used. In this investigation the source was a
Cooper-Hewitt quarts mercury are, 100-125 wolts d. c., enclosed in an asbes-
tos lined box. The lisht emerged from the box through a hole about 1} inches
in diameter and then entered the monochromatie illuminator. IFrom the mona-
ahmmﬁia illuminator the nghﬁ, by means of a double 'mvh leng, was cone-
emitmtea @an a thempue which wag supported inside ﬁf a chamber that
could be evacuated. |

- In order to get sufficlontly semsitive apparatus for intensity meagure-
uente previous experimenters hove used thermopiles in 2ir with Paschen oy
Thomgon mwamataré %o measure the thermpelsctric currents preduced by the
lines. One of the most accurate mesgurements previcusly made was that of
Keppiuew. Anyone whe has had occasion to use mognetieally sbieléaa @l%n»
ometers will agree that they are a mighty tedious proposition and require
painstaking care to sot wp and operate. Even then they show a fluctwetion aof
as mauch 28 10% and ouly average readings are takem. In order to get around
thig difficulty vse was m&e of the type of vacuum thermocople mlay&& by
Pettit and :t%iehoism:zaat the Mount Wileon observatory and a high sensitivity
diArsenval %alv,ammeter.

The sensitivity of the magneticelly shielded galvemometers for uses of
this kind is about 10" amperes. The sensitivity of low resistance, high
genpitivity Leeds and Northrup, galvenometers is about 3.0.9 agperes. Since
the operation of the thermopile in a2 vacuum increases its sensitivity from
6 to 15 fold, one ecan get around the use of megnetically shielded gplvenometers
Tor this kind of work. I% should be mentioned here that the behavior of thermo-
couples presumably made in the ssme wey from the game stock of materials is not
uniform. During this investigation 2 mmber of couwles wers mode. Some showed
drift very badly and werea discarded, others showed no drift at all and remained

useful for long perieds of time, veproducing results which checked very well.
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There seems to be no definite reason why a2bout every other couple from the same .
bateh should show drift while the others did not. It cannot bs due to a great
many factors since the chance of getting a drift free couple is so zood. How-
ever, the couples used behaved consistently until mechanieslly broken. These
couples were made of bismuth and bismuth plus 5% tin. The receiver wes mde
of tin blackened on the receiving side and placed ai} the junction. The couples
wore of the compensated type and the double deflection was uneed, eliminating
the zero reading. The detalled desoription of the construstion and behavioer
of these couples will be omitited here, since it can best be obiained by referring
to the article of Pettit and Nimholsonao. All of the couples used were made

by Dr. Pettit at the lount Wilsom observatory. The photograph dhown in fizure

1 was taken through the quardz window of the thermopile chanmber and is magni-

fied about thres timesn.

Pigure 1.
It will be noted that the thermopile consisted of four couwples comnected in

parellel., This wos the last couple used and gnve exceedingly good resulis with a
high sensitivity since its resistance was nearly equal to that of the galvenometoer,
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It 1s mounted upon the two platinum leads which are sealed into a glass plug.
Using sealing wax, & glass plate $a mownted below mud & fine glass tude, to
S@pﬁﬂ the center of the thermopile, is fized upon i%. Direcctly below the
mn@l@s on the glags ,pla'w i ymﬂm a plege of ﬂmmsemg naper. In this
case use was mnde of e portion of the same king of paper which comes with
ﬂmmawpés. 28 1% gave the best results over loncer perisds of use.

 The light coming from the monochromatic illuminator wes focused by a lens
on the thermppile jJumeticns. 4 special carriage was made for the 1&3 vhich
permitted, by & fire serew adjustment, the movement laterally from one row
of jumections %o the other and also by another screw adjustment permitted the
giovement up end down for focal adjustment, By the use of both of these screw
motions, & moximum reading was aiwayﬂ obtained for each line and this accounts
 for the very good agreement of the individusl readings cbtained.

' To indure constancy of operation of the mercury lamp while readings weve
being taken, it was necessary, in the beginning, to meke a careful study of
the operating conditions of the lamp. In the preliminary tests, it was opere
ated with the auxiliary resistance which comes with i%. A test wes mede at
various voltagea and currents in order to find the valueg of vvlm and
ed least and to observe the

eurrend for vhich the voltage and current 4
change in Mizmﬁ&izx a3 measured by the thermopile for these valuseg., It was
found that a variation of 3 ¢ in the woltage while the current was -constent
was easlly dotected by the thermopile. In oxder to further reduce this vari-
ation, 2 resistance and reaciance wers connocted in series with the lamp, and
200 volte from & storege battery source was uged, A further test of the best
operating conditione revealed that for this lamp, vhen épe-raseﬁ 2t 92 to 93
volte and 2.1 amperes, it was possidle to hold the voltage to within one volt.
A large Veston direct reading standard volt meter was cennecte& across the
lamp %terminals. An ordinary voltmeter measured the total voltage #nd an amm-

etor meosured the current used. ‘The standard voltmeter across the lamp terminals
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hed & 3,63:g needle and variations of a volt were eanily detectable. During
inﬁemfiw meagurements the readings éf volimeters and smmeter were constantly
noted. A varistion of ome volt could not be detected in the intensity measure~
mtﬁ by the thermopile. It might be mentioned here that 1t Sook about one
héw and a holf for the lamp to reach ﬁnéae beat conditions of operation after
starting w. |

