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??? INTENSITY PROBLEMS CONNECTED WITH THERAMANEFFECT by J. REKVELD. Introduction. Discovery of the Ramaneffect. After investigating the thermodynamic wave theory of light-scattering for many years Prof. C. V. Raman at Calcutta noticedfor the first time in 1921 a new phenomenon in scattered light. Hefound that in the case of a great number of liquids the depolari-sation increased very strongly when a violet filter was placed inthe path of the incident light. In the summer of 1923 Ramana-than working on the same subject described this phenomenon asquot;a trace of fluorescencequot;. He showed, that the measured dcpolari-sation depended on the prcscncc of a blue filter in the path of theincident beam of the scattered light, it being smaller in this case.The possibility of the effect being due to impurities was eliminat-ed by careful chemical purification. Further investigations on 60liquids showed the effect to be very general in character. The well-known test of the complementary filters first

appliedby Stokes for detecting fluorescence was used and gave an analo-gous result as in the case of fluorescence. After preliminary ob-servations with sunlight an important and decisive step was takenby using a monochromatic source of light, viz. the very powerfulquartz-mercury-lamp which gives a few sharp bright lines in thevisible region of the spectrum. The first attempts were made with benzene as a liquid. In thespectrogram many lines appeared which were not present in theincident light and some of these lines disappeared when certainwave lengths of the incident radiation were cut off by suitablefilters. Further researches showed similar modified lines in thecase of many liquids, some of them being accompanied by diffuse



??? bands or by a continuous spectrum. It was also found that thenew hnes were polarised more strongly than the unmodifiedscattered light. The disco very of the phenomenon was published in the IndianJournal of Physics, Vol. II, Part III, 31st March 1928. About the same time Landsberg and Mandelstam (1,2) twoRussian physicists at Moscou found independently of Raman thesame effect in the light scattered on crystalline quartz. Many ;^iters however have called the new phenomenon theRamaneffect . In the following we will do the same. Explanation of the Ramaneffect. As a tentative explanation Raman in his first paper on thesubject assumes that of the incident quantum of light {hv) thepart is absorbed by the molecule and that the remainingpart {hv -h ) is scattered. The absorbed energy is used to enablethe molecule to pass from state m into state n, the energies ofwhich are Eâ€ž. and E,., so that,nbsp;= hnbsp;^ ^ A similar idea was first put forward by Smekal (3) in discussingincoherent

scattering of this kind. This assumption was also usedby Kramers-Heisenberg (4) in deriving a quantum theory ofdispersion and the wave mechanical treatment of light scatteringwas based upon the same idea. These theories supported the in-terpretation given by Raman. Further observations show however that the original inter-pretation is not sufficient to account for many consequences ofthe experiments. Langer (5) and independently Dieke (6)pointed out, that the formule which gives the intensity of aRamanline does not depend directly on the transition probability for the two states m and n concerned, but on a sum which canbe written 2 A,â€žjAjâ€ž extended over Â?all j states which can combinewith m and As a consequcnce of this the appearcncc of Raman-Imes IS mmnly governed by the actual existence of those j states. from the above explanation it will be apparent that there mustbe a certain relation between the frequency-shifts of the modifiedhnes and the spectrum of the molecule.

Raman first and manyothers after him showed a connection between these shifts andintra-red absorption-frequencies of the examined substance. Thismay be understood by assuming that the above mentioned transi-tion occurs between two oscillation- or rotation-levels of themolecule.



??? In all cases however a great difference has been observed be-tween the intensities in the Ramanspectra and those in the infra-red. In some cases the infra-red absorption is quite absent, be-cause the molecule is not a polar one, yet many Ramanlines ap-pear which are independent of this condition. For illustrating this fact on the basis of the explanation givenby Langer and Dieke we consider the simple case of a rotationspectrum giving rise to an infra-red absorption. The appearenceof absorption lines is restricted by the selection-principle. Aw =Â? i, m being the rotational-quantum-number. In the Raman-spectrum however the lines with corresponding frequency-shiftswill not appear, because there is no possibility of combining witha third state. The selection principle .gives here as may be easilyshownquot; Am = o or Â?2. On the other hand the correspondingtransitions are forbidden in the rotational spectrum. A very convincing proof of this explanation are the experimentson HCl made by Wood (7); the so-

called missing line (/2-branch)was found in the Ramanspectrum, the other lines [P- and Qrbranch) were absent. Also the observations of Mc Lennan andMc Leod (8) lead to a similar conclusion in the ease of the rotationspectrum of hydrogen. Notwithstanding this incomplete correspondence betweeninfra-red- and Ramanspectrum the effect is a very powerfulmeans for studying molecular spcctra, because the main pro-blems are not the rotation- but the vibration-cnergy-levcls. Inthe latter case the questions about sclcction-principles arc morecomplicated than in the above mentioned simple example. Problems in the Ramaneffect. Since the first paper of Raman very much attention has beengiven by physicists to the problems of modified light-scattering.In the three years since the discovery of the effect a considerablenumber of publications has appeared not only from the school ofRaman in India, but also from other laboratories in all parts ofthe world, especially with regard to wave-length measurementsand

determination of the shifts v,â€žâ€ž. It is impossible to give even ashort account of the very interesting results within the limits ofthis short introduction. We shall treat in the next chapters intensity problems arisingfrom the Ramaneffect. First we shall consider the ratio of energies between Stokes and



??? Anti-Stokes Ramanlines. It will be seen that moreover this re-search gives the possibility of a determination of the fundamental constant y. k Further we shall give a complete survey concerning the way thescattered energy in Ramanspectra depends on frequency Theseexpenments were suggested by the analogous problems in theclassical scattering and it will be seen, that to a certain degreesimilar results may be obtained in the case of modified scatteringIhe first problem was treated qualitatively by Raman andKrishnan (9, 10) and by Dadieu and Kohlrausgh (ii) Aboutthe second question Daure (12) gave quantitative results in afirst paper on the subject. In a further publication (13) he calledthese results inexact, but did not give the corrected results\' hisconclusion however is that the energy increases as the fourthpower of the exciting frequency. Landsberg and Mandelstam (14) found with quartz that theenergy increases more rapidly than a fourth power law in theultra-violet. They consider

however the results not to be soaccurate as to draw certain conclusions about the problem. CHAPTER I. Ratio of intensities between Stokes and Anti-Stokes lines and determination of the constant 1) Introduction. From different points of view the measurement of the ratio ofintensities between Stokes and Anti-Stokes lines is of importance For begin with there is in these measurements a possibility of testing thevahdityofthcdistributionlawofMAxwELL-BoLTZMANN m the quantum theory of hght. We must take advantage of thispossibility because only in a few other cases such a test can becarried out. We mention in this connection the measurements ofthe intensities in the bandspectrum of nitrogen recently made byOrnstein and v. Wijk (15). They have found a Maxwell-iioltzmann distribution among the rotation levels of nitrogen In the second place it will be seen that the investigation of theabove mentioned ratio leads to a new optical determination ofthe important constant ^ (h = PLANCK-Constant;

k = Boltz- 1) See: L. S. Ornstein andj. Rekveld; Zs. f. Phys., 57(1929), quot;sqq. L. S. Ornstein and J. Rekveld; Phys. Rev., Vol. 34 (1929), 720L. S. Ornstein andJ. Rekveld; Zs. f. Phys., 68 (1931), 257



??? mann-constant). The resulting value for this quantity is in a goodagreement with those obtained in various other ways. Althoughthe measurements which we are going to describe do not permitof such a high degree of accuracy as already obtained, it will beshown that the principle of the method may be used for a moreexact determination. This method would be a very simple one forobtaining the important quantity. Finally we draw attention to the fact that our experiments incombination with the theoretical formula seem to indicate anextension of the well-known summation rule so as to include theRamaneffect. This extension points to a very general validity ofthe rule which is also indicated by a few other measurements inbandspectra. We shall now first derive a theoretical formula for the ratio ofintensities. Theoretical. In different ways several writers have already derived a theo-retical formula for the ratio of intensities between Stokes andAnti-Stokcs lines. On assuming, that the probabilities of the two emission

pro-cesses are equal, Raman (i 6) was the first to find for the ratio of the scattered energies the expression: e i^mn transitionfrequency). The same result has been obtained by Daure (13).In the case of crystalline matter Landsberg and Mandelstam ( 17)gave an interpretation of lightscattcring on the basis of the Born-theory of crystal-lattice. They arrive at a formula of the type: ^nbsp;,, hVmn VmÂ?/ The same formula was found by Tamm (18) on applying thedirac-theory of hght-scattcring. Carelli (19) with the help ofquantum-mechanics obtains the ratio: {NJiN,)^. Placzek (20)also applied dirac-methods to solve the problem, but in a moregeneral manner by also taking into account the dispersion of thematter. His formula therefore contains the absorption-frcquen-cies v., of the substance considered. In the case of one single ab-sorption-frequency the expression has the form: 4vv. ^ \\ V,Â? â€”vV



