
Sensitive M icro-balances and a  N ew  M ethod o f  Weighing 

M inute Quantities.

By B e r t r a m  D. St e e l e  a n d  K e r r  Gr a n t .

(C o m m u n ica ted  b y  S ir  W illia m  B am say , K .C .B ., F .R .S . R eceiv ed  J u n e  10,—

R e a d  J u n e  24, 1909 .)

I n  th e  course of ex p erim en ts  u n d e rta k e n  by  th e  au th o rs  w ith  a view  to  

estab lish in g  a possib le re la tio n  b e tw een  th e  am o u n t of ion isation  produced a t 

th e  su rface  of c e r ta in  h e a te d  m e ta ls  an d  th e  am o u n t of ox ida tion  of th e  

m eta l, i t  becam e necessary  to  be ab le to  m easure  changes of w eight of th e  

.o rd er of o n e -th o u sa n d th  of a  m illig ram m e (1 x  1 0 -6  gram m e).

A  m ic ro -ba lance  of th e  N e rn s t  ty p e  w as acco rd ing ly  c o n stru c te d  w hich  

possessed th e  re q u is ite  sensitiveness, b u t  considerab le  d ifficu lty  was 

exp erien ced  in  o b ta in in g  c o n sis te n t read in g s w ith  it, ow ing chiefly to  th e  

in co n stan cy  of zero a n d  th e  g re a t v a ria tio n  of sen s ib ility  w ith  load. T h is  

la t te r  d efect is an  in e v ita b le  consequence of th e  fac t th a t  a re s to rin g  couple 

due to  g ra v ity , th e  m a g n itu d e  of w hich  varies, as in  th e  o rd in ary  balance, 

w ith  th e  po sitio n  of th e  cen tre  of g ra v ity  of th e  sy stem  re la tiv e  to  i ts  

p o in t of su spension , is superposed  on  th e  re s to rin g  to rq u e  of th e  q u a rtz  

fibre. A tte m p ts  to  m in im ise  th is  tro u b le  led  finally  to  th e  conclusion  th a t  

for th e  p u rp o se  in  v iew  b e tte r  re su lts  w ere to  be ex p ec ted  from  a g ra v ity  

ba lance  of th e  o rd in ary  ty p e  in  w hich  th e  re q u ire d  degree of sensitiveness  

sh ould  be a tta in e d  by  m a k in g  th e  beam  v e ry  lig h t. As th e  m ax im u m  load 

w hich  i t  w as in te n d e d  to  use on th e  ba lance  w as less th a n  ha lf a  gram m e, 

th is  cou ld  be done w ith o u t loss of p ro p o rtio n a te  r ig id ity .

A  beam , th e  w e ig h t of w h ich  w as less th a n  h a lf a gram m e, was accordingly 

m ade in  th e  fo rm  of a  p lan e  fram e-w o rk  of fused  q u a rtz  rod  of 0'6 m m . 

d iam eter. T h e  o rd in a ry  knife-edges w ere a t  first rep laced  by p a irs  of v e ry  

fine p o in ts  g ro u n d  on th e  ends of q u a rtz  r o d s ; th e  c e n tra l p a ir re s ted  on 

a polished  p la n e  of q u a rtz  c r y s ta l ; th e  o rd in a ry  p o in te r  was rep laced  by  

a sm all concave glass m irro r  a tta c h e d  in  lin e  w ith  th e  c e n tra l axis.

W ith  th is  beam  i t  w as fou nd  possible to  w eigh m asses n o t exceeding  

one-fifth  of a  g ram m e w ith  a n  accu racy  of o n e -th o u san d th  of a  m illigram m e 

(1 x  10-6  g ram m e), an d  as i t  w as clea r th a t  th e  sensitiveness  of an  

in s tru m e n t of th is  ty p e  could  be s till g re a tly  increased , th e  possib ility  

suggested  its e lf  of co n stru c tin g  an  in s tru m e n t sufficien tly sensitive  to d e tec t 

and  p erh ap s  even  to  m easu re  th e  changes of w eight w hich radio-active 

substances  a re  supposed  to  undergo . For, according  to R u th e rfo rd *  the  

* ‘ Radio-active Transformations,’ pp. 149 and 150.
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Sensitive Micro-balances, etc. 581

a m o u n t  of r a d iu m  e m a n a t io n  g iv e n  off b y  1 g ra m m e  of r a d iu m  b ro m id e  

a m o u n ts  a p p r o x im a te ly  to  2 x  1 0 ~ n  g ra m m e  p e r  s e c o n d , i.e. 1*73 x  1 0 -9  

g ra m m e  p e r  m i l l ig ra m m e  p e r  d a y . A s s u m in g , th e n ,  t h a t  10  m il l ig ra m m e s  o f 

r a d iu m  b ro m id e  w e re  a v a i la b le ,  th e  lo ss  of w e ig h t  p e r  d a y  w o u ld  b e  

a p p r o x im a te ly  1*73 x  1 0 -8  g ra m m e , a n d  in  o rd e r  to  d e te c t  th i s  lo ss  th e  

b a la n c e  w o u ld  h a v e  to  p o sse ss  a  s e n s ib i l i ty  of 1 x  1 0 -8  g ra m m e , a n d  to  b e  

f re e  f ro m  a n y  w a n d e r in g  o f z e ro  w h ic h  m ig h t  m a s k  o r  o b l i te r a te  th e  r e a l  

a l t e r a t io n  o f w e ig h t. A f te r  lo n g  c o n t in u e d  e x p e r im e n ta t io n  a n d  th e  i n t r o ­

d u c t io n  of n u m e r o u s  s u c c e ss iv e  im p r o v e m e n ts  in  th e  d e ta i l s  o f  c o n s t r u c t io n  

a n  a l l - q u a r tz  c o n s ta n t - lo a d  v a c u u m  g r a v i ty  m ic ro -b a la n c e  h a s  b e e n  d e s ig n e d  

a n d  c o n s t r u c te d  in  w h ic h  th e  a b o v e  c o n d it io n s  a r e  c o m p le te ly  fu lf ille d .

T w o  ty p e s  of m ic ro -b a la n c e  h a v e  b e e n  c o n s t r u c t e d :—

T y p e  A .— A  m ic ro -b a la n c e  d e s ig n e d  fo r  t h e  m e a s u r e m e n t  of s m a l l  

a l te r a t io n s  in  w e ig h t  o f a n y  s u b s ta n c e  a n d  s e n s i t iv e  to  o n e  tw o - h u n d r e d  a n d  

f i f ty - th o u s a n d th  of a  m i l l ig ra m m e  (4  x  1 0 ~ 9 g ra m m e ) .

T y p e  B .— A  m ic ro -b a la n c e  fo r  t h e  a b s o lu te  d e te r m in a t io n s  in  w e ig h t  of 

m a ss e s  n o t  e x c e e d in g , i n  g e n e r a l ,  o n e  d e c ig ra m m e , w i th  a n  a c c u ra c y  of 

o n e  t e n - th o u s a n d t h  of a  m i l l ig ra m m e  (1  x  1 0 -7  g ra m m e ) .

B e fo re  p ro c e e d in g  to  th e  d e s c r ip t io n  o f  th e  m ic ro -b a la n c e s  a  d e s c r ip t io n  of 

th e  b a la n c e -c a s e  a n d  i t s  a t t a c h m e n ts  w il l  b e  g iv e n . T h e  s a m e  c a se  h a s  b e e n  

u s e d  fo r  b o th  ty p e s  of b a la n c e , a n d  i t s  c o n s t r u c t io n  w il l  b e  m a d e  c le a r  b y  

r e fe re n c e  to  figs. 1, 2, a n d  3, w h ic h  sh o w  re s p e c t iv e ly  th e  f r o n t  s e c tio n , p la n , 

a n d  e n d  se c tio n .