 Another lmportant factor was to operate the thermopile under least varying
conditions. If reference is made to the article of Pettit and mmﬁng‘ i%
will be seen that the gensitivily curve is 2lmogt level beyond loém.ﬁg. pregg-
ure. The thermopile chomber in au? teats was diveetly connected %o o two chage
mevoury diffusion pump end that to o Cemeo hyvas pump. 4 liquid air trep Just
beyond the thermppile gell was always uged when the thermopile was in operation.
The prassure in the cell, as weaswred by the Meleod gauge, was always better than
19"%.!@. The cell wos surrowided by cotion to insure uniform temperaturs on
all si&m. v

he thermoelectrde current ves weasured by & Leeds and Northrup, high

sensitivity d'Arsonval galvanometer. It was found necessary to suspend 1%
by a Garméi guspension. Ite resigtance was 104 Ohms and its émsitivity of
the order of 18"%@:;@1*%‘ In our cage, the scale was sbout 25 feet from the
mivror of the gelvanometer and after reflection from the galvenometer mirror
wag read by 2 telezcope about thres feet from the mivrer. The smllest divisions
on the stale were millimsters. The only advantage gained by putting the seale
off at that distance wag thet it was uwnecessary bo estimate the reading fto
frections of & millimeter as it would have %o be done if the seale were at the

ugual distance, If a sufficiently fine cewsihair were pub into the telescope
44 would have been possible to take readings to fractions of a millimeter, tut
thig was found unnecessayy for our pPUrpoLG.

The ¢lit width used in all measurements of intensity was twemty divisions,
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This corresponds to 0.5 mm. Tucker mode & measurement of the intensity for
the semo 1ines, but used a glit width of 25 divisions. He slso made & photo-
grephic test which showed that the lines indicated by the drum were the only
aaég transeibted in this region with the exception of 2680A. The atray light
v&xia&h always acoompanies this type of optical sysiem and which appears og &
general baclf:gmmiﬁ on photographic plates geve a meaguiwble thermopile deflep-
tiom, but no definite comiusﬁions rogarding the nature of this stray light ie
proposed. ihe stray 1ight raadinga yvepresent the minimum rea&ing batween the
lines and they clesrly chow that asg we get down fo 23008 and lower, its a7fecd
becomes so large as to almost medl out the lines themselves. This has been noted
tefore by S@u&wgg. Hot all of the colum headed "between the linesg? can be cone
sidered due to styay light, since in some cases the minimum between the lines
weg not as prominent as at other places, because there are wesk lines there.
For this reagon only the lines marked * ave taken ss stray light readings. In
the absence of any definite remsoa for assigning strey welues to differant por-
tions of the spectvum used, the nearest stray light velue %o the lines mecsured
wes used. The method is limited by thia fuct ag well ag by the fect thal at
19004, we begin to get sivong absorption by air and quaris.

mable | gives a represetative set of rendings im mm. end indicstes
how close the individunl roadings aree- It will be noticed thet dowmn o 24004
the m deviation from average is less then 2% in nearly 2ll cages, tut in
other measurements, not here given, the agresment was even better. This sel was

the only one for which consistent readings weve cbtalned for 3200h. Ome |

couple gave measurable deflections for 20004 consistently.
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~ Teble H gives the average valueg of the &eﬂmgs@g for three sebs of readings
in mme. This table is given only for the region of wgvs-lﬁagﬁaﬁ used in parts g and
éaﬂ this repor%. These sets of readings are taken under the same experimental
m&igim! the voltage acrogs the lamp "baing 92 to 93 volts and the current 2.1
: j;f #. The lamp oould have been run at higher temperatures to get greater mtmas*&y

‘mt the precautions that would have to be taken were not warranted. aﬁges suffieiently
me readmga were obbained for this region of wave lengtha.

Table
Veve-lengths
in A, AV, ..a.v. _ 1 Ave 253
2804 13 | 146 | 13 | 144 | 130 | w7 146 | 40
2754 a7 54 2 | 4 23 | 49 a9 |13
49 66 33 | 54 34 @ | e |18
2658 272 | 289 | 2556 | 276 | 200 | 283 283 | 7.8
3537 a3z | 380 350 | 369 248 | 368 362 [10.0
2483 B | 96 76 | 92 8L | 97 95 | 2.6

vhile the readings do change from time to time, it has been found that;:\\( over the
intervals of time used in the latter part of the investigation, the re&a;s,nga'remmed
constant. Readings teken one set after another, during the same afternopn, do not
change haxdly at alliv The average of the above uncorrected readings cox#m very well

with those of Tucker for relative intemslties. However, this is msrsiyg a colincidence.
' L\MIT‘

B.
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Extroms cire was taken to obtain pure mercury, completely remove the occluded
goses from it #hd to measure the photocurrent as soon as the fresh surface is presented
to the vecuum _gqihamber. In this way two important objections to previcus experiments
are removed, z}afnely. complete removal of occluded gases and the immediete memsurement
of photocurrents.

