




Cont rac t  No. W -74-05 -eng-26 

HE&m PrnS IC s DPJIS I O N  

STOPPING POWER OF TXW ALUMIlVJbI FOILS FOR 

12 TO 127 KEV ELECTRONS 

Ford K a l i l  
W. G o  Stone 
H. E. Hubbell, Jr. 
R .  D. 'B i rk l lof f  

Submitted as a thes5.s to the Faculty of the Graduate School of Vanderbilt 
University in pwtirzl  f u l f i l - l m n t  of the requirements for the degree of 
Doctor of Philmophy in Pflysics, 

. -  

OAK RIDGE MATIOflAL LaBORATORY 
Oak Bidge, Terines see 

operated by 
UNION CAXBTUE CORPORATION 

U. S, ATOMIC ENERGY COMMISSZOfl 
for the 

3 4 4 5 b  0286752 9 



The authors would l i ke  t o  thank W, Happer f o r  considerable help i n  

taking and ca lcu la t ing  the  data; R. E. Ritchie f o r  many suggestions and 

discussions; J. A. Harter,  A. Carter ,  and H. Holzer f o r  t h e i r  suggestions 

r e g a r d h g  el-ectric c i r cu i t ry ,  and t h e i r  help i n  maintenance of the ac- 

ce l e ra to r  and t'neiz- design and conskruction of the  teinperature cont ro l  

c i r c u i t ;  J. V. CBthcart and J. J, Cauipbell of the Metallurgy Division 

f o r  t h e i r  help i n  the preparation of t h i n  f o i l s ;  P. N. Zensley, R .  Jones, 

and the  Health Physics Machine Shop staff  f o r  t h e i r  cooperation and help 

i n  making component parts of  the  apparatus. 

One of us (FK) wishes t o  acknowledge r ece ip t  of a United S ta t e s  

Public Health Service Research Fellowship which supported him during 

the  course of t'nis research. 

ii 



Page 

Acknowledgments 

L i s t  

L i s t  

I, 

TI: - 
1x1 s 

IV 0 

v, 

of Tables 

of Figures 

IntToduc t i o n  

PrevLous Meas wemeat,s of Stopping Tower 

Theory of' Stopping Power acid Scat ter ing 

A, ElecLron Stopping Power 

1, C1.a;;sica.l Formulation of B o h r  

2, 

Calculation of Path Lengtb in a Thin Foil 

Tn? Mean SqGared S z a t t e r i n g  Angle 

1. William Sca t t e r ing  i)istri%-ition 

2 ,  Moli"f.e ' 5  Scattel-ing Dis t r ibu t ion  

Q i l s n t u m  Mechanical Formulation of Bethe 

13, 

C n  

Tmnsient  Response of the Galor lmeter  

Apparatirs and Techrjiquea 

A. Accelerator arid AslixZlimy EqllipEerit 

1, %%E Accelerator Tube 

2- R i g b  Voltage Power Supply 

3. E l e c t r o n  Gun Pnwer Supply 

4. Elec t ron  GWI 

5 -  Vacimm System 

it 

vi 

v i i  

1 

6 

ii.1 



TABm OF COmNTS (Con't) 

Page 

V .  B. The Determination of E 

1. Measurement of Z B 

a. 

'0. 

Defining S l i t s  and Aiming Screen 

B i a s  Discs and Power Supply 

c .  Curl-ent Measuring C i r c u i t r y  

2, Measurement of P B 

a* F o i l  Mounting Ring 

b, Thermocouples and Heat Sink 

e .  isothermal Furnace and Temperature 
Control 

C o  The Determination of E 

1, %ne Cahn Electrobalance 

2. Modifications t o  the Electyobalance 

D. Preparation of Foi l s  

V I .  I rocedwe 

A- MeasuTement of 

1. Determination of K1 a d  K2 

2. Measurement of P B 

3. De termination ot B 

B. Measurement of E 

V I I .  Results 

V I I I .  Discussion 

IX. Conclusions 

43 

43 

46 

46 

48 

30 

50 

52 

62 

65 

65 

69 

71 

Bo 

Bo 

Bo 

88 

90 

90 

94 

96 

98 

iv 



Appendix 

A, Sample C a l c u l a t i o n s  

1, Calibration 

2 ,  Btemina t ion  OF E 

3 -  Determination of 7 

Summary of Data and Results Bo 

C Erro r  Analysis 

D- L i s t  of Symbols Used 

Page 

LOO 

100 

3-05 

106 

111 

115 

118 

B i b  Zi ography 122 



I1 * 

T I P  ., 

m* 
v. 
VI e 

v u .  

Effects  of V a r i o u s  Modifications t o  the Eleetrobalance 72 

101 Temperature Versus 'Time f o r  One Calibrat ion Point 

Calibration Data for Heat Capacity Constant (K 1 )"l 

2 (50.3 pg,/crn A1 F o i l )  

Cal ibrat ion Data f o r  Electrobalarice 

1.0 3 

106 

Stopping Power Data for the 30.3 ~g,/co?* A1 Foil. 112 

Stopping Power Data for the 107.8 pg/c-rn* A 1  Foil 

F i r s t  Ruri 113 

Stopping Power Data f o r  the  107-8 pg/crn2 A 1  Foil 

Second R u i  3.14 

vi. 



1. 

2, 

39 

4” 

50 

6, 

1.2 

2.2 

34 

40 

44 

5 4 

55 

59 

61 

66 

67 

83 

85 

95 

vi i 





Recently the r o l e  of stoBping paver i n  the induction of chemical 

and b io log ica l  effects by rad ia t ion  has reneved i n t e r e s t  on a micro- 

scopic scale i n  t’ne slowing dawn of charged p a r t i c l e s  i n  mat ter .  I n  

addi t ion,  dosimetry neasurerncn’x depend to a large exten t  on t h e  precis ion 

of stopping-power data., 

dosirfletry statps that the rat:o of energy absorbed i n  a small volume 

of dense m e d i u m  t o  the  eqergy- absorbed i n  an equal volume of gas is 

equal  t o  bhe r a t t o  of Yneir recpzet ive s tepping powers, 

The T3ragg-Gyay pr inc ip l e  which is  used in 

I n  beta-ray dosimetry, maximrnii permissible beta-ray exposures a re  

based on the stog2Ln.g ;G~JCTS of skin, Also, t h e  present ca lcu la t ions  

of the maximum pmnissible coiic,?n%rations o f  beta-ray emit ters  i n  t h e  

body are based on 3. knowled~~e or“ t he  siopping powem of hmm t i s sue .  a’. 

The stoppirig power 02 an r:Ssorber Cor e lec t rons  i s  derined as the 

average s p a t i a l  r a t e  3% which e?.ectrons l o s e  e?zergj a long  a track i n  

En passins thi-ou@i matber a low-ener,q e l ec t ron  loses energy primadrily 

by c o l l i s i o n s  with the c i e c t r m s  of the absorbing mater ia l .  

co l l j s ions  b r ing  about both excit&,tion and’ ion iza t ion  of atoms Ln the 

material  I n  the Zatter cases, srcondary- electl-ons a r e  produced which 

are ind is t inguishable  f r o m  the p:-irne.i-y. ‘The e lec t ron  emerging from a 

c o l l i s i o n  with Yne higher en erg^ is gexierally called the primary and 

These 
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thus the  maximum energy loss  i n  any one c o l l i s i o n  i n  a t h i n  f o i l  i.s 

one-half the incident  energy, 

e lectrons l ibera ted  i n  a f o i l  m u s t  be paid i n  order t,hat a meaningful 

measurement of  stcpping power may be made which w i l l  be i n  accord with 

the def in i t ion  of t h i s  quan.tity. 

Careful a t t e n t i o n  t o  the f a t e  of secondary 

The e lec t ron  a l s o  experiences a number of c o l l i s i o n s  with the  

nuc le i  of the  absorber, i n  which case it is  s c a t t e r e d  without  any 

appreciable energy t ransfer  because of the  r e l a t i v e l y  I.arge mass of 

the nucleus compared with t h a t  of t'ne e lectron.  

power measurements, very t h i n  absorbers m u s t ,  be used t o  m i n b i z e  multiple 

s c a t t e r i n g  s o  t h a t  the electron path length w i l l  not  be too d i f f e r e n t  

from the  absorber thickness,  

absorber t'nickness a.re not  too d i f fe ren t ,  then the path length may be 

calculated with reasonable accuracy from exis t ing  multiple - sca t te r ing  

theories  

Thus i n  making stopping 

If the  path I.eng-th of the  e lec t ron  and the  

Effects  other than ionizakion, excitat-i.on, and s c a t t e r i n g  may be 

neglected foi- the  low-energy electrons being considered here, 

t h e  reduction of energy loss a i  high energies dixe t o  the shrielding e f f e c t  

of the polar iza t ion  of. the  medium by the incident e l e c t r o 3 a n d  the energy 

l o s s  by r a d i a t i o n  are very much smaller i n  magnltude than the energy l o s s  

by exci-bation and ionizat ion for energies of the  order of a hundred 

k i lovol t s  or  l e s s .  

That i s ,  
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me problems mentioned above may be avoided if the energy delivered 

t o  t h e  f o i l  is determined d i r e c t l y  by measuring the temperature change of 

t’ne f o i l  when under bombax-dment. Here t h e  f o j l  need be only th i ck  enough 

t o  be self  supporting, for t he  heat ing o f  even thp th innes t  f o i l  i s  r e a d i l y  

measurable by conventional calor i raetr ic  methods 
? Measurements were made of the stopping powers of 30.3 p,g/cm and 

2 107.8 pg/cm A1 f o i l s  f o r  raonoenergetic electrons having energies of 

12 KPV t o  127 KeVI Tile f o i l  t‘lickncsses used were n e w  the  limit of 

minimum f o i l  thicknesses for s e l f  -supporting foils, T t  w a s  this l i m i t  

on t‘ae minimum foil thickness which dptermined YrLe lowest bombarding 

energy which could be used, Ynat i s ,  the  s c a t t e r i n g  a t  t h i s  lowest 

energy and tile corresponding increase i n  path lengih iatroduced un - 

c e r t a i n t y  in  the average path.  H a d  thinner‘ films M i t h  a suppol-ting 

p l a s t i c  backing been :xed, t”ien the energy losses  of the  p l a s t i c  s q p o r t  

would have been an appreciable p a r t  of t he  t o t a l  measured stopping power. 

A cathode-ray ~JJE  and linear accelerator  were used a? t h e  source of 

monoenergciic e lec t rons .  A well-defined beam of electrons impinged 

normally on the  f o i l  surface and passed through t h e  foil. Thc power 

diss ipated by the  e lec t rons  losing energy i n  going t i13n0~1gh t he  f o i l ,  

PB, w a s  mpaslired calor-rfletrically.  Tn’ls poNer i s  tilc produci of t he  

average e n e r m  los s  (z-) and t’m electron-beam c.arrei.t ( i  >. 
t h e  beam w a s  composed of many electrons per  second m d  the observation 

times were many seconds a d i r e c t  measurement of t he  average rnergy l o s t  

by an electron (z-) i n  passing ’d rough  the  f o i l  w a s  oktaired,  

Because B 

I‘m avel-age 



f o i l  thickness (ax> vas measured by weighing the f o i l  and measuring 

i t s  area, to get the foil thickness in units of p&[cm .I 

path length of the electron going through the foil was calculstea. 

When the path-length increases were larger than about 3O$ of the foil 

thickness, the stopping power measwrements were considered invalid, 

' k e  stopping power w a s  then calculated by taking the ratio &{.la 

2 The increase& 

-- 



11. PREVIOIJS MEASWXMEN'I? OF STOPPING POWER 

Comparatively l i t t l e  work has been done on the measurement of 

stopping power f o r  low-energy electrons LeitKSuser' w a s  the  f irst  

t o  observe t h a t  e lectrons lose energy i n  penetrat ing t h i n  layers  of 

mat ter ,  

conversion electrons from radioact ive sources, and studied the e lec t ron  

energy loss  i n  many substances including a i r ,  AI., Au, Ag, Sn, Cu, an& 

Pt.  

Ear ly  invest igators* used e i ther  cathode rays os  i n t e r n a l  

These s tudies  were made over a wide energy ~ a n g s  of 1 KeV to 

1 MeV. 

defined here,  but  r a t h e r  were attempting t o  v e r i f y  the empirical  

re  l a t  ions I.1 i p  

Ear ly  invest igators  were not concerned with stopping power as 

3 suggested by Wniddington , where v i s  the veloc i ty  of the  incident  

e lectron,  v i s  the  ve loc i ty  o€ the e lec t ron  a f t e r  passing through the 

absorber of thickness x, and "a'' is  a constant of propor t iona l i ty  which 

depends on t h e  material and t o  soae extent  on the veloci ty .  L i t t l e  can 

0 

X 

be concluded about stopping powers fronl the  work of these e a r l y  experi-  

mentors because of excessive sea-ttering, poor resolving power of the 

appasatus, and d i s t o r t i o n  of the intensi . ty d is t r ibu t ions  by the photographic 

- 
E. Lei thh.ser ,  Ann. Phys . Lp. - 15, 299 (1904) - - 

ci 
For a dLscussion of and reference t o  these ear ly  works, see W. Bothe, 

X. Whiddington, Proc. Roy. Soc. Lond. A-86, 360 (1912). 
Bandbuch dcr Physik, Bd. 22/2, 1 (1933). 

6 
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C i l m s  idiicl? were treqIaently used as detectors, 

to t‘ne peak ratbeln %ha0 the average of t h e  e n e r a  loss  d i s t r ibu t ion ,  

Also, the vx referred 

The pr incipal  vallae of” Chese e~wly experiments then was to ea ta3 l i sh  

the ordey of magpittide of the ef fec t .  

