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The subject matter of this parent application is :related to the subject matter disclosed 

in U.S. Pat.ent No. S,302,830 ("the '830 patent"), entitled "Method for Measuring Thermal 

Differences In Infrared Emissions From Microdevices" issued to Kandiah Sbivanandan on 

April 12. 1994. The contents of d1at patent are incotporated herein by reference. 

BAgGROUNP QF THE INVENTION 

!jeld of the lnygtion 

The present invention relates to multiwavelength imaging and a. ~ecttoscopic 

photoemission- microscope system. In pariicutat.. the pre~~ ~y.ention relates to a . . . ~ 

15 multiwavelengtli' imaging and spCciroscopic photoCims"si~ ~o~ -system. which may 

20 

simultaneously provide images in a broad range of the elecll'Omagnetic spectrum, such as 

between 200nm - lOOOmn (ultraviolet and visible light) and lOOOnm - 2500nm (infr:ared 

light). The present invention may be used in failure analysis of intl:gcated circuits and in 

semiconductor and low temperature physics. 

Discussion of Related Art . 

It is lcnown that certain physiCal phenomena, occurring within microdevices such as 

semiconductor devices, contribute to _degra.datioo:of the device's performance under various 

operating conditions. Such phenomena are known to occur, for example, with.in insulated­

gate field-effect transisr.ors aGFETs), metal :·oxide. semiconductor -~d~t transistors 

25 (MOSFETs), and vhtually .all semicond~tor·.de~;·con~.g p:-~juJ]cti~. · . . . 

-o 

One type of phenomena wbiCb ~y ~~ -to·,~dCgrad~on ·in ~~e performance of 

MOSFETs is the emission of hot electrons from the MOSFET's silicon substrate int.a the gate 

insolator layer under various bias conditions. See generally, P. Conell, R. Troutman, and 

T. Ning, "Hot-Electron Emission in N-Cbannel IGFBT's", IBEB Trans. on Electron· 

30 Devices. Vol. ED-26, pp. 520-33 (1979). It is believed that the resulting substrate current 

may, in tum, overload the substrate-bias voltage, ~ing substrate potential fluctuatiOJJS or 
. . 

electron injection into the substrate. inducing soap-back- b_reakdOwn and CMOS latchup. 

Another type of phenomena causing degradatian in MOSFET p:rfonnance is believed to be 

caused by electron crapping in the oxide. Id. 
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It is known rhat certain physical phenomena conttibute to breakdown across a p-n 

junction upon the application of a forward or reverse bias.. See generally. A. Chynoweth and 

K. McKay, •Phomn Emission from Avalanche BreakdoWit in Silicon", Phys. Rev_.; Vol. 

102. pp. 369-76 (1956). In many cases, such breakdoWn.. is undesirable. · 

The occurrence of these and other · undesirable physical phenomena within 

semiconductor deV'ices are known to be accompanied by. the emission _of electromagnetic 

radiation. For example, phot.on emission spectrum charaoteristics resulting from latclmp and 

hot electrons inn-channel MOSFET.S have been measured .in the visible specaum. See, e.g., 

T. Aoki and A. Yoshii, "Analysis of Latl:hup-Induced Phocoenlission"; IEDM Technical 

10 Digest 89-281, pp. 281-84 (1989). Moreover, emission spectrum. characteristics from 
I 

forward and reversed biased p-n junction· diodes ~ve also been measured in the visible 

spectrum. See, A. Chynoweth and K. McKay, "Photon. Emission from Avalanche 

Breakdown in-Silicon". Phys. Rev., Vol. _102, PP!: ~69,..76 (195,6). These emissions are 
' . 

believed to be generated by Btemutr~ung ~tion, J..~' b~~d .. band radiation. emissi9U . 

15 when an energetic el~troD is decelCJated.jn ~ el~~. field·,-,;- ... · _ 
It is highly desirable to measqre .. the .· electro.Qlagnetic: r~dia.tion emitted from 

. .. 

semiconductors to detennine whethet; the aforementioneP, and. ~tQ.er .. :i;andesira~le phe:tlomena 
. .• . . 

contn"buting to degradation of .performance .are . ~urtjng or,)nay occur under certain· 
·.. . .. .. . . .. 

operating conditions. It is also desirable to locate._ spatially ·froµt;·~ tbe .. microdevice, 

20 where the radiation is emitted. _Detections of su!:h :ra~iation emission, by measuring. the . r 
•thermal signature• of the device, can form the basis for testing failure mechanisms in 

semiconductor devices, and can be used to detect defects in individ~ semiconductors or 

locate problems in variOU5 manufactoring processes. Moreover, SU:Ch measurement can be 

utiliZed to predict failures in semiconductors and to_ improve overall design. 