??? In order to derive an expression for the ratio of intensities in avery simp e way we will make use of a consideration of thermo-dynamical eqmhbrium, reasoning on the same lines as Einsteindid when deriving the radiation-law of Planck. We therefore consider a system of molecules in thermodynami-cal eqmhbnum with radiation of the absolute temperature TAmong the different states of energy, which are possible for amolecule, we select the two states indicated by the letters m andn. Let the energies of these states be E,â€ž and E If we assume that the distribution of the quot;energies is accordingznbsp;Maxwell-Boltzmann, the numbers of molecules and yvâ€ž m the states m and n can be represented by = ^??\'and...{g,n and^â€ž are the statistical weights). Now we suppose this system to be immersed in a field of radia-?šon with a density p (v). The way of excitation of the RamanlinesIS the following: a quantum of light of frequency v strikes themolecule and is scattered as a

quantum of frequency v - v whilethe scattering molecule passes from state m to state n-\'ov thescattered quantum has a frequency v vâ€ž,â€ž and the moleculepasses from state /z to state m. The lines thus scattered are calledbtokes and Anti-Stokes lines, provided that Eâ€ž gt; E,â€ž and thetransition frequency is given bynbsp;= hâ€ž,â€ž. We will not enter into further details about the mechanism of this transitionbut only start from the experimentally given fact of the transition\'We will represent the transition probalities from state m to staten and inversely by cD,â€žâ€ž and clgt;â€žâ€ž,. Then the energies of the Raman-lines of frequencies v- vâ€ž,â€ž and v are given by h{j-v,â€žâ€ž)p{v) Mâ€ž. 4gt;â€ž,â€ž(v) dv and h{v vâ€ž,â€ž) p(,) jVâ€žnbsp;dv (Ha) or using formulas I) In order to obtain further information about the functions fj)and 4),â€ž we assume that the density may be represented bythe law of Wien, consequentlynbsp;^ hv = It......(ijj)



??? This assumption is not an essential restriction of the generality.For under the actual experimental conditions the frequencies con-sidered are rather high and consequently ~ amounts to about 100. In this case we may take the law of Wien instead of thegeneral radiation-law of Planck. As a consequence of the supposed equilibrium between radia-tion and matter the number of quantums having a frequency vmust be constant. This number however is changed by twoprocesses: a.nbsp;the excitation of Stokes and Anti-Stokes Ramanlines withfrequencies vâ€”vâ€ž,â€ž and v b.nbsp;the excitation of Stokes lines having a frequency v (excitedby a frequency v v,â€žâ€ž) and of Anti-Stokes lines having a fre-quency V (excited by a frequency v â€” v,â€žâ€ž). By the process a. the energy diminishes with the amount hvp(v)nbsp;(lJâ€žâ€ž(v)jVâ€ž dv . . . (IV) This loss must be compensated by the process b. The energythus obtained is represented by hv p{v-\\-V,â€ž,,)lt;igt;,â€ž4v V,â€žâ€ž)X,.-\\-p{v

â€” K.Â?)\'igt;nm{v â€” Vâ€žâ€ž)Mâ€ž dv (V)Putting V equal to IV we get with I and III: _En ^\'e ^\'^[gm ^Â?Â?Â?(V) ^nbsp; gn ^â€žÂ?(V) e quot; = //(v vÂ?Â?Â?)nbsp;Em /i(v â€” Vmn)nbsp;En (V â€”^^ gn\'i\'gt;.m(v â€” vâ€ž,â€ž)e ^^or in a more simple form: (igt;â€žâ€ž(v) e -\\-gâ€žnbsp;] = (v V,â€žâ€ž)3g,â€ž (v v,â€žâ€ž) -f /l Vmn {v â€” gâ€ž (v â€” v,â€žâ€ž) e ^^ .This equation must be satisfied for all values of which onlyenters into the exponent of the ^-power. Therefore we get the twoequations: =nbsp;and lt;tgt;,â€žâ€ž(v) = .... (VII)



??? From the first of these equations we can obtain the second oneby substituting v vâ€žâ€ž, instead of v. The two functional equationsfor the probabilities and lt;t\'â€ž,â€ž are thus obviously identical. In order to solve equation VII we use the assumption, suggest-ed by the idea of a virtual resonator, that the energy of a Stokesline, excited by different incident frequencies, increases as thefourth power of the frequency of the modified scattered light.This energy may therefore be expressed by a formula .....(VIII) A comparison between Ila and VIII leads to h (v â€” Vâ€ž,â€ž)nbsp;= â€” if we put the incident energy equal to unity. From this itresults, thatnbsp;has the form C(v â€”v,Â?Â?)^, C being a con- stant as Z), independent of v. If we substitute this in the equa-tion VII we obtain: v3 C(vâ€”=(vâ€”vâ€žâ€žy gâ€ž ({gt;â€ž;â€ž(vâ€”vâ€žâ€ž) and this equation is satisfied by putting g,^ lt;Pâ€ž,â€ž (vâ€”vâ€ž,â€ž) = Cv^ or=nbsp;Putting the expressions for g,â€ž(tgt;,â€žâ€ž and gâ€ž

lt;Igt;â€ž,â€ž in the formulas II, the formula for the ratio between theenergies of Stokes and Anti-Stokes lines as may be easily seentakes the form tpnbsp;,nbsp;, . /iVmu Ea.s. \\v -}- vmn) It must be understood, that this formula has been found on theassumption, that a fourth power law for the modified scatteredlight is valid. As will be shown in the next chapters, however, thisis only the case in regions of the spectrum remote from absorptionfrequencies. It is evident that our formula has the same res-trictions to its validity. The above expression is the same as that obtained by Lands-berg, Mandelstam and Tamm and also the formula given byPlaczek is similar, if such conditions prevail that an influence ofabsorption may be neglected. 1) This assumption has moreover been verified by the results obtainedin Chapter II and IV.



??? ramaneffect.Consequences of the formula. l1 auantitv I = ^ Introducing now the usual quantity ?’ = â€” we get for the ratio of intensities: Jnbsp;h\'Jmn â– ^^e-kr. We have tested this expression experimentally, as will be des-cribed below. If we assume the validity of the formula, it is evident, that theexperiments may be used for another purpose, viz. for a new optical determination of the constant -In this case we shall write the formula in the form: h T T.Tâ€”â€” In k y,â€žÂ? IA.S.\' As all quantities in the right hand member of this equation areknown from the experiments the determination of â€” is easily K possible. We have carried out this evaluation in the following. Anticipating on the good agreement between theoretical andexperimental results we shall draw a further consequence of thetheoretical considerations. We have assumed and this assumption will be verified in thenext chapters, that and from this it follows with the help of the equation VII We will now replace the radiation emitted by

the transitionfrom state m to state n by the radiation of a virtual oscillator andsimilarly for the radiation emitted by the transition n to m. Thismeans, that in order to describe the intensity of the radiationwhich actually takes place we adjoin a complex vector of am-plitude to each transition process. Suppose, that the oscillator hasan electric moment given by =nbsp;v representing the emitted frequency. Then as is generally known, the transition-probability and the amplitude rt are connected in the followingway: a 3^3



??? lonbsp;J. rekveld. Using the expressions for gâ€ž, and gâ€ž Â?!gt;â€ž,â€ž we obtain: (vâ€”V,â€žâ€ž) nbsp;(v v,Â?â€ž) and we can interpr?Št?Š this with the aid of the virtual oscillators bywriting: (X. =gÂ? or â– 2 gÂ? Consequently the intensities of the light emitted by the twotransitions are proportional to the statistical weights of the finalstates of the molecule after the transition. This result has evi-dently a great analogy with the summation rule for the case ofatom multiplets. By the above considerations this rule has beenextented to the intensities connected with the radiation in theRamaneffect. Besides there are some other investigations which lead to asimilar extension of the summation rule. Elliott (21) found fromhis intensity-measurements in the bandspectrum of 5 0, that theassumption of the summation rule being valid in the case of band-spectra as well gives a right interpretation of the results obtainedby the optical determination of the relative abundance ofisotopes.A

similar application of the rule has been justified by the ex-periments published by Ornstein and Brinkman (22), concern-ing the determination of temperature from bandspectra o?? C JV. In conclusion we may remark, that by these extensions it ismade highly probable, that the summation rule is of a verygeneral character and may be applied in various cases. Experimental. We will now describe the apparatus and the method used inour experiments. As intensity-ratios can be determined in the least complicatedmanner if the ratios are not too great, we have looked for a sub-stance suitable for this purpose. It will be very clear that theintensity of a Stokes Ramanline is mainly governed by the tran-sition probability from the normal to the excited state, whereasthe value of the frequency-shift v,â€žâ€ž has no influence on the in-tensity: a line for which vâ€ž,â€ž is rather large may be much strongerthan a line with a small v,â€žÂ?. On the other hand the appearance of Anti-Stokes lines

depends



??? on the number of molecules already in the excited state and thisnumber will decrease with increasing vâ€ž,â€ž. For this excitation ofmolecules is caused by thermal motion and the greater the diffe-rence of energy between an excited state and the normal one thesmaller the number of molecules in an excited state will be. Nowat room-temperature the mean thermal energy of a molecule is ofan amount of about 32 X loquot;\'^ ergs, which corresponds to afrequency-shift of 160 cmquot;\' (wave-number). At this temperatureAnti-Stokes lines with a transition frequency near this value willconsequently appear very strongly. But the intensity of Anti-Stokes lines will fall off very rapidly with increasing value of vâ€ž,â€ž. These considerations lead to the choice of a substance forwhich the values of the transition-frequencies are relativelysmall, so that the ratios between the intensities of Stokes andAnti-Stokes lines are alsos mall and thus favourable for the measu-rements. This is realized by the liquid