4 Later inveatigatnm , ? ~ i c g  eiliiiep eatbode rays DT conversion 

the incident  e1.ectroirs csed was from about, 24 KeV to 2 MeVP, Scme of“ 

system, %he e l e c t r o n  energy-, Detectors w e d  wxre ei-t;inel- phot;opaph.ie 

films, Geiger coznters, 0.z” Fa;rad.a.y e - q ~  wi:t;i: electroscopes e 
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By measuring the displacement of the peak o f  Liie energy-loss 

dis t r ibu t ions ,  these invest igators  were able t o  determine the  most 

grabah* energy I.oss fairly accuratelyo 

were compu-ed with the  t h e d i e s  of Landau7 and Blunck and Leisegang , 
who had s tud ied  theo re t i ca l ly  t h e  problem of .the d i s t r ibu t ion  of 

energy losses for e l e e t r o m  passing through. matter The experimental 

values of the m o s t  pi-oba'o3-e Etnei-gy l o s s  agreed quit,e well wi-Lh the 

Yneorya H o v ~ ~ ~ ~ c T ,  t h e  exp:?riiaenta.I. d i s t r ibu t ions  were usual ly  broader 

than predicted by- theory. F o i l  thic,hesses used i n  Llie experiments 

were ye la t ive ly  lmge  i n  o i - d e ~  -Lo in -*e enei-gy losses l a rge  enough 

'LO measwe, For this reason and because o f  the source-foi l  geometries 

used, tile axerage paeh I-engLh o l  the electrons t ravers ing  the foil 

frequen''L1-y coii1.d ilot be detemiiied, T:i a d d i t  Lon, because or the long 

taj.3. o f  the expexririien-ta.7_ d!.str.-ib;;ti.ioi~.s, the c ~ e r a g e  energy l o s s  could 

not; be obta.lned wi-Lii any pi?aCis~Gn, -,ence, very l i t t l e  could be sa id  
(yJ7j 

about stopping power (--} fl-om th.? espz25rneats e dx 

'Pneii- experimental resu1.t~ 
a 

9 The energy-loss dis-ki"l.b~u';,ion w a s  neasu-ed directly by Rotliwell 

and West , us ing monoe1ierg;c ic e k e - t r o o s  se lec ted  f r o m  a be ta  continuux 

by a beta spectrometer. This beam o f  r;llectr,3iiS then wedk through a 

10 

' L. 
8 

0.  

P, 
D. 

Landau, ,I, Phys. USSR, 8, - 201 (1944)- 
Blunck and S. Leisegang, Z. Phys 128, 500 (1950). 
Rothwell, op. c i t ,  

--- 

Wesc, op, c i t .  



proport ional  counter filled with the gas which cons t i tu ted  the absorber. 

The counter was c y l i n d r i c a l  w i t h  a thln mica window on each end of the 

cy l inder -  

of the  beta spectrometer, 

the other window where the eleetrons emerged, %e two counters Were 

One window was placed as near as possible t o  t h e  exit s l i t  

An end-window Geigela counter  was placed a t  

i n  coincidence so  that t h e  coincident pulse opened a gate to permit the 

delayed proport lcxal  co~in ter  p ~ i l s c  t o  go i n t n  a fo~n-cha~ne l -  kicksorter. 

Thus enly the  electrons peesing di-l-ectly thinrough the proport ional  counter 

were counted, nad thc; bsekgrownd coimt was p r s c t i c a l l y  elimina+>ed, 

It +ias assimed that thz t o t a l  i-onization produced i n  the c o ~ u z t e ~  

by t h e  pr”cnary electrot’: ar*d its secondsries GE~S a measure of the energy 

t i o n a l  to the ionizatioo, wxiLd be a memule of the energy l o s s ,  C a l i b ~ a -  

tli.oi? m s  accomplished ~ i % h  K -captme x-rays having energies of 4,95 KeV, 

and Pd1O3- Electrovl c-nm-gies @eater thsn 1 MeQ were used because .the 

incident  electrom extering the eouotek- l o s t  s m e  energy in the mica 

windows, Since t‘ne s t q p i n g  powe? i s  p r a c t i c a l l y  cons t an t  between 1 Mev 

prodused i n  {;he mica windows entered the counter and produced ionization 

i n  the co-mtep, It w a s  a>ssumed t h a t  this l a t t e r  ionization w a s  equal to 

t h e  i.onizat,ion l o s t  i n  t h e  walls of the counter by secondaq el-ectrois 

formed in the ebunter, 
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With this  method, the d i s t r i b u t i o n  of the energy lost i n  the 

absorber w a s  measured d i r e c t l y .  However, the  average energy l o s s  

could s t i l l  not be found because of th.e coll imatioa used and because 

of the f a i l u r e  t o  measure the f e w  l a rge  energy losses. Furthermore, 

t h e  observations were l imited t o  energies g rea t e r  th.an 1 MeV because 

of t h e  energy 1.0s~ i n  the mica window. Th.w the re  seemed t o  be a need 

f o r  addi- t ional  s tud ie s  wherein 1) the  average eiiergy loss  would be 

measured d i r ec t ly ;  2) t he re  would 5e no windov correct ion t o  be applied 

t o  the data; 3) t‘ne energy deposit ion of t h e  high energy secondaries o r  

d e l t a  rays would be bebter’ cont ro l led .  That i s ,  an e l e c t r i c  f i e l d  at 

the  f o i l  could relflect  the d e l t a  rays back i i i to t he  absorber s o  that they 

would deposit  t h e i r  energy there ,  in conti-ast t o  the experimmts of Roth- 

w e l l  and West where an eLluuilibrTum condi t ton  between the secondaries 

e j ec t ed  from -the window i n t o  the counter and the  secondarles e j ec t ed  

from the counter i n t o  Lhe counter w a l l s  had t o  be assumed, 



1- C l a s s i c a l  Formulation of Bohr 

In passi-ng through matter  an electron is  slowed down by c o l l i s i o n s  

with e lec t rons  of the  mater ia l .  

has been summaxized by Bi~khoff'l and w i l l  be Followed here,  

The e Imen ta ry  c l a s s i c a l  treatment 

Consider 

an incident  electron with an energy much larger than the binding 

energies of t h e  orbital electrons i n  the medium, 'ZPbese electrons may 

.then be consideyed t o  be essentrlal1.y free and at rest. 

t h a t  only a small &action of t'ne incident, energy is  t r ans fe r r ed  t o  t h e  

Next assume 

f r e e  electron, as is true i n  the overwhelming majority of c o l l i s i o n s .  

Then j . t  may Be assumed t h a t  the incident  e l ec t ron  w i l l  not suffer an 

appreciable ch<.unge i n  d i rec t ion ,  and the ca lcu la t ion  is  s impl i f ied  

cons iderahlyo 

In  Fi&.we (1) Yne incident  e lec t ron  i s  shown moving i n  Yne pos i t i ve  

x di rec t ion ,  ConsideP t l ~ e  free e lec t ron  to be a t  rest at a dis tance T 
I, 

from the  incident  e lec t ron  such khat the dis tame from the f r ee  e lectron 

t o  the  path of the  incident electl-on w j l l  be r sin 0 = b, The quantity 

b is usua l ly  called the impact parameter. Assume t h a t  t h e  f ree  electron 

does not  move any appreciable distance dur ing  the co l l i s ion  so  t h a t  b may 

R. D, "oirkhoff, op, cit, 11 

11 
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be considered t o  be a constant, 

i s  repuls ive 

The coulomb force between the electrons 

and has components 

where m 

t r a n s f e r r e d  t o  the free e lec t ron  m e  

is  the e lec t ron  rest mass. Hence, the components of momentum 
0 

I 
0 -00 

and 
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Now 

b 

s i n  0 
7 r " = -  

ah d 

-vt 
b 

_ _ ~  cot 9 = 

Hence, 

an d 

Hence, 

and 

0 

0 



The energy (U) t r ans fe r r ed  t o  the f r ee  e l ec t ron  is 

4 2e P 2  Y 
w = - =  

2 2 "  
&O b mov 

The energy W is t h e  energy l o s t  t o  one e lec t ron  i n  a co l l i s ion .  

To abhin the energy last t o  dl e lec t rons  of a med ium ly ing  i n  this 

v a l u e  elment &T = 2s bd-, Y must be mlt ig l i ed  by the number of 

electrons i n  dTn This energy is 

db 4a MZe dx - 
2 b 

4 4 
2g bdbdx MZ = 2e 

m v  2 
0 

m. v2 b 
0 

where JIII = - = number of atoms per  cc, and IVA ic; Avogq,drofs number; 

p, Z, and A me the densi ty ,  atomic number, and atomic w e i g h t  of t he  

A 

mater ia l ,  To get tbe  stopping power - 'che above expression must 

be in tegra ted  a ~ s  t h e  range o f  impact p a r m e t e r s  between b 

ax ' 
an8 tnin 

bmax> i+e*j  
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Hence, t o  get an expressi.on for stopping power, the  maximum and inj.nirrim 

Trnpact parameters must be determined, 

I n  tlne d h t a n t  c o l l i s i o n s  a t  b where the minimum e n e r a  t r a n s f e r  m a x  

w i l l  occur, the  time of coll.&ion is of  the order b 

e lectron is considered tqrao-ve 1ik.e a harmonic o s c i l l a t o r ,  then i t s  

/v. If an o r b i t a l  max 

. Thus t'ne maximum impact 1 
Lo 

period of motion i s  of the order of - 

parameter is given by 

I n  a more accurate analysis ,  the e l e c t r i c  f i e l d  of t h e  incident e lectron 

appears t o  the  ta rge t  e lectron t o  be a:n electromagnetic pulse,  This 

pulse may be Fourier analyzed i n t o  frequency components If the t r a n s f e r  

of energy occurs a t  Pesoname, t'tzer, the  Tnverse of  the lowest Fourier 

frequency wi1.1 be of t h e  ord.er of the  col.l.ision t i m e  'o flax/" Tne 

t r a n s f e r  of energy from the i-ncident t o  the o r b i t a l  electrons occws a t  

resonance, i.e., vhen the  Fourier frequency i.s equal t o  the frequency 

of the o r b i t a l  e lectron,  

I n  the c l a s s i c a l  theory, Bohr took the maximum energy which could 

be t ransfer red  i n  a s i n g l e  c o l l i s i o n  t o  be the energy of the incident 

electi-on, I n  such a case W becomes - - m  v . Hence max 2 0  
1 . 2  



. 
and 

'2 

2 
2e 

m v  
- - -  

"min 
0 

2 - -- dx 
1u v 

0 

I n  a more rigorous ca lcu la t ion ,  Bohr obtained 

3 

2,  Quantum Mechanical Formulation of Bethe 

The incident  electron-atomic e lec t ron  in t e rac t ion  is  an ine las  t i c  

c o l l i s i o n  i n  which the  energy t r ans fe r r ed  t o  the  o r b i t a l  e lec t ron  

(assumed t o  be v i r t u a l l y  at rest) exci tes  it t o  bigher  states, b he 

average energy t r ans fe r r ed  i n  a c o l l i s i o n  i s  ca lcu la ted  by obtai-ning 

t h e  matr ix  elements f o r  a l l  the  t r a n s i t i o n s  o r  t he  e l ec t ron  induced 

by the  f i e l d  of t he  incident  e l ec t ron  and then averaging over a l l  i n i t i a l  

and final s t a t e s .  The stopping power of the  medium is  t h e  sum of t h e  

contr ibut ions from a l l  i ts  electrons 



I n  h i s  e a r l i e r  quantum mechanical treatment, Bethel2 replaced the 

single frequency w by an assemblage of o s c i l l a t o r s  havi-ng frequencies 

CD and o s c i l l a t o r  strengths f s o  t h a t  C f = Z. Hence, the st,opping 

power €0-mula becomes 

i i 
i 

i’ 

where 

V 

w 
- - -  bi max 

i 

According t o  quantum theory the minimum .$mpact parameter cannot be 

l e s s  than tlie de Broglie wavelength. Therefore, 

This value of bmin is l a r g e r  that1 the c l a s s i c a l  b 

energies. 

for most e lec t ron  rnin 

Thus the bmin given by Equation (21) is more s u i t a b l e  than 

H .  A. Bethe, Ann. Pnysik 5 ,  325 (1930). 12 
- 

(219 



the c l a s s i c a l  bminB Because of t h e  lack  of experimental o r  t h e o r e t i c a l  

information regaxding e i t h e r  fi o r  ai, a mean exc i t a t ion  p o t e n t i a l  I of 

a substance i s  defined as 

Then Equation (19) becomes 

Equation (23) 2s e s s e n t i a l l y  cor rec t  for non- re l a t iv i s t i c  incident  

energiess  

used t h e  Mott e l e c t r o n e l e c t r o n  s c a t t e r i n g  fomula, and assumed t h a t  

the more energe t ic  e l ec t ron  a f t e r  s c a t t e r i n g  is the  primary e lec t ron .  

The r e s u l t  of this ca lcu la t ion  is  t h a t  

13 A co r rec t  quantum mechanical treatment gtven by Bethe 

where E is t h e  base of' the na tu ra l  logarithms. 
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For t h e  r e l a t i v i s t i c  case Bethel3 used the  M6ller formula f o r  the 

electron-electron s c a t t e r i n g  cross sec t ion  and obtained 

where E i s  the  k ine t i c  energy of the  incident  e lectron,  7 is the  Lorentz 

f a c t o r  , @ = v/c with c the  ve loc i ty  of light. 

14  Using the  Thomas-Fermi model of the atom, Bloch has developed a 

theory showing t h a t  the  meaa exc i ta t ion  pobent ia l  i s  proport ional  to Z, 

i.e e , 

I = K Z  (26) 

where K i s  a constant.  

of t h e  atorq, which Lakes i n t o  account tine electron-spin in te rac t ians ,  

Sensen15 found tha t  

Using the more accurate Thomas-Fermi-Dirac model 

where t h e  index o r e f e r s  t o  i so l a t ed  atoms. The constants K and k 
0 0 

have not  been ca lcu la ted  except that, k < 0.8. A s  Bra:ri.dt 16 points  out, 
0 

l3 9. A. Bethe, Handbuch der Physik 24, S-273 (1933). 
l4 F. Bloch, Z o  Phys. 81, - 363 (1933). 
l5 H. Sensen, Z. Phys . 106, 620 (193'7). 
14 

- 

W o  Brandt, Health Physics 1., 11 (1958). 
I 



t he  constants K and k m u s t  be determined experimentally. Brmdt  17 
0 0 

has given a r a t h e r  d e t a i l e d  discussion of the mean ioniza t ion  po ten t i a l ,  

By using t h e  I = l5O ev fo r  aluminum and 

Brandt gets  K = 7*6 ev and k = 0 ~ 6 ,  Such values are d i f f i c u l t  60 

v e r i f y  f o r  t h e  following reasons.  The value of I occurs under the  

logarithm in the  stopping power formula which makes i t s  evaluat ion by 

a LindhardScharff  diagram, 

0 0 

measuring stopping power very d j f f i c u l t ,  Furthermore, i f  the  stopping 

power of heavy p a r t i c l e s  i s  determined experimentally, the  e f f e c t s  of 

t h e  t i g h t l y  bound, fest;dnoving inner  sh5l l  e lec t rons  which do not p a r -  

t i c i p a t e  f u l l y  i n  slowing down r e l a t i v e l y  sdow-moving heavy p a r t i c l e s  

must be removed from t h e  data ’pefore the Bethe formula is  appl ied,  And 

if the stopping power of e lectrons is  measured, s c a t t e r i n g  and s t r agg l ing  

introduce enough e r r o r  t o  make a determination of I a l l  but impossible. 

