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The centripetal  and centrifugal limits of the solution column in an analytical  ultra- 
centrifuge cell are positions tha t  it is impor tan t  to know accurate ly  for two reasons. 
In  the first place the s tar t ing level of a moving boundary  can be used in the determina- 
t ion of sedimentat ion rates 1, and secondly, the limits through which there is no 
t ranspor t  of solute can be used in the determinat ion of molecular weight S. During a 
s tudy  of this later case, which m a y  be called an application of the ARCHIBALD 
principle, it became apparent  tha t  the level through which no solute crossed into the 
air space above the solution did not  coincide with the center of the optical registration 
of the meniscus. Invest igat ion was then made of the meniscus pat tern  as a function 
of camera focus and the angle of incidence of the light on the cell. I t  developed that  
a meniscus is responsible for very  complex diffraction and interference phenomena.  
In  fact, conditions are easily obtainable in which two separate central  shadows are 
visible. 

There is some suggestion in the l i terature on the application of the ARCHIBALD 
principle tha t  there m a y  be difficulties in the location of the limits of the solution 
column. Thus CH~:NG 8 has called a t tent ion to the dependence of the calculated 
molecular weight on choice of meniscus position, which for bovine serum albumin he 
calculates to be about  io  %/o.1 m m  in the cell when early pictures are used. Comparing 
the width of a photodensi tometer  t racing of the fine-structure of a meniscus with the 
width of a sharp desoxyribonucleic acid boundary  as a function of speed, he concludes 
tha t  the decrease in meniscus width with speed is more than  accounted for by  change 
in vibrat ion or precision of the rotor. The balance he a t t r ibutes  to change in surface- 
tension effects. Inspection of microdensi tometer  tracings of absorption-optical  
registrations in the l i terature revealed tha t  the center of the shadow (high trans- 
mission) has been chosen as the meniscus 4. However,  some tracings have shown 
complex biphasic pat terns  5. BROWN e discusses foreshortening of the full cell due to 
the steep gradients deflecting light into the bot tom.  But  GINSBURG, APPEL AND 
SCHACHM,\N ~ interpret  the thickening of the bo t tom meniscus as being due to a packed 
gel and as being an indication of the amount  of denatured solute and high sedimeuta- 

* Part of this work was carried out while the author was a research collaborator in tlle Medical 
Department, Brookhaven National Laboratory, Upton, L.I., New York. Present address of 
author is [,*. S. ])ept. of Agriculture, Plum Island Aninlal l)isease Lal)oratory, Greenport, L..I., 
New York. 
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tion-rate contamination present in the original solution. Further, these same workers 
have also called attention to a broader meniscus at low speed due to vibration. 
KEGELES, KLAINER AND SALEM s describe foreshortening of the empty cell image due 
to light entering the cell at an angle. But the last two groups assume that both the 
air-solution and solution-dense immiscible-fluid menisci shadows are correct. 

It is the purpose of this paper to present (a) studies using the ARCHIBALD 
principle which pertain to the location of the true top of the solution column, (b) 
studies of factors contributing to the optical fine-structure of a meniscus, and (c) 
a method for determining the location of an interface to within ~2 o.oo5 mm in the 
cell. This study was facilitated by providing the back plate of the camera of a standard 
Model E Spinco ultracentrifuge* with a clear glass insert so that the actual image 
to be photographed could be observed. Although this is a desirable improvement,  
it is not essential for the full use of the suggestions made here for the improved 
precision of schlieren-pattern analysis. 

EXPERIMENTAL 

Ultracentri]uge modifications 
Alterat ion of the schl ieren-diaphragm m o u n t  to permi t  thumb-sc rew cross mot ion has been 

described 1. The fur ther  modification of a Spinco Model E ul tracentr ifuge to incorporate  a removable 
glass in the focal plane of the camera will now be given. After removing the right-side cover plate, 
the  back plate  of the camera mechanism in which the plate holder t ravels  is accessible. This was 
removed for the milling of a 2 3/4" × 3 't hole. A holder, accurately held in posit ion by  two pins, 
was fashioned to be inserted in this opening so t h a t  the outside surface of a i / i6"- th ick  clear glass 
was  located at  the plane corresponding to the emulsion of the photographic  plate. When  the 
camera was used in the ordinary manner ,  the glass holder was  removed and replaced by an 
appropr ia te  l ight- t ight  cover. To facilitate measurements  of the image relative to the camera, 
a o.oo8"-diameter vertical stainless steel wire was fastened in the camera  aper ture  plate (2" × 2"). 
This wire was not  affected by the glass holder, and pe rmanen t ly  cast  a vertical shadow in the ref- 
erence band  t r ansmi t t ed  by  the  reference edges 9 °0 f rom the  cell holes in the Spinco Analytical 
AN-D rotor ;  a l ternat ively the outer  reference hole in the  counterbalance was used (see Fig. 2). 
The cylindrical lens axis is normally  the p r imary  reference direction in the Spineo schlieren- 
optical system. In  this  laboratory,  the camera wire was  used as reference and the cylindrical lens 
was  rotated slightly so tha t  the image lines on the calibration scale as an object in the rotor,  were 
parallel to it. Observat ions  of images on the clear glass insert  were made .with a 2o-mm scale- 
contact  ocular with o.i m m  divisions**. The s tandard  Spinco field change of a swing-out  mirror  to 
replace the half-surface mirror  was made. I t  should be noted t ha t  the  Spinco interference-optics- 
viewer assembly does not  accomplish exactly the Same purpose  as the  camera focus-insert  glass. 
The viewer does not  accurately focus in the plane of the  ground glass, or of the photographic  
plate, not  does it permi t  measurements  to be made. Fur the rmore ,  a back-surface mirror  is used 
in the swing-out  assembly.  The usual ground-glass viewing screen is essentially useless for s tudying 
fine-structure of diffraction pat terns .  Metallographic plates  were used for photographing  the 
effects displayed in this paper.  

Various cells were assembled f rom modified s tandard  Spinco pa r t s  as indicated in Fig. i. 
When it was  desired to have the baseline on the plate s imul taneously  wi th  the protein pa t te rn ,  
a double-sector centerpiece cell was  chosen TM, Fig. I(C). The special channel mask  (a) was  made 
out  of 2o24-T 4 a luminum alloy 0.032" thick, o.618" in diameter.  I t  fits on top of the upper  disc 
holder (b) and is oriented to allow t ransmiss ion of light from the solution side only. The counter-  
balance is increased by  0. 4 g when the  mask  is used before or after  a normal  exper iment  in. the 
double-sector cell. In  order  to make a highly reflecting surface perpendicular  to the axis of rotat ion,  
a plain quar tz  disc, normal ly  used as a window of a centrifuge cell, was coated with rhodium***. 
The coated side of this disc could be oriented in any one of the  four possible posit ions in the cell. 
One position is shown in (f). The coating does not  cover the  entire surface, so an a i r -wa te r  meniscus, 
for example,  can be made near the bo t t om  of the cell. Then the t r ansmi t t ed  meniscus pa t t e rn  can 

* Spinco Division, Beckman Ins t rumen t s ,  Inc., Palo Alto, California. 
** Bausch and Lomb Optical Co., Rochester,  New York, Cat. No. 81-34-97-2o. 