Meycury was Mﬁ;& by the method given by Hewlett and Minchinzs and ia the same
as ahat used fby Harking in prepsring mercury for use in isotope determinations. The
x;uthe& consigte in evaporating g;mury while bubbling air through it. To further in-
sare its pur_ipy. the wet process was first employed. The mercury is them put into
a gspeclally 'dgémm distillation apparatus provided with a means for bubbling air
fhrough 1t. Thia d4stilling process was repeatsd several times. The first distillate
hed a very slight oxide film on i1, while the last two had none. After passing through
pinholes in & fillter paper fumnel, it was ready for use.

The mércury cleaned as above mentioned wae placed inteo a still dir#ctly connected
with the photoelectric chamber. This still was made of pyrex glass shaped lz%m one
stage of an ordinary diffusion pump, as ghown in the dlsgrammatic aketei(a;c; the appar-
atus. The st1ll was provided with an electric heater whereby the ou.rrenﬁ oo_uid. be
varied by externsl resistance in order to va:;y the rate of evaporation. Mercury is
evaporated and condenged in the presence of mercury vapor again and again, The process
is carried yn at low pressures since the still ie directly connected to the vacuum
pumps, It should be mentioned that 81l of the apparatus was carefully cleaned, washed
and dried and then henied for some time while being evacuated before msrcury was
£inally inseried.

Preliminary experiments werc necessary before the method of presenting the
mercury to the illomination were worked out. A reference to the sketch showe that
Wermy oup was aﬁeei&liy consbrusted. The mercury flow is intermittent and the
outlet ig at the swrfage of the 1liquid and inclined at a 45 degree angle. The reasen
for this inclination will be evident later. In order to ascertain that this intermitt-
et flow would olean the surface, rough experiments with mercury and a glass cup with a

“v" groove in it were carried out. Through & strong magnifying glass, (and later o
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nmmscog&) .aﬂer‘a few overflowings, even the trace of oil which had been dropped
@ the euﬁ%co could not be distinguished. Fine dust could be observed to be drawn
out through the groove from 2ll parts of the surface. Continuous overflow was alse
tried, h’!;tt 4% was obgerved that the center of the surface remained stationary, while
the mercury flowsd out at the groove from underneath. Tms the intermittent flow
was & definite mesns for the removal of swface films which might possibly form
vhen the surfoce is exposed "';zo- the chamber. The quantity of mercury between the
eondensation chamber of the gtill and the cwp in the photochamber was small. with
an‘m%ermitte@i; flow of one grem of mercury per second, not more than & minute
elapased between condensation and overflow in the cup. From the overflow the mercury
returned to the still and was re-evaporated sgain. In fact the amowmt of mercury

i1 the still was sbout 125 cubic centimeters so that at the rate of overflow at the
eup of one gyam per second, (which was the meximum without producing continuwous flow),
it took only abouf thirty minutes for a molecule of mercury to meke a cemplete cycle.
The cup iteelf wap very shallow so that 1t was covered by only a8 smll layer at the
end of each overflow. & given molecule of mercury could not remain at the surface
exposed to the vaecuwnm chamber more than 2 second and on the average much less than that.

The vacuum pumps were direotly connected to the photochamber and rum continually

during the experiment. The pressure was read by 2 leleod gmuge and was never more
ﬂ:an 10°° m, Hz. This does not measure the pressure of the mercury vapor which was
of the order of 10™° mm. Hg. at room temperature. As mentioned befove the glassware
was thewoughly cleaned and heated before the experiments began. A liquid air trap

was situsted a chort distance from the photochsmber. Air was never introduced except

through a nunber of drying tubes of ealcium chloride snd phowghy

As shown in the disgram, the cup is surrounded by a copper oxide receiver. A
8lit in the top permits the illuvmination to m@h the mercury in the cup. The slit
is of such dimensions as not to be touched by the concentrated 1ight from the
{1luminator. The same condensing lens was used 28 in the intensity mensurementa.
The thermopile chamber and the photochanber were side by side and the lateral screw

motion on the holder of the condensing lens was large emough to serve both chambers.