Be Calculat ion of Path Length i n  a Thin F o i l  

Tn passing through matter e lec t rons  a r e  sca t t e red  by t h e  nuc le i  of 

t h e  stopping mater ia l .  I n  most c o l l i s i o n s  the  s c a t t e r  angle 8 per  

c o l l i s i o n  i s  small enough t h a t  s i n  €3 ”= €3. Also electron-electron scat- 

t e r i n g  i s  s m a l l .  

t h r ee  dimensions, CoiiBider f i r s t  t he  t r i a n g l e  ARC, and let; OA be dS 

Shown i n  Figure (2)  is the s c a t t e r i n g  geometry i n  

l7 W, Brandt, Pays e Rev, - 104, 691 (1956) 
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the  incremental path length taken by the  sca t t e red  e lec t ron-  men 

A B =  exdS 7 

x = e z d s  > 

and AC = 0 ds 

53y the  Pythagorean theorem, 

Hence 

and 
2 

- 
e2 = e2 + ez 

Y 

It can be readily seen t h a t  

e* 
& = - =  d t  at; = dt; (1 + - s u e )  

e2 1 - --p I.. 
cos e 
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Since it was assumed t h a t  8 is small, terms containing 8 t o  l a r g e r  

powers than 2 may be orqitted. Now 

ds = dt + dQ 

where dJ is the  increase i n  path length due t o  sca t te r ing .  

(32) and (33) may be solved for dR 

Equations 

dt, , e2 dQ = - 2 

so t'nat - 
dt d e = -  e* 

2 

(33) 

(34) 

( 3 5 )  

Then the  t o t a l  increase i n  path length is given by 

0 0 

where t is the  f o i l  thickness.  The problem then is  t o  ca lcu la te  the 

e2 i n  Equation (36). 
_. 

To do t h i s ,  the theory of multiple nuclear 

s c a t t e r i n g  m u s t  be used as presented in  the following section. 



C .  The Mean Squared S c a t t e r i n g  Angle 

1. W i l l i a m s  ' Scat te r ing  Distr ibut ion 

A s implif ied treatment of mult iple  s c a t t e r i n g  .,as been given by 

W i l l i a m s 1 '  and w i l l  be followed here, 

The Rutherford d i f f e r e n t i a l  cross sec t ion  per atom f o r  s i n g l e  

s c a t t e r i n g  i n t o  a s o l i d  angle d9 i s  given by 

where t h e  rest mass of the e lec t ron  has been replaced by the r e l a t i v i s t i c  

mass, 

t h e  probabi l i ty  f o r  a s i n g l e  s c a t t e r i n g  between 0 and 8 -f a0 i n  a th icb-ess  

27ne s c a t t e r i n g  cross sec t ion  f o r  small angles may be m i t t e n  as 

dx 7 

? (389 

where t h e  f a c t o r  Z2 is  replaced by Z ( Z  -E 1) t o  account for t h e  s c a t t e r i n g  

by t h e  atomic electrons,  

a b i l i t y  f o r  s c a t t e r i n g  a t  small angles becomes ext,r-emely la rge  e 

it is  the  screening of the  nuc1ea-P- charge by the o r b i t a l  e lectrons which 

Since e3 appears i n  t h e  denominator, the prob- 

Phystcal.1-y 

Es Jo Williams, Ppoc, Roy, Soc, Loud- A-169, 531 (1939); Phys, Rev, 
58, 292 (19403- 
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reduces the  small angle sca t te r ing .  However, it i s  s u f f i c i e n t  f o r  

purposes of in tegra t ion  t o  cu t  o f T  the multiple s c a t t e r i n g  contributions 

at, some minimum angle 8 . Thus, the  form of Equation (38) need not be 

a l t e r e d ,  If the  Born approximation i s  va l id ,  i.e., i f  the amplitude of  

t h e  scattered wave i s  small. compaxed t o  the amplitude of t h e  undisturbed 

incident  wasre, then a reasonable estimate of 0 is  given by rn i n  

min 

K - -  
in in a '  e 

where 

and 

-1/ 3 a = a Z  
0 

(39) 

I n  these expressions, p i s  the  momentum of the incident e lec t ron ,  and 

"an is the  e f f e c t i v e  shielding radius which is  used i n  t h e  approximate 

expression f o r  t h e  shielded nuclear p o t e n t i a l  

-r/a e z e' 
r 

v = 1 -  



2 5.29 x 10-9 cm, P and a i s  t h e  Bohr radius  = - = 
0 

m-e  
U 

For t h e  above expression f o r  8 

r e  quires  t h a t  

t o  he va l id ,  the  Born approximatAon m i n  

When this condi t ion is not  s a t i s f i e d ,  then the  classical 

x 
a 

a -  0 min 

(43) 

(45) 

is more nearly cor rec t ,  This expression may 'oe obtained from the 

equation desived i n  c lassical .  s ingle  nuclear s c a t t e r i n g  theory r e l a t i n g  

t h e  s c a t t e r i n g  angle 8 and the impact pa.mme%er b is the sh ie ld ing  radius 

a is used f o r  b, 

2 0 Ze 
2 t a n  - = 

m v2 b 
0 

(46) 

TQe maximum angle  of  s c a t t e r i n g  i n  a single co l l i s ion  (0 ) m u s t  max - 
now be estimated before e2 can be evaluated from f (e,&) An a r b i t r a r y  

value of emax is u . u a l l y  chosen such that; there  i s  on the average through- 

out the  whole f o i l  thickness t only one c o l l i s i o n  i n  which 0 is  greater 
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Ynan 8 e By in tegra t ing  f (e )  from emax t o  some la*ger  angle e ' ,  max 

where ( 0 ' )  2 >> Omax 2 , and s e t t i n g  the i n t e g r a l  equal t o  unity, the 

following expression for 8 i s  obtained, max 

Equation (38) may then be wri t ten as 

where f(8,dx)de is  t h e  s i n g l e  s c a t t e r i n g  d i s t r i b u t i o n  f o r  a khickness 

dx, Hence 

and because of  the  addi t iv i ty  of mean squared deviations for independent 

events t h e  t o t a l  mean squared deviation f o r  a f o i l  of thickness t is  

max 
max In e- m i n  

e 
e = 2e * mus 
- 

2 2 



2, Moliere ' s  Sca t t e r ing  Dis t r lbu t ion  

The theory of mult iple  s c a t t e r i n g  has been treated most recently by 

M ~ l i k r e ' ~  who has considered moaif i ca t ions  to the s c a t t e r i n g  d i s t r i b u t i o n  

from s ingly and plurally scattered e lec t rons  as well, Tke value of t he  

m e a n  squared scattering eagle d i f f e r p  little from the Williams' value as 

2 w i l l  be noted below, 
- 

Solving fo r  8 , Moli&e found that 

(cornpmq with Equation 49) 

For Omax and 63 Moli&e used min 

and 

The expression f o r  8 

Z(Z+l) is replaced by 2, . 
similm t o  that of Williams' except f o r  a slight correction in the  Thomas- 

Fermi radius and f o r  a factor which accounts fo r  deviations from the Born 

approximation for values of cr: = Z/13'@ not small compmed w i t h  uni ty .  

i s  s b i l a s  t o  t h a t  of Williams except that m a x  
2 A l s o ,  the expression for the angle Omin i s  

Ga Moli"ee, 2-  Naturforsc'n, 3a, 78 (1948) - 



Comider a well-defined electron beam of  c i r cu la r  CFOSS sect ion 

and of constant beam current  impinging nomall-y on the  surface of a 

f o i l  which has been pre-cooled t o  a -temperature T 

temperature ‘I’ e 

below the  environmental i 

Assume Y s a t  there  i s  some means f o r  measuring the  f o i l  
0 

tempmature a t  i t s  periphery such as a set  of thermocouples equally spaced 

around the circumference of the  foil. Then the L i m e  rate of temperature 
s 

change of t he  f o i l ,  T, w i l l  be proportional t o  the net  heat -f;6 the f o i l  

per uni t  t i m e ,  Eence, 

0 

T ? 

I_ 

where T i s  the foil temperature, P == & 3 :: beam ~ O T J ~ T ”  absorbed by 

t‘ne foil i n  watts, 

i n  vo l t s ,  and Z is the  beam current i n  amperes. 

B B E  

aB is  the average beam energy absorbed by the f o i l  

B 

K is the ca l ibra t ion  constant of the s y s t e m  and is equal. t o  1 

the  reciprocal  heat ca,pacity of t he  system i n  appropyiate units .  

K2(T-To) represents the heat exchange between the  system and t‘ne 

environment due t o  conduction and radiat ion.  Because of the  s m a l l  

temperature differences involved, the rad ia t ion  losses are proportional 

t o  T-T in accord with Newton’s lav of cooling. 
0 



From Equati on 

temperature change 

(54) it can be seen that a t  T t To, the r a t e  of 

is just 

Eowever, in order t o  measme T, the temperature change must be observed 

fox- aa increment of time 2At- Assme that T = To a t  the  time to, md 

'that the temperature is measured f o r  equal in te rva ls  of t i m e ,  say At, 

on either side o f  toe The pl-oblem then is whehher OP not this obsemed 

slope i s  the same as or neazly %he same as the t r u e  slope at T e If t h e  

observed slope i s  nearly equal t o  the  trlxe slope, then the observed slope 

may be used a 6  a d i rec t  measure o f  the beaA power absorbed i n  Lhe foilP 

If t he  beam cunelz-t i s  known t'nen the average eresgy Loss i n  the foil 

&?E may be determined. 

0 

~y separation of variables and Integration of Equat-ion (34) the 

following result  is obtained, 



and 

% pB t r _ - -  I I n  * 
0 K2 K1 PB - (Ti-To) K2 

From Equation (57) it is found t h a t  

Hence, 

As a check on this so lu t ion  f o r  T, i t  is  seen t h a t  a t  t = 0, T = T 

as t -+ m, then 

and i’ 

P + T  % T m  K1 T = -  
K2 B o 

If t h i s  de f in i t i on  of Tm is used, Equation (61) becomes 

T = T m ( l - e  -K 2 ) + T i e  t -K2 t 
? 
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or 

-K2 t T = T~ - (T, - T ~ )  e 0 

Now define T = T+ when 2; = to 4- At, - and define T = T when to = t -At, 

so t h a t  

0 .  - 

and 

(t -At) T_ = T, - (T, - Ti) .&-% o e 

As c a n  be seen f%m F i p e  (3), the  observed o r  apparent slope i s  

given by 
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From the expression for t given i n  Equation (381, $ becomes 
0 

(T, - Ti> 
sir& K2 At '1 'B 

K1 - (T. -To) K2 At 1 
I =  
TO 

morn the  expression f o r  Tm given i n  Eqaat ion  (62) [ + ] becomes 

To 

sinh Kg At. = K1 '€3 
( 8 53 * - Ti j 

At 

Factor ing out  K P - (Ti-To) IC2 i n  the numerator, EqlnaLion (69) becomes 1 B  

The sinh K t may be expanded to give 2n 

If a11 but  the f i rs t  term may be neglected, i.e., i f  

>> 



O T  

then 

The problem now is to determine K 2 which is Lhe rec iproca l  of 

Referring t o  Equabion (61) it can the  time constant of t he  sytem, 

be seen t h a t  

'Then 
T - T. 

Thils, i f  the  pre-cooled foil is  permi-tted t o  d r i f t  toward T 

evaluated by measuring T as a function of time and by then determining 

t h e  slope of a p l o t  of log1o T. -T versus t. This slope i s  equal t o  

K may be 0 2  

ir - '.r0 
1 0  

-K2 loglo E = - 0,433 K2. 

(77) 
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The constant K may be determined by decreasing the beam energy 1 

u n t i l  the beam lis completely absorbed i n  t h e  T o i l .  

values of [ + ] 
F r o m  the roeas,ued 

, bean energy, and beam current, the constant IC1 

0 
T 

may be found, 



A- Accelerator and A u x i l i a r y  Equipment 

1, Accelerator 

An accelerator  w a s  used as a monoenergetic source of electrons.  

The accelerator  has been described i n  a somewhat, modified form by 

Blackstock, B b k h o f f ,  and Slater2'. It cons is t s  of e lectron gun, 

an accelerat ing tube, and another jdent ica l  tube vhich may be used 

fo r  e i t h e r  accelerat ion or  deceleration, I n  t h i s  work, the l a t t e r  

tube was grounded ar?_d served no useful purpose, Tne accelerator  

tiibes as'e similar to those used ir: CocWoft-Valton machines and 

c o v s i s t  of a l t e r n a t e  ceramic;: insulators and accelerat ing electrodes 

sealed VBCIL~UTI t i @ c  with v inyl  cement, 

A voltage divider  c o m i s t j n g  of six f i f t y  megohm i R C  resistors 

i n  series and across the accelerat ing tube was used t o  establish the 

electrode poten t ia l s ,  

2- nigh. Voltage Power Supply 

Y'nc high voltage was supplied by a Westjnghouse 230 KTi X-ray 

power supply which was  center  -grounded t o  provide flelqiLbility of 

ogex-atioc and t o  permit voltages of 230 KTT with no p a r t  of t h e  

system being more than 127 KV from groinid. This power supply was 

2o A.. W, Blackstock, Ro De Birkhoff, and MI S l a t e r ,  Rev, Sci ,  l n s t , ,  
26, 27b 0935). 
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used for both an X-ray machine and the acce lera tor ,  

high voltage switch allowed the power slrpply t,o be switched easily 

to e i t h s ?  the X-ray machine o r  t h e  acee lera lor ,  S e p a m k  control.  

systems permitted the  h l g h  voltage s q p l y  t o  be operated from e i t h e r  

t he  acce lera tor  01- X-ray c o n t m l  panels.  I n  t h e  W O P ~  described hepe 

t h e  p o t e n t i a l  applied t o  the acceleratm- was v w i e d  fx-orn 10 to 123 

An o i l  immersed, 

The voltmeter c i r c u i t  xEed Tor measuring t h e  high voltage applied t o  

the  acce lera tor  consisted of a ca l ibmted  25 panel meter in s e r i e s  w i t h  

a string of forty-two cali 'crated m s i s t o m  of h ~ f t  each, !l 'ke resisto-rs 

were immersed i n  an o i l  tank and werre ca l ib ra t ed  w i t h  n Wheatstore 

bridge to an accuracy of Qw023$ Hem?., the r e l a t ive  e n o x  of r,he 

t o t a l  r e s i s t ance  of t h e  r e s i s t o r s  i n  series is  a t  least as good as 

o .025 
442 

0*025$ a:id pmbably as good as "kis was mxch b e t t e r  t h a n  t h e  

accuracy with w h i c h  dhe panel meter eari be read, which was about + 0.5 

--do 

- 
Frequently a a - 19, 30 KV, e l e z t r a s t a t i c  voltme'tes- was also used 

t o  measwe t h e  lower po ten t i a l s  applied t o  the a-celerat,or, Its readi-rigs 

checked very c lose ly  with those o f  t he  paxiel InF'teT+ 

shown in Pigare (4) is the power supply f o r  tbe clec-l;ron gun?, D U ~ I  

potentiometers ( R - 8  and R-9)  w e ~ e  used t o  vary the  poten t ia l s  of eacF 

member o f  t he  two p a i r s  of deYlection plates above and belaw t h e  second 

anode po ten t i a l ,  Patiel meters were ' n l ; i l t  j r j to  the power scpp-ly s o  that 
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a l l  of the  voltages of a d  the cumrents to all of the gpn elements 

could be measured, 

po ten t i a l s  of the deflection plates  ar?d the focusing electrodes of 

the gul.1 in conjunction with t'ne adjustmer,t  of the hol-izontal and v e r t i c a l  

magnetic degaussing fields Most frequ.ently, however, t h e  deflection 

battery switch w a s  left open and the e lec t ron  beam was aimed by vaxying 

the  hor izonta l  and vert , ical  nagcetic dcgamsing fields and t h t  po ten t ia l s  

of t'ne focusing eleetropes o f  t h e  

con t ro l l i ng  the curren t  through t h e  f i l a m e n t  of t h e  e lec t ron  gun. 