*** Evapora ted  Metal Films, Inc., I thaca,  N. Y. 
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be s t ud i ed  for va r ious  pos i t ions  of t h e  l i gh t  source  (k). Because  of t h e  l eng th  of t h e  l ight  source ,  
all po in t s  c a n n o t  be on t he  opt ical  axis .  Hence  a m a s k  (i) w i th  s lot  (j) will g ive a reflect ion (h) f rom 
t h e  mir ror  quar t z .  Th i s  a r r a n g e m e n t  al lows m e a s u r e m e n t  of t h e  d i s t ance  by  wh ich  t h e  l igh t  source  

o G  

,@ , Q  

k l  

Fig. i .  A r r a n g e m e n t  of cells for special  opt ical  appli-  
ca t ions .  On ly  t h e  pa r t s  wh ich  are  different  f r om t h e  
s t a n d a r d  c o m p o n e n t s  a re  i l lus t ra ted ,  a. Cover  for one  
c h a n n e l  of double-sec tor  cen te rp iece  c, w h i c h  r e s t s  
ins ide  screw r ing  on  en la rged  ape r tu r e  d isc-holder  b. d. 
Na r row  a p e r t u r e  m a s k  d i scho lder  for ve ry  wide (7 °) 
centerp iece  e. f. Mirror  lower q u a r t z  disc caus ing  re- 
f lection of l ight  back  t h r o u g h  lower co l l imat ing  lens g 
to  h on a whi te  ca rd  i w i th  s lot  j. k. L igh t - source  m o u n t  
of u l t racen t r i fuge .  1. P r i s m  q u a r t z  disc in i nve r t ed  
pos i t ion  for use  wi th  p r i s m  centerp iece  m for non-  

s e d i m e n t a t i o n  e x p e r i m e n t s .  

is off-axis.  Three  I /2"- long spacer  washe r s  were used  to e x t e n d  t he  l ight  source  legs so t h a t  t he  
l igh t  source  sl i t  was  a t  t he  focal po in t  of t h e  lower co l l imat ing  lens w h e n  t h e  c h a m b e r  was  closed 
a n d  u n d e r  v a c u u m .  Th i s  was  d e t e r m i n e d  b y  t he  pos i t ion  of t h e  s h a r p e s t  reflected image.  Pr ior  to  
o b t a i n i n g  t he  ref lect ing q u a r t z  disc, a I 2 - m m  e p o x y  double-sec tor  centerp iece  in wh ich  t h e  cen te r  
pa r t i t i on  (e) h a d  been  r emoved ,  was  half-fil led wi th  mercu ry .  A smal l  a m o u n t  of w a t e r  could be  
used  on t op  of t h e  mercu ry ,  aga in  to  g ive  s i m u l t a n e o u s l y  a t r a n s m i t t e d  a i r - w a t e r  m e n i s c u s  a n d  a 
s t r o n g  reflected image.  E x t r e m e  cau t i on  shou ld  be exercised w h e n  us ing  mercu ry .  In  par t icu la r ,  
u se  of  a m e t a l  centerp iece  w i t h  ga ske t s  shou ld  be avoided,  and  a speed  of 17,ooo r .p .m,  shou ld  no t  
be exceeded.  I n  t h e  e x p e r i m e n t s  here,  t he  lowest  speed se t t i ng  of 12,59 ° r .p .m,  was  no t  exceeded 
w i th  t h e  m e r c u r y - m i r r o r  cell. No such  l imi t a t i on  is imposed  on t he  q u a r t z - m i r r o r  cell. 

For  special  s t u d y  of opt ica l  effects,  a n d  in  pa r t i cu l a r  to  d e t e r m i n e  t he  effect  of non-para l le l  
q u a r t z  windows ,  a i o p r i s m a t i c  cell was  made .  T he  e p o x y  cen te rp iece  s h o w n  a t  (m) h a d  i ts  uppe r  
face mil led a t  a I ° ang le  so t h a t  t he  t h i c k n e s s  a t  t h e  k e y w a y - - t h e  m o s t  radia l  p o s i t i o n - - i s  t h i n n e r  
t h a n  a t  t h e  oppos i t e  side.  I n  order  to  effect  a seal,  a i ° wedge  q u a r t z  was  used  in a p la in  disc 
ho lder  (1). Th i s  I o q u a r t z  p r i sm  or ien ted  in th i s  m a n n e r  deflects  t h e  l igh t  f rom the  air space in a 
radia l  d i rec t ion  and  hence  t he  s h a d o w  of t h e  schl ieren d i a p h r a g m  is above  t h a t  caused  by  t he  
l ight  pa s s ing  t h r o u g h  t h e  reference  hole  (vacuum) .  On  t he  o the r  hand ,  l ight  t h r o u g h  t he  water space 
is deflected cen t r ipe t a l ly  by  t h e  w a t e r  p r i sm  a t  low speed  and  radia l ly  a g r ea t e r  a m o u n t  by  t he  
q u a r t z  p r i sm.  A t  60,000 r .p .m,  t h e  compres s ion  g rad ien t  in w a t e r  c o m p e n s a t e s  t he  w a t e r  p r i sm  
a n d  t he r e  is no re la t ive  d i s p l a c e m e n t  on t h e  schl ieren d i a p h r a g m  of t he  l igh t - source  image  of r ay s  
pa s s ing  t h r o u g h  t h e  air  space  or t h e  w a t e r  space.  I t  shou ld  be no ted  t h a t  t h i s  p r i s m a t i c  centerpiece  
is on ly  for i n s t r u m e n t a t i o n  s tud ies  of t h e  opt ica l  p h e n o m e n a  involved .  

I n  o rder  to k n o w  w h a t  p lane  in t h e  cell was  imaged  on t he  p h o t o g r a p h i c  p la te  or  i n se r t  glass,  
t he  focal pos i t ion  of t he  c a m e r a  ob jec t ive  lens  a long  i ts  opt ica l  t r a c k  for va r ious  p lanes  was  de- 
t e rmined .  A ha i r  was  c l a m p e d  b e t w e e n  each  q u a r t z  and  t he  face of b o t h  t h e  3- ram and  I 2 - m m  
centerpieces .  W i t h  t h e  c h a m b e r  open  and  a g r o u n d  glass  di f fus ing screen p laced on t op  of t h e  lower 
co l l imat ing  lens, t he  pos i t ion  of s h a r p e s t  focus  of each  ha i r  was  de te rmined .  The  pos i t ion  wi th  a n d  
w i t h o u t  t h e  cyl indr ical  lens showed  on ly  0.02" difference and  was  ce r t a in ly  more  easi ly located 
w i t h o u t  t h e  cyl indr ical  lens.  T he  I 2 - m m  cell a i r  t h i cknes s  co r responds  to 0.84* of camera - l ens  
m o v e m e n t .  