Most failures of ~nductor devices. will)le. accompanied by abnormal thermal 
. - . . .. . .. . ~ . 

·" signatures, e.g., some devices _might bec<)me ~eey. ~.while, some _might nevei tum on when 
. ., .. :-· .... :· 

powered up. The.change in tbennal signature·duc .. tQ:tlle fa.U.~e-JllCChanism, however. may . . . . . . . . 

be difficult to view, due to operating: tem~ .. small thermal .~adient, or small .device · . . . . . 

si7.e. 

30 In the past. measurements: .of such-.el~ma~tic--.-.~.adiati()Jl emissions from . . . ·. . ~ . . . . ' 

semiconductors have been perfoaned in the optic•l' spectIUm. This basic technology has now 

2 
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evolved into photoemission microscopy ~ is .. ~~.~~ in ~~try:~ _testing fail~ 
. . . . .· .. -~ 

mechanisms in semiconductor devices. 
: 

It is desirable, however, to. p;ieuure radiation ~~ions. iii·~~ w~y~lengths 9f the 

electromagnetic spec~. ™5 ~~des a more:.~i~~ ~ec~· ~;y~is of the emitted. . . . . . .. . 
S tadiation and thermal sigoanm:s in semiconductor devices that result from failure 

mechanisms. thus providing additional test data. Moreover, certain undesirable phenomena 

produce .infrared radiation, but do not generate radiation in the visible spectrum. Therefore, 

deteetion of such phenomena cannot be accomplished using measurements limited solely to 

the visible spectrum. 

10 The device described in the '830.pat.ent is ~onfiga~ ti) det=t infrared radiation only . 
.. : .. . ..··... .. ·.:• . 

It is desirable, however, to detect simultaileously a wide band of electromagnetic energy 

emitted by an IC device in the v.isib~ and infr,ar~, ~~- , . ... . ·. , .. ·. . ... 
• • • • • • • • ~ • • •' • . I • •" "'· • • • • 

Therefore, .it is an object o( the present· invention to provide a spectroscopic and 

photometric imaging_ photoemiss~on micro~e. wbicii. ~e$ .· =···. w~e .. band of energy 

15 wavelengths, such as the visible·~~trom to·~:~-~~:::· .... _..· . .. 

SUMMARY OF THE JNYENTION 

This and other objects of the present invention. are provided by a multiwavelength 

photometric and spectroscopic UJ;iaging photoemissiQn nUcJ:osc~p.e .sys~-which may pro~de ·. 

20 a wide spectrum of electromagnetic emiSsions from an IC device., The sysr.em compr.ises a. 
. . 

microscope, a visible/~d'(IR) sp~tt:~metef;·a:visil?I~· d-.m:~d f~plane array •. 

a filter assembly, and a cryogeni~ v~sel ~·main~~~~, P.Pl1f.<>AS .of the .sy$fem at a low 
' ; ~, • • ·• • • I 

temperature. . ... ·~ ... 
· In a preferred embodment,::the .s,steni: .~iud~· ~·-mi~0p~ ·wJrlc:b ~s .a n!Jlll~ of 

25 visible and infrared spectra objective: tenses. J,.ight .p~iDg. ~gl;1.-;tbe' visible and inftared 

., objective lenses is first transmi~ dirough the ·~o~;.·b'.·~~·m~asurements with 
... ·-.. .' . 

a series of gratings and onter sorting filten in. the ~sible 8.mi ·infrared spectra. The light 

then passes to a beam splitter where the visible and ~d wavelengths are transmitted to · 

their respective focal plane arrays via selected uncooled visible filters and cooled infrared 

30 filters. The focal plane arrays include an JR photodiode and an op~l CCD, respectively, 

which convert the visible and infrared light int.a digitized· signals fo:c image display. A liquid 

nitrogen dewar is provided ~ cooI the: ~ · subc0,mpone1Jrs amt. b~. the focal plane 

.... ·· ....... ' . 