I n  o rd e r  to  e n s u r e  r a p id  e q u a l i s a t io n  of te m p e r a t u r e  th e  c a se  w a s  m a d e  a s  

s m a ll  a s  p o s s ib le  a n d  of b ra s s . T h e  w a lls  a r e  a b o u t  o n e -e ig h th  in c h  th ic k  

a n d  a re  c a r e f u l ly  t in n e d  b o th  in s id e  a n d  o u ts id e  to  p r e v e n t  th e  p o s s ib i l i ty  of 

le a k a g e  d u e  to  th e  p o r o s i ty  o f th e  b ra s s . T h e  c a se  c o n s is ts  of t h e  b o x - l ik e  

b a se  B  a n d  of th e  c o v e r  C a n d  i t s  in s id e  d im e n s io n s  a r e  as  f o l lo w s :—  

L e n g th ,  12  c m . ; h e ig h t ,  9 -5 c m .;  a n d  w id th ,  6 cm . T h e  b a se  a n d  c o v e r  a r e  

e a c h  p ro v id e d  w ith  a  fla n g e  1*5 cm . w id e , a n d  th e s e  tw o  fla n g e s  a r e  c a r e fu l ly  

g ro u n d  to g e th e r  so a s  to  m a k e , w h e n  p r o p e r ly  lu b r ic a te d ,  a  p e r f e c t ly  v a c u u m -  

t i g h t  jo in t .  I n  o rd e r  to  s e p a ra te  th e  c o v e r  f ro m  th e  b a se  w i th o u t  jo l t i n g  th e  

in s t r u m e n t ,  t h e  fla n g e  on  th e  b a se  is  p ro v id e d  w i th  th e  lu g  c, t h a t  o n  th e  

c o v e r  w i th  a  c o r re s p o n d in g  lu g  ci,and t h e  th u m b - s c re w

A  h o le  5 x 4  cm . is  c u t  in  th e  e n d  o f th e  c o v e r  a n d  o v e r  th i s  is  

c e m e n te d  a  w in d o w  of g o o d  p la te  g la ss . T h e  w h o le  c a se  is  s u p p o r te d  b y  

th re e  b ra s s  le g s  D , o n  a  m a rb le  b a se  E , w h ic h  is  in  t u r n  s u p p o r te d  b y  th r e e  

le v e l l in g  sc re w s  ( n o t  s h o w n  in  th e  f ig u re ) . T h e  k n ife -e d g e  of t h e  b e a m  

re s ts  o n  a  p la te  o f  g ro u n d  a n d  p o lis h e d  q u a r tz  c ry s ta l ,  fo r  th e  p re p a r a t io n  of 

w h ic h  w e a re  in d e b te d  to  o u r  c o lle a g u e  M r. H . J .  G ra y so n . T h is  p la te  /  is
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582 M essrs. B e rtram  D. S teele and  K err G ran t. [Ju n e  10

cem en te d  to th e  to p  of a b ra ss  p illa r  b, w hich is screw ed in to  th e  solid block 

/j in  th e  base.

F ig . 1.

Fig . 2.
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1909.] Sensitive Micro-balances, etc. 583

F ig . 3.

T h e  a t t a c h m e n t s  fo r  t h e  a r r e s t m e n t  a n d  re le a s e  of th e  b e a m  a r e  a s  

f o l lo w s : T h e  u p r i g h t  a r m  o f a  b ra s s  T - p ie c e  h p a s s e s  th r o u g h  a  h o le  a lo n g  

th e  a x is  of th e  ro d  k; a n  L - s h a p e d  p ie c e  o f  s to u t  b ra s s  w ire  is  

t h e  ro d  k, a n d  th e  v e r t i c a l  p a r t  o f  th i s  p a s s e s  th r o u g h  a  h o le  in  th e  

h o r iz o n ta l  p a r t  o f  t h e  T -p ie c e , w h ic h  is  th u s  f re e  to  m o v e  in  a  v e r t ic a l  

d i r e c t io n  o n ly . T h e  v e r t ic a l  m o v e m e n t  is  c o n tro l le d  b y  th e  e x c e n tr ic  

c a m  o o n  th e  e n d  of th e  r o t a t i n g  p ie c e  l. T h e  l a t t e r  c o n s is ts  of a  b ra s s  

s to p p e r  c a re fu l ly  g ro u n d  to  f i t  th e  t a p e r in g  tu b e  m, a n d  w h e n  p ro p e r ly  

lu b r ic a te d  m a k e s  a  p e r f e c t ly  v a c u u m - t ig h t  j o i n t  a n d  a t  th e  sa m e  t im e  c a n  b e  

r o ta te d  f re e ly . I t  is  p ro v id e d  w i th  a  T - s h a p e d  v u lc a n i te  h a n d le  v u lc a n i te  

b e in g  u s e d  to  p r e v e n t  a s  f a r  a s  p o s s ib le  a c c e ss  of h e a t  to  th e  c a se  w h e n  th e  

h a n d le  is  tu r n e d .  T h e  c a m  o w o rk s  o n  a c u r v e d  le v e r  o f b ra s s  w h ic h  is  

h in g e d  to  th e  b ase  a t  r ,and b y  i t s  r is e  o r f a l l  r a is e s  o r  lo w e rs  

T h e  le v e r  q is  m a d e  b ro a d  a t  i t s  h in g e d  e n d  so  as  to  a llo w  o f  t h e  p a r t i a l  

w i th d ra w a l  of l fo r p u rp o s e s  of lu b r ic a t io n . T o  th e  T - p ie c e  a re  c e m e n te d  

th e  V -s h a p e d  p ie c e s  of fin e  q u a r tz  ro d s  w h ic h  a re  a d ju s te d  so  a s  to  c e n t r e  

b u t  n o t  to  ra is e  th e  b e a m  w h e n  th e  a r r e s t m e n t  is  l i f te d .  T h e  b o t to m  of t h e  

b a se  is  p ro v id e d  to w a rd s  o n e  e n d  w i th  a  h o le  2 ‘3 cm . in  d ia m e te r  in to  w h ic h  

is  c e m e n te d  th e  g ro u n d  g la ss  jo in t  t. I n  th e  b a la n c e  of ty p e  B  th e  

s u s p e n d e d  p a r t s  h a n g  in to  th is  tu b e , b y  re m o v a l o f w h ic h  access  m a y  b e  h a d  

to  th e  s c a le -p a n  a n d  c o u n te rp o ise . A  s m a l l  q u a n t i ty  of c a lc iu m  c h lo r id e  in  

th e  b o tto m  of th e  tu b e  s e rv e s  to  d r y  th e  a i r  w i th in  th e  case. T h e  brass- 

tu b e  u, w h ic h  is  so ld e re d  to  th e  case , h a s  th e  m a n o m e te r  tu b e  v c e m e n te d  in to  

i t ; c o n n e c tio n  w ith  th e  a tm o s p h e re  o r  w ith  a  G e ry k  v a c u u m  p u m p  is m a d e  

th r o u g h  th e  tw o -w a y  s to p -c o c k  x. T h e  h e ig h t  of th e  m e rc u ry  c o lu m n  in  the .

VOL. l x x x i i .— A. 2 it
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m an o m ete r is read  in  th e  u su a l m a n n e r  by  m eans of a  te lescope  an d  scale to 

a  te n th  of a  m illim etre . To p re v e n t e n tra n c e  of d u s t p a rtic les, th e  a ir 

e n te r in g  th e  case th ro u g h  th e  stop -cock  is m ade  to  pass th ro u g h  a tig h tly  

p ack ed  p lu g  of co tto n  wool. A  th e rm o m e te r is cem en ted  in to  a  narrow  

brass  tu b e  (n o t show n  in  th e  figure) w hich  is so ldered  in to  th e  top  of the  

cover.

I t  w as fo u n d  th a t  a  cem en t co n sis tin g  of 95 p e r  cent, shellac and  

5 p e r  cen t, oil of cloves w as capab le  of m ak in g  p e rfe c tly  v acu u m -tig h t jo in ts , 

an d  th is  w as acco rd in g ly  used  w h erev e r cem en t w as re q u ire d  in  th e  con­

s tru c tio n  of th e  case.

T he c ap ac ity  of th e  fin ished  case to  re ta in  a  v acu u m  was re p ea te d ly  te sted  

an d  th e  fo llow ing m e asu re m e n ts  a re  q u o ted  as ty p ic a l :—

F e b ru a ry  1, 1909, 6 p .m ...............  P  =  0 -41 cm.

F e b ru a ry  2, 1909, 10.5 a .m..........  P  =  0-41 cm.