Vi;. electror& beam could be aimed by v a ~ y j n g  the 

T%e chassLs of the elect;rorL ginj power supply was left, "floaLing" 

and the second anode was coi-mezted to t h e  125 YY poser supply and t o  

the  end plat(: of  the acce lera tor ,  ln this ?na;?n~,r the gun cat%lrJde 

was et a potential .  equal to th? second mode voltage below t b c  end 

p l a t e  of the accelcx=ator, ilence the e_'ectroas from tho: gcln entered 

the acce lera tor  w i t h  a kinetic.  energy dnt,emnined by t,he second anode 

vol tage 

110 Af2 l i n e  vol tage to the e l e c t ~ o n  gtm pcwer sl~p'ply. 

Two cascaded isolation transfomiers were w e d  t o  supply 1,hc 

4, Electron Gun 

The electron gun was t h a t  used in a General Electric 5B2I rathode 

ray tube. The gans were purchased on a s p e c i a l  order, %ley were del ivered 

without the luminous screen and cut  o f f  at the end of the glass neck, After 

exposure t o  a i r  arid aTter each shut-down, the cathode had t o  be re -ac t iva ted ,  

Triis was  done 5n the following manner. 
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The electron gun and high. voltage power supplies were i n i t i a l l y  

o f f ,  and the pressure i n  the accelerator  was of the order of IO-’ mm 

of mercury with no l i q u i d  nitrogen i n  the cold t raps  of the  vacuum 

system. In  the e lec t ron  gun power supply, the filament Variac w a s  

s e t  a t  zero, the second anode switch was turned o f f ,  tine f i r s t  and 

second anode controls  were s e t  f o r  minimum p o t e n t i a l ,  and the gr id  

control w a s  set f o r  maxiinurn poten t ia l ,  Then the electron gun power 

supply was turned on. T‘ne f i l m e n - t  V u i a c  was  adjusted u n t i l  0.3 

amperes of filament current  w a s  obtained. The second anode switch 

was turned ono 

and -50 v o l t s  on t h e  second anode, f i . r s t  anode, and gr id  respectively.  

A p o t e n t i a l  of a’ooiit 20 KV was then applied t o  the  accelerator .  Ti7.e 

gri.d p o t e n t i a l  of the  e lec t ron  gun w a s  s e t  a t  zero, and the cilrrent 

t’n.rough the  gun filament was gradually increased t o  0.7 amperes ., 

Several minutes of warm-up time were allowed Lo elapse.  ‘The cathode 

emission meter would ,l;‘nen read from 0.6 t o  1,O milliamperes. 

w a s  then aimed and focused u n t i l  it w a s  detected a t  the  opposite end 

of the  acceleszbor, I f  necessary, the filament current  w a s  increased 

fur ther ,  However, t h i s  was avoided whenever possible  i n  order t o  

prolong the l i f e  o f  the  oxide coated cathode. 

Under these cond%tions there  were It50 v o l t s ,  150 v o l t s ,  

The beam 

3 o  Pumping Sys-tern 

i 

The pumping system used with the accelerator  consis ted of a 

small and a, lazge Duo-Seal vacuum pump and an o i l  diffusion pump. 

The large DuoSeal  pump and t h e  vm260 diffusion pump could be 
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sealed off from the  acce lera tor  tubes with a valve, 

made it possible  t o  l e t  a i r  i n t o  the acce lera tor  without having t o  

tmn off these pumps, 

pump, With the  large DuoSeaZ and the d i f f w i o n  pumps, pressures of  

0.3 t o  0.5 x Liquid nit rogen was 

used in  a co ld  trap between the accelepator and t%le di f fus ion  pump, 

This arrangement 

The small Duo-Seal pump was used as a roughing 

mm of mercury were obtained, 

E, The DetermTnation of 

AS s t a t e d  eaylier, the average energy loss X is given by 

wbere P 

i s  the beam current, i n  amperes, 

is  the  beam power absorbed by the  foil i n  watts, and f B  E 
_I 

The a.ppmat.r:~ foT meesrJing L& 

consisted of two parts, o:ie pa.r% for Iroeasuring C 

f o r  rneasuri.ng P 

and tho o'cher p a s t  B 

B-  

3 1. Measurement of d 

Shown in Figme ( 5 )  is a drawing of the appmatus for defining 

the electron beam and rneasu~ing the beam current .d It consisted 

of: 

supply t o  provf.de the b i a s  poterLtjal; e >  Faraday cup; 

rneasw5n.g apparatus; and e) Electrostat ic  s h i e l d  

B' 
a) Defining s l i t s  and aiming screen; b) B i a s  discs and a power 

d) The current 
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Figure 5.  Schematic of the  Apparatus for P.leas1lrFng AE. 



I t e m  No, 

1, 

2. 

3. 

4, 

5. 

6, 

7- 

8 ,  

P w t s  List f o r  Figme 5 - 
Description 

Faraday cup 

Bias Discs 

F o i l  and F o i l  Noun?< 

Defining Slits, gold-pIa.tea aluminum 

Aimi.nng Screen 

87 Volt, G l o w  Discharge Tubes 

Elec t ros t a t i c  Shield 

K e l  tIil.ey Nodel. 410 Micro -microammeter, Keithley Ins trvments 

e. O ~ ~ W Y ,  c ieVeia.T:a, m i  o 

v1 = Eegative Power Supply 

GI = Hubicon Galvanomtes (~16019), 0,00406 palm s e n s i t j v i t y ,  

1073 internal res is Lance 

k e d s  and  Wort;hmy Galvanometer (X49375), 0,000424 p / m m  

s e n s i t i v i t y ,  51-0 internal resistance 

G2 = 
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a. Defining S l i t s  and Aiming Screen 

The holes in the &fining  s'lits were 5/16 inch i n  djmeter  and the 

distance between them was adjus ted  so tha t  the electrons could not h i t  

the foil mounting* Bad e l e c t r o r s  beer: able to s t r ike  the fojI mounting, 

they woxld have beer, completely absorbed, and an erroneous stopping 

power measxrement aoii lt l  have Fenn infer red ,  I n  addi t ior , ,  the  defining 

s L l t s  vert3 adj,s-t,cd so tlias the -ent--r of" the d e f i r o d  e lec t ron  h a m  h i t  

t n e  c e * ~ t e r  of  the f o i l ,  Ttie aiLming screenJ rnadr of gold-plated a l i x n i n r m ,  

w a s  s i x  in;.,l-es i n  dimetes and l/2 irAcb th i ck ,  Its f l u x t i o n  is to 

.I"acilit;lr t i  r i q d h g  and a jm: r  g tke elezt ro:, beam, Tt w a s  raade o f  aluminL;irn, 

a low Z mateTial, :D ordep t? m i r ~ n ~ i z e  the p o d a c t i o n  of X-rays by ihe 

i w i d e a t  el ettroris Rf"1ori;s Ts.rcre medt i o  minilciae prcd-ic.t,lon 09 

x r s J a  i;rder to red I P e r r ~ % s i ~ ~  O C  electrcacs frCiA3 v w ,  ot,s pasts  of 

ti:c a3pas.a: US wlzicl wig,: ta1,se FTTC':E~LIS c,rren^, IrlLaswerner,xs, 8 T k ~  

sijrfacc WZ;, gc ld  p l a t z d  tr-r hide ?ke layer of a l a i r m  oxide. Si ic l i  a 

layer  -cald have :'nargrd tc; prvdiAie an extrmcoiis  el,;e-tric f i e l d ,  

lj, S i a s  Discs and Power Sipply 

The bias discs  F T C Y " ~  madc fmm a brass sc reen  h a v i n g  a Cir::: mesh. 

Screer, was used s o  tha ' i  Lakec aiy wodld r iot 'blcw o t ' l  or ljincak t'f,e foil 

whez t h P  nystmfi w a s  Tumped dowr e Firie m e s k  was .sed To rniiiirnize 

diskort iof is  of the electric f l e l d ,  Each b ias  disc was electrically 

insulated C r o m  and rnoui!ted oy1 t h e  i t ~ s i d e  of t'ne Faraday clip. 'L"hPee 

s m a l l  spaceyy,, made of t e f l o r ~  ar,d equally spaccd aroimd the p i  rcumfereice 



of each b i a s  disc ,  were used f o r  t h i s  purpose. There were -two reasons 

f o r  mounting t h e  b ias  d iscs  ix i r fg  three  small equal ly  spaced inslrlators 

r a t h e r  tbar; R single c i r c u l a r  insu la tor ,  T'e f l r s t  was t o  permit the  

air Lo f l c l w  more f ree ly  when t he  system was being pumped down t o  help 

prevent breaking t h e  f o i l ,  The second w a s  t o  minimize the  insulat ion 

surface charge e f f e c t s  whl ch would dis toPS tke electric f i e l d  pmduced 

by the  bias discs 

%%e bias  d iscs  provided an d e c t a i c  f i e l d  to repel the  secondary 

e l e c t n m s  which left t'cle foil back i n t o  t h e  f o i l ,  pT?is was so  that, 

secondary electrons woi r ld  d i ss ipa te  theiz eneygy i n  the f o i i  i n  accordance 

wit 'c Z;Fe defYrLition of stopping power, 

taken t o  be the rme emerging from the  foil with the higher energyy, 

any electron einergjrlg f Y o m  t'Le f o i l  with less t h a n  half" the primary 

c n e ~ g y  is aaslrmed Lo he 2 secondary a n d  should be r e r l e c t e d  back t o  

t h e  foil where it should give #rp its energy. dn a d d i t i f i n  the bias  

discs provided an e l e c t r i c  field n e a r  the Fwaday cup to repel t ' n ~  

secondary electrons from b h e  2draday cup back i n t o  the cup. 

That is ,  the primary electron is  

T h u s  

Tne power s r ~ p t l y  (V ) f o r  the bias discs  was an ALornic Ins+.riment 1 

Company Guper-StablP High Voltage power supply with a negakivc output, 

volt,:tgc which could be var ied from 0 to -1500 v o l t s  in steps of 6'7 

vol t s .  When it, w a s  desired t o  vary the bias d isc  p o t e n t i a l  from 0 

t o  -e'( volts continuously, a 160 KR hel ipot  w a s  used as a continuoils 

voltage dividei- t o  give th.: des i r e d  p l t e n t i a l .  Tne output  c u r r e ~ t  
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of the power supply w a s  kept below 1 ma by use of the 100 K he l ipo t  

which w a s  the laygest available.  On occasion another Atomics Ins t ru-  

men6 Company regulated high voltage power supply w a s  used with a 

negative output voliage which could be var ied from -500 t o  -3000 volts, 

c Current Measuring C i r c u i t r y  

A galvanometer ( G 3 )  having a 2ens i t iv i ty  o f  0.000424 microampres 

per  millimetes* w a s  used t o  measure the cixrent  t o  tlne bias  discs,  

Galvanometer G2 with a s e n s i t i v i t y  of 0,00389 micro amperes per m i l l i -  

meter w a s  used t,o measlure t’iiz current  t o  the foil, Depending on the 

pos i t ion  of tlne switch SI ,  galvanometer G I  measured the current to 

e i t h e r  the aiming screen o r  the Faraday cup. This galvanometer had 

a s p a s i t i v i t y  of 0.001106 micrc-amperes per  mill imeter.  These galvano- 

meters had b u i l t - i n  sca les ,  and  could be read within 3- 0.2 millimetel-. 

Each galvanometer was frequent ly  ca1ib.t-ated by connecting i t  i n  s e r i e s  

with a ca l ibra ted  resis tance,  and by then measuring the  current through 

the galvanometer by measuring the p o t e n t i a l  ay”op acToss t h i s  res i s tance  

w i t h  a potentiometer, 

A revers ing switch (32) w a s  used t o  connect a recording electrometer 

i n  s e r i e s  with e i t h e r  galvanometer GI or galvanometer G2, This w a s  done 

f o r  two reasons, One w a s  t o  provide more s e n s i t i v e  c i r r e n t  measixrements 

whenever necessary, The other w a s  t o  provide a pexmaiient record o f  the  

beam current ,  which consisted of the cup currerlt, when the  stopping 

measurements were made and the f o i l  current when the bem w a s  completely 
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absorbed i n  t h e  f o i l  during the  c a l i b r a t i o n  measurements, Tne 

electrometer w a s  a Kei thley J,nstriments, Enc. , model 410 '*Micro- 

Microammetern, and had 20 overlayping ranges of t o  3 x 10 -13 

amperes full  s c a l e -  

The accuracy of 

3 x 10-7 amperes was 

t he  electrometer on the ranges from lom3 tl.lrou@ 

within 2% o f  f u l l  scale, -8 On t h e  ranges from LO 

through 3 x 

t h e  Fegiming  and end of a day's r u n  by conr,eet;ing a 1-5 v o l t  d r y  c e l l  

i n  series w i t h  a ca l ib ra t ed  wire w x n d  r e s i s t ance  and the electrometey 

input, The r z t i o  o f  t h e  vol tage drop across the  r e s i s t ance  t o  t h e  

r e s i s t ance  gave Tile cur ren t  t o  t h e  electrometer input,  This cur ren t  

was compared w i t h  the e l e c t x m e t e s  cii.zsl*.ent measuremen% as recorded 

by the Brown recorder, which w a s  always connected Lo tile electrometer 

outpdt t o  record t h e  e lectrometer  measvlu'ements, 

i ts  accuracy was within 4%- It was ca l ib ra t ed  a t  

The Brown recorder  w a s  EL pc$entiometer-~ebalance type recorder  

which automatically r eca l ib ra t ed  i t s e l f  every f e w  minutes, 

mania-fact-ued by the Brown I n s t r u m e n t  Canpany m-d had a qxoted accuracy 

of 0,25$ of full scale def lec t ion ,  

It w z s  

The p o t e n t i a l  drop across the c a l i b r a t e d  wire-wound r e s i s t o r  w a s  

measured with a Leeds and Nortkmp, type K2  potentiometer, The accwacy 

of t h i s  potentiometer was witkin one microvolt. Thus, t he  accuracy o f  

t he  ca l ib ra t ion ,  arid henee the  accuracy of the e lec t rape tey  measurements 

were within On?$, s i x e  t h e  electrometer was ca l ib ra t ed  on the range used, 



Zlne input impedance of the electrometer w a s  control led by negative 

feedback froin the output s o  t h a t  the t o t a l  voltage drop across the 

input terminals w a s  l e s s  than  5 millivolts for full sca le  def lect ion.  

