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Ab st act

The ertical in tens i ty d i s t r ibu l ions of x-rays from a synchro-

tron source are measured by powder di t'I'rac tion. The componen t K

polarized in the orbltal plane and perpendicular to this p l . im-

are separated by measuring a reflect ion 90 to the vertical

and höri zon tal plane, respec t ively. The measuremen ts are made

at three wavelengths oetween 0.65X and X , where X is the

characteristic wavelength. In each case, the degree of linear

polarizat ioti reaches a max i imim of 90 % a t the Center of the

beam. The results agree closely with calculations which use

machine optical parameters.
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1. Introduction

The s täte of polarization of x-rays en t er s the scattering

cross-sec tioii, and has to be determined by an independent

raeasurement or calculation. This Situation was recognized

i 11 very early Experiments v i th coiiveiit ionai x-ray s nur c es ,

where the beam was monochromatized typically by a rnosaic

crystal. The spectral distribution of Synchrotron radiation

can be reliably cal culated f rom the theory, arid inos t workers

have accepted the idealpicture where the beam is perfectly

polarized in the orbital plane aiid elliptically outside.

However, the ideal distribution must be convoluted by the

source size and source divergences (Materlik & Ko&troun,

1980) and the focusing functions of the beam optics. The&e

can be included in a ray-tracing calculation, but this

assumes ideal surfaces of the optical elements, and in

prac:tice the beam will be blurred by uncontrollable irregu-

larities of the Kurfaces. The ray-tracing calculations

give invaluable guidelines for construction of the optical

system, but they are not substitutes for actual beam

diagnost ies ,

Early measurernen t s of the polarization of x-rays f rom a

Synchrotron (SXIt) found a good qualitative agreemeiit between

theory and experiraent (ßathow, Freytag &. Haensel, 1966).

RecenL aLtempts (Materlik f t R o t i l o f f , 1y80j Phillips, Wladouer

& Hodgsim, 19?Eif Brunel, Patrat , de Bergevin, Kous.seaux ft

Lemonnier, 1982 ) t o de termiiie the degrec of polarizat i ori of

SXR from storage rings reveal that the dogrue of polai-iza-

tion can approanh the avorage po 1 ari za Lion even "i n the cirbi tal

plan«. L t is obvious that the degree of polarization is a

parameLer wh lch must be measured for each experimental

so tting. The purpose of this note is to describo a simple

and fast method for deterrniniiig this parameter.

2. iriten.sity and Polarization

The relevant variables in a diffraction measurement wi th SXR

aru best i l lustrated with a phase-space diagram. Fig. 1

shows the vcrtica] d is t r ibut ions with no focussing elements

in thu boam line. The equi-intensity contours ;ire due 1,o

the f in i te t ie ight of the electrori beam and convolution of

the electron beam divürgonces with the radiation distribu-

tions, vrhich are denoted by P (electric vector parallel

to the orbital plane) and P (electric vector perpendic-

ular to the orbital p lane) . The resolution of the diffrac-

tion measurement is determined by the ac tive area and arigu-

lar reflection i'ange uf the sample, äs indicated by the

shaded area in Fif.',. 1. Thu degree of linear polarization is

a function of position y and divwrgcnce y ' , K ( y , y ' ) =

( l , . - I ) / ( l . + I ). The integrated intensity of a reflection,

which is or primary interest in most x-ray d i f f rac t ion exper-

iraent s, is found by Kcanning along y ' , and the appropriate K

is the corresponding average K ( y ) , äs sliown in Fig. 1. Vari-

nus possibilities of measuring K ( y ) will be considered in

thu following,

The ftcattering cross-section of x-rays can tio wr i t ten äs

(Suor t t i , 1979)
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+ resonaiit scat t . c T - L n g ' '

+ rriu l t. i pl e scattering.