This Sheet Has Been Replaced 3 
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arrays for maximum sensitivity and optimum performance of the syst.em under low infrared 

background noise. · · 

The inventive system allows a: devicC being- tested to have a broad spectrum of 
. . 

electromagnetic radiation enlissions. · slich as:· 'infiited 1·aild· ·visible' light, irilaged 

5 simultaneously. :. ·.· :·:· 

BRIEF DESCIUFfJON OF THE DRAWING · · 

The present invention is ~bed with reference t0 thc:foll~rig figure: 

Pig. 1 is a cross·sectional view of a device acc0rdiog to. a. preferred ."embodiment of the 

10 present invention. 

DETAR.ED DESCRIPTION OF A PQlfEJ9WD EMBODIMENT 

Fig. 1-is a cross.sectional view of a p1efe~cd embodiment of an imaging and 

photometric spectroscopic phot~sion microsc~. sy~ 19Q a~rd~ to the present 

15 invention. The system 100 c~ .a .micro~ope_ ·-~9i/ an:. optical_ filter ~sembly 104, a · 

spectrometer 106, a beam splitter 108, two f~cal pl~e:.alr:IYS JlO, 112 and a cryogenic 

vessel. such as a dewar case 160, with two cry~genic comajms.116, 118. Each of these 

20 

elements is described below in greater detail. : ,. ·... ·. 

ne Microsco.pe .,. ··.· 

The microscope 102 i11eludes a tutret as$e~ly 120·of visible and infrued objective-. . . . . 

lenses 122 and a light source assembly 124, comprising a light source 126, a mirror 128,. and · 

a half mirror 130. The microscope also includes a tube lens 132 through which light passes 

from the objective lens 122 to a prism 134. ~ light passing through the prism 134 is split 
. . . . . 

so that part of the light passing through the objective lens continues µpward to the rest of the 

25 system 100 and part of the light goes to an ey~ p~.fU.ter 136.and to an eye piece 138 so . ... .. . . . 

that the device being tested. ~y be viewed .by .a. :llSer/ ·. ~-, :." .. .. ·. : .. . .· . . · 
·. .. .. ..• . 

Various types of optical lem sysrems .. are;,w~l~_:'kopw-n·.r,o those skilled in the art. 
' ... . .. 

Substantial IR background .radiation may be genCl:ated by· the room temperature optical · 

elements themselves. The objective lenses .122 eontribute, to m· background noise. This 

30 noise is reduced by the IR filter inside the coo~ed sYJ~~ ·de~ ~l9w. Suitable materials 

for the lenses include zinc selenide (ZnSe), cal~ tl'qoride· (C2'f'i), :and zinc sulfide (ZnS), 

which are well known optical mar.erials. 

4 
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The Optical Filter Assembly 

The light passing tbr~ogh the prism is received.by.~ op~cal tiltcr,as.~ly 104. The 

optical filter assembly may be mounted onto the objecdve leos· assem~ly. Band pass filters 
~. • • l • • ~ • • ~ • • • • ... ~. 

140A, 140B are preferably contained in a fil,~r _w~~ 14~. ~h~C?h permits selective 

S positioning of the band pass filters 140A, 140B. 

'[be Spectrometer 

The electromagnetic radiation from the devic.e being viewed enr.ers a demountable 

grating spectrometer 106. The light entering the grating spectrometer 106 is reflected by a 

folding mirror 150 to a spherical mirror 152. The sph~rical mirror 152 directs the light to 

10 a retractable grating 154 which further separates the light according to wavelength. The 

separated light is again sent to the spheric:_al mim>.r 1~~- .~e. ~~cal mirror 152 reflects 

the light to a mirror 156 which directs the sep~ted wavelengths of light out of the 
,. . : . . 

demount.able-grating spectrQmeter 106 tow~s ;~ \)eam· spl~r 108_, . 
. · ' . ' . 

The spectrometer ·divides· ~ light .into :·~ spec~ .. baods, · 200mn - 600mn 

15 (ultraviolet), 600mn- .lOOOnm (~ibl~), mi<l 1~.~ 2500~:.(hm~l-:. The spectnnneter 
. . '. ~ ·... . .. , . . . . ·. ., . 

is modular so that the imaging system may be operated. in a photometric mode independently 

of the spectrometer. The order sorting filt.ers (not shown) may be used to select different 

orders of gratings to provide different spectral characterizations for the ulttaviolet, visible 

and infrared light. Also, laser alignment.may be provided to align the spectrometer to the ... 