carbon tetrachloride (CC/4)the main lines having shifts v,â€žâ€ž of 215, 312 and 456 cmquot;\' (wavenumber); moreover these lines are very strong and may be easilyphotographed. Before the experiments the liquid was purifiedcarefully and distilled into the investigation tube. As a matter offact impurities do not affect the results of all our measurements,provided that they do not give rise to absorption. For we choseour method as to be always independent of mechanical im-purities; but with all investigations concerning the Ramaneffectit is of great practical importance to rcducc the intensity of thedisturbing back-ground obtained on the photographs to a mi-nimum. For \'this back-ground besides by fluorescent light iscaused mainly by the scattered energy of the continuous spec-trum given by the exciting light-source and wc must avoiddust-particles in the liquid, which scatter very strongly this con-tinuous spectrum. The tube filled with the liquid was of the type first indicated byWood (23). It is a

glass tube, having a length of 25 cm and a dia-meter of 4 cm. This tube is bent at the one end and has a planewindow fused on the other end. The bent part of the tube ispainted black on the outside, and this curvature serves to get ridof the reflexion from incident light on the back of the tube. Inthis way practically a black back-ground was obtained for ob-servation which is necessary for the measurement of a such faintspectrum as the Ramanlines offer. A second tube surrounded the inner one and was fixed on it by



??? rubber stops and provided with a supply-pipe and an outlet-pipefor a water-circulation to keep constant the temperature of theliquid during the exposures. For this purpose a very quick cir-culation was maintained by means of a centrifugal pump froma tank filled with water of the desired temperature. Before beginning an exposure we waited for an equilibriumstate of the temperature. Measurements of the temperature of theliquid in the tube and of the water in the tank showed, that in allcases a slight difference in temperature persisted. By means\'of athermo-element this difference was observed and a correction forit applied to the measurements. The Ramanspectrum was excited as usually by a quartz-mercury-lamp. This light source is very powerful and has theadvantage of giving a relatively small number of strong lines. Apolished aluminium reflector having an elliptical cross-sectionwas put over the lamp which was placed in one focus and thetube in the other one; a reflector

of the same material was putunder the inner tube. This arrangement for exciting Ramanlines can hardly be im-proved, because a great volume of the liquid placed at a veryshort distance from the light-source is exposed to a strongradiation from all sides. The light scattered through the plane window was focussed onthe slit of the spectrograph by means of an achromatic lens. Thisspectrograph was a Hilgcr-quartz-spcctrograph (type E-^ with alarge dispersion in the visible region of the spectrum. In order toget sharp images on the plates it proved necessary that the tempe-rature of Ihc room was kept constant within about one degree;the small fluctuations in temperature were damped by a heavylagging of the spectrograph with cotton-wool. Thanks to theseprecautions it was possible to obtain good pictures with an ex-posure time of five hours. Ilford Special Rapid plates were used being most sensitive in theregion desired; moreover the grain of these plates is sufficientlyfine to admit

of reliable intensity-measurements. The plates weredeveloped with Rodinal. The densities thus obtained were measured with a Moll-selfrecordingmicrophotometer. On each plate a set of calibration-spectra was photographed, obtained by means of a tungsten-filament lamp with a known energy-distribution. The differentsteps of one series of spectra were got by varying the width of the



??? slit of the spectrograph. For each wave-length it is thus possible todraw density-curves; although the distance between the lineswhich we have measured is not very large (at most 200 A) it isnot allowed to neglect the variation of the plate sensitivity overthis distance, A correction which can be easily found from thecalibration-curve of the tungsten-lamp was always applied. Results. The (corrected) temperatures during the exposures were thefollowing: 274Â°, 300Â°, 312Â°, 323.5Â° and 339.5Â° K. Of the incidentlight we used for excitation the two wave-lengths 4047 A and4358 A. In the Ramanspectrum of carbon tetrachloride each ofthese lines gives three rather strong lines on both sides of theunmodified scattered line, corresponding to the frequency-shifts:215, 312 and 456 cm~quot; (wave-number). These frequency-shiftspoint to three absorption-bands in the infra-red spectrum near46.5,32.1 and 21.9 ju., which however have not yet been measured. At the above mentioned temperatures

the ratio of intensitiesbetween Stokes and Anti-Stokes lines were measured and theresults are put together in the tables I, II and III. For comparison between the experimental values and thoseobtained from the ilieorctical formula we have also given thetheoretical ratios. For the calculations of the just-mentioned ratios we have used for the quantity ^ the value obtained by Michel (24) by the measurements of isochromates. He found thevalue 0.476 X io~quot; degree-sec. and it seems to be a very accuratedetermination of the constant. It will be evident from the tables, that a very good agreementexists between theory and experiment. TABLE I. Frequency-shift: vâ€žâ€ž = 215 cm~\' T (absolute) excitingline 4047 A excitinglinc4358A meanratio calcul.ratio 274Â° 3-1 2.9 3.0 3-1 300Â° 3.0 2.6 2.8 2.8 312Â° 2.55 2-5 2-5 2.65 323-5Â° 2.7 2.5 2.6 2-55 339-5Â° 2.4 2.6 2.5 2.45



??? TABLE II. Frequency-shift: = 312 cm~\' T (absolute) excitingline 4047 A excitingline 4358 A meanratio calcul,ratio 274Â° 300Â°312Â° 323-5Â° 339-5Â° Fr 5-44-4 4.1 4.4 3-6 TA â– equency-shi 5-54.2 4-33-93-8 BLE III. ft: v,â€žâ€ž = 4^ 5-45 4-3 4.2 4-153-7 j6 cmquot;\' 5-14-4 4-153.95 3-7 T (absolute) excitingline 4047 A excitingline 4358 A meanratio calcul,ratio 274Â° 300Â°312Â° 323-5Â° 339-5Â° 11.99-0 7-47.0 12.0 9.0 8.17.0 11-959-35 7-757-0 10.8 8,88.1 7-56.8 In order to examine more closely these results we have put foreach frequency-shift: I A S. With the aid of the methods of mean squares we found, that thevalue of a is very near zero and that consequently the formula ^T-\' holds. ^A.S.nbsp;... This result may also be observed from the diagram given mfig. I, where the In of the intensity-ratio has been plotted againstthe inverse of the temperature. The three lines corresponding tothe three frequency-shifts pass through the origin and thusconfirm the assumption

oc = o. It will be seen, that this fact permits us to put together in onediagram the results obtained for the different frequency-shifts. This is done in fig. 2, where ^^ ^^^^ chosen as abscissa and



???



??? Fig. 2.



??? Ifi JA- as ordinate. The slope of this line is immediately connectedIa.s. with the value of the constant j and consequently a determi-nation of this fundamental quantity is possible. We have calculated from the fifteen mean ratios, given in thetables I, II and III the following value: 0.48 X 10-quot; degree sec. (mean error: 2 %) This method for the determination of the constant ^ seems to be a relatively simple and good one. Of course its practability is to acertain degree independent of our formula; for the only thing of humn importance is, that the factor e really enters into the ex-pression giving the ratio of intensities. The other factor in thisexpression may be different from that which we have found byour theoretical considerations, provided however, that it is in-dependent of the temperature. In order to obtain a precisionmeasurement it is obviously necessary to introduce a few im-provements, especially as regards the method of intensity-measurements and the constancc of the temperature in the in-

vestigation tube. An exact determination of the shifts v,â€žâ€ž will alsobe wanted, although this determination is made rather difficult bythe great width of Ramanlines, which amounts in certain cases toabout 2A. A comparison between our results and the formula given byPlaczek shows that within the limits of accuracy obtained bythe measurements the influence of absorption, predicted in thisformula, has not been found. We may first point out, that thecircumstances have not been very favourable in this respect, asthe absorption of carbon tetrachloride starts in the extremeultra-violet, the position of the maximum not being measured upto the present time. This fact in connection with the small valuesof the shifts vâ€ž,â€ž makes the factor which expresses this influence, ^^very nearly to unity. But there is another impor- i.e. I v.-V tant reason. As will be shown in chapter III and IV an influenceof absorption is only observable for that Ramanline, which is in-ternally connected with the absorption-

transition. Now it is quiteimprobable, that each of the three lines would correspond to the