2 / 2
l lere r = c / mc is tln: cl a K ü i c a l i; l oc t.ron r ad ius , UJ. L i i e

e ' l

angular f roquency of t,ho i neiden t radia tion and ^^ tha t of

the scat tered radia tion, S. and er j Lhe respect. ive (uni t )

vectors of the electric fields, A the initial and B the

f i n a l s tä te with energies E and E , respectively, k = k - -k^

the sca L Lering; vor: toi', ;irid UJ = u; -U,0. 'ITu; f i r« l. tonn o l r i i j r i -

resonant scattering includes all proc.esses where Lhe t.o Ui l

numl jo r o f plio toiis remaiiis unchanged. In a solid the correla-

tions of a lomio pos i I. i oris arid in terac tions between. atoms

brake this in t o elas tic Bragg sc;it t, ui-i n^ from t In: avera^-c

s t i -un tu re , and inelastic scattering where varioiis oxc: i La f , i ori s

o f the solid are involved, such ;is phonons, p l asmons and

electrons. The rusonant part includes f luorescence, resonant

Raman scattering, and p o s K i b l y scattering via impurity states,

In the preseiit context , t.Jie «.ssential d i C C e r e i s c r j J s that tlie

non-resonant part includes the poJ arix.atj n;i f ' t i c l . o r e^?,,,

vrhile t>io i-i:sorian t scat t er in p mi-ty oxh i l> i t, on l y i n s i gn i f i r an i

polarizat ion dependencc through eoupling of l.he final and

in i t i a l s ta tes . Multiple processes of any combinal.ion oC

t l i ( ? component s of the non-resoiiaiit part raay cliajige subs t.an-

t L a l l y the state of po la r iza t ion of the to ta l iion-resonari l

S C L I l ter i n ;v , if the croas- H O C tion s and the path lengtha in

the sample beforc phntuii arm i l i i l a t ion o T escape are l arge

eii nugh.

Fi orn t h t: espi-oss i on f or Lhe single non-rosonan L sca 11. eritig

i n Eq. 1 and f rom Fif% 2 we see that at the scattering

angle of 90 the scattering power is proportional to |e | *",

aiid only the electric vector perpendicular t o the plane of

sca l. !,i;r i n;; con tj- i hu t «s L o the power. In t.he case of SXR,

Lhe component parallel to the orbit plane, P , is observed

when the plane of scat tering is vertical and the pe-rpund i c-

ular component , P , in the orbit plane.

In order t o be able t o separate proper! y t In: t wo cotnpon u n t s

o [' polarizat ion \>y an i EI t f m s i l.y mc a su r em eri L , a f ew require-

tnon t s inu K!, IK: aal, i sf ier.i: { i ) yeome trical condi tion s are well

defir ied und Lhe same in bo th measuremen t s, (ü) sin;:le non-

rosonan l, sca L l. er in^T raus t be of suf f ie len t inten.sity and

easily reparable from multiple and resonant sca t tuT- in f , 1 .

I I ha s been demonstrated that the polarization rat.i o oan be

determined even nt the level of 10" when a m u l t i p l e reflee-

l.i on arrangeraent is employed (Hart & Hodrigue/,, "l 979) . In

_ -j
cases where an ac curacy o (' tlio oT-dej' uf l O i s suf fielen t

several othnr rno thod a cari be used. The best r a l, i o of single

iion-resojiari t scat l.eT'ingt o the backj^roiuid i s obtained in a

26 = 90 Briigtf reflection from a perfect crystal , This meas-

urement requires a precise angular scari nver the ruf l ect ion.

Atiother possibi l i ty is to ut i l i^e juioma] outi transmi ssion OT-

The ßorrmaiin e t ' l ' e c t . IC a th i <:k pcrf er. l, c rysLal is r e l ' Juc t -

ing in 1 In: Lau o casc , i t i s f oimd t ha L exe i t ed wave l'iclds

w i. t h tlio elce t r i c vec l o r parallel t o the Bragg planem are

t ransmi r. i ed l.hronf^h ihe crystal with very little absoiption,

^h i l o those with the electr ic vector parallel to t l ie plane



of roflec tion are oxt inguished, The roles öl t he c omp an en t s

are in terchanged by rn t a t i ng the crystal by yo abnu t Llu;

beara direction (üo l e , Chambers A. Wood, 1961) . Wi tli a

suitable selectioii of < : r y s t a l s , Lhis method easily covers

a large wavelength ränge, but again for each measurement

an angular scan must be performed. No te , liowever, that

perf ec t crystal arrangements exhibit an extretnely uiisym-

metric aiigular acceptance and emittance in tlie refiection

plane and perpendicular t o such plane. Wheii perTeet cry s tal

polarime t er s are uaed , tlie de termiriatiim öl" the polar i sat imi

degree always ha s t o take these geometrical f'ac tor.s (äs well

äs source uniso t roples) very ca re fu l ly in t n accoun t.