On t'ne 10 ampere scale, which was the l a r g e s t  sca le  used, the  e f -  

f e c t i v e  input impedance w a s  5000 ohms. This ef fec t ive  input impedance 

w a s  t'nus comparable t o  galvmometer hpcdances, The zero drif t  on a l l  

but the  most s e n s i t i v e  ~ s . n g e  w a s  l e s s  than 2$ i n  e ight  IIOWS fol- a 

warnrip froin a cold s t a r t  e When a two-how wamup was provided, the 

zero  drift was considerably 1 ~ ~ s ~  For t h i s  reason) the electrometer 

was l e f t  on a t  all times. Electromet,er @?id c u r r e n t  was l e s s  than 

-6 

5 x 10-l4 mpa-l.es 0 

Al though the electrometer bad a voltage-regulating Sola  t rans  - 
farmer b u i l t  i n t o  i t s  chassis, an  addi t ional  sine wave Sola  rega la tor  

was used f o r  i t s  power supply t o  minimize hal-inonics i n  t'ne power input, 

13 
2. Measurement o f  P 

Tine a-ppamtm f o r  measwing ihe amomt of power (P diss jpa ted  R 
by the e l e c t r o o  beam i n  thc  f o i l  consisted o f :  

r ing;  

tempera t 1 1 n  cont ro l  I 

a )  A foil ard nioixting 

b) themocoiiples and isothermal furnace and heat s i n k ;  and c >  

a,  Foil Mounting Ring 

The foils were rnoxnted on a s m a l l  coppt'sn r i n g  which had  an  ir;side 

diameter GE O,5 inch and a m a x i m m  outside diameter o f  0.588 inch a t  

one end, which tapered dowr t o  0,560 inch ovey a thickness of 3/32 i n c h ,  



. 
Three holes equally spaced around t h e  peyiphery were d r i l l e d  and tapped 

f o r  0-80 screws t o  f a c i l i t a t e  handling t h i s  copper ring, The mass of 

the copper r i n g  was kept small  t o  minimize i t s  thermal capac i ty  which 

i n  t u r n  r e su l t ed  i n  a g rea t e r  temperatwe change f o r  a given amount of 

added e n e r a ,  and decreased the  time constant of' the  system. The surface 

of the  r i n g  on which the f o i l  was mounted was highly polished so t h a t  

t h e  f o i l  would adhere t o  t h e  r i n g  t o  give good thermal and e l e c t r i c a l  

contact  between the  f o i l  and r ing ,  The r i n g  was made of copper because 

of t h e  good thermal conduct ivi ty  of this metal, 

The c q p e r  ying f i t t e d  i n t o  a p l a s t i c  r i n g  holder,  A slight 

tmce of vacuum grease was used on t h e  outs ide  surface of the copper 

rii19 to hold i t  i n  t h e  pbsfxk m g  hddzr ,  

The dimensions and hence the  thermal capaci ty  of t he  r i n g  holder 

were kept t o  a minimumo Tie r i n g  holder had twelve, s i z e  80, equally- 

spaced holes d r i l l e d  throu&. it, Two s e t s  of themnocouples -- s i x  

themnocouples per  s e t  -- had t h e i r  junctions in se r t ed  i n t o  these holes ,  

Bakelite cement w a s  used t o  cement these thermocouple junctions i n  place 

and t o  provide thermal contact  between t h e  junctions and the  r i n g  holdel., 

Thc r i n g  holder  was made of" p l a s t i c  to provide e l e c t r i c a l  insu la t ion  

between t'ne f o i l  and t'ne tl-iemial junctions a s  wel l  as between t h e  

junctions t'aemselves 



b. Thermocouples and Heat Sink 

The thermocouples were made of number 40 copper and number 38 

constantan wires. Tnese small wire s i z e s  ware u.sed i n  order t o  mini- 

mize the  heat losses by conduetion from the f o i l ,  Copper-constantan 

thermocouples were used becawe of the re la t i -ve ly  high Qhermoelectric 

power, t e n s i l e  s t rength,  and qlalleabili ty.  The t e n s i l e  s t rength and 

mal leabi l i ty  q u a l i t i e s  were desiiqed. because the  thermocouples served 

t h e  mechanical function of holding the  f o i l  holder 1n posit ion.  

One junction of each thermocouple w a s  inser ted  i n t o  a s m a l l  hole 

i n  the r i n g  holder and cemented i n  place with bakeli-te cement. Tnese 

junctions were welded as follows. Tkte ends of a copper znd a constantan 

wire were twi..sted together j u s t  enough t o  give mechanical contact,  'This 

twisted end was connected e l e c t r i c a l l y  t o  one s ide  of an 18 vol-t,  60 

cycle,  AC supply a i d  inser ted  through a small glass  tube i n t o  a b o t t l e  

which had a pool  of mercury i n  i t s  bottom, 

con.nected e l e c t r i c a l l y  t o  the other si.de of  the 18 v o l t s ,  60 cy-cle, 

Al: supply. A continuous flow of heliimi filled the  remaining volume 

of the  bot.Lle. 

brought i n t o  contact with the mercury causing an e l e c t r i c  arc  which 

welded the -t-wo wires together. The welded junction formed i n  t h i s  

manner was a s m a l l  spher ica l  j o i n t  about 0.010 inch i n  diameter, 

This pool of mercury w a s  

The twisted copper and constantan junction w a s  slowly 



Shown i n  Figure (6) i s  t h e  appaxatus used fo r  making t h e  welded 

The b o t t l e  was a 20 m l  beaker wkic 'n  was stoppered with a junct ions,  

two-hold rubber stopper, Two glass tubes through the rubber s topper  

served an i n l e t  and outlet, f o r  the helium gas, The l a t t e r  glass tube 

was a l s o  used as the  place f o r  i n se r t ing  the  Ynemocouple wires to be 

welded. 

s q p l y  t h e  18 vo l t s  60 cycle  AC* 

a t  about 0 , l  C,F,He as weaswed wit 'n a Fisher  axd ?o~ter Company 

"Flowrator"p Nodel. 132-6, 

A V m i a c :  connected t o  a 110 volt 60 cycle A@ l i n e  w a s  used t o  

yne rate of beE.vm gas flow w a s  s e t  

%e other  end of t h e  copper and constantan wires served as t he  

reference junction This jwetlon was a pressure junc-t;ion which was 

€omed by crossing the two wires over and, by squeezing them together 

'oetweer, t he  two halves of a hea t  sink,, There: were twelve such junctions 

sandwiched in t he  hea t  sink. Screws were ueed t o  squeeze t h e  two halves 

of the hea t  s i n k  together .  

Shown i n  Figure (7) i o  $he m a n n e r  2n whlch these junctions wel-e 

ma.de. Qn e i t 'ner  s i d e  of each junct ion was  a OeOE35 inch t h i ck  shee t  of 

copper, Hence there  were twelve pairs of these copper sheets  Each 

p a i r  w a s  separated frocm neighboring p a i r s  s o  that the thermocouple 

junctions would not be shorted,  [ke sheets  of copper were sandwiched 

between two t h i n  annular d iscs  of t e f l o n  which i n  turn were sandwiched 

between t h e  halves of t he  heat sink.  The copper sheets  provided a large 

area o f  contact  and henee good t h e m a l  conduct ivi ty  between the reference 

thermocouple junctions and the h e a t  s i n k .  ?"ne te f lon  sheets provided 
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Figure 7. Assembly Drawring of tne  Thermocouples, Ireat Sin?& and Foil Mount. 



Item No. 

1. 

2. 

3- 

4, 

5. 

6. 

7- 

Parts  List for Figure 7 

Description 

- 

F o i l  

Copper Ring 

Blas t ic  Ring Holder 

Te f  Lon Insu la tor  

Copper P l a t e  

Thermocouple Wires 

Aluminum Heat Sink, 4-1/2 inch OaDI, 2-1/2 inch I.D., arid 

11/16 inch thick per each p a r t  



e l e c t r i c a l  insula-tion t o  prevent shorting out the  themocouples, 

m e  %afLon sheets wex-e made as thin as possible t o  im-prove the heat  

f l o w  between roe t h ~ m o c o k ~ l e  junctions and the heat si&+ 'The 

miairom thjekness of the teflon sheets  was l imi ted  by t h e  pro tvs ion  

produced by the crossed themocovple wires which could have pushed 

through the t e f l o n  sheets ard shorted o u t  the thermocouples t o  t h e  

alumlr17m heat sink had Lhe sheets been too tAin, 

Toe heat sink was m&e a s  la rge  as possible  asid made from 

alcmin-m t o  provide the maximal t b e m a l  capaeiky in a m i n i m a l  massb 

Since alum1n-m oxide i s  s x h  a r e l a t i v e l y  poor e l e c t r i c a l  and 

thermal  corzdirctor, %he heat, sink was gold plated,  

Tt, m a y  be seen in Fig~ilre (7) that the electron beam was incident  

012 the foo1.2 f s m m  scicTi a direetiori  tYat the  e lec t rons  scattePed i n  the 

forwa1-d diT-el-t;ion could not, s t r i k e  Yiie copper rings ., Although some 

of the ha-k -sca'c,tePed e l e c t m r s  could conceiva'oly stl-ike the copper 

ring, they w v e  a very small f r a c t i o n  of the scattered electrcns for 

a LOW mate r i a l  1Lke A l  i n  the t3iclsnesses employed here ,  Fad t h e  

s c a t t e r e d  eler t rons been permitted to st r ike the coppcz ring, they would 

halre dissipated most OT all of" t.heix- energy t'nere and t h e  system would 

have been heated erroneously, 

As pointed oat earlier,  ther*e w e m  two sets o f  5Lx thermoeouples 

con-meted i n  series, One zet was xisGd Tor c o o l h g  the f o i l  by means o f  

PeZtieP cooling, The other  i d e n t i c a l  set, was &sed for rnonitol-ing Ghe 



f o i l  temperature, 

the  thermocouple c i r c u i t s ,  For convenience, only one of the si& thermo- 

couples i n  each s e t  i s  show: i n  t h i s  drawing, The function of switch S3 

is  t o  permit revers ing the  d i rec t ion  of  current  flow ( i4) through t h e  

cooling thermopile so -that the f o i l  may be conveniently heated or  cooled 

by the  P e l t i e r  e f fec t ,  As is well. known these e f f e c t s  a r e  exact ly  

reversib1.e e When a current  flows through a the.mnocouple juriction, the 

heat generated by the junction or the 'reat absorbed by the junction Prom 

i ts  surromdi.ngs is  just equal. t o  the product of i t s  thermoelectric 

power, i t s  absolute temperatare, and the  current flowing through. it, 

There were severa l  reasons for having s i x  themocoupI.es i n  

Shown i n  Figure (8) is  an e l e c t r i c a l  diagram of 

each thermopile. It was considered desirable  i n  the case of the 

cooling thermopile t o  cool the foil. u n i f o m l y  arolmd I t s  periphery 

Tather than a t  one o r  a few se lec ted  points, I n  the case of the 

temperatine monitoring therroopiie, it was cons idere.d desirable  t o  

monitor the foil .  temperature at severa l  poinl;s aro-md i t s  periphery. 

The reason for t'nis is  t'nat the di-ffuse electron beam may have ''hot 

s p ~ t s ' ~  i n  it wh;,ch would heat the  f o i l  more at some points than at 

others. ~n addition, the la rge  number of thermocouples gave more 

s e n s i t i v i t y  t o  temperature, After the experiment was concluded, it 

was  f e l t  t h a t  undue emphasis might 'nave been placed on t h i s  consideration, 

and t h a t  a thinner  ri.ng of lower  heat capaetty and with only one measuring 

and one cooling thermocouple would have been b e t t e r ,  This is discussed 

i n  the Conclusion see-Lion, 
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The m e t e r  for measuring the cooling current  i4 was a Weston 

F J i t h  the  ex terna l  Dz ammeter, model 45 and had an ex terna l  shunt. 

shunt provided it gave a f u l l  sca le  reading at 10 ma.  It had an 

accuracy of f O.25$ of f u l l  sca le ,  and the  shimt was accurat,e t o  

within O.l$ 

res i s tance  i n  s e r i e s  with the cooling thermopilx. A f ixed r e s i s t o r  

i n  s e r i e s  with t h e  var iable  res i s tance  w a s  used t o  l i m i t  t'ne cooling 

current and pro tec t  the ammeter, The cooling current  could be turned 

off' and on and reversed with switch S 3 -  

I_ 

The cooling current  was control led by a var iable  

The galvanometer G4 measured the  thermal e.m.B. of  the temperature 

monitoring thermopile. This WSLS a Leeds and n o r t h u p  galvanometer 

(Y-84951) which used an external scale .  

91 em, and a s e n s i t i v i t y  of 0.074 microvolts per  mill imeter def lect ion.  

Since -the thermoelectric power of a copper -constantan thermocouple i s  

about 40 microvolts per centigrade degree, the s e n s i t i v i t y  of t h i s  

thermopile w a s  about, s i x  times f o r t y  divided by 0.074, o r  about 3160 

millimeters per  centigrade degree, 

It had a f o c a l  distance of 

Galvanometer G)k ca l led  f o r  a c r i t i c a l  damping res i s tance  of 17 R e  

It had an i n t e r n a l  res i s tance  of 13.6 Q, and a period of 4.8 seconds, 

The the-rmopile had a res i s tance  af about 16 and served as the c r i t i c a l  

damping resis tance.  

c i r c u i t  which w a s  used t o  provide an e , m . f .  f o r  zeroing the galvanometer. 