I n  order to  d am p  acc id e n ta l v ib ra tio n s  th e  lev ellin g  screw s of th e  case are 

su p p o rte d  on  glass p la te s  ly in g  on  ru b b e r  corks 2 in ches  in  d iam ete r and  

1 in ch  deep. T his device w as fou n d  sufficien t to  ob v ia te  a ll tro u b le  of th is  

k in d .

The zero po sitio n  of th e  in s tru m e n t is d e te rm in e d  by  read ing  th e  position  

on a m illim e tre  scale of th e  im age of th e  filam en t of a  N e rn s t  lam p  cas t by 

th e  m irro r a tta c h e d  to  th e  beam . I n  th e  m ore sensitive  b a lan ce  of ty p e  A  

i t  w as fo u n d  th a t  a t  p re ssu re s  g re a te r  th a n  a b o u t 2 cm. th e  h e a t from  th e  

source of l ig h t c re a te d  consid erable  d is tu rb an ces, an d  to  m in im ise  th ese  th e  

lam p w as screened  b y  a m e ta l case w ith  a  sm all hole in  it. The lig h t passed 

th ro u g h  th is  ho le an d  th e n  th ro u g h  a fla t glass cell con ta in in g  a so lu tion  of 

a lu m  to  abso rb  as m u ch  h e a t as possib le, an d  in  ad d itio n  a hollow  double 

screen  of asbestos w as su sp en d ed  in  th e  p a th  of th e  beam , w hich  screen, by  a 

p u lley  a rra n g em en t, could  be ra ised  for th e  m o m en t w hen i t  w as desired  to 

read  th e  p osition  of th e  im age.

W e w ill now  give a d e ta iled  d esc rip tio n  of each ty p e  of m icro-balance.

M icro -ba lance  A : A  d ifferen tia l m ic ro -b a lance  capable  of m easu rin g  a lte ra ­

tions  of n o t less th a n  one tw o -h u n d red  a n d  fif ty -th o u san d th  of a  m illigram m e 

(4  x  10~9 gram m e).

T he case h a v in g  a lre ad y  b een  described , th e  desc rip tion  of th e  in s tru m en t 

an d  th e  m e th o d  of c a lib ra tin g  an d  u sing  i t  w ill now  be given  u n d e r the

follow ing heads :—  b

(a) T he B eam ; (b) T heory  an d  m ethod  of ca lib ra tin g  and  using the

in s tru m e n t.

(a) T he beam  consists of a fram ew ork  of fused  q u a rtz  rod of the  form

584 M essrs. B ertram  D. S teele an d  K e rr  G ran t. [Ju n e  10,
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1909.] Sensitive Micro-balances, etc. 585

s h o w n  in  figs. 1 a n d  2, A . I t s  d im e n s io n s  a lo n g  w i th  i t s  o th e r  c o n s ta n ts  a re  

g iv e n  in  th e  ta b le  a t  th e  e n d  of th i s  se c tio n .

T h e  u se  of fu s e d  q u a r tz  a s  th e  m a te r ia l  o f  th e  b e a m  h a s  th e  fo llo w in g  

im p o r t a n t  a d v a n t a g e s :—

(1 )  I t  is  u n d e r  a l l  p ro b a b le  c o n d it io n s  o f u sa g e  a b s o lu te ly  in c o r ro d ib le ,  

d o es  n o t ,  a s  m o s t, if  n o t  a l l  m e ta ls ,  p ro b a b ly  do, o c c lu d e  g a se s , a n d  is o n ly  

s l ig h t ly  h y g ro sc o p ic .

(2 )  I t  is  v e r y  l ig h t ,  a n d  in  th i s  r e s p e c t  h a s  a  f u r t h e r  a d v a n ta g e  o v e r  a l l  

m e ta ls  e x c e p t  a lu m in iu m .

(3 )  I t s  te n s i le  s t r e n g th  is  v e r y  g re a t ,  a n d  i t s  e la s t ic i ty  p e r f e c t  w i th in  th e  

l im i ts  of p o s s ib le  s t r a in .

(4 )  I t s  c o e ff ic ie n t of te m p e r a t u r e  e x p a n s io n  is  e x c e e d in g ly  s m a ll ,  a n d  

c o n s e q u e n tly  n o  d is to r t io n  of th e  b e a m , w i th  c o n s e q u e n t  a l te r a t io n  of th e  

s e n s ib i l i ty  of t h e  b a la n c e , is  to  b e  a n t i c ip a te d  a s  th e  r e s u l t  o f s m a l l  te m p e r a ­

tu r e  c h a n g e s . T h is  p r o p e r ty  a lso  c o n fe rs  o n  th e  b e a m  im m u n i ty  f ro m  f r a c tu re  

d u r in g  p ro c e ss  of c o n s t r u c t io n  o r  s u b s e q u e n t  e x p o s u r e  to  h ig h  te m p e ra tu re .

(5 )  I t  is  r e a d i ly  a n d  c h e a p ly  o b ta in a b le  in  a  c o n d i t io n  of p e r f e c t  p u r i t y  a n d  

p r a c t ic a l  h o m o g e n e i ty . T h is  l a t t e r  c o n d it io n , a s  w il l  b e  s h o w n  b e lo w , is 

a b s o lu te ly  e s s e n t ia l  in  a  s e n s i t iv e  v a c u u m -b a la n c e .

(6 )  I t  is  e a s i ly  a n d  s a fe ly  m a n ip u la te d  w i th  th e  o x y -g a s  flam e , so  th a t  

th e  b e a m  c a n  b e  q u ic k ly  c o n s t r u c te d ,  a n d  th e  a d ju s tm e n ts  fo r  b a la n c e , 

s ta b i l i ty ,  a n d  s e n s ib i l i ty  r e a d i ly  m a d e  in  th e  m a n n e r  d e s c r ib e d  b e lo w .

(7 )  T h e  w h o le  b e a m  c o n s is t in g  e n t i r e ly  o f q u a r tz ,  c a n  b e  th o ro u g h ly  a n d  

e a s i ly  c le a n e d  in  a  m a n n e r  w h ic h  w o u ld  b e  im p o s s ib le  if  a n y  m e ta l  w h a ts o e v e r  

e n te r e d  in to  i ts  c o n s tr u c t io n .

T h e  d is a d v a n ta g e s  o f q u a r tz  a s  c o m p a re d  w i th  m e ta ls  l ie  in  i ts  s m a ll  c o n ­

d u c t iv i ty  fo r h e a t  a n d  e le c t r ic i ty .  N o  tro u b le ,  to  o u r  k n o w le d g e , h a s  a r is e n  f ro m  

th e  fo rm e r  of th e s e  c a u s e s ; a n d  th e  i r r e g u la r i t ie s  of b e h a v io u r , w h ic h  w e re  a t  a n  

e a r ly  s ta g e  o f  t h e  e x p e r im e n ts  t r a c e d  to  th e  p e r s is te n c e  of th e  e le c tr i f ic a t io n  

a c q u ir e d  b y  th e  b e a m  d u r in g  h a n d lin g ,  h a v e  n o w  b e e n  e n t i r e ly  o b v ia te d  

b y  io n is in g  th e  a i r  in s id e  th e  c ase  e i th e r  b y  a n  X - r a y  d is c h a rg e  o r, a s  is 

m o re  c o n v e n ie n t ,  b y  p la c in g  o n  th e  flo o r a  s m a ll  q u a n t i t y  of u r a n iu m  o x id e .