As t o tlie signal - to-noisi ; r a <- i o , 1-lie n ex I. lies t t:hoi c:o i s a

powder sample wi t h H trorife , snpai'ablo ref ler j i.ion ncsar

20 = 90 . Thi s 1s a rel ;j l .n v t? l y casy requiremen t to sat isTy,

äs suitable mate r i a l s are abundan l . Ko scan is needed for

an Integration over y 1 , i f a wide enough receiving slit

is used. The mcj.st Htra ight forward choice would be an amorphous

sample that gives h u f f d c i e n t d i f fuse scattering at 20 = 90",

but here s i r jg le non-resonant scatteriiig raay be ton small

in conipar i sein wi (,h the backgroutid of mu l t ip l e and resunaii t

Hcat te r L n g . In t.he following we are going to look to tli i s

s i tua l.i on in de tail.

3- AmorplioUK and Powder Sample s

A thorough treatment of non-resonanL sc.a ( üerinp, from an

amorpliuus sample i s given by Warren (1969) . At large enough

values d f the scattering vector the in terf 'erenee effec t s

caii be ignored in es t imates of iniensi ty, and the f lux of

^ca t t eT-ßd phi) tons i s

T

J<
0

26) = n Tir N , j ( 2 6 ) K , [exp (-2üz/sinö )— ̂ -^
f o e ^ ' pol«. ( r 'sinö '

where n i s the inciden t f lux , 0 the solid an^le , N the

mimber of scattering unit s per uni i- volurae , J ( 2 B ) the

corresponding cro ss- sec t ion given in el ec t.ron unit s , in

the present case the Polarisation factor K is unity,

and for a total ly ab s or hing sample in symme t r i n a l r o f l u c l i on

the value of the integral is 1/2ji, where p is the linear

ab sorption coef f icient .

Ifn: j-ri t i o o (' doubl e acat ter ing to .single scattering from

an amorphous samp le Ls o T the Toll owing Torrn f Warren , 1 969 ) ,

There is a simple geometrical relationship betwoen l,he

s u c c o H s i v e scattering angles ( 0 6 ^ ) a n d 6 j e , ( p . A ( Ö , e ) i s

an ar i£u l a T' f ac t DT-, Sinne value s for v i treous SiO„ are

included in Table 1, und thcso indica te that n ( 2 ) / i i ( l )

becomes intolerably large a t short wavel(.:ng t l is ; o ther

clinices o f the sca t torer do not improve the s i tua tion

essen ti a 11y.

Tlie photon f lux of a symmetrical ref loc tion from a totally



absorbing powder sample is (Suor11i & Jetmings, 1

3 2
n, , , = n r2N2|iK . * phh l Fhkl

lik.l o e P(|J- £ — : — B ;—^161TJiBint) sin2

Where i|J i s the plaiiar angle in tercep t,eil by the slit heigUt

h, i.e. ij) -' h/R, where R is the distance of l.he s l i L froin

t h o sample , p i H the nmlt ipl ic i ty , and F th© structure

factor of a unit cell of volurne l /N,

A few calculated values of i,.., are tfiven in Table 1. The

input da t a aro taken from various nieasuremen l s and tabu! a tt;d

values (international Tables Tor X-ray Crys tallography,

1!?62, 197^! Herisalo & Inkinon, 1y66; Suortti & Jennings,

1 977 ) • The surprising f ac t i s t ha t a t. shor L wavcl en ths

there is moru sr.attering from an amorphous sample to a sJ i t

2 1
t>C size (h/R) = 5 ' 1 0 ~ than from a powder reflection to

ii slit of the same height, The explanation is simple:

total Hcattering from a powder sample is approximately

the same äs that l'rora an amorphous samp] e of the sarae

compound, arid when the angular spacirig of the ref lec t ions

becomes smaller than the width of i-lio « l i t , v/U (= h/R

here), scattering Lo one reflec Lion i s lc^s than tho

average scattering to tho slit. The advan Lago of using

a powdor sample is that the ßragg ref lect ion caii bo H eparat ed

fi-om the backgruund, and only a relatively narrow s l i t ia

required to compass rnos t of the reflection; t y p i f : : i l l y

w - h / tO would be suff ' ic ienl . , and this v/ould rt;tiiu:(:

m u l t i p l e and resonanl. iscat t.ering by a f ac to r of 10. W h n r i

t.ht: vavelen^th increas^s the powder .-,c;l t teriny i-s concen t.ra-

ted t o f ewer ref lec t.i ons , and the ouaervet i in tensi Ly L < o i : o r n e i

inm:li lar>j.er thaii that from an j iniurphiius sample.