??? same absorption-frequency, provided that really one of the linesdoes so. It follows therefore, that it is possible that no influence ofabsorption will appear in this case. Bychoosingasubstancemoresuitablefordetectingthisinfluence,and taking into account the results obtained in Chapter III,the formula may be confirmed. Nevertheless, because of thepredominant character of the ^-power a supplementary factor willin general be hardly perceivable. CHAPTER II. Dependence of the scattered energy in Ramanspectra onfrequency in non-absorbing substances. Introduction. The problem, which will be investigated in this chapter is thefollowing: when we examine RamanHnes with a given fre-quency-shift but excited by incident lines of diflTerent fre-quency, what is the dependence of the scattered energy of theselines on frequency. This problem is suggested by and has to solvethe same question as the investigation of the frequency depen-dence of classical scattering. It is wellknown,

that when light offrequency v strikes a medium, part of the incident energy isscattered into a given direction and has the same frequency v.The part of energy thus scattered is proportional to the fourthpower of the incident frequency v. This fact is usually called thelaw of Rayleigh and has been stated experimentally and theoreti-cally by a great many writers and in various ways. The validityof this rule however must be restricted to regions of frequency inwhich the scattering substance does not absorb or which arc notvery near such absorption frequencies. In both cases the fourthpower law does not hold. It seems to be very interesting to investigate this problem alsofor the case of modified scattering. As a consequence of theremarks just made about the validity of the law of Rayleigh forthe scattered energy in the classical case, it seems necessary todivide the problem into two: a. the dependence of the scattered energy in Ramanspectraexcited in regions which are far away from

absorption frequencies,of the substance, 1) See : L. S. Ornstein and J. Rekveld; Zs. f. Phys. 6i (i93o)593-



??? b.nbsp;the same question for Ramanspectra excited in regionswhich are at a very short distance from absorption frequencies. About the question whether in the absorption region itself theRamanlines do not exist at all, or whether they are relatively verystrong we cannot give any information. We can expect that cer-tainly very long exposure times are necessary before the lines canhave through the absorbing matter any effect on the plates. Butwe have not investigated this point. In this chapter the problem indicated under a. will be treated. Theoretical predictions about this subject have been made byPlaczek (20). Taking the dispersion of the matter in questioninto account he arrives with the aid of quantum-mechanics toan expression for the frequency-dependence of modified scattering.The expression he gives can be simplified and written: (E5 = energy of a Stokes-line, v,â€žâ€ž = frequency-shift, =absorption-frequency, Cjâ€ž is a quantity connected with transitionprobabilities by the

absorption process considered). From this formula it follows, that we must consider threepossible cases: fl. v}â€ž gt; gt; V\'; this means that the exciting frequency lies at agreat distance from the absorption frequency. In this case theformula states, that in a first approximation the scattered energywill be proportional to the fourth power of the modified fre-quency. h. Vjâ€ž lt; v; this possibility is for instance realised in regionsnear infra-red absorptions. The energy would decrease more rapidly than (vâ€” c.nbsp;Vjâ€ž gt; v; this occurs near ultra-violet absorption regions.In this case the energy according to the above formula mustincrease more strongly than (vâ€” Method of Investigation. There are two obvious ways to treat the problem. a. The first method may be the following: the Raman-spectrum is photographed together with the scattered excitinglines. Now in the usual way the ratio of energies of each Raman-line and of the corresponding scattered unmodified line is madeup. The dependence of

the energy in the RamanUnes on fre-



??? quency is in this way determined in connection with the energyof the unmodified lines and about this dependence we assumethe Rayleigh fourth power law. From the comparison betweenthe obtained ratios a conclusion results about the consideredenergies and about a possible deviation from the classical law ofscattering. This way of investigation however has in our opinion variousdifficulties. The substance to be considered must be made dust-free very carefully in order to avoid scattering on dustparticleswhich does not follow the fourth power law, as for the Raman-lines dustparticles have not direct influence. Further one hasto use various screens during the exposure in order to preventlight reflected either on the walls of the tube containing theliquid or otherwise to enter into the spectrograph and spoil theresults. These screens however involve an important loss of lightradiated from the tube and therefore very long exposure timesare necessary. Apart from these practical

objections which are at least not offundamental importance there is according to our view aradical error in this method. We have namely assumed the validi-ty of the fourth power law for the unmodified scattering. Now asa matter of fact this law has been stated theoretically with somediscrepancies about the influence of the dispersion of the scatter-ing substance, but strictly speaking has never been checked ex-perimentally in a more restricted manner. The school of Ramanhas measured the scattering of many substances in order to makethis point clear, but these measurements gave always only theintegral effect of a range of wave-lengths not of individualfrequencies. With each given substance we must make out firstwhether circumstances are such that an application of the law isallowed. This makes necessary to determine the energy of un-modified scattered lines in connection with the energies of inci-dent lines, at least if we will not carry an uncontrolled assump-tion into our

measurements. These considerations suggest the following method: b. The Ramanspcctrum is photographed and the energies ofthe lines are measured. After that the relative energies of theexciting lines are determined. The ratios of the energies of Ra-manlines and of corresponding exciting lines are made up andfrom this the dependence on frequency is acquired in a directmanner.



??? Experimental. We have chosen for our problem the liquid carbon tetra-chloride (C a4). Because with this substance each exciting line gives rise to threevery strong Stokes lines and to the three corresponding Anti-Stokeslines, it has the advantage ofoffering six objects for investigationat once. Therefore we can obtain results of a high accuracy. The Stokes lines and the Anti-Stokes lines were photographedwith different exposure times necessary to obtain suitable den-sities. It is evident, that for comparing the variation of energyof a given Ramanline with frequency, all the lines to be comparedought to be acquired with the same exposure: as only in that casethese lines are photographed under exactly equal conditions. The method of exciting the Ramanspectra was the same asdescribed in Chapter I. This time however it was necessary notonly to keep constant the current and voltage of the mercurylamp during the exposures but also to use the same current andvoltage during all of them, in

order to make sure that each timethe energy of the exciting lines is exactly the same. From somepreliminary researches it appeared, that in order to get themercury lamp in a state of equilibrium the lamp had to be setgoing one hour or two beforehand. To reproduce equal currentand voltage one must work under exactly the same circum-stances as regards the mercury lamp, especially as to the placingof screens around it. The circulation of air in the room in connec-tion with temperature fluctuations seems to influence the state ofequilibrium. To prevent the continuous background on the platesfrom being too strong the temperature of the lamp may not be toohigh, which means that the energy put into the lamp may notbe too much increased. The radiation from the tube through a plane window wasconcentrated on the slit of the spectrograph by means of anachromatic lens. This spectrograph (Fuess) was very powerfulowing to the relatively large aperture of the apparatus. Thephotographs were

taken on Ilford Panchromatic plates. The C Cli received in a highly purified state was distilled intothe investigation bulb. Further purification was superfluous forour experiments; it is sufficient that eventual fluorescing sub-stances are eliminated as giving a disturbing strong conti-nuous background. A few particles of dust do not harm forreasons already mentioned.



??? With this arrangement it was possible to get good photographsof Ramanlines excited by the mercury lines from 4047 till5791 A with an exposure of two hours. Mercury lines. Our method presupposes a knowledge of the relative energiesof mercury-lines. These have been acquired in the following way: To take a photograph of the lines as they are radiated fromthe mercury lamp the tube containing the liquid was replacedby a reflecting plate. For this plate we have chosen a layer ofgypsum covered with magnesium-oxyde. This is applied on thegypsum by burning magnesium-ribbon under the plate; to fix itit was necessary to hold the plate into boiling steam and torepeat these manipulations several times. The plate thus acquired will last for a long time and reflectsdiffusely the radiation from the lamp in the direction of the slitof the spectrograph; for this purpose the plate was made slantingat an angle of 45 degrees. Before comparing the lines thus obtai-ned with the corresponding

Ramanlines the question must besolved whether the energies thus measured are still in accordancewith those actually active in the tube in exciting the Raman-lines, these energies only being of interest. For it might be, that the light from the mercury lamp enteringthe tube be affected by reflexion, diffraction and eventual ab-sorption to an amount which to a certain degree depends onwave-length. If this amount exceeds the limits of accuracy of themeasurements it would appreciably alter the relative energies ofthe mercury lines and lead to wrong results. For make sure we have compared the lines radiated directlyfrom the lamp and the lines having passed through the tube. To be quite certain about this result as regards absorption wehave paid special attention to the possibility of its presence. Forthis purpose a tube 8 cm long with plane windows paraflel toeach other at the ends was filled with carbon tetrachloride. Themercury lamp was placed before a monochromator and in

thisway the light of the lines was made to pass successively throughthe tube. The energy was measured with the combined thermo-pile and galvanometer. Within the limits of accuracy (about afew percents) an absorption effect was not perceivable. Such anaffirmation enables us to use the distribution of energies acquiredfrom the direct radiation of the lamp, it being the same as the



??? distribution really active in exciting the Ramanspectrum andthis means an important simplification in the manipulation of themethod. The time of exposure for the mercury lines is compared withthat for the Ramanspectra very short and it was thereforenecessary to increase this exposure time by means of suitablescreens put in the path of the light from gypsumplate to spectro-graph. In this way both exposure times were made of the sameorder of magnitude. Calibration of the plates. To determine the energies of the lines from the densities on theplate, one or two sets of calibration spectra were photographedon each plate. These spectra were obtained from a tungsten-filament lamp, the alteration of energy in one set being reahzedby varying the width of the slit of the spectrograph. It is evidentthat as the shift in frequency of the Ramanhnes compared withthe exciting lines is small, the actual problem of intensity-measurement is not essentially different from homochromaticphotometry. Therefore

the exposure times necessary to obtainRamanspectrum, mercury-lines and calibration spectra need notbe the same. For it follows from the experiments carried out byv. d. Held and Baars (25), that a variation of exposure timeonly means a parallel shifting of density curves. Although theamount of this shift may not be the same for all wavelengths (seee.g. Chapter HI), we can not go wrong by assuming, that the dis-placement is the same for wavelengths which are very near oneanother. Notwithstanding the small difference in wavelength wehave corrected for the slight difference in the plate-sensitivity.Therefore a calibration of the tungsten-lamp was necessary. The background appearing on the plates was subtracted fromthe energy of Ramanlines after having determined the energy ofthis background from the measured density. To obtain exactresults it is of great importance, that the energy respectivelythe density of this background is neither too large nor too small-in the first case the density of

the lines differs too little from thatof the ground and in the other case it is impossible to determinean exact value for the background, because of the general factthat small densities can not give reUable results in our photo-metry.