T h e  fo rm  of th e  b e a m , t h a t  of a  d o u b le  t r ia n g le ,  figs. 1, 2, a n d  3, A , is o n e  

w e ll a d a p te d  fo r  e n s u r in g  r ig id i ty .  T h e  s l ig h t  in c l in a t io n  of th e  ro d s  

fo rm in g  th e  lo w e r  s id es  of th e  t r i a n g le  to  th e  h o r iz o n ta l  e n a b le s  th e  c e n tr e  

of g r a v i ty  of th e  w h o le  to  b e  b ro u g h t  c lo se  to  th e  c e n t r a l  k n ife -e d g e  w i th o u t  

th e  u se  of a  s u b s id ia ry  m ass . T h e  b a la n c e  th u s  fo rm s  a  s in g le  r ig id  s y s te m  

o s c il la t in g  a b o u t a  c e n t r a l  k n ife -e d g e . W h e r e  th e  a d o p tio n  of s u c h  a  s y s te m  

is  fe a s ib le , i t s  a d v a n ta g e s  o v e r th e  o rd in a ry  b a la n c e  w i th  i t s  d o u b le  s u s p e n d e d  

s c a le -p a n s  a re  o b v io u s ly  v e ry  g re a t .
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T he c e n tra l a n d  on ly  kn ife -edge  is g ro un d  u pon th e  end  of a q u a rtz  rod 

0 6  m m . d iam e te r an d  a b o u t 2 m m . long, w hich  h ad  been  fused  a t  th e  end  to 

a blob 1 m m . in  d iam ete r. T h e  le n g th  of th e  knife-edge  is consequently  

ab o u t 1 m m .; th e  ang le  b e tw een  its  tw o p lan es  is ab o u t 90°. T hese tw o 

p lan es  a re  v e ry  carefu lly  g ro u n d  an d  th e  angle of th e ir  in te rsec tio n , w hen 

v iew ed u n d e r  a  h ig h -p o w er m icroscope, show ed as a  p e rfec tly  s tra ig h t line 

w ith  no irreg u la ritie s .*

I n  th e  e a r lie r  beam s co n stru c ted , a  do u b le -p o in t ax is was used in s tead  of 

a  knife-edge, b u t th is  was fou nd  u n su ita b le  for balances of h ig h  sensib ility , as 

also w as a  m odification  of i t  form ed by  ho ld ing  th e  tw o p o in ts  for a  m om en t in  

th e  oxy-gas flam e in  th e  hope th a t  th e y  w ould  assum e a p e rfec tly  spherical 

form . I n  th is  case th e y  w ould  give an  e q u iv a len t ideal knife-edge passing  

th ro u g h  th e  cen tres  of c u rv a tu re  of th e  sp heres ; b u t  as a  m a tte r  of ex p eri­

m e n t i t  w as fou nd  th a t  th e  d e p a r tu re  from  u n ifo rm ity  of cu rv a tu re  was too 

g re a t to  p e rm it of c o n s ta n t sen s ib ility  over a n y  fin ite  range  of oscillation. 

T h e  do u b le -sp h ere  an d  d o u b le -p o in t form s of kn ife-edge w ere co n sequ en tly  

aband on ed in  fav o u r of th e  above d esc ribed  knife-edge , w hich  has been  found 

to  fu n c tio n  in  an  e n tire ly  sa tis fa c to ry  m an n er.

I n  th e  e a r lie r  m ic ro -ba lances c o n stru c te d  a v e ry  sm all concave glass m irro r 

w as a tta c h e d  b y  shellac to  a p ro jec tin g  rod  of q u a rtz  in  line  w ith  th e  c en tra l 

ax is. Sm all changes of zero w hich  occu rred  w ere assigned  w ith  p ro b ab ility  

e ith e r  to  a  s te ad y  ev ap o ratio n  of th e  sh ellac  or to  a viscous flow in  it, p ro ­

du cing  a co n seq u en t sh if t in  th e  p osition  of th e  p rin c ip a l ax is of th e  m irror. 

I n  o rd e r to  avo id  th e  use of a  cem en t, som e concave q u a rtz  m irro rs  (d iam ete r 

4  mm., focal le n g th  25 cm .), w ith  lu g  a ttach ed , w ere g ro und  and  polished. By 

m eans of th e  lug  i t  w as fou n d  possible to  fuse th e  m irro r d irec tly  to  th e  

beam . T h e  po sitio n  of th e  m irro r  re la tiv e  to  th e  knife-edge  is show n in  

fig. 3, y.

* The grinding of the knife-edges is easily done with the aid of a small holder in the 

form of a piece of hard steel 2 x 1 cm., across the centre of which is riveted a piece of brass 

1 cm. square and about 2 mm. in thickness. Holes are drilled in the projecting end of the 

brass piece, and into these the quartz rods which are to be ground are cemented. The 

grinding is done on a piece of glass plate which has been ground with fine emery or 

carborundum, and the holder is moved on the plate in such a manner that it rests on the 

steel base and on the quartz rods. A gentle pressure is used in rubbing, and the holder 

is turned alternately so as to grind the ends to a chisel. The (operation is finished off 

with very fine carborundum mud, and then a second piece of steel 2'5 x 1 cm. is secured 

on the back of the first piece so that it projects 2'5 mm. on either side of it. Besting the 

holder on this new edge, and again oil the ends of the quartz rods, the latter are ground 

on a very finely ground glass plate without using any carborundum or emery, but with a 

little glycerine and water as lubricant. A gentle pressure is used in this final grinding. 

It is quite easy to make a set of three knife-edges in an hour or less.
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1909.] Sensitive Micro-balances, etc. 587

A tta c h e d  to  t h e  b e a m  a t  i t s  c e n t r e ,  a n d  o n  th e  o p p o s ite  s id e  to  th e  m ir ro r ,  

is  a  s m a l l  p ie c e  o f q u a r tz  ro d  w i th  i t s  e n d  tu r n e d  d o w n w a rd s  a t  a  r ig h t  

a n g le  (fig. 3 , z). T h is  ro d  s e rv e s  th e  d u a l  p u rp o s e  o f b a la n c in g  th e  m ir r

a n d  o f a l lo w in g  th e  p o s it io n  of t h e  c e n t r e  of g r a v i ty  of th e  b e a m  to  b e  

a d ju s te d . A t ta c h e d  to  o n e  e n d  o f th e  b e a m  is  a  s m a l l  q u a r tz  b u lb  of k n o w n  

in t e r n a l  v o lu m e , a n d  c o n ta in in g  a i r  s e a le d  u p  a t  k n o w n  t e m p e r a tu r e  a n d  

p re s s u re . T h e  o b je c t  of t h i s  b u lb  w il l  b e  s h o w n  im m e d ia te ly . A t  th e  o th e r  

e n d  is  a t ta c h e d  a  q u a r tz  c o u n te rp o is e  o f a n y  d e s ir e d  s h a p e , w h ic h  w il l  d e p e n d  

o n  th e  p u rp o s e  fo r  w h ic h  th e  p a r t i c u la r  m ic ro -b a la n c e  h a s  b e e n  c o n s t r u c te d .  

T h e  d if f ic u ltie s  o f  a d ju s t m e n t  fo r  b a la n c e  a n d  fo r  th e  p o s i t io n  of th e  c e n t r e  

o f  g r a v i ty ,  w h ic h  a t  f i r s t  s e e m e d  in s u r m o u n ta b le ,  d is a p p e a re d  w i th  th e  d is ­

c o v e ry  t h a t  q u a r t z  is  a p p r e c ia b ly  v o la t i le  in  t h e  o x y -g a s  fla m e , a n d  

c o n s e q u e n tly , a f t e r  a  ro u g h  a d ju s t m e n t  h a s  b e e n  m a d e  b y  fu s in g  o n  o r  

re m o v in g  s m a l l  q u a n t i t i e s  o f t h in  q u a r t z  ro d  to  th e  c o u n te rp o is e  fo r  b a la n c e , 

a n d  e i th e r  to  th e  a p e x  o f t h e  b e a m  o r  to  th e  s u b s id ia r y  a r m  z fo r  c e n t r e  of 

g r a v i ty ,  t h e  f in a l a d ju s t m e n t  is  m a d e  w i th  e x t r e m e  e a s e  b y  h o ld in g  a  p r o ­

j e c t in g  p o in t  o n  th e  c o u n te r p o is e  o r  on  th e  a p e x  o f t h e  ro d  z in  t h e  h o t  flam e  

o f th e  o x y -g a s  fo r  p e r io d s  o f t im e  v a r y in g  f ro m  h a l f  a  m in u te  to  a  f r a c t io n  

o f  a  seco n d . B e fo re  m a k in g  t h i s  f in a l a d ju s tm e n t  t h e  b e a m  is  c le a n s e d  b y  

b o i l in g  i t  fo r  a b o u t  10  m in u te s  in  a q u a  re g ia  a n d  th e n  fo r  s h o r t  i n t e r v a l s  in  

s u c c e ss iv e  q u a n t i t i e s  o f  d is t i l l e d  w a te r .  U n le s s  th e  b e a m  is  th o r o u g h ly  

c le a n , n o  c o n s is te n t  r e a d in g s  a r e  o b ta in a b le .