The galvanometer i t s e l f  was mounted on a one foot  square s t e e l  slak f o u r  

inches t'nick which f i t t e d  in to  a 15 inch cubic woaden box which had been 

f i l l e d  wjt'n foam rubber. 

Shown i n  F i g u x  (9) i s  a potentiometer type 
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For monitoring t h e  r a t e  of d r i f t  of the foil .  temperature, a 

10 r .p .m.  Bodine motor w a s  i i s e d  t o  c lose a microswitch every revolu- 

t ion.  The microswitch momentarily energized a buzzer t o  give a noise 

signal- every 0-1 minute. 

manually a t  each of these s ignals  

The readings of  galvanometer G4 were recorded 

c .  Isot'nemal Fu-nace and Temperatlure Control 

It w a s  necessary t o  cont ro l  the envivonmental temperature of the 

heat  s ink  t o  within very close tolerances because of the  high s e n s i t i v i t y  

of the  temperature monitoring thermopile, The a p p a a t u s  f o r  measuring 

was placed i n  an aluminurn cyl inder  equipped with flange f o r  bo l t ing  

it i n  place a t  the  end of the  accelerator .  'Innis aluminum cylinder w a s  

6-1/2 inches i n  diametel- on the i.nside with a l./l.6 inch w a l l  thickness,  

Asbestos tape was  wound around t h i s  cylinder t o  provide a one-inch-thick 

layer  of insulat ion.  Then a 12-inch diameter copper cylinder was placed 

around t h i s  aluminum cy1.inder and concentric with it, thus providing an 

a i r  space for more insu la t ion  between the two cyl.-i.nders. The outer  

cyl inder  was made of I/l6-inch-thi-ck copper t o  provide good heat conduc- 

t i o n  throughout i t s  length. 

%ne outer cyl inder  was heated t o  a constant temperature. This 

w a s  done by wrapping around t h i s  cyl inder  a 40-foot long, ) + O O - w a t t ,  

110 AC heating wire of the  type used i.n homes f o r  radj-ant heat i n  

the c e i l i n g .  Over and around the wire and outer cylinder w a s  placed 

a layer  of furnace cement which was  about 3/8-inch thick.  A hole w a s  



d r i l l e d  through t h e  outer  cyl inder  and a s t a i n l e s s  s t e e l  tube w a s  

placed through t h i s  hole a t  such an angle t h a t  three inches of t h i s  

tube extended down i n t o  the  a i r  space between the  t w o  cyl inders .  

This s t a i n l e s s  steel tube, sea led  a t  t h e  bottom, w a s  s i lver -so ldered  

t o  the outer cylinder t o  provide good hea t  conduction t o  it. The 

tube was filled w i t h  mercury and a. mercury-to-wire t h e m o s t a t  having 

a s e n s i t i v i t y  of 0.01 degrees cent igrade was  then placed i n t o  it. 

The ins ide  diameter of the  tube w a s  only about 0.010 inches 

lmgep than the diametey of the sensitive p a r t  of t he  thermostat; i n  

order  to provide maximum thermal conduct ivi ty  through the  mercury 

t o  the  thermostat ,  The tube was  deep enough so  t h a t  t he  s e n s i t i v e  

par% of the t h e m o s t a t  extended a l l  the  way down i n t o  the  a i r  gap 

betwesn ihe two cyl inders ,  where the  temperature was  qxpected t o  be 

more s t a b l e  than the  outs ide temperatwe,  The tube was made of" 

s t a i n l e s s  s t e e l  became it does not amalgamate with mercury as 

r e a d i l y  as do o ther  materials. 

The thermostat cont ro l led  the  power input t o  the  hea ter .  The 

con t ro l  c i rcui t ;  i s  shown i n  Figure ( 9 )  which w a s  used. 

c i r c u i t  was designed by Ye A, Harter i n  the Bealth Physics Division 

of t'ne Oak Ridge National Laboratory and operated as follows, With 

the thermostat  normally open, t he  values and phase r e l a t ionsh ip  of 

t h e  p l a t e  and gr id  po ten t i a l s  a r e  such t h a t  the 2D21tube conducts 

on the  pos i t i ve  half-cycle .  This energizes the r e l a y  i n  the  p l a t e  

This con t ro l  
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c i r c u i t ,  c losing the normally open r e l a y  contacts.  This applies power 

t o  ille heater  by way of a Variac. When the  temperature increases,  the 

thermostat contact closes,  sh i i t t i ng  off the 2D21e The r e l a y  de- 

energizes, and i t s  contacts open disconnecting the  power t o  the 

hea ter  u n t i l  the  system eools, and Yne cycle i s  repeated. 

The thermostat was adjusted t o  hold the heater  temperature at 

aboilt 29 degrees c e n t i p a d e ,  independently of tine ambient room tem- 

perature,  The room was air conditioned and its temperature w a s  

the7mosta t ica l ly  control led t o  wlt'nin 3 d e g e e s  centigrade. The Variac 

output t o  the hea ter  w a s  adjwilsed s o  that  the  heater  on and off times 

were equal t o  give opt!mm temperature control ,  Although the thermostat 

could r s p o n d  t o  a change of 0.01 degrees centigrade, the heater  

temperatire o s c i l l a t e d  approximately 0,I de@-ees centigrade above 2nd 

below its avePage tempel-atue These temperatwe o s c i l l a t i o n s  wel-e 

considerably damped o u t  at the  heat s ink  of the temperature monitoring 

thermopile because of the l u g e  thickness of the  a i r ,  asbestos, and 

vacuum heat insulat ion between the heater  and heat s i n k c  

It should be pointed out t h a t  Ykte end of the  heater w a s  covered 

with a t h i n  aluminum plate which was l ined  on .the iririer s ide with a 

1/8-inch-thick layer  of asbesios. Between t h i s  p l a t e  a t  the end of 

the hea ter  and the end of the i m e r  cylinder,  which housed the a p p a r a t u s ,  

was  about a 1-1/2 inch a i r  gap. 

3/4-inch-thick l u c i t e  p l a t e  with an O-ring s e a l  t o  provide a vacimn s e a l .  

A t  the  end of the inner cylinder w a s  a 



Two holes w i t h  O-ring seals were provided i n  t h i s  l u c i t e  p l a t e ,  

hole w a s  f o r  an ion iza t ion  pressure gauge which measured the  pressure 

a t  this poin t  i n  the system, 

b u i l t  brass tube, which had a, 'Kovar" seal  and Amphenol connectors 

foT t he  wire connections t o  the apparatus.  

One 

Tne other hole was f o r  a special ly  

C -  me Determination of X 

A modified '*Calm ElecZ;robalmce'P, model MIO,  made by the C a h n  

Instrument Campay, Downey, CalifoAmia, was used f o r  weighing a known 

&Tea of  foil, The unmodified e l ec t roba lmce  Will first be described 

and then the modifications and the improvement each made w i l l  be 

given 0 

1, The C a h n  Electrobalance 

Shown i n  Figure (10) is a schematic of t'ne commercial electrobalance.  

The torque motox dr ives  a Lever or  balance am on which a s t i r r u p  and 

pari we mounted, 

r e s i s t o r  R 9  is u s e d  t o  vary Yne curren t  tkroragh t he  torque motor t o  

b r ing  the  l eve r  arm t o  a f i d u c i a l  m a r k ,  

the shadow of 1:he balance a n n  cast by a l i gh t  beam is d i r e c t l y  i n  l i n e  

w i t h  a segnented f i d u c i a l  m w k  sc r ibed  on a f ros t ed  glass screen. 

Figure (11) i s  a drawing of the electrobalance w e i g h i n g  mechanicm.. 

a i s  pan holds  the objec t  t o  be weighed. The balance 

This position is a t t a ined  when 
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can be seen i n  Figure (lo), the potential .  drop across R4, 

R8, and the torque motor was measured w i t h  a potentiometer type c i r c u i t .  

The resis-bur R4 was a range r e s i s t o r  which determined the maenitude of 

t h i s  p o t e n t i a l  drop f o r  a given weight range, The variah1.e r e s i s t o r  R2 

wiYn the b a t t e r i e s  €32 and €33 was used t o  "buck outrr the p o t e n t i a l  

necessary .to balance t h e  empty pan. Hence, I@ w a s  l abe l led  as the  

zero control ,  The variable  r e s i s t o r  R3 was used when a tal-ibrated 

weight was i n  t h e  pan s o  that the Duo-dial s e t t i n g  of the h d i p o t  R1 

would give a d i r e c t  reading of  the weight i n  t,he pan. 

The accuracy of t h e  eleetrobalance w a s  determined by severa l  

fac tors ,  The Duo-dial on the he l ipo t  had 1000 divis ions,  and by 

in te rpola t ion  between the divisions the Duo-dial could be read t o  

about two parts i n  10,000 a t  f u l l  scale .  As designed, the  mi.nimum 

range f o r  which Yi?e electrobalance could be ca l ibra ted  w a s  f i v e  m i l l i -  

grams. 

t o  an error of + 2-l/2 micrograms on the 5 m i l l i g r a m  range, I f  a l l  

possi'ole souxces of  emox a r e  corisi-dered and the o v e r a l l  e r r o r  c a l -  

culated by taking the  square root o f  the sum o f  the  squares of the 

e r r o r s ,  an o v e r a l l  e r r o r  of about + 8 micrograms i s  obtained f o r  the 

5 m i l l i p a m  range. Since F o i l s  having t'nicknesses of  the  order of 

100 micrograms per square centimeter o r  l e s s  weye t o  be stiudied, 

t h i s  accuracy w a s  not considered good enough. Hence, severa l  modi- 

f i c a t i o n s  were incorporated i n t o  the  electrobalance. 

The l i n e a r i - t y  of the helipot 31 was 0.075, which corresponds 

- 

I 



In balancing the lever a3"m by l i n i n g  it up with the  ftducial 

l i nes ,  one could obtain greatel. r ep roduc ib i l i t y  by appoaching the  

f i d u c i a l  l i n e  cons i s t en t ly  from the same di rec t tons  I n  t h i s  work, 

t h e  f i d u c i a l  l i n e  was approached from the  bottom, 

2, Modifications t o  the Electrobalance 

Several  modiflcations were incorporated i n t o  the  electrobalance,  

The effect of each successive modification on the  accuracy of the  

microbalance w a s  ascer ta ined,  

First, -the s i x  y o l t  d ry  call I31 was replaced with a 6 v o l t  w e t  

c e l l  and a l l  var iab le  resistoTs were Peplaced w i . t h  10 t u r n  helipots 

t o  give a more s t a b l e  e-rn-f, source and more vern ier  cont ro l ,  respec- 

tively, Nakioaal Bweau of Standards, c l a s s  S, ca l ib ra t ed  weights of 

1, 2, and 3 milligrams w e r e  weighed on the 5 m i l l i g r a m  1-a.tige which 

was ca l ib ra t ed  with a 5 m i l l i g a r n ,  Mational B i r e a u  of Standards, 

class M, w e i g h t ,  

larly f o r  t h e  1 m i l l i g r a m  weight, where t he  maximum deviat ion between 

successive readings was 7 micrograms, 

It was concluded that these modifications d id  not imp-ove the %curacy 

of t h e  e lectrobalanee very much, Tais impl-Led t h a t  t he  inaccuracy was  

due t o  a l a g e  extent t o  the e m o m  inherent f n  the pot.entiometer c i r -  

c u i t  for  measuring t h e  p o t e n t i a l  drop across R4,  R8, and t h e  torque 

motor, 

Tk.,e readings were not very reproducible, p-icu- 

The standard emor was 0-265, 



A type K-2 Leeds and Nortlzup potentiometer was then used t o  

measure the  p o t e n t i a l  drop across the torque motor f o r  successive 

readings using the 1 m i l l i g r a m  weight. With t h i s  potentiometer the 

p o t e n t i a l  drop across the  torque motor, which was of the order of 22 

m i l l i v o l t s ,  w a s  measured t o  within a few microvolts. 

d u c i b i l i t y  for successive readings was not very goodl Hence, the 

r e s i s t o r  R8, which was a -f - 20% carbon, f ixed m s i s t o r ,  was replaced 

with a 1000, + 0.55, nichl-ome, wire-wound r e s i s t o r ,  

potentiometer w a s  t'nen used t o  measure the p o t e n t i a l  drop across 

this res i s tor .  Using this method, the standard e r r o r  f o r  ten  

successive measurements w a s  0.083$, f o r  the 1 milligram weight. 

The repro - 

The K-2 

To improve the accuracy fur ther ,  a microscope having a magni- 

f i c a t i o n  of 16, and made by the  Central  S c i e n t i f i c  Company, was used 

t o  improve the o p t i c a l  system. With t'nis the lever  a r m  could be 

brought t o  the balance pos i t ion  i n  l i n e  with the f i d u c i a l  l i n e s  more 

accurately. The standard error vas only o.o36$ when the  1 milligTam 

weight w a s  weighed ten times 

I n  order t o  minimiAe er rors  r e s u l t i n g  from Tric t ion  i n  the 

torque motor bearings, a small amoxnt of a l t e r n a t i n g  ea-rent was 

applied t o  t'ne torque motor. This was done by applying t h e  110 vol t ,  

AC l i n e  through current  l imi t ing  r e s i s t o r s  and condensers on each 

side of the AC l i n e  and thence t o  t h e  torque motor. The condmsers 

were used t o  block the E of the  electrobalarice, Toe values of 

res i s tance  and capacitance were var ied u n t i l  t'ne 60 cycle v ibra t ion  



of lever  a rm w a s  ba re ly  discerr-ible, %ne ifltimate values were 43KQ 

and 0-1 y f  on each s i d e  of t he  Af2 Line leading t o  the  torque  motor. 