F——
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%e:mmahmm%a flluninator was mounted so that both eollimetor and
telesvope ww in the vertical plane after hoving been cavefully adjusted so
that the drum readings were correct. The lamp vas mownted on & specisl carri-
sge and ﬁg&ﬁiy connected te the Llluminabor, s that motleon along 2 squarve zuide,
- o which the carriege covld be clamped, wos p@sﬁsiﬁl@ ghem ghifting from sne cheaber
to the other, ﬁz%s moving element belng heavy was countermeighted from the ceiling
60 %‘m% éxge was experienced in meking this shift gquickly. As menticned in conne
: m’&iaﬁ with the 'imﬁm@i%g ﬁﬁeaawm@ta. the heater on the wercury sbill was started
aﬁd the same bime ag the lawp, so that the wercury wes evaporsting for m@ time
before readings wore falken., & seb of inbensity vexdings wore faken fivaed, followed
by & set of pholtocurrent readings and the procedure vepeated sgein during one setbing.

h reading and three oy four veadlngs woeve

 fare was foken fo gob o memimum for ea
token for ench line. The phofocurrant readings were wade with a Cawibridge and Paul
- Tolegaldl quadrent electrometer. One paly of qudiranis were grmmded vhile the
other paiy were comneclted (o the yecoiver. The sensitivity wes 1250 mp. per vold
with the geale at one and gne helf weters distance for = neeile voltege of 92 volts.
The photosurfnee wos kept three volts negabive %o ground by dry cells. Teking .
e}&gﬁmm%er z‘e&é‘?xz@*ﬂ with overfloving mercury has been tried bafore 'by ?&Eﬁ@@ﬂ@:@@wﬁ
et Yale in comnection with del#s seys produced by alphs reys. Others have bried

1t algo without success. They eucowrtered the same Aifficulby whidh I 4id at firsh,
namely, o erretic behavier of the electvomeler as goon as the overflow commenced.

i succoeded, however, in overcoming this completely and it dhould be worth while %o
deseribe thal here. A% firss, when 2 glass cup and veriical oublet tube was used,
if' was thoucht, since the photochamsber wos chielded by o fine grownded wire screen
completely swramﬁmg 1%, that the trovble was couged by fricilon on the glage and
by separation of the mercury into drops. Thevefore, & chenge wes m&é fo the irom
cup and the outlet tube of iron at 45 degress. The inlet tube of iron was fitbed
into o ground joint in the chembey, ond cemented with a speeial high temperatuve
cement fuinished by the Mantle Larp Company of Amerieca. The iren cup and tubes were

carefully cleaned and oxidized before inserting. This cement was also used %o abtach
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the @\mﬁm windew. While the fyouble wes not eliminated, it wes cut down considerably.
4 further search was made and at lost it was found that the main source of trouble was
in the mercoury am:é:ama%ea tube and that the wire soreen was not sufficient to cutb
sakage. A& large static chavge is produced in the con-

down the induciion effects ami X
densation tvbe when the mercury strikes the walls of the tube. Next the vhole conden-
mm tube =nd photochambey were clogely wrepped by tin foil which was m grownded,
The erratic behavier of the ef}.acamme%ar ceaged entirely and the msuliss f@llgwaa
quickly.

The elegtrometer readings were itaken for periods of fopty W@é@i’éz‘ guall curE-

ents and eight seconds for large curvents, butb were all reduced o an eisht secon!
bogis. The mechanism for regulating the readings was a camera shutier fitted %o the
putlet hole in the box containing the mercury lamp, between it and the illuminator.
e timing was done by mesng of @ mabronoue which was frequently checked against a
stop wobch, After the light was shub off al the end of each exposure, 1t alwaye took
about & minute for the reaiing to settle %o o sbeady value. Howevey, the electrometer
lesk which was olways very emll and token with cach veading, was slways applied to the
reading. The minimwm readings between lines were talen again as in the ﬁt&&iw
measurements mmd the semo procedure wag followed as mentioned there, namely, that of
designating the sbtvay light reading for each line as boing that of the nearesh minimum
reading between the lines vhich could be definibdly atiributed to siray light. This
is ver;;r importent here for the stray light is conposed of wave-langths above and below
thet of the line itself.

In every o289, a defloction wos obiained for 27008 tub none whatever for 28044,
gven whon exposed for soveral minutes. In the case of 2754 A, a very smll deflection
wag obdained over a period of forty seconds of the order of 10 mmn. but this wes the
~ deflection given by the stray light for that line so its net reading wes sero. e
e of overflow could be slowed down a lifttle bit and this m&iﬁi@n 84411 held se

. that for s meximum vate of intermittent overflew we were on the safe side. It is certain
that the surface could not be contaminated in any way by this extremely short contach
 with the vecuum chauber, This is further proven by later attempts to giﬂm the surface
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& chanceé to bacome conteminated without resul$ for rapid intermittent flow. Theose

regults could be reprodusced at will.