20 focal plane arrays. 

25 

The remaining elements . of the multiwav~lengtb. imaging and spectroscopic · 

phoroemission microscope system 100 are comained in the dewar case 160 and mainr.ained 
. . : ·.··. ; .. ·. ·. -·. . 

at a very low tempera~re in i. manner described :below • . : ·. ·. ..· . 

The Beam Splitter . •·i 

Electromagnetic radiation exiting the. d~ountable: ·gra~ .-spectto.m'et.er 106 passes . · .. - . .· . ,- · .. · ·.· •. 

into the dewar case 160 and' is· dire=d to the ~ .... ·splitter: .. 10& ... " lbe beam splUter is 
•• •' •• • : J ,._·. • 

preferably a. dichroic. mirror assembly, but may be my suitable optical splitting devite &Uch 

as a beam-splitting prism assembly and/or mirrors or combinations of these elements. The 

beam splitter splits tile light so that IR spectrum light is directed to a first specttum focal 

30 plane 110 and the optical spectrum light is directed to a second spectrum focal plane 112. 

Note that the spectromet.er 106 may be omitted and the light may be separared by spectrum 

using the beam splitter. i .• :: ... :. · . 

. ?. · .. · 

- . . ·. , . 
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The beam splitter is maintained at a very cold temperature in order to prevent 

background radiation in l:bc IR ,specttum. Thus, tbe . beam. splitter is located neat the 

cryogenic container 116 so that beat from the beam spli~ is tran5ferred to liquid nitrogen 

(or other cold liquified gas) in the vessel. This r~ 1'ackground.noise and improves the 

S signal-to-noise ratio. 

The Infrarecl Fqcal Plane Array 

Infrared light is directed from the~ ~plitter. ~~8 to· a P1Bm? mirror 171, which 

directs the IR light to the IR focal plane uray 110 through the IR filf,er_assembly 170. To 
. . . - ~ . 

minimir.e backgrOund radiation from the device being. tested aoci ·~·:~rove the signal-to--
. . . . . . . . . . :. . 

10 noise ratio of radiation emission measurements, thepres,c;ut inveiitionpreferably includes one 

' or more band pass filters to eliminate undesirable electromagnetic energy wavelengths. Ft?r · 

example. a band pass filter eliminating uluaviolet and optical light (200nm - lOOOnm.) may 

be in place so that only inftared light passes the filter. Moreo".er, baekground radiation may 

be reduced tbroug~ the band pass filters. Prefenbly, . band pass filters having varying band 
. . . . ~ •; . .. . 

IS pass characteristics are used. The band pass fi.1ters · :giay b~ .of. any well known type of 
·:·· . ·. ··. ··. . . 

narrow-band filter. 
. .' , .. 

The IR. tilter assembly 170 is prefer~ly.locate~_near ·the ~ogenic containers 116. 

118 so that heat from the filters is transfeae<,l to.the Jiqu41 nitrogen stored i~ the cryogenic 
. . . . . ~ . 

cont.amers. This reduces background. radiatiQn. AA.cl iinproves'~--~iP.).:-t<>;-noise .. i:ati.o •. 
• . • •"' ••I •• ' . . '• 

20 Infrared light passes through. the filter assembly. 170 · and is, received by. -an IR . . . ... . ... •. .. . . . . . 

photodiode may detector 114A, such as the tw~ ~nal-~Y .. ~t.e<:tor descri~ in the. 

'830 patent. As noted in the '830 patent, several typeS of commercially available array 

de~tors are known and suitable for the present invention. Most preferable is a mercmy 

cadmium telluricte (HgCdTe) photodiocle having a 256 x 256 pixel may. The infrared 

25· ., wavelength light incideiit on the photodiocle 114:A.is. ~nverted into electtoDic infonnation 
. . ·. . 

and analyzed in a well know manner by :us~ . ~t:romcs .. such . as an electronic signal 

processor 200, described in the '830 pa~nt. 

J'he Vl§ible Focal Plane Arr4Y 
. . 

Visible light is t.ransmiUed through the: filter:.~bly:l04. via .me beam splitter 108 
. . . . . . . . 