F in a l ly ,  to  a c c e le r a te  a n y  s lo w  m in u te  c h a n g e s  in  th e  s h a p e  o f t h e  b e a m  

i t  is  a n n e a le d  fo r  a b o u t  12  h o u r s  in  a  h o t - a i r  o v e n  a t  a b o u t  2 0 0 °  C. B e a m s  

w h ic h  h a v e  b e e n  t r e a te d  in  th i s  m a n n e r  sh o w  a  q u i te  r e m a r k a b le  c o n s ta n c y  

o f b e h a v io u r ,  w h e re a s , i f  th e  a n n e a l in g  b e  o m it te d ,  s m a l l  a n d  i r r e g u la r  c h a n g e s  

of zero  t a k e  p la c e  w i th in  a  p e r io d  o f  a  few  d a y s .

Theory and Method of Calibration and Weighing.

A  d if f ic u l ty  w h ic h  fa c e d  th e  a u th o r s  w i th  th e  c o n s t r u c t io n  of th e  f ir s t  

m ic ro -b a la n c e  of a  s e n s ib i l i ty  e x c e e d in g  o n e  te n - th o u s a n d th  o f a  m ill ig ra m m e  

w as  t h a t  of c o n s t r u c t in g  a n d  c a l ib r a t in g  a  s e t  of w e ig h ts  l ig h t  e n o u g h  to  b e  

u s e d  w ith  i t .  T h e  s e n s ib i l i ty  of th e  e a r l ie r  b a la n c e s  w as  in d e e d  d e te r m in e d  

b y  th e  u se  of a  r id e r  c o n s is t in g  o f a  m e a s u re d  l e n g th  of q u a r tz  fib re , c u t  

f ro m  a  lo n g e r  l e n g th  w h ic h  h a d  b e e n  a c c u r a te ly  m e a s u re d  a n d  w e ig h e d  o n  a  

d e lic a te  a s s a y  b a la n c e , b u t  th e  p r a c t ic a l  d if f ic u ltie s  o f  h a n d l in g  th i s  r id e r  c o n ­

v in c e d  u s  t h a t  a  s e t  of s u c h  w e ig h ts  w o u ld  b e  im p r a c t ic a b le  in  a c tu a l  size. 

T h is  d if f ic u lty , w h ic h  n a tu r a l ly  in c re a s e d  w ith  th e  a t t a in m e n t  of a  s e n s ib i l i ty  

of th e  o rd e r  o f  o n e  h u n d r e d - th o u s a n d th  of a  m ill ig ra m m e , h a s  b e e n  c o m p le te ly  

o v e rc o m e  b y  th e  a d o p tio n  of w h a t  th e  a u th o r s  b e lie v e  to  b e  a n  e n t i r e ly  n e w
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m ethod  of w eighing , b y  m eans of w hich  w eigh ts  of th e  o rd er of o n e -h undredth  

of a m illigram m e can  be com pared  w ith  th e  s ta n d a rd  m easu res w ith  an 

accuracy  of one fiv e -h u n d red th  of th e ir  am oun t, i.e. th e  absolu te va lue  of 

such  w eights  can  be d e te rm in e d  w ith  c e r ta in ty  to  one fifty -th o u san d th  of a 

m illig ram m e (2 x  1 0 -8  gram m e), w h ile  changes of w eigh t can be m easured  of 

an  o rd er as low  as one tw o -h u n d red  a n d  fif ty -th o u san d th  of a  m illigram m e.

N o t on ly  is th is  new  m e th o d  of w eighing  re m a rk a b le  for i ts  accuracy, b u t 

also fo r i ts  convenience an d  ra p id ity  of w orking , in  w hich  re spec t i t  equals, if 

i t  does n o t su rp ass , th e  m e th o d  of com pensa tio n , r id e r-ad ju s tm e n t, and  

oscillation  em ployed w ith  th e  o rd in a ry  p recisio n  balance.

T he m e th o d  d epen ds  for i ts  successfu l ap p lica tio n  on th e  a tta in m e n t of 

pe rfec t ho m o g en eity  in  th e  beam , th is  b e in g  th e  n ecessa ry  an d  sufficien t con­

d itio n  th a t  th e  zero p o sitio n  sh all be in d e p e n d e n t of th e  p re ssu re  of th e  a ir  

su rro u n d in g  it. F o r  if  we h ave  a b a lan ce  of an y  p e rfe c tly  hom ogeneous 

m a te ria l, a n d  th e  le n g th  of th e  a rm s— w hich  m ay be considered  of neglig ib le 

w e ig h t com pared  w ith  th e  loads— be l an d  l\, if  and  iq be th e  volum es of 

th ese  loads, th e  d e n s ity  of th e  m a te r ia l b e in g  p,  th a t  of th e  m edium  in  w hich 

th e  beam  is im m ersed  a, th e n  for eq u ilib riu m  we h ave  th e  re la tio n  

v (p  — o-); =  (p — a) h or vl =  V\l\,that is to  say

is in d e p en d e n t of th e  d ifference in  d e n s ity  b e tw een  th e  m a te ria l of w hich  th e  

b eam  is com posed an d  th a t  of th e  m ed iu m  in  w hich i t  is im m ersed . G iven 

such  a beam , th e n , th e  m e th o d  co n sis ts  in  em ploying  as c o u n te rw eig h t th e  

w hole or a n y  frac tio n  of th e  w e ig h t of th e  a ir co n ta in ed  in  a  sealed  q u a rtz  

b u lb  of acc u ra te ly  d e te rm in e d  volum e. T he rationale of th e  m ethod  is 

as fo llo w s :— If  a  q u a rtz  b u lb  be filled w ith  a ir a t  th e  sam e tem p era ­

tu re  an d  p re ssu re  as th e  a ir  su rro u n d in g  it, th e  effective w eigh t of th e  

co n ta in ed  a ir  w ill, in  accordance w ith  th e  p rin c ip le  of A rchim edes, be zero. 

If , how ever, th e  d e n s ity  of th e  a ir  w ith in  th e  bu lb  differ from  th a t  of the 

su rro u n d in g  a ir , th e n  th e  in side  a ir  w ill possess a  ce r ta in  effective positive or 

n ega tive  w eight. I f  v be th e  in te rn a l volum e of th e  bu lb  w hich  was sealed 

off a t  P i  an d  T i, th e n  th e  w e ig h t of a ir  w ith in  th e  b u lb  is w 0 T0/P o P i /T i ,  if 

cr0 is th e  d en sity  of a ir  a t  n o rm a l te m p e ra tu re  an d  p ressu re  T0 and  P0. 

I f  now  th e  b u lb  be im m ersed  in  a ir  a t P2 an d  T 2, its  effective w eigh t w ill be 

v<x0 To/Po ( P i /T i  —P 2/T 2). If , again , th e  p re ssu re  an d  tem p era tu re  of th e  a ir  

in  w h ich  th e  b u lb  is im m ersed  are  changed to  P3 and T3, th e  effective w eight 

w ill be w «  To/Po (Pi /T i - P 3/T3), and th e  change in  effective w eight w ill be 

To/Po (P 2/ T 2- P 3/ T 3) ;  o r> th e  te m p e ra tu re  be assum ed constant, 

v<rt) To/I'o (P2— P3/T3). I f  th e  ba lance  is ad ju sted  so th a t  th e  zero position on 

th e  scale corresponds to P2 and T2, and  a sm all am o u n t of substance to be 

w eighed be p laced  on th e  scale pan, th e  w eight of th is  su bstance  is given by

588 M essrs. B ertram  D. S teele an d  K err G ran t. [Ju n e  10,
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1 9 0 9 .] Sensitive Micro-balances, etc. 589

th e  e ffe c tiv e  w e ig h t  of th e  b u lb . T h u s  in  m ic ro -b a la n c e  A  th e  i n t e r n a l  

v o lu m e  of t h e  q u a r tz  b u lb , d e te r m in e d  (a s  in  a l l  c a s e s )  b y  f i l l in g  w i th  

m e rc u ry , is  0 -0 0 8 5  c.c. I t  w a s  s e a le d  a t  a  t e m p e r a tu r e  of 2 3 °  C . a n d  

a  p re s s u re  o f 7 5 9  m m . T h e  w e ig h t  o f a i r  c o n ta in e d  in  i t  is , th e re fo re , 

0 0 1 0 1 2  m il l ig ra m m e , a n d  b y  v a r y in g  th e  p r e s s u r e  in  th e  v a c u u m -c a s e  a n y  

v a lu e  m a y  b e  g iv e n  to  i t s  v i r t u a l  w e ig h t  b e tw e e n  th i s  m a x im u m  v a lu e  

(w h ic h , of c o u rs e , w o u ld  o n ly  b e  e x e r te d  in  a  c o m p le te  v a c u u m )  a n d  zero .