Heasuremen ts

Tlie moasui-enientH were made on the hearn öl ' the ROEMO S ta t ion

at HASYLAD ( l )ESY, Hamburg). The e lecLron oricsrgy of the

sl.oi-ajji; t 'Lng DORIS was 3.3 GeV, and l,he characteristic

wavelenf^th 1.y A {6.6 k e v ) . The vertical hei^l ' t o f the

elec tron beam äs f^iven by tlu: boain opt ic parame ters was

1 . 2 5 mm (FWHM) with a source d ivergence 0 . 1 4 mrad (FW1IM).

Thy c xjieriment was located 35 m from t.hi: source, and no

f ocussinf^ eT einen t s were used in the SXH bwam. The mono-

chromator was l i u i l t äs a pair of s>inmetrically ref l DI: t i n^

Si (111) crystals in the parallel ( l , -1) selting. 'lln;

r- n
intensity of th<; SXH beam was of the order of 10' c/s/mm

when the elecf.ron current was 50 mA, anii tliero was a small

wavel eiigth gradien t in l.lu; vei' L i cal direc tion.

The <:on s t.T-uc tion of the polarizer i s .slmwii in Fig. 3 • The

components arc all,ached to a tube which i s al ignod parallel

to the SXR boam and can be rotated about the bearn. The

powder sampl o i s spuri about the sur t'ace normal. The receivin^

siit and the detec tor are n I. l,;jclu:d in a cross-taar which

cari be inoved by a smal l synchroiion s mn tor t o s can a -'t

angulai' rcj^,- i ou on both sides of 20 = 90 . Tho HI o tor is

operated v ia remnte control, and the posi t ion of the

receiving assombly in read l ' rom the outpnt volta;j;e of a



Potentiometer which i s coupl öd La tlie linear drive of the

cross-bar; the input voltage is rogulated by a Zcner diode.

The wavelentfth of the SXR beam was selected to exite a

s t roiig reflection from the Mo powder sample near 20 = 90 .

The Incatioii and profile of the reflection was studied by

scanning with a narrow receiving .slit. The width of the

reflection was almost entiroly due to the nircular collimalor

in front of the sample (diametur 1.3 mm) , and a slit of

A ( 2 9 ) = 1.2 was found suff ic iont to compass the powder

reflection. Background was mcasured on both s Ldes of the

reflection and was subtracted fi-ora the integrated ref lec t ion ,

Background scattering of the proper wavelength was very

amall, but the \/'J harmonic from the monochromator excited

MoK fluorescenoe, whlch could only be partially removed by

pulse heig-ht discrimination of i.hc Nal(Tl) Output , ün the

other hand, estimates frotn Eq. k show that the high energy

harmonics havo riegiigible e f f e c L s an the Dra^'g reflections.

Wien the scatterinf: onglo is 20 - 90° J 6, thore is a

2-,
contribiitinn P-sin -u from 1,he component whi ch has the

electric vcictor in the plane of scattering. if a 0 .1 %

contamination is tolerated, -8 ^ 2°.

The polarizor was mounted on a Lable with remotelj- controlleti

height, so that the vertical intensi ty dis t r ibuLions could

be scanned by recording the integrated intansi ty of the

powder reflection on paper chart äs a funution of table

height; siinilar scans vere made of the back^round, The

intens:i ty of the incident beam was monitored with an ioni-

10

zation chamber in order to raake various measurements

comparable, The intensity estimates of Table 1 indicate

ciose agreement between the calculated sind measured absolute

values.