For  compar i son ,  a t wo-d i mens i ona l  m i c r o c o m p a r a t o r  r ead ing  to  o.oi  m m  on t he  p la te  
was  used  (basic magn i f i ca t ion  of t h e  schl ieren opt ical  s y s t e m  is 2.18). The  e q u i p m e n t  and  t he  
p e r t i n e n t  m a t h e m a t i c a l  re la t ions  h a v e  been  descr ibed 1. E x t e n s i v e  use  was  m a d e  cf  t he  dup lex  
p r in t ing  ca lcu la tor  Tetractys ~ whi ch  fac i l i ta ted  ca lcu la t ions  neces sa ry  for t h e  ARCHIBALD plo ts  
of Figs.  3 and  7. 

Ol ive t t i  Corpora t ion  of Amer ica ,  New York,  N.Y.  
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M a t e r i a l s  

A r m o u r  crys ta l l ine  r ibonuc lease  (RNAse) ,  f ormula  w e i g h t  i 3 , 7 o o  , lot  no.  3 8 t - o 5 9  w a s  used 9 
in a c e t a t e  buffer, p H  5-5 and  ionic  s t r e n g t h  o.I .  U r e a  was  added  to  th i s  s y s t e m  to  6 M con-  
cen tra t ion  for s o m e  e x p e r i m e n t s .  The  n a t u r e  of  th i s  s o l u t e - s o l v e n t  s y s t e m  is i m m a t e r i a l  for the  
purposes  of th i s  paper.  This  c o m p l e x  m i x t u r e  is des igned to e x a g g e r a t e  anomal i e s ,  if  t h e y  ex i s t ,  
in  the  app l i ca t ion  of the  ARCHIBALD principle .  

D o w  Corning Si l icone Fluid  No.  555, sugges ted  b y  GINSBURG, APPEL A N D  SCHACHMAN 7, WaS 
used  to  form a m e n i s c u s  radia l  to  the  a i r - w a t e r  meniscus .  B e n z e n e  and  b r o m o b e n z e n e  w i t h  H~O 
or D z O  w e r e  also used to form meni sc i  of var ious  sur face - t ens ion  and  i n d e x  of re fract ion  c o m b i n a -  
t ions .  The  w a t e r - c o n t a c t  ang le  w a s  a l tered  in one  e x p e r i m e n t  by  s i l i coniz ing  the  q u a r t z  discs w i t h  
Genera l  E lec tr ic  Co. Dr i  F i lm.  

ARCHIBALD prin~iIble 

The ARCHIBALD principle 2 makes no reference to speed; hence it should be valid 
in high-speed velocity ul t racentr i fugat ion as well as low-speed equilibrium ultra- 
centrifugation. Prior to complete separation of the boundary  region from the meniscus, 
this principle, as presented by  KEGELES, KLAINER AND SALEM 8, states tha t  at the 
upper  geometrical limit of the solution ra the concentrat ion gradient  will adjust  itself 
as the concentrat ion falls so tha t  (0.) 

- -  - -  = o (~) M (i %) o~*r~ Orr T, P, r. 

where M, ~ a n d / .  are the (anhydrous) molecular weight, partial specific volume and 
molar chemical potential,  respectively, of the solute component ,  o~, 7" and P are the 
constant  angular velocity, absolute temperature  and pressure at ra, and R is the gas 
constant .  This can be rearranged to 

l]lapl) (~ --fro) ~ RT(Oc/Or)r~, __ M (I re) (2) 
o2 z v,, ca t + (0 in y/O In c) 

where .l[am~ is an apparent  molecular weight calculated as though the ac t iv i ty  
coefficient y were unity.  I t  should be noted tha t  the concentrat ion can be expressed 
in an3" units, and further, if index of refraction or optical density are used for the 
concentrat ion determination,  the appropria te  value of y can be chosen to allow for 
deviations from a first degree relationship to a mass concentrat ion scale. 

Not onlv can the concentrat ion ca be determined directly from the schlieren 
pat tern  but  also the concentrat ion c at any level between ra and rT,, a point in the 
plateau solution, from 

r ~ Oc  

~va Va 

Hence it is possible to calculate from schlieren pat terns  a quan t i ty  8 at each level in 
the cell defined as 

R T  O An~Or 
¢ ~  o~ 2 r ~ l n  (41 

where Aid is the increment to the index of refraction of the solution contr ibuted by 
the solute component .  The inclusion of R7"/aJ 2 in the calculation of 8 is to allow 
dir,'ct comparison of experiments at different speeds and/or tenH)eraturcs and to 
convert  to molecular weight units, for at r : ra, 8 8a where 

,~0 = M,u,t, (t %) (5) 
le,'/cr,',,r~ p..131. 
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ARCHIBALD proposed ~, in effect, that 3 be plotted as a function of r for each 
photograph. In the event 3a was independent of time, all the curves would intersect, 
thereby determining both ra and 3a. Since a foreknowledge of ra is required in order 
to evaluate equation (3), it appears that this method of analyzing the schlieren 
patterns precludes determination of ra. However, in principle, successive approxima- 
tions can be used, first choosing an ra, calculating 3 in the neighborhood of ra for 
several photographs, then from an apparent common intersection colrecting the 
value of ra and recalculating 3. 

RESULTS 

Location o[ ra by use o/ the  ARCHIBALD principle 

In Fig. 2 are shown the stages of separation of a ribonuclease boundary from the 
meniscus at 59,780 r.p.m. The S rate is 0. 7 Svedbergs in this urea solvent of density 
d~ ° 1.1o14. Pictures after 256 rain allow the initial concentration c ° to be measured, 

Fig.  2. Schlieren patterns  during for- 
mat ion  of a s e d i m e n t i n g  boundary .  
P h a s e p l a t e  schl ieren optics  with a 
double -sec tor  cen te rp iece  cell ; t he  t ime  
in minutes  from 2/3 of the  operat ing 
speed ix g iven at the  left unde r  each 
frame,  while  the  schlieren d iaphragm 
angle  is given at the r ight .  ( 'nncentra- 

t ion is 9 mg/ml .  