A  c h a n g e  o f p r e s s u r e  o f 1 m m . in  th e  c a se  c o r re s p o n d s  to  a  v a r ia t io n  

of t h e  e ffe c tiv e  w e ig h t  o f 0 ,0 1 0 1 2 /7 5 9  =  0 -0 0 0 0 1 3 3 3  ( T 3  x  1 0 -5  m il l ig ra m m e ) , 

a n d  a n  a l t e r a t io n  o f t e m p e r a t u r e  o f 1° C. a t  2 0  m m . p r e s s u r e  to  a  v a r ia t io n  

of le s s  t h a n  1 x  1 0 ~ 6 m il l ig ra m m e . T h e  t e m p e r a t u r e  e ffe c t is  th e re fo re  

n e g lig ib le  a t  a l l  p r e s s u re s  lo w e r  t h a n  5 0  m m .*  ( th e  v a r ia t io n  in  v o lu m e  of th e  

q u a r tz  b u lb  w i th  v a iy in g  p r e s s u r e  in  te m p e r a tu r e  is  a lso  n e g lig ib le ) .

A s  th e  p r e s s u r e  in  th e  c a se  c a n  e a s i ly  b e  r e a d  to  o n e - te n th  of a  m i l l im e t r e ,  

i t  is  s e e n  a t  o n c e  t h a t  a n  a c c u ra c y  o f d e te r m in a t io n  o f  T 3 3  x  1 0 -6  m i l l i ­

g ra m m e  c a n  b e  o b ta in e d  p ro v id e d  th e  z e ro  o f t h e  in s t r u m e n t  r e m a in  c o n s ta n t  

a n d  th e  b e a m  b e  h o m o g e n e o u s .

A s  i t  is  im p o s s ib le  to  o b ta in  q u a r tz  a b s o lu te ly  f re e  f ro m  a ir -b u b b le s ,  th e  

d e s ir e d  h o m o g e n e i ty  in  th e  b e a m  w as  o b ta in e d  b y  m a k in g  a l l  p a r t s  of ro d  

d ra w n  f ro m  th e  s a m e  s a m p le  o f t h e  b e s t  o b ta in a b le  ro d  of la rg e  d ia m e te r .  

T h a t  t h e  r e q u is i te  d e g re e  of h o m o g e n e i ty  is  a c tu a l ly  o b ta in e d  in  th i s  w a y  

w ill  b e  s e e n  f ro m  th e  fo llo w in g  r e s u l t s  :—

M ic ro -b a la n c e , T y p e  A , w i th o u t  a t t a c h e d  b u l b ; s e n s ib i l i ty  ( d e te r m in e d  b y  

p la c in g  a  q u a r tz  r id e r  o n  th e  b e a m  a n d  o b s e rv in g  i t s  p o s i t io n  a n d  th e  

d e f le c tio n  p ro d u c e d )  o f s u c h  a n  o rd e r  t h a t  a  d e f le c tio n  of o n e  s c a le -d iv is io n  

c o r re s p o n d s  to  a  c h a n g e  in  w e ig h t  of o n e  o n e - h u n d r e d - th o u s a n d th  of a  

m i l l ig r a m m e  (1  x  1 0 ~ 8 g ra m m e ) .

Z e ro  u n d e r  o b s e r v a t io n  f ro m  S e p te m b e r  2 3 , 1 9 0 8 , to  O c to b e r  8, 1 9 0 8 , 

d u r in g  w h ic h  p e r io d  t h i r ty - s ix  (3 6 )  o b s e r v a t io n s  of th e  z e ro  w e re  m a d e  w i th  

th e  fo llo w in g  r e s u l t s :—

2 4  re a d in g s  o f 6 0 8  a n d  12  r e a d in g s  of 6 0 7  s c a le -d iv is io n s  w e re  o b ta in e d . 

(N o  a t t e m p t  w a s  m a d e  to  re a d  c lo se r  th a n  th e  n e a r e s t  s c a le -d iv is io n .)  D u r in g  

th is  p e r io d  th e  p re s s u re  w a s  v a r ie d  i r r e g u la r ly  f ro m  5 m m . to  8 cm .

A t  th e  c o n c lu s io n  o f th is  se r ie s  of o b s e rv a t io n s  th e  b u lb  w a s  a t ta c h e d  a n d  

se a le d  u p  a n d  th e  b e a m  a g a in  a d ju s te d  a n d  c a l ib ra te d .

* The change in effective w eight 8w for an alteration  of pressure 5P, in the  case is

given by  8w =  — or if can j,e taken  as equal to T , by —■ and for an
. P P

alteration  in the tem perature  of the case by div =  1-^=4— 1 •
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590 M essrs. B ertram  D. S tee le and  K err G ran t. [Ju n e  10,

T he c o n sta n ts  of th is  ba lance  are as follows :—

T o ta l w eigh t of beam  w ith  a tta c h e d  m irro r, bu lb , 0 1 7 7  gram m e, 

an d  cou n terpoise

L e n g th  of a rm  ........................................................  5 1  cm.

V olum e of b u lb ........................................................  0*00865 c.c.

W e ig h t of a ir  co n ta in ed  in  b u l b ...........................  1*02 x  1 0~5 gram m e.

T im e of com ple te  o scillatio n  ...............................  35 seconds.

T h e  e x tre m e  sen s ib ility  an d  accu racy  of th e  ba lance  is ev idenced  by  the 

acco m p an y in g  tab le , w h ich  gives th e  v a lues  of th e  p re ssu re  inside th e  

ba lance-case  a n d  th e  co rresp o n d in g  scale-readings. T he th ird  co lum n gives 

th e  ca lc u la te d  v a lues  of th e  sca le -read in g  for each p re ssu re  on th e  assum ption  

th a t  th e  change in  sca le -read in g  is d ire c tly  p ro p o rtio n a l to th e  change in 

p re s s u re :—

Pressure
(in mm. of mercury).

Observed reading 

to nearest mm.
Calculated

reading.

4-3 631 (631)
4-5 632 632
5*6 638 636
5*7 637 636
6*4 639 638
6'6 640 639
7*0 642 642
9-8 650 650

12 *2 658 658
15 *2 668 668
15 *7 670 670
17 *4 674 676
22 *5 694 693
28 *7 715 (715)
35 *8 738 736

T he g re a te s t d ifference be tw een  th e  observed  an d  ca lcu la ted  scale-readings 

in  th is  ta b le  am o u n ts  to  tw o  scale-d iv isions  only , and  th is  occurs in  only  

fo u r o u t of fifteen  readings. The average d iscrep ancy  is considerably  less 

th a n  one scale-d iv ision . A s show n above, th e  change in  w eight corresponding  

to a  change of p re ssu re  of 1 m m . is 1*3 x  10 “ 8 gram m e, and  since 

a  change of p re ssu re  of 24*4 m m . p roduces a sh if t of 82 div isions in  the 

scale-reading , th e  change of w e ig h t co rrespond ing  to  one scale-division is 

e q u a l to

1 3 x  24 4: __ g .g2 x  pQ-9 gram m e,

83

i.e. less th a n  one tw o -h u n d red  a n d  f if ty -th o u san d th  of a m illigram m e.

I t  follows th a t  changes of w eig h t exceed ing  th is  am o u n t occurring in  any
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s u b s ta n c e  a t t a c h e d  to  th e  a rm  o f  th i s  b a la n c e  c a n  b e  o b s e rv e d  a n d  m e a s u re d , 

e v e n  i f  th e  c h a n g e s  o c c u r  w i th  c o n s id e ra b le  s lo w n e s s , s in c e  w e  h a v e  sh o w n  

t h a t  t h e  r e s t in g  p o in t  o f t h e  b a la n c e  r e m a in s  c o n s ta n t  o v e r  lo n g  p e r io d s  

o f  t im e .