5. Results and

T\\& results of the measuremen ts at three waveloiigths are

summarized in Fig. h , The radiation is not even at the

center of the beam ]inearly polarized, but there is 5 %

con tribution of the perpendicul ar component, The Situation

is much the saine in all three cases, äs the wavelength

varies only from 0 .65X to X . Ttie edges of the monochromator

limil. the distributions at the shortest wavelength, but

otherwise the SXH beam optic does not change the intensity

distributions oxcept by the polarization factor of the

double moiiochromator, whi ch is 1 for the parallel and

o
cos 26 for the perpendicular component. Therefore the

smearing of tho intensiLy distributions is due to the

vertical dimension and divergence nf the effect ive source,

The cal culated d i s t r i buL ions , whiüli are based on the para-

meters of the machLrie op t ic of DORIS*, agree very closely

with the mcasurement , äs soeri in Fif;. 5- An approxiiriate

analytical integration tii ' the pJiase-space diagram of

Fi^. 1 gives results whlch are almost identical w L t h the

A general Computer program for this calculation was

developed at HASYLAB by R, Schönfeld and G. Tolkietm.
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numerical Integration of Lhc; tu: tu a l theoretical tnvar ia te

distr ibutions. The working formuläs f'or the approximato

calculation are given in the Appondix.

Focusnine' optic typical ly m i x o s the tivo componcn ts öl '

polurization. This can be included In ray-tracinft- caleula-

tion, but the smearing due to surfaco irregularities makciK

the result questionaMe, The intensity distributions of

the Lwo components shoulö be measured, and tho present

results show that this can bo done fast and rv 1 iabiy by

powder diffractioii. The limiting factor is the intograted

intensity of the powder reflection, but typically suffielent

7 8
flux (10 to 10 photons/sec) is passed by a collimator

which is sraall in comparison with the cross-soction of the

beam. Practical considerations determine the clioice of the

powder sample: the reflections to be used should be strong

andeasily separable and the backgrouiid level should be lov.

tf 0.5 % scattering from the maj or parallel componen t is

allowed in the measuremen t of the perpendicular «'ornponent,

the scattering angle can be betweon 86 and 9^ • 'fable 2

demonstrates that within these l imits , wide wavtjlongth

ranges can bo covered with one_ powiler sample.

If the Polarisation ratio is to be known at the level of

'0 , a 90 reflection from a jierfect c rysLal or a Borrmann

polarizer is recommended, and at short wavelcngths these

may be the on ly feasible choices at any aci:oiirit , Tlie scan

whicli is required for an Integration over the wavelength

arid divergence distributions may be e f fec ted by oscillating

the crystal about the reflecl . ing position, and this can be

realized by a simple device (Chanilrasekhar, Ramaseshan &

Sir igh, 1969).

T>ie lack of per fec t polarization of the SXR beam has

vur ious e f fec t s in exporinteiits. Typically in a measureraent

with SXH the plane of d i f f r ac t i on is ver t ical , and the

relative- Kontribution öl ' the perpendicular component

decreusos from I /(Ii' + I ) to zero whon the scattering1 angle

20 chan^c H from 0 t o 90 , Ttiti el'f ec t s of Lhu perpendicul ar

coniponent may be disas t rous in a measureraent o f weak resonanl

scatterinfj in the horizontal plane at 2^ =• yO , if the non-

T-esonant sca tLer ing is assumed t o bo zero. AI so a general

türnment is due. The rneasureraen ts whicli are described in this

pupor du not necessari ly yield the completc Information

about the .state of polari zation, Por instance, the results

are iden t i cal for circularly polarized and unpolarized

beams. "Hie dogree of circular polarization must be knowii

in studies of magnetic d is t r ibut ions , and it has IKUJII

demoiis trated tJia t i t cai\e de t ermined from the magno t ic

scat tering of a sample of known magnetization (Brunol ot a]. ,

1902).

We ttiarik B. Schönfcld l'or h i s supporl in calculating the

Synchrotron r a d i a t i o n spectrum includir ig- the machine optic.
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Appendix

The vertical dlstributions of the radiation from one

electron , äs i l l u s trated in Fi^. 6 , may be approximativ! by

(A.la)

( A . l b )

These dis Lributioiis a r u convoluted by tlic size and d n v

distributi ona of the electron beam segment scen by the

experiment, lliese can be approxima Lei) by

P ( y . y ' J - - y'a/2o;.a) (A . 2)

The equi-intensity contoiii-s of the sourco (11 ntribut ions

are illustrated in Fig. la, and the (H stributions a i,

di s tance D f rom the source are obtainod when y i s repl a<;ed

by y -y 'U in the convolutions

p. =

Refloct io i i from a powder samplo intcgrates over y ' ( see

Fig. 1b) , and the i n l en^L ty dis t r ibut ions are

(A. i la)

(A.