Radial distance on pJate loom appapent meniscus (m rn ) 
0 .2 ,4 0 ,2 .4 0 ,2 ,4 6 

¢ . D  ~ ~ D - & ~  ~ ~ 0 

\ ~ 25,980 pprn k39,460Ppm \59,780 1"pm 

° ° \ \ 2  \o 

Fig.  3. ARCHIBALI) p lo t s  for earh" t imes  in the  sed imentat ion  of r ib(muclease  in 6 3[  urea. Three 
s e p a r a t e  e x p c r i m e n t s  are shown and  (len(~tc(] bv tilt, speed. The t ime  in minu te s  (d" each frame is 
indicated at the  lower r igh t  by each curve.  Tlie solid I)locks represent  the edges of the  cen t ra l  
shadow of the  meniscus.  The as te r i sk  represeu t s  the best  va lue  of 0u for these  da ta .  o.I .17 acetate  

buffer, pH 5.5, before a d d i t i o n  of crystal l ine  urea to 6 M, 9 rng/ml ribonuclease,  
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since the concentrat ion gradient at the meniscus has dropped to zero. In  Fig. 3, 
r ight-hand side, is shown the 3 vs. r plot for the pat terns  of Fig. 2. The solid rectangles 
represent the darker edges on either side of the central  shadow cast by  the meniscus. 
These curves have been calculated by  assuming, quite arbitrarily, tha t  ra is given 
by  the center of the left-hand darker edge of the meniscus pat tern.  Usually the meniscus 
is considered to be the center of the shadow indicated by  the zero in the scale above 
these curves. These data  are for the region within a few tenths of a millimeter of the 
meniscus and represent the first step in the s tudy  of its fine-structure. Thus Fig. 3 
reveals tha t  the apparent  position of the meniscus in this experiment does not 
correspond to the common intersection of the curves, indicated by  an asterisk. 
Recalculat ion of eqn. (3) shows tha t  the change of ra by  o.I  m m  in the lower limit of 
the integrals has no appreciable effect on the location of the common intersection of 
these curves. However,  the change of o.I m m  in the choice of ra for any  one curve 
has a pronounced effect on the value of ~a determined t h e r e b y - - o f  the order of 5 lO%. 

The same calculations made for experiments at 39,46o r.p.m, and 25,98o r.p.m. 
are shown in the center and left portions of Fig. 3, respectively. At  16o min the pa t te rn  
at 39,46o was similar to the 48-rain frame of Fig. I. But  at 25,98o r,p.m, at  19o min, 
the pat tern  was still of the type  indicated by  the i6-min frame of Fig. I. The curves 
of Fig. 3 show the same general shape even though the schlieren pa t te rn  m a y  rise 
or fall proceeding radially from the meniscus. They  also show marked  curvature  but,  
more impor tan t  for this s tudy,  they  reveal tha t  at all three speeds, the true top of 
the solution did not correspond to the optical registration of the meniscus, if it be 
assumed tha t  Map p is a constant.  

V a r i a t i o n  o / o p t i c a l  r e g i s t r a t i o n / r o m  a m e n i s c u s  

Bearing in mind the observations of others ment ioned in the introduction, the 
cylindrical lens was removed and the meniscus pat tern  studied with the ocular on 
the focal-plane glass insert to see if the position could va ry  enough to account  for 
the o.I  to 0.2 m m  discrepancy of Fig. 3. Vibrat ion at low speed was of the order of 
i 0.03 mm. I t  was present even with accurately balanced cells and appeared to 
increase with the age of the drive. Occasional precession of the rotor  was also observed. 
This was as much as ± o.I  m m  on the plate but  had a period of the order of I hour. 
Detect ion was made by measuring the position of the camera vertical-wire shadow 
relative to the reference edges, as in Fig. 2, 4th frame. Quite unexpected was the 
appearance of another  "meniscus"  as the camera was focused about  3 mm lower in 
the cell. This new meniscus appeared toward the 'center  of rotation, a fact tha t  would 
quali tat ively account  for the discrepancy indicated in Fig. 2. 

In order to make clear the type  of optical anomaly  that  is being considered in 
this paper, and prior to a detailed description of experiments wi thout  the phaseplate 
schlieren diaphragm 1 or cylindrical lens, an extreme case showing the complexi ty  
in the meniscus region is presented in Fig. 4. At  the r ight-hand side is shown a 
(ribonuclease) protein solution at a time during the formation of a boundary .  The 
light, source has been moved toward the front of the ultracentrifuge so tha t  the 
parallel light enters tile cell at a I ° angle from the air side as indicated schematical ly 
by  the arrow. This is a single-sector cell giving two "menisci".  Note tha t  the solution 
deflection extends only to the outer of these shadows (proceeding from the bo t t om of 
the cell toward the top), for a negative deflection can be seen interior to the two 
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"menisci".  At the left of Fig. 4 the a i r -water  interface at a lower speed, 12,59 ° r.p.m., 
is shown for both positions of the light source off-axis. The deflection of the light 
between the "menisci" changes sign and hence cannot be due to the gradient of the 
index of refraction passing from air to water.ltNote also the additional fine vertical 
bands. 

Fig. 4. Opt ica l  c o m p l e x i t y  o f  t he  men i s cus  region.  
Cen t r i fuga t ion  is to  t he  r igh t  in a s ingle-sector  cen- 
te rp iece  cell wi th  phasep l a t e  schl ieren optics.  Lef t -  
h a n d  p h o t o g r a p h s  are  for a i r - w a t e r  in ter face  a t  12,59o 
r .p .n ,  a t  89 ° schl ieren  d i a p h r a g m  angle  for I o obl ique 
i l l umina t ion  en te r ing  t h e  cell a long  t he  d i rec t ion  in- 
d ica ted  by  t he  arrow. R i g h t - h a n d  p h o t o g r a p h  is for 
a i r - p r o t e i n  du r i ng  t h e  s e p a r a t i o n  of t h e  b o u n d a r y  

f rom t he  men i scus .  

i 
l--ff ^i, l',ot~J~ 

]Z,~i90 r, prn ~ 40,000 t,prn 
89" 850 

Conditions not influencing meniscus fine-structure 

Several possible factors contributing to the complex fine-structure of the meniscus 
region displayed in Fig. 4 could be eliminated at the outset. Thus the effect of the side 
walls of the ce l l - - the  centerpiece side i t se l f - -was  checked by using a 2 ° mask as the 
upper quartz-disc holder and a 7 ° centerpiece, Figs. i(d) and (e). There is no difference 
between the pat tern for this arrangement and that  for the obverse, having a 2 ° 
centerpiece with a 7 ° mask. The effect of diverging light was tested by raising the 
light source and/or lowering the lower collimating lens by opening the rotor chamber. 
The results indicate that  the double-meniscus effect is not due to an error in the 
location of the light source at the focal distance of the lower collimating lens. Both 
the I2 -mm and 3-mm cells were used simultaneously, filled to slightly different 
levels, to determine the effect of cell height. The separation of the double-meniscus 
pat tern was less for the thinner cell. Thus fine-structure is not specific for the I2-mm 
cell, but  the depth of the optical object must be taken into account. I t  was further 
found that  the meniscus pat tern was unaffected by the position of a point light 
source moved perpendicular to the radius being photographed. That  is, a line light 
source in the position for schlieren optics, parallel to the meniscus could be used. The 
effect of the cylindrical lens and the phaseplate half-wave coating could then be 
tested directly, since the cylindrical lens is focused along the length of the light 
source at the phaseplate. Thus in Fig. 4, the vertical lines of the fine-structure are 
independent of the position along the light source or schlieren diaphragm. 