??? Results of the measurements. On the plates appeared the Ramanlines excited by the follow-ing mercury lines: 4047, 4078, 4358, 5461, 5770 and 5791 A.With each of these lines the following frequency-shifts gaverise to Ramanlines: 215, 312 and 456 cmquot;\'(wave-numbers),Stokes lines as well as Anti-Stokes lines, except the mercury-lines 5770 and 5791 A (yellow lines) where the Anti-Stokes lineswere apparently not strong enough to give noticeable den-sities during the usual exposure times. Besides some otherlines are too weak for being reliably measured in comparisonwith other corrcponding lines on the same plate. Moreover theplates which we have used show a maximum of sensibility in thevicinity of the yellow lines, and these lines being very neartogether some of their Ramanlines coincide. Both circumstancesgave particular difficulties for photometry, the first since in suchregions the energy is a rapidly varying function of wavelength andthe second because an

analysis of the coinciding lines is necessary,which analysis is a difficult one in the case of Ramanlines ofwhich the contour is not exactly determined. As a consequenceof these considerations only the Ramanlines excited by the mer-cury-lines 4047, 4358 and 5461 A are measured. This must notbe thought of as a restriction, since in any case the lines excitedby 4078, 5770 and 5791 A could not give really new information,because of their close vicinity to the lines measured. For the Ramanlines just mentioned we have obtained theenergies in the above mentioned manner and each of theseenergies has been divided by the energy of the correspondingexciting line. The ratios thus formed have been normalized insuch a way, that the reduced energy of all the lines excited by4047 A are put equal to 100. This normalization has only apractical signification. The numbers acquired for the relativeenergies are given in table IV and V. For comparison the relativevalues of v^^ and v^ are put

into the tables, equally normalizedon 100 for the lines excited by 4047 A. (the frequencies of thelines are respectively: 24705, 22938, 18308 cmquot;\' (wave-number)).



??? TABLE IV.Frequency-shift: ^215 (Stokes Hnes) exp. vie 24705 2293818308 Fre( 100 7232 ijuency-shift: vÂ?â€ž 100 74-330.2 = 312 (Stokes H 10074.129.8 nes) ^Hg exp. vW 24705 2293818308 Free 100 7430 uency-shift: v,â€žâ€ž 100 74-330.2 = 456 (Stokes h 10074.029.6 nes) VÂ?Â? exp. 24705 2293818308 Frequer 100 7331 TABIicy-shift: = : 100 74-330.2 .E V. 215 (Anti-Stokes 100 73-929.4 1 Hnes) ^Hg exp. 24705 22938 Frequer 100 70 icy-shift: = 10074-3 312 (Anti-Stoke 10074-5 s lines) ^Hg. exp. 24705 22938 Frequen 10074 icy-shift: vÂ?â€ž = 10074-3 456 (Anti-Stokei 10074.6 3 lines) quot;^Hg exp. â– ^\'hs 24705 22938 10075 10074-3 10074-7



??? Each of the results, mentioned in these tables is the mean valueof repeated measurements. A comparison between the ratiosobtained for the same exciting frequency but for different shiftsshows, that there is a relatively small spreading of the valuesIhe evidence of an analogous behaviour of different Ramanlinesauthorizes us to make up the mean of the energies from differentlines excited by the same mercury line. We get therefore thefollowing mean ratios: exciting freq. 24705 22938 18308 mean ratio 100 73 31



??? which Ig V is the abscissa and Ig E the ordinate. It is evident, thatthe slope of the line in this diagram immediately gives the valueof the exponent x. A reproduction of this diagram is given inFig. 3 and for comparison the line having a slope correspondingto a; == 4 is also drawn in the diagram. It is very clear that theline, drawn through the experimental values is parallel to the lineshowing the slope for a; = 4 and from this it follows, that theenergy of Ramanlines increases as the fourth power of the ex-citing frequency. This result obtained we can divide each value of the relativeenergy by the fourth power of the exciting frequency. Doing sowe get for all lines numbers which are in good agreement witheach other. Discussion of results. On assuming the validity of this fourth power law we haveput into the tables IV and V the relative values of v^g and v^?.Now we have stated the dependence deduced from our experi-ments to be a fourth power law of exciting frequencies. On comparing

however the values of the fourth power of thefrequencies of the mercury-lines and those of the Ramanlineswe see at a glance, that there is only a very slight differencebetween the relative numbers. As a matter of fact a decisionbetween the two assumptions is impossible. A dependence cor-responding to the fourth power of the frequency of Ramanlinessignifies a different behaviour for different frequency-shifts. Thishowever is not apparent from the tables, no systematic progressbeing detectable for different lines. It is very clear that the diffe-rence just mentioned falls within the limits of error, obtainable byintensity measurements, because this difference is only of theorder of about 1%. So all things considered we must leave openthe possibility for both assumptions. Measurements with a sub-stance where the frequency-shifts are much larger could possiblygive a decision. We shall return to the question in the nextchapter. We choose the substance C Cl^ because no absorption occurs inthe

visible or ultra-violet region. In the results no influence ofan absorption can be detected. We are obviously too far awayfrom the proper frequencies of the substance to perceive thisinfluence. We will conclude this chapter with the remark thatthe results of our experiments confirm the theoretical predictions



??? about this question given by Placzek in the above mentionedlormuia. In the next chapter we shall try to continue the researchesabout this problem especially as regards the influence of absorptiontrequencies of the substance. CHAPTER III. Dependence of the scattered energy in Ramanspectra on frequency in absorbing substances. 1) Introduction. We have shown in the foregoing chapter that in the case oftv C/, the scattered energy of a Ramanline increases accordingto a fourth power law just as with the classical phenomenon ofunmodified scattered light. As has been shown there, howeverthe problem is not solved completely with this result. We have namely pointed out, that the whole of the investi-gation must be divided into two parts by the occurence of ab-sorption frequencies. Now in the case of carbon tetrachloride we have made ourexperiments m a region far away from the absorption of thissubstance. In the following the second part of the question willbe examined,

viz.: the dependence of the scattered energy inRamanspectra on frequency in a region which is fairly close to aproper frequency of the substance. The expectation that in thiscase a different law will hold has been suggested by the analogouscase of the unmodified scattering, where in the regions just men-tioned the fourth power law breaks down. As we have made clear already, the formula given by Plac-zek (20)nbsp;\' predicts an influence of absorption. The way the frequenciesenter into this expression may be understood by the followingconsiderations: To explain the Ramanlines we assume a quantum of light withfrequency v to strike a medium. Part of the energy falling upona molecule of the scattering substance will be absorbed by themolecule, the remaining energy being scattered as light of a See: J. Rekveld, Zs. f. Phys. 68 (193 0,543.



??? frequency differing from v. The energy absorbed is used by themolecule for the transition from state m to state n, the latter statehaving the higher energy. We must now assume as has been stated theoretically and alsohas been made clear by the experiments giving a selection prin-ciple for the Ramanhnes, that this transition between the statesm and n is not a direct one, but is performed via an intermediarvstatej which can combine with both states m and n. To deduce the formula for the intensity of a Ramanline wemust therefore consider all transitions m to n combined with allintermediary statesj provided they are not forbidden transitionsIn order to arrive at an expression representing this intensity wecan use anyone of the dispersion theories given by LadenburgKramers or Schrodinger which do not differ essentially Theprobabilities of all possible transitions will enter in the formula It will be very clear that an influence of absorption frequencies will occur in the expression for the

scattered energy of the Ramanhne and this will take the form as is usual in dispersion-formulai.e. the well-known resonance-denominators of the type v^. â€”v^\'This means, however, that in the vicinity of the absorotionfrequency the energy of the modified scattering will increase morerapidly than according to a fourth power law. Experimental. For the problem under investigation at first sight one mightthink that a great many substances be suitable. On secondlieuw \'\'nbsp;^o^ditions arise from experimental point of In the first place the Ramanspectrum must be fairly strongbut absorption may not be too strong, because in that case thelines would become too weak in the vicinity of the region of theabsorption.nbsp;Â° The absorption line must be narrow, so as to enable us to getvery near the maximum of absorption. It is further desirable thatthe absorption hne occurs either in the infra-red or in the remoteultra-violet parts of the spectrum. Further it is of great imnortance that the substance in

question is not altered bv ohotor^hemical reaction particularly when using ultra-violet light Forthis reason it was impossible to use the liquid carbon tetr^chloride for this investigation as was obvious from some Dreli\'minary experiments.nbsp;pi en-