A two pal-e on-uff switch and headphone plug were used t o  be sure that 

this AG vibzation w a s  on only when measurements were made i n  order t o  

prevent excessive w e a r  on khe torque m G t o P  'eearlngs, Using this 

additional improvement, a 1 m i l l i p a m  weight w a s  weighed 10 t imesb 

VTE: standayd e,mc.- w a s  redaced to OeCll l$ ,  

Table 1 glves the modifications and the  e f f e c t  each successive 

modifjcatian Fad on the accwacy of; the  electrobalance,  The e ~ r o r s  

ape tabdlated .as absolute exrors  k a t h e ~  than percentage erpors be- 

came the ahsoLuke emm seemed t o  Ternain f jxad when the  1, 2 ,  and 

3 m I l . l 3 . g m m  st4andard weights w e r e  wEighed, T3is 3mplies that the 

absolu-be eror may be about 

De PPeparatior! o f  Foils 

Two methods f o r  maktng 

the sarne f o r  smaller weights, 

t h i n  :miform. foils were employed which 

21,22 "diffexai only s l igh t ly  from the methods described in the  l i t e r a t w e  * 

In one method, a careAi.lly cleaned glass s l i d e  was f i m t  dlpped i n t o  a 

solutior,  @or,taining 0,1 grams of Fomvm dissolved i n  9 r n i l l i l l t e r s  o f  

ethylepe dichloride t o  which 30 drops of methyl alcohol had been added, 

One of the  most succcssful methods found f o r  C leanhg  the glass slides 

was to rub them clem with e i t h e r  EPBiolo5dLPV number 17471 lens paper o r  

""sight SaveT"srs a Dow Corning silicone t r e a t e d  hissue, 

was a 15/19 i e s i n  podused  by the  Shawinigan Products Corporation, 

The Fomvar used 

*' S o  D, W w s h a ~ ~ ,  Rei-. S c k o  Tnst. 20, 623 (1940) e 
22 

- 
W. -FPanzen and L,. Srbellenbesg, Rev. S e i  e Ins  t ,  27, 171 (1936) - 



TABLE I 

El.ectroba1mce Modificatjons and tne Resulting Improvement 

(Using a 1 mg. Weight) 

Abs o lut e 
Modification Standard E r r o r  i n  pg 

1. 

2,  

3. 

4, 

3* 

None 

Dry c e l l  replaced by w e t  c e l l ,  and 
variable r e s i s t o r s  replaced by 10 
tm hel ipots .  

K-2 potentiometey used t o  measure 
p o t e n t i a l  drop across precis ion 
res is tor  i n  s e r i e s  w i - t h  motor, 

Microscope having a magnification of 
16 used t o  mago.i.fy the f i d u c i a l  l i n e s .  

AC vibraLion used t o  reduce f r i c t i o n a l  
errors .  

5 

2.6 

0.84 

0.56 

0.11 
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New York City. 

i n  an air-conditioned room, 

used i n  the prepamt ion  of the aluminum foils used i n  t h i s  experiment, 

The evaporator w a s  a glass bell jar pimped down w i t h  a l u g e  Duo- 

After dipping, the glass s l i d e s  were hung up t o  dry 

The s l ides  prepared in t h i s  mamer were 

Sea l  Forepump and a o i l  VME’ 260 diffusion vac1;Lm pump. M t e r  pumping 

down t o  about 0-13 X 10”’ mil lhe te rs  of mercury, l iqrdd nitrogen wi~s 

added t o  the cold t r a p  t o  bring the pyessure down t o  about 10 -6 m i l l i -  

meters of mercury, The glass s l i d e s  were momted befol-ehand i n  the 

evaporator at  distances of 10~6, 17, and 21a2 centimeters from the  

filaaent usad for evaporating t he  aPmin-m, 

form of ~t horseshoe was hung on Yne ceater of the fi.lament where a small 

T T  was formed to hold the ~~lmlmrm, The Pilament WES la&e of“ nmmber 

40 tantJaluin wire- me m a s s  of alwnin-m wlre t o  be evaporated wa,s 283 

m i l l i g r a m s  

Aluminum w e e  bent In the 

A V a r i a c  was used as the power supply f o r  t he  filament, 

Variac output was slowly increased u n t i l  visual observation showed 

t h a t  the aluminum w i r e  melted t o  f o m  a bead i n  the U-shaped center 

o f  the filament. Tke alunimun head then wet ted  the filament, Again 

the Variac output was slow3.y increased further mtil  the aluminum 

evaporated of f  the fY.lamento This complete operation took about 

two minutes, 

The 



For the  distances (d)  a t  which the glass s l i d e s  were mounted 

from the point  source of ahminun, f o i l  thicknesses of close t o  

200,I-OO and 50 micrograms per squaye centimeter were evaporated onho 

the  s l i d e s .  This is i n  accordance with the  inverse square low 

where L i s  t h e  f o i l  thickness iz m i l l i g r a m s  per square centimeter, 

m js the mass of metal evpporated i n  m i l l i g r a m s ,  and t h e  distance d 

i s  i n  centimeters.  

The f o i l  on t'ne glass s l i d e  was  cu t  into 3/4 inch squares by 

scr ib ing  through i t  w i t h  a razor blade. 'me copper ring f o i l  holders 

were cemented onto these areas wjth India  ink which served as both 

an e l e c t r i c a l  conductor and a binder,  After 'che India  ink had &ied, 

the glass  s l i d e s  with the f o i l  and copper rings were immersed i n t o  

ethylene dichlor ide t o  dissolve theFoimvar f i lm between the metal 

f o i l  and the  s l i d e ,  The mounted foils were then slowly slidfc oPf the  

glass s l i d e  and then l j f t e d  i n  a v e r t i c a l  plane out of the  ethylene 

dichlor ide s o  Ynat surface tension vould  not break the foil. Several,  

smooth, 50, 100, and 200 micrograms per square centimeter aluminum 

f o i l s  were successful ly  mounted i n  t n i s  manner. 



75 

A somewhat better method was suggested by Jd &Tu @a.thcnrt and 

Je Campbell of Yile Metallwa Division at  the  Oak, Ridge Mational 

Laboratory, In t h i s  method glass slides were cleaned as before,  In 

thLs case, the glass sl tdes  w e r e  n:mbeP 14340-A, non-corrosive, s e l e c t  

grade, s i z e  3 X 1 inches, %Icro-Slides' made by the  W, H. Curtin Corn- 

pany, mew Orleans, Louisiana, 

bad smooth ground edges which proved te be advantageow, 

Tnese slides were highly polished and 

The slides were mounted i n  the  evaporator at a distance of a t  

least 10 centimeters f ~ o m  the m e b a l  t o  be e>-aporated 14 order t o  get 

uniform f o L b ,  Two separa% filaments were usedo  O m  filament was 

used t o  evaporate some Bictawet onto t h e  glass s l l d e  befwe evaporating 

tbe metal, 

Cosporation, Tae filmetit f o r  evapmating the Vietawet wa6 a 0,01> 

inch  di-meter Lwgsten T i l a m e n t  w'rich was woiind in the  centt-al reg ion  

t o  form a conical  cup for boldlxg the  Victawet, 

t i o n  and press~mes already descryoed) the output of a F'ariac was slowly 

iricl-eased Lo give 16 volts acmss this fKLament, m e  Vietawe-t; was then  

allowed t o  eva-po,-ate slowLyo 

pressczsgi was  then allowed t o  eome down again t@o about 0,15 x low5 rnIl1-i- 

meters o f  mercury before evapopatit?g the metal-  

Vi@+,awe t  is a wetting agent made by the Bicks Chemical 

U s i n g  t h e  samc evapora- 

This caused the presswe t o  go up, Tne 

Several different  m e t a l  f"ol Is w c r e  evaporated onto s l i d e s  prepwed 

i n  the above rnarmer. Although these f o i l s  were not used i n  stopping 

powe.- measurements, the  teelmiqws used i n  thei-r pz-epa?-ation will be 



included f o r  completeness, Different techniques had to be employed 

for each metal in the evaporation process, For example, s i l v e r  was 

evspm-ated by placing it 011 a 0,003 inch th i ck  by 0-25 inch wide 

tantalum ribbon fi1met;t. The f i l a m e n t  w a s  cur led up a bit on its 

edges t o  hold the  molten s i l v e r  dur ing  the evaporation process, 

This was done because s i l v e r  would not wet the f i l a iwc t  and would 

otherwise drop o f f  before it, would evaporate. 

To evaporate chromium, i t  Wac. found necessary t o  e lec t ropla te  

it first onto a h e l i c a l  tungster: f i lament.  F i r s t ,  oxidized lead 

w a s  prepared by using lead a t  t he  anodc and graphite a t  tile cathode i n  

a 2 rnrAar s u l P r r i c -  acid solut ion.  The pocier source was a Mallory 

ba t i e ry  cha-rger, L,YF)E' lo7 made by the  P* R. Mallory Co,, Inc . ,  

TndiaFapolis, Tndiaria,, 1 % ~  c w r e a t  was control led with a rheos ta t  

t c  be about 2'.5 amperes f o r  t h i s  oxidation process which l a s t ed  f o r  

aboilt e igh t  rniniAJdc.s Tnrr i  t o  e lec t ropla te  the  tungs ten filament with 

chromium, the tungsten fi lament was used as the rathode with the oxidized 

lead  as t h e  anode i n  a sol-Ition made o€ 40 grams of chromic acid ( s o l i d ) ,  

0 .4  m i l l i l i t e r s  of covcentralcd s - d i f u r i c  acid,  and 160 m i l l i l i t e r s  of 

water. OxidiLed lead w a s  used as the  apode because i t  gave the  bes t  

results. a e n  lead vas s e d  as the anode, an insu la t ing  layer  of 

l ead  chromate formed on the  lead causing t'ne current  t o  decrease 

gradually. Wmn graphite was used as ihe anode, trze graphite dis- 

appeared in to  the solution, causir,g the e lec t ropla t ing  current  t o  
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decrease padml l j r .  

the e l e c t r i c a l  power solmcel The cruPrPerr”c w a s  controlled with a 

sheoatat t o  about 2 anperes fo r  about 20 minEter; t o  give a c m e n t  

densi ty  at the cathode of 80 mgeyes per  squaze centimeter of cathode 

surface, 

The Mallory Battery chaxger was again used as 

In the evapmahion process for chromium, the Variac output t o  

the e lec t ropla ted  fYlment w a s  slowly increased w i t h  t he  presswe 

being observed conticEously. 

t o  about lQ 

minutes) f o r  t3w pressure to come back down t o  aboint 0-17 x lo-’ 

Zniitially t h e  p~essure went up quickly 

-4 rnillimeta-s of m e r c ~ ~ r y ,  Time was allowed (one to two 

mlllimetem of mercury, Tae Vmiac output t o  t he  filament was then 

increased fuTf,hm u n t i l  the pressure went LQ t o  O e 2  x m i l l i -  

meters of raercdry, 

of the oxide coat ing which forms on it; rather,  tbe chromium sublimes, 

Actually the ehomium does not  evapoTate, because 

I n  a’m.Ut. f i v e  minutefi or more, eKough chromiun sublimed t o  give a good 

film on <ne glass slide, Usually two QZ” more glass s l ldes  were used 

i n  one opePation t o  improve the chances o f  ge t t ing  a good f o i l  mounted 

on the copper ~ i n g  holder, 

An excellent, reference on t h e  evaporation techniques of t h i n  

films is t he  recent ly  published book by Holland 23 . 
After  t he  metal film was evaporated onto the  glass s l i d e ,  the 

l i q u i d  ni t rogen was removed fyom t he  c o l d  trap of‘ the evaporator, 



The cold t rap was  warmed up by compressed a i r  blovn on it wiYh. an 

a i r  hose e ‘l%e diffusion pump was then turned off and cooled o f f  

w i t h  the  aip. hose e Then the forepump was turned of f .  A i r  was let 

i n t o  the  system t‘mough s i l i c a  ge l  t o  absorb the rrioisture i n  the  

a i r  before i t  w a s  admitted t o  the system, The glass s l i d e s  were 

removed from the evaporator and placed i n  P e t r i  dishes t o  keep t’ne 

metal f i l m  f r e e  €ram dust. 

To rmove the  f o i l  from glass s l i d e ,  the following procedure was 

used. The edges cf the glass  s l i d e  were scraped w i t h  a knife  t o  

f a c i l i t a t e  peel ing t h e  T o i L  of%. TtLe foil w a s  peeled o f f  the glass 

slide by s l i d i n g  t h e  glass  slide hnto some w m  tap water a t  a 45D 

arigle, T%is Wac done very slow1.y arzd with a steady hand t o  ~ e e p  

the foil from tear ing ,  T11e water dissolved the wetting agent and 

ilrie surface tension peeled the f o i l  of.?. The foi l -  f loa ted  oa tne 

surface of the  water. 

To get the  f o i l  mounted, some detePgent was first dissolved i n  

some warm tap water i n  a separate beaker. A small m o u n t  of t h i s  

solution was poured i n t o  the  waier holding t h e  f o i l ,  t o  decrease the  

s w f a c e  terision of the watey. The copper r i n g  w a s  then brought under 

t‘ne f o i l  and a piece of  the f o i l  draped o v e r  the  copper r i n g  was l i f t e d  

v e r t i c a l l y  out of the water.  It should be pointed out t h a t  the slurface 

of the copper r i n g  on which the f o i l  w a s  mounted w a s  first highly 

polished 017 a gem pol ishicg machine. A f i n e  abrasive, type B - 5 l 2 >  
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made by Linde A i r  Products Company, New York City,  was used, This 

was  dme s o  t h a t  the f o i l  would adhere t o  the  copper r ing,  

Another method f o r  ge t t i ng  the f o i l  out of the water and onto 

t he  copper r i n g  was a l s o  used. A brass sheet  about 2 inches square 

and l/32-inch th i ck  had a 3/4 inch hold punched i n  the center ,  

handhle w a s  Boldered onto t h i s  sheet f o r  holding it, 

screw w a s  put i n t o  one of the  tapped holes of th.e copper r ing ,  The 

head of t h i s  brass screw was glued t o  this brass sheet  in such a 

m a n n e r  t h a t  the copper ring was concentric t o  .the hole i n  the brass 

sheet  and its face f lu sh  with one s'wfaee, wDucotD cement w a s  used 

t o  glue the  sePew t o  the shee t ,  The sheet and r i n g  were used t o  

E f t  the f o i l  Worn the. mter v e r t i c a l l y  s o  t h a t  tke f o i l  dyaped over 

the  hole and copper r ing.  After dpfir-g, the f o i l  was trimmed around 

the edges of the hole and the  residue w a s  folded over the  copper r ing.  