Effect o[ off-axis illumination and camera/ocus 

The experiments to be described revealed factors which influenced the complex 
meniscus pat tern  and indicated what part  of the region, extending over a millimeter 
or so on the plate, contained information about the geometrical top of the solution 
column. 
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A composite of m a n y  of the effects photographed wi thout  the cylindrical  lens or 
phaseplate is shown in Fig. 5. The upper  edge of the centerpiece is termed the "f ront  
face" of the cell, " 0 " .  The lower edge, at a distance " a " ,  is termed the "back face" 
The fractions indicate in termedia te  positions of focus in the air space. Consider the 
second row of pictures. These are for the a i r -water  meniscus at 52,640 r.p.m, and  
for the camera focused at 5a/I2.  At the left is the double-meniscus picture for l ight  
enter ing from the air side at  i /2  ° from the normal,  then for normal  i l luminat ion  
indicated by the vertical arrow, and for 1/2 ° deviat ion the opposite side of the normal .  
Fur the r  to the right is the pa t t e rn  for I ° angle of incidence, and  at the same t ime 
the top pa t t e rn  in the vertical column (b) showing the effect of speed from 52,640 to 
12,59o and  finally to 3,000 r.p.m. The width and  separat ion of the ma in  double shadow 
increases with decreasing speed. At the 12,59 o r.p.m, level, in the thi rd  row from the 
top are shown on either side the effect of changing f o c u s - - t o  the left, focusing on 

Fig. 5. Effect of focus and oblique illumination on 
the optical fine structure of the meniscus region. 
"a'" refers to focus on the lower face of the center- 
piece in the air space and "'o" refers to the upper 
face, nearest the camera. The arrows and angles 
indicate direction and angle of incidence of light 
on the cell. Line at upper right shows i mm on 
the plate. Column (a) shows effect of focus for on- 
axis illumination. Column (b), the effect of speed 
for off-axis illumination. See text for explanation 

of Mask- and Hg-patterns. 

tim front face, and to the right, focusing on the back face. Note tha t  the pa t t e rn  be- 
comes very broad and asymmetrical .  This corresponds to accentua t ing  either the 
left or the right one of the two main  shadows. 

Re tu rn ing  to the left top row of Fig. 5, the narrowest meniscus trace is obta ined 
for the focus at 3a/4 with the light source on axis. Following this vertical  column (a) 
down, skipping some of the pictures, the central  shadow gets broader and the f lanking 
bands  spread wider apart  as the focus is shifted toward the front face of the cell: 
3a/4, 5a/I2, and o, the second row from the bot tom. In  the bo t tom row is a pa t t e rn  
of a mercury-wa te r  interface, showing diffraction-like bands  in the water space only 
since no light can pass through the mercury.  

In the third row from the bo t tom in column (a), white, corresponding to light, 
apt)ears in the position where the central shadow lies in the pa t te rn  below. This was 
obtained by masking the light-source images with an opaque strip from the air and 
water space in the schlieren diaphragm plane. This means that  the central  shadow is 
due not only to light deflected out of the optical system by  an infinite g r a d i e n t - -  
which would be infinitely thin a n y w a y - - b u t  also to an interference phenomenon.  
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Not too clearly visible in this photographs, in the third row from the bottom, are the 
flanking bands on either side. Thus the light which passes through the main light- 
source image at the schlieren-diaphragm plane does not contribute to these bands. 
The effect of the mask blocking out the main light-source image at the schlieren 
diaphragm can be compared simultaneously with the effect of no mask, by  using the 
cylindrical lens to focus along the light-source image, part  of which is obscured by  
the mask. The result is shown in the center of column (a), the tallest photograph 
labeled a/2. The prism-centerpiece cell was used at top speed, thus both the air and 
the, water light-source images superimposed at the schlieren diaphragm plane, and 
were blanked out simultaneously along half their length by a single very narrow, 
I mm opaque strip. This photograph shows that  the fine-structure of the meniscus 
pat tern without the mask is the same for the prismatic cell as for one with parallel 
windows. Comparing the "no mask"  and "mask" portions, it shows further that  the 
central shadow splits into two interference fringes still flanked by  the diffraction 
bands. The former are called interference fringes, for if the light from either half plane 
on either side of the mask is also blanked out, the fringes are destroyed, leaving only 
light. Also, if the phaseplate is oriented at o ° so that  the light on one side passes 
through the coated portion, the character and spacing of the interference fringes is 
altered. I t  is to be expected that  there will be light throughout the schlieren-diaphragm 
plane where there are deflections due to index of refraction gradients in the cell. I t  
was, however, unexpected to find finite deflections on both sides of the undeflected 
light-source image from the "infinite gradient" of the meniscus itself. This was ob- 
served with the light source on the axis. When it was off-axis, a major deflection 
appeared on one side only, but  reversed with the movement  of the light source to the 
other side of the optical axis, as has already been shown in Fig. 4. 

Subclassification o/meniscus optical fine-structure 

From the foregoing experiments it can be concluded that  there are two basically 
different phenomena giving rise to the normal optical fine-structure of a meniscus, 
without any obstruction in the schlieren-diaphragm plane. The first gives rise to a 
relatively broad band called here the "central  shadow". The second gives rise to two 
sets of ordered finer diffraction-like bands on either side of the central shadow, called 
here the "flanking fringes". The central shadow is involved in an interference-type 
effect, for its further sub-structure can be revealed by appropriate aperture stops. 
The resulting bands are referred to as "interference bands".  

E~ect o~ the nature o/the fluids/orming the interlace 

Various combinations of immiscible fluids were studied in order to determine 
which portion of the interface is responsible for each of the two effects mentioned 
above. The light source was placed accurately on the optical axis, by use of the mirror 
cell, to simplify the central shadow, as suggested by Fig. 5. 