Table III gives & representative set of detailed photecurrent readings inm mm,

Table TIT
Pime | Readings in A’V'; iii: Stray | Neb
sse.l 1 o 3 £2A7. | § = 8 |Sve.tef
2852 240 | 0 |0 (O
. 2804 @ | o |o |0
2784 40 | 15 | 15 |18 15.0
2vas 0 | w|w |. 16.7
2700 8 | 12 |12 (12 12.0| 0 3.6 | 8.4
2663 8 | 129|125 |128| 127.0| 1.6 | 28.0 | 99.0
2620 8 | =8| 28| 28| =28.0
2537 8 | s44| 465 |42 | 4867 | 2.8 | 32.3 | 424.4
28506 8 | | 33| m| =23
2483 e | 166|167 168 | 165.7 | 2.2 | 30.7 | 135.0
2435 s | ;| 3| a| s | |
2412 8 | 54| 53 53| 53.3| 1.3 | 30.0 | 25.3
3400 & | 01| 103 02| 202.0 | 1.0 | 2.0 | 72.0
2345 g8 | 70| e8| e8| 68,7 | 1.9
2302 8 | 85| 84 84| 82.3| 0.8

The moximm deviation from averags in the above toble is less than 3 €. Thus
the accuracy of measurement of the photocurrent is about the same as thas of the
intensity.
19 ‘ ,
Pollowing the method given by Millilmn , the long wave lenzth 1limit or threshold
is obiained by plotting the photocurrent per umit intensity a.gainaé the wmve-lagth,

The intersection of this cusve with the wave-length axis gives the threshold value.
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It zmm‘k be born in mind that this intersection is governed by the pointe near

the axia and not at all Wy those fw&mr away and ﬂwmfere, it is vgeless to meke

measmmnts far fyom the axis. In drawing the curves, use was mde of regulation

drafteman's long flexible guldes and welghts and the natural position of the guides

in every case fge?_smaé the direction. The curves were drawn on 2 large sheed of
cross section paper 20 inahag‘wi&e by 40 inches lomg, so as to be able to looate
_the intersection more carefully. In this way, & uniform methed of drawing the
curves ws,é eertain because the guides were in contact with the paper at »only a

few points and the friction of the guides with the paper was thereby reduced.

¥o mention is made by mwet investigators regerding strey light corrections
to their readings and for that reason I have given all of the date and dyewn the
curves both ways, namely, for corrected and uncorrected vzlues.

Figure 3 is for uncorrected values. Vhile over thirby determinations were
mde, only four curves, taken a2t widely wp&i'asﬁe times during the investisation,
are given here. Curve 1 was takén on August 32nd, 1933; curve 2 on Auguat 22,
1923; ourve § on September 3, 1823; ocurve 4 on Sepbember 12, 1923. A4ll of the
other curves, howsver, fall within the limits of these curves. The threshold
from these curves is given ag 273GA. .

Tigure 4 is for covreeted values of the curves in figure 3. fThe thresheld
from these curves is given as 2745A. , ’

Thus it can be seen that by this method of detexminetion the stray light is
pragtically withoul effeet on the ultimte interseation excepting te serve éﬂ- a8
griterion near the 1liml% as to what readings to isnore. o

The only other data that could be found for mercury was given by Derisux :
and is merely qualitative, He writes on page 278 that the drops of mercury wers

sensitive to 25364 and not to 31264, and that the lines between were too weak to
a7
give any readings. Xlages mmde an attempt to work on mercury in 1909 wnder pooy

experimental conditions, and the conclusions he drew are entirely discredited by

later wﬁz‘k.



It had been noticed duéing the previous work that, when the surface was
allovéad %o glow up and remain in the chamber a longer time, the line 2804A pro-
dueed an effect. In order to see if the gases in the chawber had anything to do
with it, the chamber was washed many times by different gages and the effect upon
the current and ling wave-length limit observed. No attempp wes mdas to purify

. the» @‘ses,-hy any vaxtsn&eﬁ process. There is no doubt that impurities may have
been pmsaﬁt but the behavior checks previous work and is therefore, presented
here. Of eoﬁrs@, with aiy, the experimenis are accurate. These experinmﬁa are

to be repeated with pure gases very sooh.

The threghold value was determined in the usual way af very wﬁ wesaurea.
The tests were made in the order, alr, oxygen, hydrogen.
Alx

The air was slowly passed through three long drying tubes of caleium chloride
and one of phosphorous pentoxide. The gurface was stationary while m was being
done. The pumpse were then started and kept ruming éontmwa.sl;r. The a&mm
was started going rapidly and a tes$ with line 28044 gave no photocurrent. The
threshold determination is shown by curve L-A, figure 5. The surface was then
stopped and 38 soon as this stage wes reached determinations of the threshold were
again made. The resulis are shown by eumﬂ A, figure . After the‘ surface wasg
again renewed and stopped and had been stationary for 15 mizzwhe# another deter-
mination, shown by curve]I[ -A, Tigure B, wes made. The surface was again renswed,
stopped, and left standing for 10 hours and mve]YqA, figure 5, was the resull.
The significance of these curves will be discussed later.
Oxygen,