??? Most of the conditions mentioned are fulfilled rather\'well withmethyl-alcohol. In his publication about ultra-violet absorptionsHenri (26) gives the position of an absorption maximum ofmethyl-alcohol near the wave-length 2200 A, the intensity ofthe absorption not being very strong. The Ramanspectrum hasbeen measured by several scientists and they found that only onevery strong line appears on the photographs. The frequency-shiftof this line amounts to 2832 cmquot;\' (wave number). The line is adoublet with components of equal intensity, but being a verynarrow one we get only one point for our determination of thedependence of scattered energy on frequency. As the mercury-lamp itself gives a great many lines in theultra-violet region, the fact that only a few or even only oneRamanline arise from each exciting line is of great practicalimportance. Method of exciting Ramanlines. Being forced to work in the ultra-violet region of the spectrum, Fig. 4- we had to alter the

apparatus and the method described in theforegoing chapters accordingly. The tube containing the liquid was of the usual type first in-dicated by Wood (23) and was made of quartz with a planewindow of quartz fused on at one end. To cool the liquid thetube was placed in a small receptacle of tin-sheeted iron with in-and outlet-pipes for watercirculation from the main (see e.g.Rao (28) and fig. 4).This receptacle was open at the top and the inside was painted



??? dull-black to avoid reflexions from the incident light; for thisreflected energy would to an unknown extent form part of theenergy giving rise to the Ramanlines which part can not betaken mto account in determining the relative energies of themercury-lines radiated from the lamp. In accordance with the size of the mercury-arc we painted apart of the tube, which has a total length of about 20 cm and allghT^^^^ cm, leaving thus only 12\'/. cm open for the incident We may therefore assume if we wish to take the absorptioncorrections into account that pro unit of volume the incident andtherefore also the scattered energy is a constant for a given wave-length. The aluminium-reflector placed over the mercury-lamp wascovered with a layer of magncsium-oxyde in order to obtain adiffuse, non metallic reflexion. The purpose of this will be explained in the following. The photographs were taken with a Hilger-quartz-spectrograph(type E,) which is very powerful and gives a good dispersionin the ultra-

violet necessary for avoiding a too strong continuousbackground on the plates. This spectrograph was placed directlyin front of the plane window of the investigation-tube, withoutlenses. The lenses of the spectrograph being entirely\'filled bythis arrangement we have no loss of intensity in the exposures andmoreover we are able to work without the usual lenses whichare not achromatic for the whole region, as is required for ourmeasurements. The exposure time for obtaining suitable densities was about7 hours. These photographs were taken on Ilford Special Rapid Determination of the energy of the mercury-lines.As the principle of the method used in this investigation isquite the same as that described in Chapter II we must nowdetermine the relative energies of the mercury-lines. This is donein the following way: The tube filled with liquid was replaced by a thin plate ofblack-backed amorphous quartz reflecting the light from themercury-lamp in the direction of the sHt of the

spectrographThe amount of the reflexion must, of course, be known This canbe easily calculated by means of the formula given by Fresnel



??? assuming that the light falling upon the quartz-plate is unpola- To make sure of the correctness of this assumption we coveredthe reflector of the lamp with magnesium-oxyde, then gettingnd ol the metallic polarized reflexion and obtaining a diffuseunpolarized reflexion of the mercury lines. To avoid complicated calculations necessary for the evaluationqulrtznbsp;^ plate of amorphous The time of exposure, though increased through the use ofreflected mstead of direct light, would of course have been stillexceedmgly small. But as we must take density-marks with thesame time of exposure (see further on) this must at least amountto a measurable duration. So, to reduce the light to the intensityrequired we applied a diaphragm of which the holes werebig enough to avoid diffraction. Because of the fairly great distance between the exciting lineand the Ramanline with each wave-length, the method of photo-metry is essentially different from that described in the preced-ing chapter.

There we could apply the method of homochromatic photo-metry because the distance of the Ramanlines from the excitinghnes amounts at the most to about lOO A. Of course a correctionmust be applied for the variation of plate sensitivity, even overthis short distance. In the case however of methyl-alcohol the distance betweenRamanlines and exciting mercury-lines varies from 200 to 300 A.Taking into account the strongly decreasing sensitivity of theplate and other properties which are of importance in photometrye.g. the variation of the Schwarzschild-constant p, it is necessaryto measure the lines separately and to combine the measured in-tensities. This means however that it is necessary to apply a me-thod of heterochromatic photometry. We have determined therelative energies of the mercury lines and also those of the Raman-lines; the ratios between corresponding energies give valueswhich represent the energy of a Ramanline in the energy of theexciting line as a unit.

We will now give a more detailed description of the wayfollowed in our experiments in order to carry out the hetero-chromatic photometry in the ultra-violet region of the spectrum.



??? Heterochromatic photometry in the ultra-violet. The problem is as follows: of the photographs of two or morespectral lines of different wave-lengths the densities, arising in thesame time, on the same plate and using the same apparatus, aregiven. Determine the ratio of the energies of these lines. If the lines do not differ in wave-length it is sufficient to take onthe same plate, with an exposure-time which may vary withincertain limits with regard to that of the lines, a series of densitymarks, caused by a light source which gives a continuous spec-trum when one prefers to graduate the steps with the aid of themethod of slit-widths variation. This light source need not beconstant if only the different steps of one series are takensimultaneously. In the problem of heterochromatic photometry, however thedistribution of the energy in the source of light must be known aswe need a definite radiation which we can reproduce at willknowing its dependence on external conditions. We used for

thispurpose a quartz-lamp with tungsten-ribbon in order to have asource also suitable for the ultra-violet part of the spectrum. Forcalibrating this lamp we used the Utrecht-method which givesthe true temperature of the lamp as a function of the currentused. To obtain the various steps of energy required to get aseries of density marks with a fixed temperature of the lamp, weused the method of slit-widths -variation. We assume that theenergy thus active on the plate is proportional to the width ofthe slit, provided the latter is not so narrow that diffraction-effects occur. As will be explained further on, it is necessary touse the same time of exposure for the calibration-spectra as forthe spectrum under investigation. Since for our experiments theexposure time for the Ramanhnes was several hours we havetried to find out a method for obtaining a set of density marksin one single exposure. For this purpose we made use of a quot;step-sHtquot;, first applied by Elliott (21). This consists of six short

slits of different widths which form ageometric progression. The widths of these steps were determinedby direct measurements with a comparator. This step-slit wasplaced immediately in front of the proper slit of the spectrograph,which was opened as far as possible. This method has the sameadvantages as that with the so-called step-reducers but withoutthe complication of being dependent on wavelength. Of coursecare must be taken to prevent the light passing through the



??? ^ep-sht from fillmg he lenses and the prism of the spectrographfor then the proportion between the energies falling on the platewould not be the same as that of the slit-widths.nbsp;^ It IS also of fundamental importance to have a homogeneousdistribution of light on the slit of the spectrograph. As L haVeno used lenses during the exposures, this homogeneity is ei\'Wobtained by putting the tungsten-lamp at a relatively great dis-tance from the sht of the spectrograph. Moreover, a distributionat random was made of the widths over the step-slit in order todetect irregularities of this kind or of those caused by othercircumstances such as sensitivity or treatment of the plate Sincewe have investigated a rather large range of wavelengths oneseries of cahbration spectra is, for two reasons, not sufficientiMrst the sensitivity of the plate decreases with shorter wave-engths, and secondly the energy of the lamp falls off very rapidlvtowards the region of shorter wavelengths. Generally

speakinga given set of density marks can therefore be used for one single wavelength only, and for the whole range different sets must betaken on the plate. To obtain the other series various ways are open to us a.nbsp;T^ placing of a diaphragm in front of the constant light-source. This way may be convenient for a narrow range of wavelengths, but when an alteration is necessary within a wider rangethe margin of the variation is not sufficient, especially consideringthat when the opening of the diaphragm is too small, diffractioneffects may occur and, because of their dependence on wave-length, may alter the distribution of energy. b.nbsp;Variation of the distance between light source and slit of thespectrograph. This arrangement has also the disadvantage of notbeing apphcable over the wider ranges occurring in our experi-ments. Moreover, the way in which the light fills the speJ^tro-graph would be different for various distances if the same appa-ratus is used.nbsp;^^ This can

give rise to errors in the comparison between lines and marks as in both cases the light must fill the spectrograph inthe same way.nbsp;^ c.nbsp;Variation of the time of exposure. This method would be fundamentally wrong, although it hasoften been applied by others. The reason for this may be tracedto a wrong interpretation of the facts published by v. d Heldand Baars (25) about parallelism of density-curves with varia-