The results of one series of experiments are shown in Fig. 6. At  the top is a 
schematic side-view of the cell with air, benzene, water, and bromobenzene, forming 
the immiscible phases. The direction of the contact angle is shown for each interface. 
Two other properties must also be considered. One is the refraction index of the fluid, 
for this changes the level of focus. For example, the horizontal dotted lines indicate 
the plane which is in focus in the various fluids, if the center of the air space is in 
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Fig. 6. Effect of physical  propert ies  of the fluids 
forming the interface on the central  shadow of 
the  meniscus region for on-axis illumination. 
Upper  drawing:schemat ic  a r rangement  of cell. 
Centrifugation is to the right. Arrows below 
indicate direction of incident light, a r rows above 
indicate qual i tat ively the deflection caused by  
the  compression gradient. Center pho tographs :  
phasepla te  schlieren optics at  60 ° for two speeds. 
52,640 r .p.m, on left and 12,59o r.p.m, on right. 
In  each, the left-hand vertical black line is the 
a i r -benzene interface, the center black line is the  
benzene-wate r  interface, and the  r ight -hand 
black line is the wa te r -b romobenzene  interface. 
Lower sets of i z pho tographs  each: magnified 
views of the interfaces w i thou t  phaseplate  or 
cylindrical lens, enlarged to the scale indicated 
by the i - ram mark  in the center. Four  levels of 

focus are shown. 
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focus. The second effect is due to the refractive-index gradient caused by the com- 
pression gradient in each of the various fluids. This gives a deflection indicated 
qualitatively by the arrows at the top of the figure, and quantitatively by the vertical 
displacement of the cylindrical lens phaseplate-schlieren patterns shown in the center 
of the figure. Two speeds are shown, since the compression refractive gradient depends 
upon the square of the speed. 

The photographs at the bottom in Fig. 6 were taken without the cylindrical lens 
or schlieren diaphragm, and correspond in vertical columns to the interface marked 
with a line to the cylindrical lens patterns. Four planes of focus are shown : at the back 
face in the air space, a; the center of the air space, a/2 ; the center of the water-space, 
approximately a/3 in air; and the front face, o. The light is normal to the cell when it 
enters. These sets of pictures are to be compared in columns to show the effect of 
camera focus on a given interface. At a given focus, they are to be compared as a 
function of speed for a given interface. Finally, in any row, at either speed, the effect 
of different fluids can be compared. Two general statements can be made about these 
patterns. (a) The central shadow is quite variable. Depending on the system, it can 
either increase or decrease in width with speed, probably owing to the change in re- 
fractive-index gradient with speed more than to the change in contact angle. (b) The 
flanking fringes on eith4r side of the central shadow appear independent of the nature 
of the fluids forming the interface, or the speed at a given plane of focus. Their spacing 
and,sharpness are inversely re la ted-- the  spacing increasing for all interfaces as the 
plane of focus is moved toward the camera. 

Experimental  problem and proposed solution 

As far as the application of the ARCHIBALD principle is concerned, the problem is 
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to determine which part  of the fine-structure of the complex meniscus registration 
is a precise determinant of the trl~a top of the solution column. Being unaware of a 
theoretical solution to this optics problem, I interpret the experimental results to 
mean that  the central shadow is caused by the contacts of the interface with the front 
and back windows, and the flanking fringes to be a diffraction effect from the flat 
portion of the interface itself between the windows. No specific band, light or shadow, 
interference or diffraction, corresponds in position to the flat portion of the in te r face- -  
the "infinite index of refraction gradient".  For practical purposes, it can be assumed 
that  the bisector between any pair of corresponding flanking fringes is the position 
of the interface. This will not lie at the center of the central shadow if the light source 
if off-axis by even I mm. However, it is worth-while to adjust the light source on the 
axis by  means of the image reflected from the mirror cell in any case so that  (a) the 
solution-gradient pat tern will be visible close to the interface, and (b) the center of 
the central shadow can be used if vibration or photographic conditions obscure the 
flanking fringes. With double-sector-cell experiments, the additional meniscus from 
the solvent side may  confuse the interpretation of the solution-side meniscus pattern.  
Hence, at the conclusion of an experiment, it is advisable to insert a channel mask, as 
in Fig. I(a), to blank out the solvent sector, reaccelerate to the speed used in the 
experiment, and photograph the solution meniscus. Since the width of a flanking 
fringe is only a few hundredths of a millimeter on the plate, the bisector can be 
located to within ± 0.005 mm in the cell. 

Indirect check using the ARCHIBALD principle 

After adjusting the optics in this manner, ribonnclease, without urea, was studied 
and yielded the result shown in Fig. 7- Although the solvent was not the same, the 
type of plot is directly comparable to Fig. 3. I t  shows that  the common intersection 
does now coincide with the bisector of the flanking fringes. The dotted arrows indicate 
a position o.2 mm more radial than the common intersection. The spread of the curves 
here is to be compared with that  at the corresponding level in Fig. 3, which is located 
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Fig. 7- ARCHIBALD plot for early 
t imes in the sedimentat ion of 
ribonuclease wi thou t  urea. light 
source aligned. Two separate  speeds 
are shown. The t ime in rain of each 
frame is indicated at the  lower 
r ight  by each curve. The shaded 
blocks represent  the edges of the 
central  shadow as in Fig. 3. The 
solid blocks represent  one pair  of 
the flanking fringes. The vertical 
a r rows indicate the level o.18 m m  
from the common intersection cor- 
responding to tile level of the zero 
in Fig. 3. The asterisk represents  
the best value of ~,, ff~r these data. 
o.l Al acetate buffer, p H  5.5, 9 

rag/nil ribonuclease. 
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at the center of the (not aligned) central shadow. The value 8a = 4,040, together with 
= o.7o 9 and Q = 1.oo3, gives Mapp = I4,OOO. The formula weight is 13,7oo. It  was 

not possible to see the flanking fringes on the plates of the experiments in Fig. 2, and 
thus obtain directly the true meniscus ra for comparison with the common intersection. 

DISCUSSION 

Fig. 8 is a schematic drawing indicating the optical problem of an interface deep in 
optical path length compared with the viewing plane, which has its conjugate image 
interior to this object. Here an equivalent formn, 12 of the schlieren-optical system 
has been chosen to simplify the problem : C is the cell with two media with refraction 
indices n' and n", L is the lens imaging planes P' and P" at P. The upper part (Fig. 8a) 
shows the effect of the location of the plane of focus P ' - - P "  on the apparent separation 
of the shadows of the intersection of the meniscus with the front and back quartz 
windows. The fact that the camera cannot be focused on both contacts simultaneously 
accounts for most of the behavior of the central shadow--for  example that it appears 
displaced, or double, if the light source is off the optical axis, and that if double, the 
separation is less for a thin cell than for a thick one. The effect of the actual contact 
angle is indeed complex, but of lesser importance than the optical discontinuity at the 
intersection of the interface with the window. Thus, above about 4,ooo r.p.m., the 
double central shadow for off-axis illumination was the same whether siliconized or 
normal quartz discs were used with an air water interface. However, below 4,ooo 
r.p.m, the width and separation showed hysteresis and other variability usually 
encountered in contact-angle measurements la. 