The oxyzeh was taken from 2 drum and passed very slowly through a long liguid

aiy trep. That some hydirogen may have been preseni, there is no doubs,
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btut the sction of the hyldrogen ag revealed by the next perd, is very quick and the
. oxygen in time overcomes thig., The surface was started going very rapidly after the
pressure had been reduced and a dstammﬁims of the threshold made as chown i curve
T-0, figure 5. 1t will be seen that the presence of oxyzen does not affect the limit
for this yate of flow. The gurface was stopped and another determination made which
is not shown but wes siwilar %o I[-A, fignrs B The gurface was renewed and sllowed
to stand wtil by frequent trials 1t was found iat the limiy had gone down. Tais
' took about elglht hours and curve ||-O, figure 5 is the result. No further curves are
given for oxyzen since it behaved like air from that time on at thess iow pressures.
The hydrpgen wag passed ihrough ’dryiﬂg tubes of calotunm chloride and phog-
phorous pentoxide very slowly and then throvgh a long lignid alr trap. There
c‘mﬁd‘m% have been very much impurity presemt in .it finally. ‘J:he preasure was
reduced =nd the surface started zoing vepidly. 4 determination of the threshold
made ag ghown in W@I -, figurs 5, shows that for this rate of flow, the presence
of hydrogen has no effect upon the limlt. The gurfuce was then slowed down and
readings token until o change was noticed. This happened while the gurface wag

gb111 changlng ot o slower rate. It will be well at this time to inliroduct
notation %o designale the vate of chunge of the suyface. The rheostat governing
the reslstance of the heater for the gtill was marked 6;5;4,3.ﬁ,3.,0- At position
6, tho resistonce was least and the distillation wost x@a@ia and at 0, the heater
was off and the surfacs became shationary. It must be remaubered ﬁmﬁ 1% always
took a while bafore constant conditions for each petting were réaehed. he
inteymediate nuzbers represent proporiionate rates of changs of the surfacs.

Tor position 6, the hydrogen shows no effect. The surface was then glowed down
mbil for position 4, the next change was noticed as given by eurve]:[e-ﬁ. figure 5.
Afger sgain ruming the swface rapldly and slowing dowﬁ to positien 2, cmﬂ-ﬁ.
figure 5, was the result. After remaining statiomary for one half hour, curws|\-H,

figure 5, was the result, This new limit held for several houra.
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After ten 'imurs the 1imit had sone back to nearly 2750A.
Siznificance of Curves

The new threshold value approximately 2910A could be reproduced again =nd again
for air' and hydrogen. This behavior of mercury and these gases is interpreted as
folloirs: hydroésn is photoelectrically very active axid raiges the threshold walue
“wery quickly while air does so more slowly, but to the same walue which would indicate
that the hydrogen or some hydrogen like gas, (possibly nitrogen which was not tested),
Ain the air was regponsible for the initial behavior of air; oxygen is photoelectri-
ca;ally a retarding influence and takes a long time to show its effect. It is the oxy-
gen of the air which is responsible for its later retarding influence. In all cases,
1t i3 important to notice that when the surface is changing rapidly, namely ad posi-
tion 6, no effect upon the threshold value is produced by the gases in the chamber
and therefore, _Bﬂs_&; repregents the true thresgheld value for mercury and is an intrine
sic constant of the metal,

Photocurrents

To study the effect of gases upon the photocurrents the same procedure regarding
the preparation and introduction of the gages to the chamber were followed as before
excepting that the pressure and rate of change of the surface weré both varied. Higher
pressures were used in order to get quicker effects im the latter part of this investi-
gation for zir and oxygen. All of the photocurrent readings were taken for forty
seconds. :
Hydrozen

Since it was found previously that hydrogen acted very quickly it was decided
to work at low pressures and follow the variation of the photocurrents for the line
280¢g.lbecause for a rate of change corresponding to position six this line was
beyond the limit and 1t would be possible to watch the effect of the surface impur-
ities more closely. In fizure 6, the photocurrents are pletted agéinst the time

in mimites. In curve:X_-H, figure 8 the surface was started going very rapidly at



Flg O

UNCORRECTED

WAVE-LENGTHS

2 4 3.3 &
S
€ f N

2400




oJok 44

ol°k 24

|

/

FlG. 4
~ CORRECTED

[i

0067

”@,
/

0GSZC

WAVE-LENGTHS

009

0§ 9¢

SNIINT LINN
7o)

¥3d LNIYHND- OLOHJ

00Le

30~

N

3 0

o

. o|lOG L2



2850 \\

HLI9ONI1-3AV M




(21)
position 6 énél then the heating current set at position 2 and readings taken continu-
ously. After the initial rise the photocurrents settled to a steady value. Then the
surface was again speeded up to position 6 and the curve quickly shoots downward toward
gero. Béfore it reached zero, the surface was slowed up again to position 2 and dur-
ing this slowing up the curve again repeats its former ﬁshaviar. Only two such repet-
itiong on cm&X-E, figure 6, are shown but this was carried on for four repetitions.
In @mer to ascertain the cause ef the sudden rise initially, since I suspected it had
‘mmething to do with the rate at v&xich the surface slowed up, eurwﬂ =H, Figure 6,
was token. Starting e:t position 6, the current is zero. Then position 4 is get and
the rate of slowing up is thus much 1e§s and the intial rise above a steady value is
smaller. The steady value is agein close to that in curve m. figure 6. Then posi-
tion 3 was tried and no change of steady value noted. Then by speeding up to position
6, the curve shoots down to zero gquickly. The next trial was to do the opposits. This

is shown in curve -H, figure 6. After position 6 with zero Aament the heater was

gset at position 1 and the initial rise of the curve was again large and then settled
to a steady value & lititle lower than before. Then for position 6 the curve shoots
to zero again. Many trials of this type were taken but only three extremes are showm.
The others fall between these limits. | |
AMr