??? don of exposure-time. Their experiments show that if the varia-tion does not exceed a factor looo, the density-curves are paral-lel. From this it is obvious that in homochromatic photometrythe exposure time may differ for spectrum and density marksas this means only an additional factor for the energy in allthe measured lines which is not essential in making up theirratio. For hetcrochromatic photometry the circumstances aretotally different. In the latter case not only the parallelism is ofgreat importance but also the question whether for differentwavelengths the curves are shifted to the same amount or not. Itcan easily be seen that the shift is not determined by the samefactor for different wavelengths, if we assume, for instance, thelaw of schwarzschild to bc valid. According to this law thedensity D is given by the equation D = C E t^ ox Ig D = Ig C Epi gt. The above mentioned facts are easily understood fromthis formula: alteration off only enters into an additional termand means a

parallel shift of the curve which gives Z) as afunction of Ig E, the amount of the shift being pig [t^â€”t^.The question whether this shift depends on wavelength is nowreduced to the dependence of the exponent p on wavelength. As may be generally known, however, p varies fairly stronglywith wavelength. In order to illustrate this fact we have deter-mined for a number of wavelengths the value of/) for a givenplate. These values have been obtained by drawing isochroma-tcs (density curves for one definite wavelength) with differentcxposuretimcs; the factor of shifting gives at once a determina-tion of the value of p using the formula of Schwarzschild asgiven above. The results are given in the table VI and in figure 5. TABLE VI. Wavelength 2450 A 2532 A 2667 A 2850 A 3062 A Value of p .76 â€?77 .80 .88 .90 These results will probably vary with the treatment of theplate, certainly they do so when using other plates. It wouldtherefore be necessary to determine for each plate the values ofp by

this method, which would be tedious work and moreover asource of errors that had better be avoided. From these conside-rations and experiments it is very clear that to obtain accurateresults the times of exposure for calibration-marks and spectrum



??? Kntheform^p,nbsp;remembering .ha. jneans .he maximum of energy for agivennbsp;JJ?)-



??? This expression gives the energies, with as a unit, as afunction of the product IT. This function may be drawn oncefor all. In the case of a black body and various temperatures theenergy corresponding to a given wavelength is easily found bymultiplying the energy from the diagram by a factor proportionalto TK Now in our lamps the ideal case of black-body-radiation is notrealized and some corrections must be applied to the energythus determined. This is usually done for the visible part of thespectrum by introducing for each temperature of the lamp aso-called colour temperature. This colour temperature representsthe true temperature of a black body to which the same distri-bution of energy would correspond as the lamp actually possessesat its true temperature. Up to the present time the possibility ofintroducing a colour temperature for the ultra-violet has notbeen tested experimentally, and anyhow it is certainly impossibleto render the whole range of the spectrum from the utra-

violetto the visible part by assuming a colour temperature. Therefore we have used the true temperatures of the lamp, buthave also applied corrections for the emission of tungsten. Thisemission coefficient e (k, T) is also a function of gt;1 and and itsvalue as a function of wavelength and temperature have beenmeasured by many physicists, the results being in good agreementwith each other. By multiplying the energies from the diagramabove mentioned by jsand by e{l,T) the distributions of energyfor all currents of the lamp and all wavelengths are known.Finally, the usual correction for the varying dispersion of thespectrograph must be taken into account. If we take this dis-persion d to be Angstrom per millimeter, it is very clear thatthe energies mentioned above must be multiplied by a factorproportional to this dispersion. Summing up, we have thus forthe relative energy at a given wavelength active on the plate ^max The densities were measured with the Moll self-

registeringmicrophotometer and so for each wavelength the relation bet-ween energies and densities is known, and the energies as func-tion of the wavelength as well. From the densities of the linesgiven by these curves the relative energies of the lines werededuced.



??? To check the entire method, especially the corrections whichhave been applied as described above, we made several tests inthe following way. Isochromates were made, i.e. for two tempe-ratures of the lamp the density curves are drawn, obtained fromthe two corresponding sets of density marks at the same wave-length. When all corrections have been carried out these twocurves ought to be identical. This check has given satisfactoryresults in many cases. Finally we must draw attention to the fact that it is notnecessary to carry out this work for all wavelengths occurringin our measurements. It is sufficient to pick out a few wave-lengths from the range to be examined, being careful as to wherethe sensitivity of the photographic plate has an extreme value.The curves obtained for these few wavelengths enable us todraw diagrams representing the energy as a function of wave-length for each density. The density curve for a given wave-length may be easily found afterwards by

interpolation from theenergy-wavelengths diagrams. Corrections. We have thus determined the relative energies of both themercury-lines and the Ramanlines. Now the following corrections must be applied to theseenergies: a.nbsp;All mercury-lines have been measured by means of reflexionon quartz. Therefore it is necessary to calculate the coefficientsof reflexion of amorphous quartz, which is easily done, using thefresnel-formulce. The measured energies of the lines must bedivided by these coefficients. The values thus corrected representthe relative energies of the lines as they fall on the investigation-tube. b.nbsp;For some of the mercury-lines a small correction must beapplied in order to account for the slight weakening by theabsorption of the light on its path from the wall of thetube to the axis. As already mentioned, the shape of thescattering volume of the substance is nearly cylindrical, thediameter of it being a fraction of that of the tube. So in taking theabsorption-

correction just mentioned, we have a sufficient meanfor the whole diameter. This correction amounts to only a fewper cents. c.nbsp;The measured energies of the Ramanlines must be correct-



??? ed for the absorption of the scattered energy of each element ofvolume, on its way from this element to the window of the tube.To obtain these corrections we first remark that by our methodof investigation the whole scattering volume of the tube is ex-posed to homogeneous radiation. The diffuse reflexion from thereflector covered with magnesium-oxyde does not depend onwavelength. And therefore we may assume that the distributionof energy over the wavelengths is the same for each element ofvolume of the tube, which is under irradiation and that for eachwavelength the incident energy is the same for each element ofvolume Therefore the energy scattered by each element per unitof incident energy is independent of the position of the element,and depends only on the law of scattering, holdmg for theparticular wavelength considered.nbsp;, . , If we consider a unit of volume at distance x from the wmdow,the intensity I of the light passing through the window wiU beconnected with

the intensity /â€ž scattered per unit of volume bythe formula / = ?’(, .10quot; {t â€” molecular coefficientof extinction, c = concentration of the substance in mol/liter).Thus, the relative energy h falling on the slit per unit of areais given by lo 10- Therefore, the total amount of relative energy, scattered bythe whole volume is expressed by integrating the foregoing for-mula over the axis of this volume. By dividing the energiesobtained for the Ramanlines by the value of this integral, theinfluence of the absorption is eliminated. We have calculated theintegrals graphically. Results.nbsp;, r 11 â€?nbsp;1 The exciting mercury-lines have the following wavelengths: 2537 A, 2652 A, 2894 A, 2967 A, 3022 A, 3126 A. As already mentioned, each of these hnes gave rise to onestrong Ramanline with a frequency-shift = 2832 cmquot;^(wave-number) corresponding to an infra-red absorption bandnear to 3.5 fx. The positions of the Ramanlines which we havemeasured are therefore: 2733 A, 2866 A, 3152 A,

3239 A, 3305 A, 3430 A.



??? The corrected ratios for the energies of Ramanhnes and excitinghnes are given m Table VII.nbsp;^ TABLE VII. Wavelengtli of i?-line 2733 A 2866 A1 3152 A 3239 A 3305 A 3430 A ratio (Â?) 17.0 10.0 3-4 2.6 2.4 2.0 in oraer to make clear the meaning of these results we havedrawn the diagram reproduced in fig. 6. where Ig E has been chosen as ordinate and Ig v^ as abscissa. For comparison a line isdrawn in the figure showing the function E = Cv);. The diagramshows that for the first two or three lines the fourth power lawholds, but at shorter wavelengths, i.e. with greater frequenciesthe ratio increases much more rapidly than according to the



??? fourth power of the frequency. Although in this case, too, thevalues of v\'r and v do not differ very much, the position of thefirst points of the diagram are decidedly in favour of the v^f.We can hardly expect a still more convincing indication, for thedifferences between vr and vng will always remain relativelysmall. We may, for this reason draw a conclusion which settles thequestion left open in the foregoing chapter and state that:in regions far from absorption frequencies the energy of a Raman-line increases as the fourth power of its own frequency. If we now consider the formula given by Placzek (20) it iseasily seen that qualitatively our results are in agreement with thetheory. To examine this agreement more closely in a quantitativemanner too, we assume that in the vicinity of one absorption-frequency the above given formula is simplified to: C (v â€” (va = absorption-frequency and C is a constant). It must bementioned however that this simplification involves a sharpmaximum of

absorption which does not occur in the case ofmethyl-alcohol and also that the other absorptions are remotefrom this one. Moreover, the formula is, properly speaking, deduced forregions where absorption of the substance is absent. We may assume for a moment the validity of the above ex-pression, especially in the vicinity of the absorption-frequencyconsidered. It must be possible to determine an approximatevalue of this absorption-frequency vÂ? by computing the quotientof two ratios {E) representing the scattered relative energies. We have carried out this division for the ratios obtained forthe exciting lines 2537 A and 2652 A. We thus get the followingcalculations: Â?2652 quot;quot;nbsp;\\V2652 VW Va â€” Va being the only unknown quantity. We found in this wayv^ = 43.900 cmquot;\' or XÂ? = 2280 A. This result agrees satisfactorily with the position of an absorp-tion-maximum of methyl-alcohol indicated by Henri (26) near



