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Our appruximations arc not useful for hard sphercs since pt:rturhations arc then 

larger and vo lume exclll~ion e f(ccts more complicated . The analogou<; furmulatinn III 

terms of higher order distributions would St;:r\'C better here, and is LclOg worked Out . 
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, SynopsIs 

The \'iscosity of krypton has been measured with a transpiration method at 25°, 50°, 
!ttl 75°C, a t prc!isnres up to 2050 atmospheres, and at 12S:C, at pres.'iurcs between 
300 and 1900 ;n lnospheres. The results agree within I % with the v<tlucs calcula ted 

!ilm a formu la in reduced quantities (ur the noble gases, pub lished previou~l y, 
1 

l § I. ["traduction. With the standard transpiration method of the labora­
.,)fY, the \'iscosity of krypt on was measured at temperat ures of 25°,50°,75 ° , 

.nd 125°C. The pressure range was between 7 and 2052 a tmospheres . except 
a 125°C. where measurements were made only between 1294 and 1880 
rtmospheres. The density corresponding to each tempera ture and pressure 
<as calculated using the compre"ibility isoth erms of krypton. measured in 
:his laboratory 1) . 
I 

§ 2. ReSJtits . The results of th e measurements arc ginn in tables I to IV. 
rhe pressure p is expressed in nomlal atmospheres. the density p both in 
!Jnagat units and in g em- 3, and the coefficient of visco:;ily '1 in g C01-1 5-1, 
I'he viscosity pressure iso therms shown in fig. I ha\'c the same general 
',.tures as th e corresponding curves for nit rogen') 3). hydrogen') '). 
kuterium 4)'J. argon·) and neon ') . In contradistinction with these gases, 
lOWe\'er, the viscosity density isotherms of krypton show an intersection 
11 high density (fig. 2). 
It was possible. by means of least squares. to fit to the isotherms of 25°. 

i)'. and 75· C polynomials of the form 

1/.106 = .4 + lJp + Cpz + Dp3 (I) 

~r the density range 6-330 amaga!. The coefficients of the polynomials 
'tre given in table V. 

Polynomials of the form 

'1'10· = A + Bp + Cp2 + DpS + Ep4 + Fp' + Gp. (2) 
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TAUL E I i TABLE It 

~----~~~--~------ !'------~~------------' The \'bcosity of k r )'pt(IU at 2S C Tile viscosi t y of kr )'ptfm at SO -C 

7.00 
8.33 
9.65 

19.5 1 

2J.J8 
«<l.2a 
49.07 
51.72 
66. 11 
75.86 
86.08 
94.<1 7 

109.4 

125.7 
134.9 

' 46.5 
159.7 

ISO. I 
199.8 
22(.0 
248.6 
284. 1 
3J2.6 
JeJ.6 
484.7 
604.4 
72J.S 
908.S 

11 40.2 

14<16.0 
1657.2 
17QS. t 

6.49 
7.74 

8.99 
18.58 
22.44 
40. 15 
49.ea 
59.85 
69.95 
81.99 
95.1 9 

106.4 
127.0 
ISO.4 
163.6 
ISO.4 
199. 1 

226..1 
250. 5 
276.8 
299.' 
327.8 
358.2 
383.6 
421.5 
454 .4 

479.8 
5 10.6 

540.6 
57 1.5 
589.2 
599.8 

0.0243 
0.0290 
0.0037 
0.0695 
0.08.; 1 
0. 1505 
0.1870 
0.2244 
0.2623 
0.3074 
0.3569 
0.3988 
0.4 162 
0.5639 
0 .6 134 
0.6765 
O.HbJ 
0.6485 
0.9390 
1.0378 
1.1 244 
1.2290 

257.0 
257.0 
257.4 
261.3 
,." .. 
272.2 
278.0 
284.2 
291.4 
299.6 
3 10. 4 
3 19.6 
JJ9.b 
3M.J 
379.3 
399.3 
424. 4 
464.7 
504.7 
5S4.J 
602.8 
667.7 