The pregsure for the work with air was of the order of 10“:;J mm.Hg. Gurvem <A,
' figure 6, is a typleal curve. After a constant value for the dine 28045 had been
roasched with the surface changing at the rate for position 1, the surface was allowed
to slow down to sere and after a gslight increase gradually the effect of the oxﬁ;gen
got in mbil after six hours the current fell to zero. This shows that an imperceptible

film of oxygen graduvally sets in and decreages the emission. For higher preasures the

decrease wag more rapid.
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Oxygen

| The pressure for the work with oxygen was of the order of lem.Hg,
Curve , figure 6, is 2 typilcal curve. After a constant value for the line
?‘?OO A had been reached when the surface was changing at the rate for pesition
2 the gurface was stopped and readings taken at various intervals. Vhen a
soro value for the deflection was reached the noxt shorter wave-length always
showed some deflection end it was followed up and this wes carried on wmnti}
no deflection could be obtained for the line 23034,

It was always found that after the surface had been in contact with air
overnighty that no photocurrent readings could be obiained with line 2303ZA when
the alr was pumped out. This is no doubt duve to an oxide film on the mercury.
The full light of the lamp however, did give a deflection umdsr these conditions.
Significance of curves ‘

The curves clearly show that the formation of a gos layer and its wvariztion
do have a pronounced effect upon the photocurrent. They also show that it tal:es
time for the gas layer to reach an equilibrium value as evidenced by the iniilal
rise and a setiling to a definite value. If a surface i1s not clean hydrogen
raiges the pvhotomurrent considerably while oxygen lowers 11:‘.

e outstanding facts from the work with gnees avre:-

a. = The long wave-lenzth limit for & repidly changing surface is
independent of the presance of gases in the photochamber over a considerable
range of variation of intormittent flow.

b. -~ The long wave-length limit is ghi7isd %o new wvalues, which can be
congistently repeated, by the presence of znses if a2llowed sufficient time
to reach an equilibrium stats.

¢c. - The photocurrents =ro considerably affected by the presence of

geses,
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». Diecussion
A; brief resume of the methods used by previous investigators will serve
to point out the particular advantages gained by the present method of investi-
gation, |
A congideration of the reports of previous investigators reveals three
methods used for removing impurities just before photoelectric determinations
are made. They are as follows:- |
| 1. - Mechanical removal of old surface.
2. = Heat treatment.
(a) By heating entire chamber.

(1) By loeal heating of specimen in some cases
up to the fusien point.,

3. = Distillation.

The removal of gases and impurities at the surface of the mtez:ial tosted is
not so easily accomplished by any of the above methods in the menner described in
those reports. In the mechanical method, the previous history ¢f the specimen
used is important especlally with active materials like the alknli metals.

There is & serious doubt as to the condition of the surface at the time of measure-
ment of photocurrent. The wvarlation of the results for the thraﬁhald value by

this method shows the lack of consistency of such determinations which is mainly
gaused by a certain time lag between the preparation of the aurfac.o and meagurement
of pnotwurrmt. In the case of active materials, this would be a serious objection.

In the heat treatment method, part (a), the removal of gasesm is accomplished
- to some extent depending upon the termperature range uaad.‘ This is limited, however,
and other difficulties coms in as pointed out by Tuckarm. But again, the question
of timelag between treatment and meagurement of photocurrent comes in. The upper
1imit of temperature in this method has been around 200 degrees centigrade.

In part (b) there are several things to be considered. The experiments of

Hallwachs and his students and others in group 1 and especially referring to

9 10
- the recent experiments of Sende and Simon and those of Suhrmann , the resultant
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small photoourrent mitmg for platinum bave been explained by Walal 4. Tims of heating
is the 21l ioportant factor amd Wele has shown that 1t requires long periods of contin-
uous heating to corpletely mmaw the gpges. VWelo sugzests that the poliecy of predfeting
an ul&im% affect from past experience in these types of experiments ghould be done
cautiously for if sufficieont dsta ip not obiained incorrect predictions may easily
result. Another factor has been brought out by the work of &m&t@negg. The usual rige
in photoourrent for a particular wave length followed by a decrease as observed by many
tavestigators including Hallwachs, Welo and others, is expleined fvom the method used in.
éagassing. &mﬂw maintaine that his experiments show that foy experiments employing
direct hea%mg,' by an elsctrie currem®, the rige is due %o an elecirie current independent
of its heézting gffoct. It is entirely possible that the rate of removal of the emitted
gagen is not sufficlent to prevent a pregsure gradient between the surface of the metal