30 and is focused onto a visible focal plane-.array i12• -'Preferably,-~e.~ay .. ~ludes a 512 x 
. . . . .. . . . .. ~ . . . . . . . . · .. ;: . . 

512 silicon optical CCD 114B .. The light-~ident_to optical CCD 114B may be converted 
. . ·.·. . . . . 

into electronic information and analyzed. .. · •.. . ~ . . . . ·.· 

6 1iiii1i1ur 
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Th.e Crvomuc Yegels 

The dewar case 160 houses· two cryogenic c9nt.ainers 116 •. 118 .. Because infrared 

radiation is heat, det~ction of infrared radiaiion is ~·'·~~lti~e· ~ b~~~ .tempera~~ 
Thus, it is preferable ~t elements. anaiyzhig ·~~d ~cil~ti~~-~~;-~~~j~~d\.~ a ·very low 

5 temperature. It is known that an.i o~j~t·'of.; ~,~~tiire'.·~a~/~·0° ·Kelvin emits 

background tadiation. It is believed that a ~c~nduct6r at room ~e 
(approximately 300° Kelvin) emits infrared radiation having a known spectral distribution. 

To reduce infrared background noise, it is desirable that the. beam splitter 108, IR filter 

assembly 170, and both focal plane arrays 110, 112 be operated at a temperamre of less than 

10 approxbnately 77° Kelvin. Thus, the beam splitter 108. IR filrer assembly 170, and both 

focal planes 110, 112 are mounted inside the dewar ·case 160 on the base of the two 

cryogenic comainers li6, 118 ·and. iniinriliDed .in a vacuum space below the dewar at a 

temperature Of approxhmitely 77°K. .·· · .. ·. . . . ·: · : 

The dewar case 160 includes an outer ceyo~'.·y~s~i il~-~Ving a fill port; 180 ·and· 

15 an inner ci:yogenic vessel 116 having: a fiti .. p~:is~"., -/~:fili.port5".:180, ·182 proVide the 

introduction of liquid nitrogen--~or other:v~ ·~Qld.~li~ed-~:g~s.'bi~':·~· ~ogenic vessels. 

A cold surface 190 is provided at the bottom Qf the ·dew~ c~ i60 ~·aid in transferring heat 

from the vacuum space to the dewar. 

Analysis of Dag From The Focal Plane Arms 

20 The information from the IR photodiode 114A and optical CCD may 114B are 

25 ., 

provided to an electronic signal _processor 200;. S:ucha signal processor is fully disclosed in . 

the '830 patent and is not described· in. detail ·heie. : '{he;electronic signal processor 200 may. 

foi: example, amplify tbe infonnation pro.Vi.ded.. from. •.photodiode _and CCD array amt 
convert the signal from an analog to a digital fo~t; ·and ·~n mu~tiplex the _data using. for 

. . ·- . ~ 

example, a time.division multipla..er. The·mU.ltipte~~ d~ca ·may~- sent to·a computer 202 

or otherwise processed as digtt*J_.~Ol1D~O~~ ·:/). :<. ~-.· .. · :.··( ·_.; ·.; ·· ; · ..... · 
. ~ . . . 

Conclusion 
. . 

A device is disclosed for providing a broad· wavetmigth .. electromagnetic radiation 

imagjng of a device. Preferably, the wavelengths include the infrared and visible light 

30 spectra. This device preferably provides simultaneous imaging of both infrared and visible · 

light emissions of an object being test.ed, such as a semi~tor. The present invention 

.- . 7. 
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may be used in failure amlysis of integrated c~iu and in semiconductor and low 

temperature physics. 

It is apparent to those skilled in the art that various modifications and variatious can 

be made in the practice of the method or in the imp~tation of the system of the pl'CSent 

invention without departing from the scope or spirit of .the inv~tion. For example, it is 
. ~ ~ ..;· ;-

apparent to those skilled in the an that a closed cycle_cooler c~ ~e _s_ubstituted for the dew~ 

and liquid nitrogen. Furtherm0re, che p~sent . inventiqn ca11. be· used generally to detect 
. . . . . . . . 

defects in any type of llQcrodevice that emirs detectable-electto~Detic radiation. 

The above described embodiments ot~•invCncfun ·~ •mtendecfio be ill~tive only. . .. . . . . · .. 