1.3429 747,8 
1.1382 823.0 
1.5303 959.8 
1. 7OJ6 110 1 
1.7987 1225 
1,9144 14 11 

2.0266 1630 
2. 1425 190 1 
2.2090 2095 
2.248S 222 1 

r l~c r ',o' ,, 'IOt P '1' IO·!t:.Ip) ca~: lf~:;-",-, ---;---"-:·I"'O;-' -'--'-':-;l o::-.-1 
COl ~ I)(<nll ca c;2)rolll calci3;rolll atm g CIII-2 g cm- l , - I ( I ) caIC,;)(CJn1 ca IC,J'jrOIll 

2.56.0 256.9 252.5 7.53 6 ,42 0.024 1 274 .7 274.9 275.7 270.6 
256.5 257.4 253.2 8.99 7.69 0.02aa 275.9 275.5 276. 1 27 1.2 
257. 1 257.7 253.B 10.50 9.00 O.O.lJ7 276.7 276. 1 276.6 271.9 
26 1.5 261.4 258.9 20.9 1 18.21 0 .0683 280.7 280.5 200.J 276.6 
263.4 263.0 261.0 25.5. 22.4 1 0.0840 282.8 282.6 252.2 279. 1 
272.8 27 1.9 271.5 -4".43 40. 18 0.1506 29 1.9 292,4 291.5 289.6 
278.5 277.6 277.8 54.J4 49.92 0 .1 87 1 297.8 298. 2 297.4 295.8 
284.8 284.0 284.5 64.28 59,98 0.2249 304.2 J0-4.6 304.0 302.6 
]q 1.S 29 1.0 291.8 7J.97 70.050.2626 JI1.4 3 11.5 31 1.2 309.8 
300.2 300.0 30Ll 84.27 8 1.02 0 .3033 .1 19.2 3 19.5 319.~ J 18.2 
310..; 310.6 31 1.9 97.20 95.18 0 .3568 J.3O.4 330.6 3J1.0 329.8 
319.8 320.3 321.7 107.3 106.5 0.3993 340.3 340. 1 340.8 339.7 
338.8 J.J9.6 341.4 127.1 129. 1 0.4 eJ~ 360.9 361.1 362. 1 361.2 
363.1 364.0 366 . .1 145.5 150.3 0.5634 383.9 383.2 384. 1 383.9 
3 78.2 379. 1 38 1.6 157.4 164.0 0.6 1";7 399.6 398.8 399.5 399.8 
399.0 399.6 402.5 172,;1 181.0 O.b7 84 4 19.8 41 9.7 420.0 0(2 1.1 
424.1 424..1 427.6 190.5 200.9 0.7530 446.8 4<6.4 446.2 448.2 
465.1 46 4.7 468.2 215.3 226.< 0.8487 484.7 484. 4 4 SJ.J 4e6.7 
5OS.8 504.8 5Q8.0 241.5 251.0 0.9 411 525.5 52$.2 523.7 526.0 
~55. 2 553.9 SS6.1 271.5 276.2 1.0354 569.6 57 1.3 570.0 574.7 
603.0 602.0 602.4 J04.3 300. 1 1.1 252 61 8.7 6 19.7 619.3 623.7 
666.7 667. 1 663.6 349.9 328.2 1.2J05 683.5 662.2 684.7 686.9 

748.1 410.4 358.5 1.3439 763.0 7b5. 2 
825. 2 03." 3 34.0 1.4397 843.5 842.9 
959.5 595.2 422. 1 1.5824 979.3 978. 2 