. and the chamber. It is then easily seen that during the interval between heating and

meagurement of photocurrent, the formaiion of a gas layer is entirely probable. Now
the effect of this layer would depend wpon the gnses as well as the mmtberial composing
the surface. No theory of metallie cond@ietion has yet been proposed which would accouwnd
for the offect Shenstone suggests. He could alse say that the current had some effect

on the gases in the metal which would mecount for the results. It &s imeresﬁng also
29 _

 to peint out that Boreélius and Gunneson have noted a periddicity in the zas emission

from ir&n which has hyﬂmgsﬁ and nitrogen occluded in it, The c:hmnﬁ,mi change of the
surface as understood in the ordinary sense is ruled out by recweration curves abtained
by all investigators. o

The method of distillation accomplished the complete removal of occluded gases
from the metal without doubt., However, it is important to safeguard the condensed
metel from again abserbing sasee and the formation of imperceptible fixed surface
films which act like a new subgtance and effect the emission, There is undoubtedly
a large pressure gradient next to the heated surface and only repeated distillation
completely insures the purity of the metal. Some metals like aluminum foym an imper-
ceptible oxide which becomes fixed and ig not eseily broken wp. The present method of
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&iskinati@n»prwﬁduﬁ for continual redistillation of the metal to be tested in the
game appémtus and the distillation always takeg place in the presence of an oxcess
of the vapor of the metal. ' '

‘i&ﬁm- it is contended that the present method for determining the threshold welue
for mercury is free from the possible chances for contamination in previcous experiments.
The contimal distillation and the simltaneous mensurement and presentation of suxface
has ot been done beforel -

30 .
. Millikan Thas pointed out that tha necess:ry conclusion from the ¢onstancy of

stopring potentials is that each met2l hag & definite long wave~lenzth limit and that
Mhmr&bmemt of photoelectric and thermonic work mir@é to mmw an
"electron A‘by photeelectric means ie given by the equation, expresseéd in volts and com-
‘puted from the measured long wave-length limit ag follows:- o

ny, - 500 he - 123345 . 4.52 volts
° elgxm‘B " A@

vhore ¢ = 4.774:107%0; 1 _ 6.55 x 107%7; ¢ =z 3m0™C; ) z7zen.

30
Milliken has further pointed out that theoretically a consequence of the

experiments on stopplag potentiasls requires that the photoelsctyon mst either be

a free électron which’ recelves a quantum of energy from the incident ligh$, or be

a bound electyon which geta its energy from the atom, abaorpiion by iéhe atom of the
incident radiation taking place, Barmm from his work on X-vays has c.omlmmﬁ
that .the latter view is the correet one. kﬁlliksgo presents the obsiacles in the way
of both of these theories.

Recently Whitakm'szhas propoged an atomic megnetic wheel n@:m vhich accounts
for energy exchangss between atom and electron. The angular cscillabioms (which
really means rediations) are associated with the emission of an elesiven. W. B@W&
has aiso regently published a quantum theoyy of normal photoeffect. On the basis of

zo of & quantum

‘conservation of energy and momentum he concludes that, in the interch

éf energy with the electron, it is essential that the electron be imitdally bound,
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Vory re@mﬁly Jauneey points out, on theoretical grounds, thet the corpuscular
theory of seattering has been worked out only for the case of a froee elestron, which
rosults in no photoelectric effect, He points out that the electron must be initially
bound for 2 photoefiect to take place, If the photoelectron is originally bound we
would éxpect that the work required to remove an electron would increase with the
energy of binding of the externmsl lcosely bound elsctrons although by sc called
collisions of the second kind an excited atom may also transfer its energy to the
lfaoaely bound electrons. |

If the photoelectron i3 initially free we would expect the variation §f
rhotocurrent with temperature, This hag not been tested over a wide range of
temperature as yet and it may well be that the temperature effect when fownd
will be a small ene. In all probability the loosely bound external electrons
are the ones which come Into play and that the process is a twofold one, viz:- a
gufficient absorption by the atom to free an electron and then an additional
asbeorption of encrgy by the freed slectron.

In conclusion I wish to thank Professor Milliksn for suggesting tha_t
I work on mercury and for putting the facilities of the laberatory at my
disposal. In particular, I am indebted to Mr. Ira Bewen for his kindly interest,
to Dr. Edison Pettit for moking the thermopiles, to Mr. Julius Pearson for
helpful sugzestions on the mechaniesl features of the apparatus, and to Mr. H.

K« Dunn who helped me take mony of the later readinga.

Horman Bridge Loboratory of Physiesg,
Pagadenz, Coliformia,
Hovember 20, 1933,
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