D e s c r ip t io n  o f m ic ro -b a la n c e  B . A  m ic ro -b a la n c e  to  d e te r m in e  in  a b s o lu te  

m e a s u re  w e ig h ts  n o t  in  g e n e r a l  e x c e e d in g  1 d e c ig ra m m e  w i th  a n  a c c u ra c y  

o f  “ a t  w o r s t  ” o n e  t e n - th o u s a n d t h  o f a  m il l ig ra m m e  (1  x  1 0 ~ 7 g ra m m e ) .

T h is  b a la n c e , l ik e  m ic ro -b a la n c e  A , is  c o n s t r u c te d  w h o lly  o f  q u a r t z  a n d  

■consists o f a  b e a m  a lm o s t  id e n t i c a l  in  fo rm  a n d  d im e n s io n s  w i th  t h a t  of A  

a n d  o n e  s u s p e n d e d  s y s te m  o n ly . F o r  t h e  c e n t r a l  a x is  i t  h a s  b e e n  fo u n d  

a d v a n ta g e o u s  to  r e p la c e  t h e  s m a l l  s in g le  k n if e -e d g e  b y  a  p a i r  of k n ife -e d g e s  

g r o u n d  o n  th e  e n d s  o f tw o  q u a r tz  ro d s  a b o u t  1 cm . a p a r t .

I n  p la c e  o f th e  o r d in a r y  d o u b le  s c a le -p a n  s y s te m  a  c o u n te r p o is e  is  r ig id ly  

a t t a c h e d  to  o n e  e n d  o f th i s  b e a m , a n d  th e  w e ig h t  of th e  s u s p e n d e d  s y s te m  a t  

t h e  o th e r  e n d  is  a lw a y s  a d ju s t e d  to  e q u i l ib r a te  th is .

S e v e ra l  d i f f e r e n t  m e th o d s  o f a t t a c h i n g  th e  s u s p e n d e d  s y s te m  to  th e  b e a m  

h a v e  b e e n  t r i e d .  O f th e s e , th e  o r d in a r y  k n if e -e d g e  a n d  p la n e  of fu s e d  q u a r tz  

h a v e  h i th e r to  b e e n  fo u n d  le a s t  s a t i s f a c to r y .  A  fin e  ro u n d e d  p o in t  a n d  p la n e  

h a v e  g iv e n  g o o d  r e s u l t s  u p  to  a  s e n s ib i l i ty  of a b o u t  o n e  f o u r - th o u s a n d th  o f a  

m il l ig ra m m e , b u t  p ro v e d  u n s a t i s f a c to r y  a t  h ig h e r  s e n s ib i l i t i e s ,  w h ile  a t t a c h ­

m e n t  b y  m e a n s  of a  s h o r t  a n d  v e r y  fin e  q u a r tz  f ib re  fu s e d  to  th e  b e a m  a t  o n e  

e n d  a n d  to  a  s u s p e n d e d  h o o k  a t  t h e  o th e r  h a s  p ro v e d  m u c h  t h e  b e s t  m o d e  o f  

s u s p e n s io n .*

A t ta c h e d  to  t h e  p la n e  w h ic h  r e s t s  o n  t h e  e n d  p o in t  (o r  to  t h e  f ib re  if  s u c h  

b e  u s e d )  is  a  h o o k  w h ic h  c a r r ie s  th e  s u s p e n d e d  s y s te m .

T h is  c o n s is ts  o f a  fin e  q u a r tz  ro d  w i th  a  h o o k  a t  e a c h  e n d , a  s e a le d -u p  

■quartz b u lb  a  a n d  q u a r tz  s c a le -p a n  /3, b o th  o f w h ic h  a re  s im i la r ly  

p ro v id e d  w i th  tw o  h o o k s , a n d  a  q u a r tz  c o u n te rp o is e  7, w h ic h  c a n  b e  a t ta c h e d  

to  th e  b o t to m  of th e  s c a le -p a n .

T h is  ty p e  o f g r a v i ty  b a la n c e  a p p e a r s  to  u s  to  o ffe r so m e  im p o r ta n t  

a d v a n ta g e s  o v e r  th e  c u s to m a ry  o n e . I n  th e  f i r s t  p la c e , th e  d if f ic u ltie s  o f  

c o n s t r u c t io n  a r e  m u c h  d im in is h e d  b y  th e  a v o id a n c e  of th e  a d ju s tm e n ts  fo r

* The attachment of the hook to the beam by means of the fibre is carried out as 

follows :—

A  small T-piece of quartz is attached by one arm of the T  to the end of the beam, the 

other end serving as a holder, to which a small rod of quartz can be fused for adjusting  

its position ; a hook is then put on one end of a piece of fine quartz rod ; holding now  

the beam in one hand and the hook in the other, the leg of the T-piece is fused to a 

globule in a very small oxy-gas flame, the straight end of the hook is now passed through 

the flame to touch this globule, and then the two are drawn apart about half a centimetre 

-and at the same time withdrawn from the flame. A  few trials will result in the produc­

tion of a satisfactory flexible suspension.
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placing  th e  knife-edges in  p la n e  and  para lle l, an d  for equalis ing  th e  len g th  of 

arm s.

I n  th e  m icro -ba lance  w ith  fibre a tta c h m e n t th e  w a n t of perfec t flex ib ility  

of th e  fibre co n d itio n s an  a lte ra t io n  in  th e  le n g th  of a rm  for d ifferent positions 

of th e  beam , b u t, since th e  cou n terpoise  a n d  su b stan ce  to be w eighed are 

b o th  a tta c h e d  to  th e  sam e hook on th e  fibre, th is  c an n o t in trod uce  any  e rro r 

in to  th e  w eighings, w hich  a re  in  such  a case in d e p en d e n t of th e  len g th  

of arm .

The m eth o d  of w eighing  w ith  th is  ba lance  is as follows :—

(<oc) The q u a n ti ty  of su b stan ce  to  be w eighed does n o t exceed th e  to ta l 

w eight of a ir  co n ta in ed  in  th e  bu lb . I n  th is  case th e  p re ssu re  inside th e  

ba lance-case a n d  th e  re s tin g  p o in t h av in g  been  ta k e n  w ith  th e  scale-pan  

em pty , th e  su b stan ce  to  be w eighed is p laced  on th e  p an  an d  th e  p ressu re  

a d ju s ted  u n til  th e  sam e re s tin g  p o in t is ob ta ined . I f  w is th e  to ta l w eight 

of a ir  co n ta in ed  in  th e  b u lb , w h ich  w as filled a t  th e  p re ssu re  P , and  P ' 

re p re se n ts  th e  d ifference in  p re ssu re  re q u ire d  to  reco v er th e  orig in al re s tin g  

po in t, th e n  th e  w e ig h t of th e  su b stan ce  is w Y /P .

(b) T he q u a n ti ty  of su b sta n ce  to  be w eighed exceeds th e  w eigh t of a ir  

co n ta in ed  in  th e  bu lb .

I n  th is  case i t  is necessa ry  to  p re p a re  one or m ore counterpoises w hich 

m u s t be lig h te r  th a n  th e  o rig in a l one, a n d  m u s t differ from  each o th er by 

a k n o w n  am o u n t n o t ex ceed ing  w. I t  is obvious th a t  such  counterpoises can 

be easily  m ade, an d  th e ir  d ifference in  w e ig h t d e te rm in e d  w ith  g re a t accuracy 

by  th e  above describ ed  m e th o d  on th e  m icro-balance itself.

W ith  a  series of such  coun terpo ises, w hich  ta k e  th e  p lace of a se t of 

w eights, q u a n titie s  of a n y  su b stan ce  n o t exceeding  in  w e igh t th a t  of th e  

h eav ie s t cou n terp oise  can  be w eighed w ith  an  absolu te accuracy  equal to  th a t  

w ith  w h ich  th e  w eight of a ir  in  [the b u lb  can  be ascerta ined , an d  w ith  a 

re la tiv e  accu racy  dep en d in g  on th e  cap ac ity  of th e  in s tru m e n t for recovering  

i ts  zero, a n d  on  th e  accu racy  w ith  w h ich  th e  p re ssu re  can  be read.