1100 742. .. 456.4 1.7110 1128 1125 
1227 870.2 479.9 1.7993 1241 1243 
14 11 1072.7 510 .0 1.9 120 1420 1420 
1628 1329.9 540. 1 2.0249 163J IblJ 
1905 1651.9 570. 1 2. 1374 1893 1893 
2094 2052.0 600. 1 2.2496 2210 . 22 10 
2220 

were calculated for the entire density region £r.600 amagat. The coefficil'nt. 
arc given in table VI. The values for '/ calculated from ( I) a nd (2), fror Ih, 
d ensities at wh ich the measurements were performed , a.re lisled in tahle .. 
I to III (fifth a nd sixth columns rcspectivcly). 

there 

T' = ~ T, p' = ,,3 p, ,,2 5 , I T' 
• '" 1/' = y me' 1/~ = 16y ,, ' ,Ot2. 2)'(1") , 

§ 3 . Corrcsptmdillg slales. In a previ ous p.."l pcr ') fl formula in reduCt·,J 
quantities is given , which a llows calculation of the viscosity for t he nobl, 
gases : 

and " are the two constants for the Lenn ard-J ones intennolecular 6-- 12 
.tentia l fi eld, ITI is the mass per molecule, p is the density in gtcm', 
~1(~.2) · (T·) is a n'duccd collision integra l. 

11: = «(P') + P(P') loS T' + y (P' ) logO T' + 6(P' ) log3 T ' , 
1/. 

(~ I The coefficient s for the range: p' from 0 to 0.45 , T ' fro m 1.2 to 30, were 
alculated from viscosity measurements of hel iu m, neon, arson, and xenon. 
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TABLE III -1------4-------------------------948 

atm 

8.24 
11,35 
22.26 
27.81 

48.53 
59.51 
70.68 
81.62 
93.47 

108.3 
120.4 
14J.2 
165.2 
179.3 
197.7 
219.7 
249.6 

282.0 
320.7 
358.J 
41 5.2 
46b. 1 
564.2 
704 .5 

101J.8 
1237.8 
1518.3 
1865.9 
2023.9 

b.S I 
9.00 

17.88 
22.49 

40.1 8 
49.69 
59.96 
70.02 

81.1 1 
95.21 

106.9 
129.0 
150.3 

163.8 
181.0 

200." 
225.9 
250.7 
277.0 
2ti9.4 

328.4 

358.0 
3M.S 
422.5 

480.0 
5 10.0 
540.0 
570.0 
5St.8 

t.cm' 4'IJ' 

Thf' \I-eo<.It)' of knrpton at 1SoC r i 
'l ' IO'(ex !"') '1'10

4 
'1'10' 1)'10' 

calc. from calc. from calc. fruln 2'Jlli-
p 

gcm-' 

0.0244 
0.0338 
0 .0670 
0.0843 

O. IS06 
0.1870 
0.2248 
0.2625 
0.3041 
0 .J570 

0.4006 
OA838 
0.5636 
0.6142 
0.6785 
0.7527 
0.8469 
0.9397 
I.OJ8J 
1.1224 
1.2J10 
1.3423 
1.4426 
1.5838 
1.7994 
1.9120 
2.0246 
2. IJ70 
2. 18 11 

294.7 

295.4 
298.9 

301.3 
310.9 
J16.4 
323.2 
330.1 
337.6 
3049.3 
360.0 
380.2 
402.8 
418.7 
436.1 
~bS.O 

502.4 
543.1 
590.7 

636.5 
70".7 
782. 1 
866.7 

1003 
1256 
1432 

1645 
1896 

2008 

TAULE IV 

(I) 

293.6 
294.7 
299. 1 
30 1.5 
311.2 
317. 1 
323.5 
33eA 
338.4 
349.5 

. 359.3 
379.8 
40 1.9 
4 17.3 
438.3 
"M,e 
502.2 
SOA 
592.0 
637.8 
703. 1 

12) 