wliere

^-

and a simili±r

liolds for - . Tlie scalin^ cnristant b is doterminod from

{A.5)

where p is du: total f rac t i on o i' the perpendicjul a. r coniponen l,

lü addition, ' | i ( y ) ^"^ I , ( y ) «"ist be mul L i pl ied by the

polarization fan to r s of the miuiochromator .
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Table 2. Refloctions Trom a powder sample of bcc Mo. For

86° £ 26 i 9-4° less than 0.5 % of the polarization

component with tlie olecf-ric vector in the plant! of

diffractiori is reflected. and X - to X givesmin inax
l.he corresponding wavelength spari. TTie Hl i t height

is the aame äs in Table 1, h/R = 8.73-10"2.

hkl

321

400

330,^11

420

332

422

510,431

521

530,433

1 .

1 .

1.

0.

0.

0.

0.

0.

0.

145

071

010

958

913

074

840

782

735

1.

1.

1.

1 .

0.

0,

0.

0.

0.

228

148

083

027

979

y38

901

839

787

2

0,

1.

0.

0.

0.

2.

1 .

1.

66

30

62

97

88

80

20

23

03

Figure captions

Fig. 1 . Phase-space diagrcims o1' the vert ikal dis tribution

o r SXH . At tho c eil t er of the sourc w , a ) shows the 1 Cf-

contour for the electron beara (dot ted curve) and the

coritours of the convo lu t ed radiation distributions (soldd

curve for the parallel cornponerit , dashed curve i'or the

perpendicular onu ) . TJic radiation distributions. at disl.arice

D from the source are shown in b)j the shaded area indicates

reflect ion by a small s d n g l e crystal, and the arrow an

angular scan.

FiK. 2. yO° Kcattering of Synchrotron radiation . The

polar iza t i an vector of the incident radiat ion, e 1 , i s

divideri i n t o cornponeiits perpendicular Lo the jilaiie of

si:attr:r ing , e , and parallel to this p l am;, e^. The

incidenl- powor P i.s divided into two components , P and P^,

which are proportional to and , respcctively.

Fig. 3, Powder reflection polar izcr . Tlie strucLiiros are

attached to a tube whose axis is ali^ued parallel l.o the

i r i n idon t beam, Circular collimators c o n n c i d e with tho

axis. The powder sample (PS) is mouiited on a small

goniometer head, whero Lt caii be set at the calculated

scattering angle and spun ahoiit the surface normal . The

T-eceiving slit assembly (RS) antl LIio dedector (D) are

attached to a cross-bar which can be drivori pcrpendi cularly

to the reflected l ieam, Tliis drive (M) is coupJed to a

linear potent iometer ( p ) , which is used for indir:ation of



Figure captions ( c o n t . )

the position of the receiving assembly.

Fi^. ' i . _ The degree of perpendicular and linear polarization

äs a f unc Lion of the ver L i nal die l, an t:« f rorn t. ho cun I,QT- of Llie

beam at distance D = 35 m from the source. At X = 1.20 A

the beam was cut by the edges of the monochromator (dot ted

curve); the o ther wavelengths are 1.60 A (dashed curve) und

1,85 Ä (solid curve). K^ = I/U,, + I ± ) , K = (1^ _ i j / ^ l ^ + I )

FJK. 5. Experimental asid calculated vertical intensi ty

dietriliutions at D = 35 L11i wheii X = 1 , 85 A. The solid

curves are obtained by a numeric:al Integration öl ' the SXK

distributions (Greeii, 1977), and the dashed curves are

from an approximale cal<-iil a t i on with tho saine machine O[J t ic

parameters O = 0.53 mm and O' = 0 .60 .1O~ (see Appendix) .

The experitnen tal poiiit s are f or the parallel component

(circlos) and t>ie perjiendicular component ( c rosses ) ; the

arrow indicates the cut-off by the edgc o f the monochromator.

Fig. (>, Divui'gerice distributions of the SXB Jrora one

electron at X = X (Gi'con, 197?). The angle with the

electron trajectory is denoletl by ¥ , and y = E/E =

3300 MeV/0,511 MeV = 6460 in Lho present case. With these

_!\, the variances of l,h« di y tributions are 0" = 0.8H-10

and CT' = Q .^86 -10~ , and Lln; ptirpond i c:ul ar di K tributioii

-h
peaks at y f = 1 . 1 0 - 1 O

O)

er
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Fig. 2