(a) 

Q p" 0 ~ "  

C L P 

(c) ~ J 

Fig. S. Schematic intensi ty distr i lmtions resulting from reflection, interference, and diffraction 
phenomena  associated with imaging a deep interface. C cell containing interface between two 
t r anspa ren t  fluids of indices of refract ion n '  and n". L lens focusing p '  and p" at P. Dot  on optical 
axis represents  focal point  of L. I qual i tat ive intensi ty  dis t r ibut ion at  P. (a) Effect of contact  of 
interface with cell walls ' % ' ,  f ront  and "a" ,  back. (b) Effect of interface causing reflection and 
source of secondary wavelets.  A. Totally reflected ray. H Hnygens  wavelet  from reflection point  ~. 
13, l) direct rays. E, t c Diffracted light directions, even wi th  normal  i l lumination on cell. G Flanking 
fringe intensi ty  pa t te rn  at  P. In' and m" corresponding fringes on either side of the geometrical 
location of the interface. (c) Interference with a reflecting cylinder. J direct ray. K reflected ray. 
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The flanking fringes appear to be due to the flat portion of the interface between 
the upper and lower quartz windows. Fig. 8(b) shows the effect on such an object 
of finite depth, in which the discontinuity between the two media causes both reflec- 
tion of grazing light A at @, and sources of Huygen's  secondary wavelets, H. Inter-  
ference could conceivably occur (a) at @ between the direct ray B and the reflected 
ray A, (b) at @ between the direct ray D and a secondary wavelet ray from @, or (c) at 
@ between two secondary wavelets from (~) and O ,  for example. I t  seems likely that  
reflection does occur, and gives rise at least to the deflection of Fig. 4 interior to the 
meniscus pattern.  Reversal of the apparent  deflection would occur with the reversal 
of the off-axis displacement of the light source. Experimentally, the spacing between 
fringes increases as the focal plane is moved from the back face toward the front face 
of the cell, and is unchanged if the main light source image is blanked out. 

I t  was hoped that  one of the bands in the intensity patterns of (a) or (b) would 
correspond to the infinitely thin shadow attr ibuted to the infinite gradient of the 
refraction index at the interface. None do so, however, apparently because instead, 
the "infinite gradient" causes a diffractionqike effect. In addition, the contacts of 
the interface with the front and back windows cause a shadow effect which is super- 
imposed on the "infinite-gradient" position. Thus the main shadow is much too wide 
and complex to be caused simply by an "infinite gradient" and resort to the bisector 
of corresponding flanking fringes as the geometrical location of the meniscus is 
proposed. Theoretical" support for this choice may  exist in the literature. However, 
the author found only a series of papers describing fringes near a perfectly reflecting 
cylinder of large radius 14,15, le. The optical arrangement is shown in Fig. 8c. The fringes 
which have been published appear similar to those from one side of the meniscus, 
or from the mercury-mirror cell (Fig. 5). There is no double central shadow, probably 
because the cylinder has no contact with windows as does the centrifuge meniscus. 
The variation of spacing with the focus is qualitatively the same as depicted in Fig. 5 
col. (a). BRUSH 14 proposes that  the fringes are due to a superposition of diffraction 
patterns which are not in register, and due to considering the cylindrical surface as 
a great many  parallel diffracting elements. This is the mechanism mentioned in (c) 
above. However, B.~su 1'~, points out that  BRUSH neglected the part  played by the 
light K regularly reflected from the surface which interferes with the direct rays J 
at @. 111 fact, he, and subsequently CI[INMAYAM 16, derive expressions for this effect 
aloue which quanti tat ively describe tile intensity and spacing of the fringes. Tints in 
this case, the effects (a) and (b) above appear to be dominant. Witll the (phme) 
meniscus, though, the blocking of the direct light does not alter the flanking fringes, 
which apparently rules out (a) and (b). The corresponding experiment with the 
cylinder was not reported. Extension of the reflecting cylinder theory to the centrifuge 
meniscus will have to consider fringes on both sides of the geometrical shadow and the 
role of light penetrating the interface as well as the role of the contact at the windows. 

The explanation for the interference fringes which appear in the region of the 
meniscus central shadow when the main light source image is blocked can be patterned 
after the one t)ropose(l by "I'v::~PLF- ~7 for interference fringes made to appear in a 
schlieren system in general when the light-source image is similarly bk)cked by 
a fine wire. He states that the presence of the object in the illumination systeln of 
light source to light-source image gives rise normally to diffracted light which passes 
through other points than the apparent light-source image. In Fig. 8(b), E a u d l :  
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do not  pass th rough  focal po in t  ind ica ted  b y  dot.  I f  pa r t  of this  ent ire  bundle  of l ight  
t h rough  the  camera  lens is cut  off or is o therwise  modified,  the  ba lance  is des t royed  
in the  interference process b y  which the image,  a t  the  pho tog raph ic  plate ,  of the  
ob jec t  is formed.  As a resul t  this  image  is a l tered,  especial ly b y  the appea rance  of 
fringes. Because of the  va r i ab i l i t y  of these add i t iona l  f ine-s t ructure  bands,  t hey  
have  not  been exp lo i ted  here for in format ion  as to the  precise posi t ion of the  interface.  

This  s t u d y  yields  no in format ion  on the proper  p lane in the  cell which should be 
set in focus on the screen TM. Since the  camera  lens and  p la te  r emain  fixed, camera  
magnif ica t ion  also remains  cons tan t  even though  the  effective focal p lane m a y  v a r y  
(a) from dr ive  to dr ive  because  of var iab le  ro tor  shaft  length,  or var ia t ions  in the  
shock mount ing ,  (b) owing to a l if t  of the  ro tor  wi th  speed, (c) because of different 
ref rac t ion  indices of solutions,  or (d) because  of different  size centerpieces.  Even  so, 
this  va r i a t ion  is not  cr i t ica l  in the  qua l i t a t ive  or qua n t i t a t i ve  in t e rp re t a t ion  of 
schlieren pa t te rns ,  bu t  m a y  have  to be considered careful ly  in in ter ferometr ic  
patternsXS, 19. I t  should  be no ted  tha t  b y  using the bisector  of f lanking fringes, the  
observed  meniscus level is de te rmined  wi thou t  the  exac t  p lane of focus being known. 
A compl ica t ion  arises in interference optics  for a different  reason. If  the  l ight  source 
is o r ien ted  9 °0 to t ha t  used in schlieren optics,  i t  has pa~ts which are  off-axis and  
hence yields a ve ry  b r o a d  meniscus p a t t e r n  (several m m  on the plate) .  Similar ly ,  wi th  
the  absorp t ion  optics,  a wide slit  is used, and  the  meniscus is again  b road  and  complex.  
I t  is thus  r ecommended  t ha t  in these two cases, the  t rue  meniscus posi t ion be de- 
t e rmined  wi th  the  l ight  source in normal  schl ieren p o s i t i o n  