??? the wavelength 2200 ?‚. As no other absorption-maxima occurin this region we must identify both frequencies and assumethat the transition giving rise to the Ramanline is connectedwith this proper frequency of the substance. Now the absorption-maximum just mentioned appears in the case of a great manysubstances and has been ascribed by Henri to the group C-//whichthese substances have in common. We conclude, therefore, that the Ramanline under consi-deration is characteristic for the group C-H. This fact has alreadybeen shown in different ways by several writers (see e.g.Venkateswaran and Karl (27)). From these experiments an influence of the absorption-frequencies is made very clearly. We may state that, generallyspeaking, on approaching an absorption frequency of the sub-stance, the scattered energy of a Ramanline, connected with thesame group of the molecule as the absorption process, increasesmuch more rapildy than according to a fourth power

law. In conclusion we draw attention to the fact that by our methoda decision is possible about the question to which group of amolecule a Ramanhne must be ascribed when the absorptionspectrum of the substance is known and its frequencies have beenascribed to certain groups of the molecule, CHAPTER IV. Dependence of the scattered energy in Ramanspectra on frequency for aceton, Introduction. In the preceding chapters we have given the method andresults of our experiments concerning the dependence of thescattered energy in Ramanspectra on frequency in two cases: a.nbsp;working with six Ramanlines of which the frequenciesdiffer greatly from the absorption-frequency of the substance, b.nbsp;working with one Ramanline of which the frequency isclose to the absorption-frequency of the substance. To settle this question definitely we felt the necessity of exam-ining the second problem once more, and this time with a sub-stance in which each exciting line gives

rise to two rather strongRamanlines with each exciting frequency, whereas the lines donot belong to the same group of the molecule. For it was found



??? in Chapter III that the Hne influenced by the absorption must beascribed to the same group as the absorption process, and wehave to show that other lines, not related with this absorptionprocess do not undergo such an influence. Moreover a confirma-tion will be obtained in this way for both cases because in theinvestigation which we are now going to describe the two partsof the problem are, to a certain extent, combined. Experimental.nbsp;.nbsp;rr The substance used for these experiments was aceton (C H^COCH) Its absorption has also been measured by Henri whofound a strong absorption in the near ultra-violet with a maxi-mum near 2700 A. On one hand, therefore, the conditions ofworking are more favorable than in the case of methyl-alcoholbecause we can carry out the experiments for the greater part inthe visible region of the spectrum and in the near ultra-violet.But on the other hand only a few exciting lines can be usedbecause of the relatively strong absorption which

prevents goingbelowthe wave-length 3650 A. The light of each of the mercury-lines incident on the substance gives rise to two fairly strongRamanlines, the corresponding shifts being 795 and 2925 cm \' (wave-number). The method followed in this research is exactly the same asthat described in Chapter III, the apparatus, too, being similarOf course, in order to get an idea of the different behaviours ofthe two lines, appearing with each exciting hne, it would besufficient to make up their ratio and then to see how it varieswith different frequencies. If the ratio is not constant it meansfor our problem, that the influence of absorption differs witheach Ramanline. A more quantitative result however showingthe actual dependence for each line would not be obtainable on applying this method.nbsp;, . r The method ofphotometring the plates and the evaluation ofthe densities has been the same as in the case of methyl-alcohol.Only one detail has been altered. To avoid the tedious calcula-tions

necessary for combining the several sets of density marksobtained by different currents of the quartz ribbon-lamp, wehave taken one set giving in only a few steps at each wave-length of the whole range densities fit for use e.g. with longerwavelengths the narrower steps, with shorter wavelengths thewider ones must be used. In this way we have a few points at



??? each wavelength and we can combine these points in the waydescribed in the preceding chapter. In order to obtain the den-sity curve passing through these points we have, moreover takena few sets of marks giving at each desired wavelength densitiesenabling us to draw this curve. And thus the calibration of theplate is carricd out completely. Contrary to the case of methyl-alcohol the measurements onaceton did not require corrections for absorption. Results. We could measure the Raman-lines excited by the followingmercurylines: group 3650 A (i.e. 3650 A, 3655 A and 3663 A),4047 A and 4358 A. As the frequency-shifts are 795 cmquot;\' and2925 cmquot;\' the Ramanlines appeared for the first shift near3758 A, 3763 A, 3771 A 4180 A and 4514 A and for the secondshift near 4086 A, 4093 A, 4103 A, 4595 A and 4990 A. Makingup the ratio between the energies of a Ramanhne and its exci-ting mercury-line we get the values given in table VIII andtable IX. For the sake of

comparison the relative values of v^kare added to the tables. It must be remarked that some of thelines are in a very unfavorable position for the measurementsbecause of their overlapping with other lines, or because of theirbeing at a too short distance from mercury-lines. The results forthese lines not being reliable, they have been omitted: TABLE VIII.nbsp;TABLE IX. Frequency-shift vâ€žâ€ž,=795 cmquot;\' Frequency-shift 2925 cmquot;\' Wavelength ofRamanline Wavelength ofRamanline ratio (Â?â€?) ratio {E) 3758 A3763 A3771 A4180 A4514 A4086 A4093 A4103 A 20. 14.10. 20.7 13.610. 4595 A4990 A _ _ 30. 22.1 28. 21.9 14. 13-9 10. 10. We have given these results in the diagrams reproduced infig. 7 and fig. 8, in which the lines corresponding to v^^ have alsobeen drawn. We can gather from these diagrams that, in thecase of the frequency-shift 795 cmquot;\' the fourth power law holds,but not with the other frequency-shift. Here with increasing



??? exciting frequency the energy increases much more rapidly thanaccording to a fourth power law. The different behaviours ofthe two Ramanlines are shown very convincingly in these results. We might try, as we did in the case of methyl-alcohol, todetermine the maximum of absorption indicated by the strongincrease of the energy. The circumstances are, however, very loq Vp unfavorable for this purpose. As already mentioned the ab-sorption is very strong and prevents us from approachingnearer than 3650 A. Now the position of the maximum as givenby Henri (26) is 2700 A and in the case of the exciting line3650 A, too, we, are at a fairly great distance from the maximum,whereas in the case of methyl-alcohol we could approach themaximum to within about 350 A. Yet we made an estimation of the influencing absorptionwavelength by proceeding in the same way as described inChapter HI.



??? 46nbsp;J- rekveld. We have thus calculated the following expression: From this we get the value vÂ? = 35-500 cm-\' or L = 2820 AAs no other absorption-maximum has been found but theone indicated by Henri in this region we must identify our



??? value with that given by him. This absorption has further beenascribed to the group C-H of the molecule aceton just as theRamanline with a frequency-shift 2925 cmquot;\' is characteristic for the same group. The experiments just described confirm strongly the resultsobtained in Chapters II and III and justify once more the lawsconcerning the dependence of the scattered energy in Raman-spectra on frequency there given. SUMMARY. Starting from the assumption of thermodynamical equilibriumbetween radiation and matter a theoretical formula is derivedgiving the ratio of intensities for the Stokes and Anti-StokesRamanlines. This formula is: h^^CsZJ^ e\'kT- The experimental determination of these ratios in the Raman-spectrum of carbon tetrachloride is in good agreement with thistheory. It is claimed that these measurements afford a new opticalmethod for the determination of A calculation from the ratios found gives - = .48x10-quot; degree sec. (mean error 2%). K The dependence of

the scattered energy in Ranaanspectraon frequency is investigated. The experiments made with carbontetrachloride, methyl-alcohol and aceton show the existence oftwo regularities in this dependence. a.nbsp;When the exciting line lies in a region of the spectrumremote from an absorption-frequency of the substance, the scatter-ed energy of a Ramanline increases as the fourth power of the modified frequency. b.nbsp;In the region of the spectrum near an absorption-frequencyof the substance the scattered energy of a Ramanline increasesmuch more rapidly than according to a fourth power of the modified frequency. In the latter case, an estimate is made of the position of the



??? absorption-frequency, using a theoretical formula given byPlaczek (20). The value found is in fairly good agreement withthat given by Henri (26) which he obtained from absorptionmeasurements. Moreover the results confirm the theoreticalassumption, that the energy of a line is only influenced by anabsorption-frequency when connected with the same group ofthe molecule as the absorption process itself. A method for heterochromatic photometry in the ultra-violet is described. REFERENCES. I G. L?€NDSBERG and L. Mandelstam: Compt. rend., 187 (1928), 109. 2.nbsp;G. Landsberg and L. Mandelstam: Naturwissenschaften, 16 (1928), 557- 3.nbsp;A. Smekal: Zs. f. Phys. 19 (1923), 30i.nbsp;^ s 4.nbsp;H. A. Kramers and W. Heisenberg: Zs. f. Phys. 31 (1925), 681. 5.nbsp;R. M. Langer: Nature 123 (1929)Â? 345- 6.nbsp;G.H.Dieke: Nature 123 (1929)Â? 564- 7.nbsp;R. W. Wood: Nature 123 (i929)gt; 279- 8.nbsp;T. C. Mg Lennan and J. H. Mc Leod: Nature 123
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