I t  has been  fou nd  p re fe rab le  to  ta k e  th e  a c tu a l re s tin g  p o in t of th e  

balance  ra th e r  th a n  to  d e te rm in e  th is  from  its  oscillations. The oscillations 

of b o th  ty pes of m icro -balan ce have  been found to dam p rap id ly , five to ten  

m in u te s  being  sufficien t for th e  in s tru m e n ts  to  come to  rest. The dam ping 

fac to r is n e a rly  b u t  n o t q u ite  in d e p e n d e n t of th e  pressu re , an d  is g re a te r  for 

th e  p o in t an d  p la n e  suspension  th a n  for th e  rig id  system , or for th e  beam  

w ith  q u a rtz  fibre su sp ended system .

592 M essrs. B ertram  D. S tee le and  K e rr  G ran t. [Ju n e  10,
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5931909.] Sensitive Micro-balances, etc.

Behaviour of Micro-balance, Type

F ig u r e s  w il l  b e  q u o te d  s h o w in g  t h e  b e h a v io u r  o f  th i s  b a la n c e  b o th  w i th  

p o in t  a n d  p la n e  s u s p e n s io n  a n d  w i t h  f ib re  s u s p e n s io n .

T o ta l  w e ig h t  of b e a m  a n d  s u s p e n d e d  s y s te m  ........ 0 -93  g ra m m e

V o lu m e  o f b u lb  .............................................................  0 -4 2 2  c.c.

A m o u n t  o f a i r  c o n ta in e d  in  b u lb  ..............................  5 ‘0 4  x  1 0 -4  g ra m m e .

W i th  p o in t  a n d  p la n e  a t t a c h m e n t ,  t im e  o f s w in g  1 3 -5 se c o n d s .

T h e  fo llo w in g  a re  ty p ic a l  su c c e ss iv e  re a d in g s  of p re s s u re  a n d  r e s t in g  

p o i n t :—

P  =  7 2 -2  m m . R e s t in g  p o in t  =  6 2 0 .

F o u r  r e a d in g s  a f t e r  a r r e s t in g  th e  b e a m  e a c h  t im e  g a v e  th e  s a m e  r e s t in g  

p o in t .

T h e  s c a le -p a n  a n d  c o u n te r p o is e  w e re  re m o v e d , a f t e r  w h ic h  

P  =  72-0  m m . R e s t in g  p o in t  =  6 2 0 .

T h e  z e ro  is  th e r e f o r e  n o t  d i s tu r b e d  b y  m a n ip u la t io n s  n e c e s s a ry  in  w e ig h in g . 

T h is  h a s  b e e n  r e p e a te d ly  sh o w n . T h e  s e n s ib i l i ty  w a s  s u c h  t h a t  a  c h a n g e  of 

p r e s s u r e  o f 3 '3  m m . c a u s e d  a  c h a n g e  in  th e  r e s t in g  p o in t  of n in e  s c a le -d iv is io n s , 

th e re fo re , s in c e  a  c h a n g e  in  p r e s s u r e  of 1 m m . r e p r e s e n t s  a  c h a n g e  in  e f fe c tiv e

w e ig h t  of
5-04  x  1 0 - 4 

7 6 0  '

A  c h a n g e  of r e s t in g  p o in t  of o n e  s c a le -d iv is io n  r e p r e s e n ts  a  c h a n g e  in  w e ig h t  

of -̂  qX ~ ~ =  2 '4 3  x  1 0 -7 , t h a t  is , le s s  t h a n  o n e  f o u r - th o u s a n d th  of a

m ill ig ra m m e .

T h e  v o la t i l i ty  of q u a r tz  in  th e  o x y -g a s  fla m e  c a n  b e  w e ll  s h o w n  b y  a n  

in s t r u m e n t  o f th i s  s e n s ib i l i ty .  T h u s  b e fo re  p la c in g  th e  c o u n te rp o is e  in  t h e  

fla m e  th e  re a d in g s  w e re

P  =  7 2 -0 m m . R e s t in g  p o in t  =  6 2 0 .

A f te r  p la c in g  in  th e  fla m e  fo r  le s s  t h a n  o n e  s e c o n d ,

P  =  6 4 -7 m m . R e s t in g  p o in t  =  6 2 0 .

D iffe re n c e  in  p re s s u re  =  7 '3 .

L o ss  in  w e ig h t =  -̂  x  x  =  4-83  x  1 0 -6  g ra m m e .

T h e  lo ss  in  w e ig h t  is r e la t iv e ly  v e ry  c o n s id e ra b le  if  th e  t im e  of h e a t in g  is  

s l ig h t ly  in c r e a s e d ; th u s  in  a  s e c o n d  e x p e r im e n t  b e fo re  h e a t in g  th e  c o u n te r ­

p o ise

P  =  6 4 -7 m m . R e s t in g  p o in t  =  62 0 .
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594 Sensitive Micro-balances, etc.

A fte r h ea tin g  for tw o seconds,

P  =  41-3 m m . R es tin g  p o in t =  620.

T herefore loss in  w eig h t =  ^  ^  =  15*52 x  10-6 gram m e.

T he b eh av io u r of th e  sam e ba lance  w ith  fibre suspension  is show n by th e

fo llow ing ty p ic a l figures :—

Tim e of sw in g ....................   33*0 seconds.

P ressu re  .........................................................................   13*5 m m .

R es tin g  p o in t in  five successive read in g s a f te r  a rre s tm e n t 559 or 560

each  tim e

P ressu re  .................................................................................  6*0 mm.

R es tin g  p o in t in  five read in g s  a f te r  a r re s tm e n t each tim e  688

A  chang e  in  p re ssu re  of 7#5 m m . causes a change in  re s tin g  p o in t of 128 scale-

d iv is ions, a n d  th e  sen s ib ililty  is th ere fo re
5*04 x  10~4 x  7*5 

760 x 128
=  3*88 x 10 8, or

less th a n  one tw en ty -fiv e  th o u sa n d th  of a  m illig ram m e.

T h a t no ap p rec iab le  chan ge  in  w e igh t is caused  by  th e  carefu l h an d lin g  of * 

th e  q u a rtz  sca le -pan  an d  co u n te rp o ise  is show n  by  th e  recovery  of th e  re s tin g  

p o in t a f te r  th ese  h a d  been  rem oved  a n d  replaced , w hen

P  =  6*1 m m . R es tin g  p o in t =  689.

C a lcu la ted  re s tin g  p o in t for th is  p re ssu re  =  690.

Of th e  m icro -b a lances describ ed  in  th e  foregoing  pages, m icro-ba lance A  

w as designed som e m o n th s  ago w ith  th e  ob ject of m easu rin g  th e  loss in 

w eig h t w hich  ra d iu m  sa lts  are supposed  to  u ndergo  d u rin g  d is in teg ra tio n .

I f  th e  g e n e ra lly  accep ted  v iew s as to th e  n a tu re  an d  m a g n itu d e  of these 

ch an ges a re  co rrec t, th e  in s tru m e n t is am p ly  sen sitiv e  for th e  p u rp o s e ; if 

g re a te r  sen sitiv en ess  is d esirab le  i t  can  easily  be o b ta ined  by  s till  fu r th e r  

lig h te n in g  th e  beam , or le n g th e n in g  th e  tim e  of swing. W e had  hoped 

to  h ave  been  able to  c ru c ia lly  te s t  th is  question , b u t a ll our efforts to 

o b ta in  a  few  m illig ram m es of ra d iu m  brom ide have  been  unsuccessful. 

A lth o u g h  we hav e n o t y e t g iven  u p  hope of o b ta in in g  w hat we require, we 

have  th o u g h t i t  b e tte r  to  p u b lish  a  d esc rip tion  of th is  balance as well as 

th a t  of th e  less sensitive  in s tru m e n t w h ich  we have called  Type B, as i t  

seem ed to us th a t  m an y  prob lem s m ig h t p re sen t th em selves to o th er in v esti­

g a to rs  th e  so lu tio n  of w hich  m ig h t be m a te ria lly  assisted  if such an 

in s tru m e n t w ere availab le.
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