Numerous alternative embodimenrs lD&Y be · deVised. by those sldiled in the art without 
' . . . . . .. . . ... ·.• ·:- .. ,_ ·. : ·. ·." ... · ', ' 

departing from the spirit and scope of the followmg claims,_ · 
··.,·.· 

I • •' ~ 

.... · 
• .•.. · ~-· ... : .... 

. . . . ": : .. ~ . ~. ·.. . . . . ; .. . . .. : . : 

•I '• "o '• .:t:' I' ,·: '":. • 

.... • '• 
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I claim: ··.. ., ... 
111111111111111111111111111111 

* C L M S * 

1. A" multiwavelength imaging. sy.stem;. co1'1P.ris~: 

a. a microscope configured ro view ~~gne~ .radiation emitted from an 

object; 

b. a beam splitter co~d to rec;eive ~ ~lec~~P.CPc: ra~tion viewed by 

the microscope and to direct~ ~~ Ughno an infrared focal plane 

army and visible spectrum light to a visible f0cal plane array; 

c. the infrared focal plane array configured to receive infrared light from the 

d. 

beam splitter and to convert the infrared light into electronic information; and 

the visible focal plane may configured to :receive visible light from. the beam 

splitter and to convert the visible light into electronic iJlformation. 

. . . . 

2. The system of claim 1., further comprising• ceyogenie .ves~ configured to maintain 

the beam splilter and die infrared f~al ~lane ~m>: :_~· ~:yerY= i~~ .~ture. 
.. .. . . 

3. The system of claim. l, further.comprising a·spe~t.rorp.eter ~~me microscope and 
. ·~· . . 

tbe beam splitter and configured to receive the c;l~~magn.etiC. '. tadiation viewed by the 
. . . 

microscope, to separate the received electromapetic .. .r~ia.tion aecording to wavelength, and 

to direct the separa~d electromagDetic radiation to the beam-splitter. 

4. The system of claim 1, further comprising .a visible .light band pass filter between the . 

microscope and the beam splitter and ~ · to filter the electromagnetic radiation 

viewed by the microscope and ~c the :filtered ~t ~-~ beam splitter. 

. ..: : .. < .· ... ·· ~ . ·. ·:·. ~ .. ; .... 
. . . . 

25. 5. The system of claim l, furtlJer coinprising ·an. intraied. Jigl;l~ ~ pass tilt.er between 
-"':' . ·.. .· .. 

the beam splitter and the infrared focal plane· array and configure4 to filter the infrared light 

fr~ the beam splitter and to d~ct the fil~d:l~ht:to ~ ~ared :llght focal plane may. 
. . . . . ., . . . . . . . 

. .:. .: .. ~: '. ':. . . ... -~ .....• •;.: --~. 

6. The system of claim 2~ filtther comprising·.an iilfmed·light band pass filter between 

30 Ebe beam splitter ml the infrared focal plane ·may and configured to filter the infrared light 

from die beam splitter and to direct the fil1erecl light to. the infrared focal plane may and the 

.9 : '!' 
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cryogenic vessel is configured to maintain the infrared light band pass filter at a -very low 

teinpeiature. 

7. A method for simultaneously obtaining images of a wide spectrum of el~tromagnetic 

S radiation emitted by an object, the method .comprising· 1;he steps of: 

a. receiving electromagnetic radiation· emitted from ,tlJe object; 

b. separating the received radiatiQil·into .~ lig1'.t am1· .visible light; 

c. directing the infrared. light tD an i~- focal plane .array; 

d. directing the visible ijght to a ~"bte:.·~ pJ.ane array: and 

10 e. electronically p~ing_. outpU:~:·.of ~- y~ible ~·focal pl~e arrays. 
. . .. . . . . I 

8. The method of claim 7, fw:ther comprising ~ s~ of 19aintaining the inftared focal 

plane may at a very low tcmpcramre. 

15 9. The method of claim 7. wherein the step .of separating further comprises the step of 

using a spectrometer for .separating the electtomagnetjc ~gy. . . . . ~ 

.. . . .· .... , ... · .... ·: 
.. ,.r • • ··· .••. 

10. The method of claim 7~ wher~. ~ sr,ep ·9f-~p~~~ ~er comprises the step of 

using a beam splitter for sepa.r~tiug: the .elec;:trom.apµt. energy· •. : . < 

20 

I If Ill~ 1111~ 11~11/~l II llM , · ; 
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