294 ,6 

295.5 
299.1 

301.2 
310.5 
316.3 
322.8 
329.9 
338.3 
349.6 
359.7 
J80.5 
402.7 
417.9 

"'38.7 
464.8 
50 1.7 
542,4 

591. 1 
631.6 
705.0 
784.0 
865. 2 
998.4 

1260 
1434 

1642 
1895 
2009 

Thl! vi~it )' of krypton a t 12SoC 

p I p I p I 'J · IO· ({'xp) 

atm am gem-' R cm- I S- I 

1294. 2 

I 
480.0 

I 
1.7995 

I 
1296 

1555. 2 500.5 1.9 102 1461 

1880.4 539.5 2.0228 1664 

(3) 

287.9 
289.2 
293.9 
296.4 

306.8 
313.0 
319.7 
326.9 
J35.3 
346.7 
356.9 
378.0 
400.7 
416.4 
437.9 
465.0 
503.1 
545.0 
594.6 
641.2 
707.7 

... 

_ ..... _ .. 

Fi,;. J. Yi!<oCosi ty of kf)1Jtu ll as fUll c ti(, 1l u f pressure. 

TABI ~ 1. \' 

Cvt' ffi('i(, lIl~ uf til l' p</lynomi;t I .,,· 10' .,. ... ..... lip r ('p1 - /Jp' 
k r}'lltl)ll . r;!u ~c 6· JJO ;1111. 

(." in g ('111 - 1 !i- I ; p in :ulI.1 

25°C 50 C 75eC 

... 253.1 7 272.0 1 290.56 
n 0-" 1865 0,43638 0.449Jj 

("'10' 1.6547 1.6340 1.4992 
/) · 10' 2.7957 2.5712 2.91 56 

T:\ULE \"I 

Coefficients o f thL' po llYllOllIlI.II 

" . 10' _ A + lip + Cps + np' t- Ep' r Fp" T (;p'. 
kr)·ptQu. ran~c 6- 600 alii. 
('1 in gem - I S- I; p in .U1I.) 

25°C SO"C 75' C 

255.01 273.68 292.47 
B 0.26227 0.2842 1 0.30075 
C'IO' 4.56735 4.64178 4.24199 
D ·tO- "- 18. 4219 - 19.9537 - 17.0204 

They a rc given by (sec reference 7) £·10' + 7J.9157 + 77.4699 + 68.4218 
F·lon - 130.867 - 130.328 - 11 7.155 

.. (p' ) = 0.980 + 2. 140p· + 8.17Ip·2 - 0.563p·3 

(l{P') = - 3.1 70p· - 25.720p·' + 27.665p·3 

y{p') = 

6(p') = 

1.278p· + 30.19Ip·2 - 43. I 89p'3 

- O. I20p· - IO .388p·' + 16.549p·3 

G· l 0 u + 101.6153 , 96.04 11){) ~ 83.J948 

The'l values o[ krypton. calcula ted [rom (3) . arc g-ivcn in the la, ( columns 
,[ tables r to II l. The eOllstants arc taken [rom W h a ll ey and Seh II c id er8) : 
'Ik = 166.6r K. a = 3.681 A. It can be seen that. except at low d'·lIsities. 

I 
I 
I 

I 
I 

I 
i 
; 
i 
I 

I 
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Fig. 2 . Viscosity of krypton as function o f density. 
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'hese value..., agrct: with the expe rim enta l data within the accuracy of 1'% 
Jaimcd in reference 7. The dt!viatioll at low density shaH be di 'ic\1 ~SL'd in a 

lJOX t paper. 

§ 4. ComparisoJl. with measurements of ollta authors. Th ere ,Ut! onl y few 
l'iscosi ty measurements on krypton available in the lit erature. In the low 
tensity n:gion there are data of ~a ~ in i and Hoss P~). I{unk i n e 10). and 

! 
,:I iflon 11). A survey is ginn in table XI of reference 7. 