The  ~ vs. r plots  are used in this  pape r  to give in format ion  of the  locat ion of ra. 
However ,  in the  p rac t ica l  app l i ca t ion  of the  ARCHIBALD principle,  i t  appears  possible 
to consider  ra as known and  thus  de te rmine  some o ther  independen t  in format ion  
from the exper iment ,  e.g. heterogenei ty .  I t  is t rue  t ha t  as longer and  longer t imes  are  
used, the  8 vs. r plot  becomes horizontal ,  and  there  is no error  in ~a for an error  in r~. 
However ,  these s tudies  ind ica te  tha t  if a ~ i % error  con t r ibu t ed  b y  rad ia l  measure-  
men t s  a lone  is permiss ib le  in the  molecular  weight ,  then ve ry  shor t  t imes  can be used 
in which A M ~ A t  ~ IO %/o.1 ram, since the  b isector  m e t h o d  yields r~ to ~ o .o i  m m  
on the  plate .  
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The au tho r  is gra teful  for the  o p p o r t u n i t y  to discuss the  note  b y  Dr. PING YAO CHENG 
pr ior  to publ ica t ion ,  to Dr. WALTER L. HUGHES for the  use of the  Spinco In ter ference  
Optics  Assembly ,  and  to Mr. GEORGE FLATTER and  Mr. THEODORE SALATA, Spinco 
F ie ld  Service Engineers ,  for va luab le  advice  and  discussions pe r t inen t  to modif icat ion 
of the  u l t racen t r i fuge  and  i ts  a l ignment .  

SUMMARY 

I. Ribonuclease sedimenting in 6 M urea is used to show that the apparent molecular weight 
calculated by the ARCHIBALD principle at times less than 3 h at any speed varies about io % per 
o. I mm error in location of the meniscus on the photographic plate. 

2. The main shadow conventionally chosen as the meniscus, instead of being due to the infinite 
index of refraction gradient casting light out of the system, is probably due to the contact of the 
meniscus with the top and bottom quartz windows. Since both points cannot be in focus simul- 
taneously, the appearance of their shadows (denoted as the "central shadow") is extremely de- 

l~e/erences p. i43. 
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penden t  upon  optical ad jus tments ,  especially the  posit ion of the light source relative to the  optical 
axis and the  camera  focus. The central  shadow can appear  double for off-axis i l luminat ion and is 
a funct ion both  of  speed and optical proper t ies  wi th  pressure  of the fluids forming the  interface. 
I t  is not  used in precision location of the  meniscus.  

3. A double sys tem of diffrac±ion-like bands  in the  meniscus region is independent  of the 
posi t ion of the  light source, speed, or the  na tu re  of the fluids forming the  interface. The bisector 
between corresponding bands  in each half of the double pa t t e rn  is independent  of camera  focus, 
and is chosen to be the location of the  interface. The double set of bands  are denoted as "f lanking 
fr inges" and are p robab ly  due to the flat por t ion of the interface between the windows.  The inter- 
ference causing these fringes m a y  be due to a complex interact ion of tota l ly  reflecting light and 
secondary wavelets  f rom the  discontinuity.  

4. In  the absence of detailed optical theory  of the fine-structure,  the  location to ~ o.oi m m  
on the plate of the flanking fringe bisector was  indirectly verified as the top of the  solution column 
by tes t  of ribonuclease in acetate buffer. The common intersection of (Oc/Or)/rc curves occurred at  
the location of the bisector. 

5. Modification of the Spinco Model E ul t racentr i fuge to enable ctirect viewing of the image 
in the plane of the  photographic  emulsion is described. 

6. Special cells are described which are useful in in s t rumen ta t ion  studies. In  part icular ,  a 
mirror  quar tz  facilitates a l ignment  of the  light source onto the optical axis so tha t  the  central  
shadow approx ima tes  the posi t ion of the  flanking fringe bisector. 

7. A channel  mask  is described which screens out  the meniscus from the  solvent  side when a 
double sector centerpiece cell is used. This enables simplification of the complex meniscus region 
in a separa te  reacceleration of the  cell a t  the complet ion of a' molecular weight  exper iment .  

R E F E R E N C E S  

1 R. TRAUTMAN, J. Phys. Chem., 60 (I956) 1211. 
W. J.  ARCHIBALD, J. Phys. Chem., 51 (1947) 12o4. 

8 p _ y .  CHENG, J. Phys. Chem., 61 (1957) 695. 
4 T. SVEDBERG AND K. O. PEDERSEN, The Ultracentri/uge, Clarendon Press, Oxford, 194 o. 
5 V. N. SCHUMAKER AND H. K. SCHACHMAN, Biochim. Biophys. Acla, 23 (1957) 628. 
6 R. A. BROWN, D. KRITCHEVSKY AND M. DAVIES, J.  Am. Chem. Soc., 76 (1954) 3342. 
7 A. GINSBURG, P. APPEL AND H. K. SCHACHMAN, Arch. Biochem. Biophys., 65 (1956) 545. 
8 G. KEGELES, S. M. KLAINER AND W. J. SALEM, J. Phys. Ch°~m., 6I (1957) 1286. 
6 C. H. HIES, W. H. STEIN AND S. MOORE, J. Biol. Chem., 211 (1954) 941- 

10 L. J. MILCH, Lab. Invest., 2 (1953) 441. 
i1 H. SVENSSON, Arhiv. Kemi, Mineral. Geol., 22A, No. lO (1948). 
1~ R. TRAUTMAN AND V. W. BURNS, Biochim. Biophys. AcrE, 14 (1954) 26. 
l S  j .  j .  BIKERMAN, Sat/ace Chemistry /or Industrial Research, Academic Press., Inc. New York, 

1948. 
14 C. F. BRUSH, Proc. Am. Phil. Soc., 52 (1913) 276. 
15 N. BASLI, Phil. MEg., 35 (1918) 79- 
16 T. K. CHINMAYAM Phil. MEg., 37 (1919) 9. 
17 E. B. TEMPLE, J. opt. Soc. Amer., 47 (1957) 91. 
is H. SVENSSON, Optica Acla, (Paris), 1 (1954) 25. 
l0 L. G. LONGSWORTH, J. Phys. Chem., 61 (1957) 244. 

R e c e i v e d  O c t o b e r  I B t h ,  195 7 