I~~r -f:",' g.an 1/ & 

I 
800[--
60l .--- t'lO· ........ _l_ 

. ·:1 o ~. __ 

.,.. 
A 1110'1 . • ,SO-..,...._n.o.n c,.., 

--+ , 

Fig. J. Viscosity of krypton; comparisu u with datLl from IitC' ra turc. 

At higher densities there are data from K,'s tin and Lc id e nfrost 12
) at 

DOC a t d cnsiti cs up t0 21 am, and ~'('ry [('ct.:ntly from I{ cy nL' ~ ,"lOci Thodos 13) 
~ 100' (, 150· C, and 200· C at deIL,ilie, between 40 and 414 am. III fig. 3 
'bese valuC's are p lotted versus density together wilh OUf own data. It will 
~ noted that th e \ ' i sco~ity isothcnns of R cy ncs and Thodos at (SOc and 
moe appear to be irregular. Thi:, bdla\'ionf is confirmed when a cnmparison 
; made witll the values calcula.t<:d from c'luation (3). De"iations lip to 4°~ 
,re fonnd for the 150· and 200' C bnthcrm, but it is worth notine: t haI the 
iIOoothecl) 1000 isotherm shows de viation!" of less than I ~o· 

Ac know lc tl se m e nt. This inVl's tign tion is part of the research program 
f the "Stichting voor Fundamcntccl Ondcrzoek der ~ I a teri c (1'.0 .) \. )" 
'ppor ted by the "Organisatie voor luiver Wetcnschappclijk Onclcrzoek 

7..\V.O.)". 
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THE l\IAXWELL EQUATIO~S: ~ONRELATI\'ISTIC 
MULTIPOLE EXPAl\SlON TO ALL ORDERS 

by S. R. DE G IWOT 

Instituut "oor th~oretische fysica, t;nh'er~itcit V.all Amo; tcrd;ulI, Xc,:!l·rJal1d 

Synopsis 
From the microscopic equations (or the electromagnetic fil'ld in the prl~S(' lIce of 
lint sou rCes equatio ns arc derived for the (·lc·<:trtJlllagnetic fidd in t he pn."Scllcc of 
lhle collect ions of point sources such as a toOl!i. inns or molecules. Thc.>c "i\lomic 

~d equations" contain electric and magnctic I)rJ lari1.alions. ThL" pola rizations are 
1'tR here as exp;'\nsions to all orders in terlllsof the nonrelati\'lSt icch'ctric and magnet ic 
!!Iltipoles of the atoms. 

I 

§ I. Inlrodllcti01L The microscopic equations (or the c l ectrol11a~nctic 

'dd (e. b), produced at a time t alld a position R by a colkct ion of point 
iarges 'J(; = 1,2, ... ) at positions RI(/) ~Ild with \"Clocities RI(/) , can be 
"ritten as 

r'e = L 01 o(RI - R). 
I 

-ooe + r" b = L cI( RI/c) '\(RI - R). 
I 

r'b = 0, 

ilob + r " e = O. 

(I) 

(2) 

(3) 

(4) 

Here 00 and J7 indicate differentiations with respect to time and space 
" rdinates ct and R (where c is the \"Clocity of ligh t). 
If the point charges arc grouped into stable atoms, molccnles or ions 
'derred to as "atoms" here), the problem arises as to how the eqllation" 
1-(4) can be rewritt en with the help of su itably defined "atomic" para­
:eters. This aim can be achieved by grouping the source terms in (I) and 
~ into sums of tt:'rms each of which is itself a ~um o\'er th e constituent 
'lCiei and electrons of a single atom. Subsequently one can dcwlup each 
'!'Tn into a series expansion in terms of atomic electronlagnct ic tnult ipoles. 
In this article a treatment is followed originally carried ou t b,· ~J azu rand 
'ijboe r J) up to second order. Howl'\'('r, here no ~tatistical a'n:raging will 
~ perfomlcd before the multipol{' expansion is worked out. In this way 
~omic field equations" will be obtained in which the electric and magncti~ 
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