Acetone was used t o  dissolve the  ''DucoPP cement, and the copper ring 

with the  momted foil w a s  removed from the  brass sheet ,  

A 

An 0-80 brass 

This l a t t e r  method proved to be the more successful  method f o r  

mounting the  thinner  foils, Self-suppo-rting f o i l s  t h i n  enough t o  see 

through were successful ly  mowted i n  t h i s  mFtnner, However, these 

thinner  foils w e r e  too f r a g i l e  t o  be transported t o  the  accelerator  

and put i n  place,  It is  believed t ha t  had the  copper r ing  been 

smaller i n  diameter, these thinner foils would have been much s t ronger ,  



The stopping power is the  r a t i o  of the  average energy loss  

a t o  the  average path leng-th 

the f o i l ,  

thickness and the average increase i n  path length r e s u l t i n g  

of t he  e lec t ron  as it goes though 

This average path length. a i s  the sim of the average foi l .  

from multiple s ca t t e r ing  within the  foil. The procedure was  t o  

me4suse z, and z, and l;o ca lcu la te  a i n  order t o  obtain & / a .  
-I 

A, Measurement of 
I - 

As shown i n  Equation (34), t h e  time r a t e  of temperature change 

of  the f o i l  (?I i s  given by 

T = K1 ig - K2 (T-To) , (79) 

wlnere 

the foil, i i s  t'ne e lec t ron  be3m current ,  T i s  the environmental 

temperature, K and K are constants of  proport jonal i ty  which a r e  t o  

be determined, Z"ne determination of proceeds as follows. 

is the average energy l o s t  by the electroils i n  going throu@i 

R 0 

1 2 

2 1. Determina-tion of K and K 1 

The apparatus described e a r l i e r  for measuring P was put into the  
I3 

accelerator ,  The hea ter  f o r  cont ro l l ing  the  temperature T w a s  i n s t a l l e d  

and the hea ter  was turned on, The accclPsator w a s  then slowly pumped 

down through a s m a l l  t,i.lTui,tl:~d orif i c e  w i t h  t h e  s m a l l  Duo-Seal vacuum 

p'mp i n  order t o  reduce t'ne a i r  currents  i n  the  acce lera tor  s o  as noi  

0 

80 



to break t h e  f r a g i l e  f o i l .  

reached about LOO microns of rnercwy, the  small Duo-Seal. vacuum pump 

was t m e d  off, The valve t o  t he  evacuated l i n e s  t o  the  diffusion 

pump and large forepmp was opened, The presswe w a s  allowed t o  be 

A f t e r  the pressure i n  t h e  acce lera tor  had 

-6 brought down t o  about O v 5  x 10 

temperature T 

mil l imeters  of mercury, The ambient 

as measured by the temperatme-monltoring thermopile 
0 

was noted, 

thermopile was zeroed- 

TIE galvanometer (G4) tihich measured the  e,m,f, of t h i s  

The cathode-ray gun w a ~  ac t iva ted  as described e a r l i e r ,  The high 

vol tage to the acceleratoy was t m e d  off and the  acce lera tor  w a s  

grounded, The second anode p o t e n t i a l  of t h e  cathode-ray gun then 

de temined  the  e lec t ron  beam energy. The el-ectron beam was Gocused 

on the  f o i l  by varying t h e  magnetic degumsing f i e l d s  t o  give a 

maximum f o i l 4  cwrent ,  and a minimum aiming screen currenta  A t  these 

low beam energies the e lec t rons  were completely abso;rbed i.n t l e  f o i l  

as determined by zero curren t  t o  the Faraday capl 

The f o i l  tenperat-me detemined  by galvanometer G 4  was measured 

in un i t s  of centimeters of def lec t ion  with 25 centimeters,  t he  center  

of t he  galvanometer sca le ,  corresponding t o  t h e  m b i e n t  temperature 

To. 

was cont ro l led  manually by varying t he  gr id  p o t e n t i a l  of the  cat'node- 

r a y  gun t o  keep the  beam current  constaato The t i m e r  which gave a 

buzzing sl.gnal every 0-1 minute was turned on. 

w a s  recorded every 0-1 minute t o  get the rate of the  temperatwe d r i f t .  

The f o i l  was f i rs t  cooled t o  15 centimeters.  The e lec t ron  beam 

The foil temperature 
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This was  done f o r  various beam climents, and with beam energies low 

enough. f o r  the beam t o  be completely absorbed i.n the foil, Vari0u.s 

b ias  disc poten t ia l s  were applied also. The beam energies weTe vwied  

fyom about 750 t o  2500 vol t s ,  A t  these beam energies the electrons 

were completely absorbed i n  the f o i l  s o  t h a t  the current measured t o  

the f o i l  was t h e  beam cbrrent.  The beam cuments  were varied Yrom aborxt 

0.05 to 0-4 microamperes. 

the f o i l  a t  f u l l  a b s o q t i o n  of t116 beam w a s  from aboxt 50 t o  400 micra- 

watts. The b ias  disc pchent ia l  was var ied from 0 t o  2400 v o l t s ,  in 

'l?nus the rarge of  beam power P absorbed i n  R 

no I case being l a r g e r  t'lar, the beam energy used i n  order t o  permit the 

electrons t o  reach the foil. This bias  disc p o t e n t i a l  did n o t  a f f e c t  

the e-fiergy of the electrocs s t r i k i n g  the €011 because the l a t t e r  w a s  

c lose to  ground poter,tial at a l l  times. 

Tne temperature 'T w a s  p l o t t e d  as a fimction of  t i m e  t Pur a given 

beam powel- and b las  disc  poten t ia l ,  The time t was defined as t h e  

time at which the  temperatt..re T was equal t o  T o r  23 cPLkimcters, 'l%e 

observed slope T a t  'T = T 

using those observed points withifi a time i n t e r v a l  o f  O e 5  m i r i u t e  on 

e i t h e r  s i d e  of t . Shown i n  Figi:~e (12) a r e  some t y p i c a l  temperature- 

0 

0 
e 

w a s  detxrmined by the method of least, squares 
0 

0 

versus-time cupves. NOW as  shown e a r l i e r  i n  Equation (741, 

I 
0 
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when 

(K 2 ai;)2 << 6 . 

As shown i n  Equation (77) 

where Ti i s  the i n i t i a l .  temperature t o  which the f o i l  w a s  cooled. 

Therefore, t o  determine K the f o i l  w a s  precooled t o  T = 15 cm, and 

the.  f o i , l  w a s  allowed t o  d r l f t  toward T . The temperature T was  observed 

2 7  i 

0 

T -To 

T. -To 
every 0,l minute. Then the  ratio - w a s  p lo t ted  as a function of the  

1. 

time t on. semi-log paper, wi-tl? t being p l o t t e d  on the l i n e a r  sca le .  

Shown i n  Fi-gure (13) is the r e s u l t i n g  curve. From this curve it w a s  

found that K? = 0.326 rnin-.'.. Berice f o r  A t  = 0.5 minute, 

Thus it can be seen t h a t  

T Z K P  1 B  
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It was found Ylat  the  b i a s  disc  potential E, could be var ied from 

about -200 v o l t s  t o  -2400 vol t s  without  signi fi-caotly a f f e c t i n g  the  

Bias 

c a l i b r a t i o n  constarit K Usually E could  not be increased t o  

-2400 v o l t s  because of the a r c - o v e ~ s  inside the system. Hence, %lie 

1- B i a s  

bias disc p o t e n t i a l  was  usim1l.y kept a t  about -1000 v o l t s .  K w a s  

a l s o  Pound t o  be indcpendent of  beam energy as long as the  energy was 
1 

l o w  enough t o  provide complete absorption. 

To deternine K t‘ne observed $ was p l o t t e d  as a L”uicti.on of 

the beam powel. absop’ocd a t  f u l l  absorption of the beam. Shown i n  

I’ 

Figuse (111) is one such c a l i b r a t i o n  curve. All c a l i b r a t i o n  curves 

were l i n e a r  whi.ch indicated t‘nat 

1 0 

To i n s u r e  that the  measured beam energies were accurate a t  f i d l  

absorption, the second anode potent,ial, as measured by the panel meter 

on the gun power supply, war, checked with a n  e l e c t r o s t a t i c  voltmeter 

which w a s  accurate t o  4- 1%- 

meter reading was p l o t t e d  as a function of  tne paliel. meter reading. A 

l e a s t  squares f i t  t o  t h i s  c a l i b r a t i o n  yielded the following expressions 

Tne correct ion t o  the second mode panel - 
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for the  O-l.500 v range, and  

f o r  the 0-2>00 v range, En these expressions AV is the correction 

t o  the panel  meier reading and V is the panel meter reading, 

B 2, Measurement of P 

A t  t h e  ’nigher beam energies used f o r  s- toppiny power measurements 

o n l y  a s m a l . 1  f r a c t i o n  of to ta l .  beam power was absorbed hy Yne f o i l .  

7’h.e accelerator  pa‘cei:tial was var ied from 10 KV t o  125 Kv i n  d i scre te  

steps,  31he beam. energy we-s the s1J.m n f  the accelerator  voltage and 

Yhe potexlsial on th.e second- anode o f  the electron gun. 

To eh.eck the i?el7.abLli.ty of the measi~rremen’is, the beam tun-ent 

was var ied for a gi-ven beam energy and T measured for each beam curren-t 

From each observed T arid t h e  c a l i b r a t i o n  constant TOT t h e  paz t i cu la r  

fo i l .  wed, the P O V ~ I T  a,Ixox=’oed by the f o i l  was calculated with the 

re la t ionship  

P 

PB - - - l ;  
K1 

These ca lcu la ted  v a h e s  of PB were then p lo t t ed  as a function o f  t‘ne 

For each beam energy, the power absorbed can be seen t o  ’oe d i r e c t l y  

proportional to the beam current, 
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3. Determination of 

As pointed out e a r l i e r ,  the average energy absorbed by the foil 

(253) is given by 

where Z is the e lec t ron  beam current .  Tkius, B 

Electron currents t o  the  f o i l  and b i a s  discs  were negl igibly small., 

and thus 2 was the Faraday cup current The average energy lost i n  

t h z  f o i l  by the  electron beam was  then calculated f m m  Equation (go>, 

using the observed values of T and 'aoam curyeat i 

13 

B' 

Since a rough est,iniate of the f o i l  t'nickness was known before- 
I 

were compared t o  be silrt: Lhat the measurements rn hand, the  ratios of - 
Ei- 

were consistent with one another before the foil w a s  removed from the 

accelerator .  

5. Measurement of 

To measure K, the  f o i l  f irst  had t o  be removed from the accelerator .  

To do this, the vacuum valve between the accelerator  and t i l e  diffusion and 

t'orepmp w a s  closed s o  t h a t  the pimps could be l e f t  on. A i r  was slowly 



let i n t o  the accelerator through a t h r o t t l e d  air i n l e t  after passing 

through a b o t t l e  of silica gel.. Then the calorimeter was removed from 

t h e  acce lera tor  so t h a t  the f o i L m o w t e d  on the copper ring could be 

removed4 ?%e foil.  $&s punched out w i t h  a c€I"cular, razor-sharp punch 

specially made for t h i s  gwpose. The diameter of the punch's cu t t ing  

edge was accurately measwed to be 0.44-2 inch, which. made the mea of 

the punched f o i l  0,gg em a 
2 1% was found t h a t  a hasd, smooth s w f a c e  

such as a piece of formica was bes t  for pmchlng out the f o i l ,  

metal surface w a s  not s u i t a b l e  for t h i s  pugpose becmse the f o i l  tended 

t o  adhere t o  the  metal, A polished glais surface such as e glass s l i d e  

was found t o  be suitable provided caze was taken t o  preserve the  cuthing 

edge of the? ptm& 

a. sof te r  surface thm fomiea ,  

A 

- It. was found t h a t  the f o i l  could not be punched on 

The punched-out f o i l  was %her? weighed i n  the modified Ca'm e l e c t r o -  

balance, which w a s  first c a l i b r a t e d  w i t h  National Bu7neai-x of Standards 

Class p/T w e i g h t s  of 1, 2, and 3 m i l l i g r a m s ,  'me balance vas always 

c a l i b r a t e d  before weighing a f o i l  because the calibration could change 

slightly frcm time t o  time, 

t o  improve the statistical accuracy, 

wese a l s o  weighed together  t o  get  a cheek, The weight measurement w a s  

Each standard wei@t was weighed t e n  t i m e s  

The 1 and 2 m i l l i g r a m  weights 



a c t u a l l y  a measurement of the p o t e n t i a l  drop across a 1000 

resistor placed in s e r i e s  with the torque mo.tor. 

given by the re la t ionship  

nichrome 

The weight,  WE?^ then 

W = a Y + b  , 

where W i s  t h e  weight, V is  the potential .  measinernent corresponding t o  

Yhe weight V, a and b a r e  constants which were determined by a l e a s t  

squares f i t  of tine c a l i b r a t i o n  measurements - 
The f o i l  w a s  then weighed alone and then with the  1 m i l l i g r a m  

standard, ten measurements being t,aken a t  each point.  '13e f o i l  wej-ght 

was  then calcul.ated from Equation (91). The f o i l  weight obtained by 

weighing the foi.1 a b n e  an& by weighing t'ne f o i l  with the 1 milligracn 

standard checked within 1 microgram, The r e s u l t  of the measurements then 

gave t h e  f o i l  weight t o  about -t - 0.5 microgram. The average f o i l  thickness 

i n  micrograms per square centimeter was then the  r a t i o  of t h e  foil 

weight, i n  micrograns t o  the Toil area i n  square centimeters. 

The average increase i n  pahi  l-eilgth a of the  electrons going 

through t'ne f o i l  was then calculated from Equations (36) and ( 5 0 ) ,  

%ne simpler s c a t t e r i n g  theory of W i l l i a m s ' 2 4  was used s ince r e s u l t s  

obtained with it d id  not d i f f e r  much from those obtained from t h e  more 

2 4 E. J, bJillia2ms, op. cit, 
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accurate  theory of M 0 ~ b - e ~ ~ .  Then the ratios 

where 

were ca lcu la ted  for each of the incident  e lectron energies and foils 

used. 

25 G. Moli"ee, op. cit. 



V I I .  RESULTS 

Shown i n  Figure (16) a r e  the  r e su l t s  of t'ne stopping power 

measurements f o r  the 50.3 and lO'.l.8 micrograms per  square centimeter 

aluminum foils respect ively.  The stopping power of t'ne th icker  f o i l  

w a s  s tudied for e lec t ron  energies of  12 t o  102 KeV. I n  t h i s  run the  

electrons were not accelerated t o  higher energies because corona 

e f f e c t s  outside the  accelerator  became troublesome This was subse- 

quently remedied s o  t h a t  the  stopping power of the thinner  fo i l .  was 

s tudied foX" electrons having energies of 11.9 t o  127 KeV. Several  

measixements were made for each. energy using d i f f e r e n t  beam curren ts .  

Probable e r rors  were calculated f o r  -tine stopping power measurements 

with the  th icker  f o i l .  The r e s u l t s  f o r  both f o i l s  w e  shown i n  

Figure (16) along w i t h  t he  Beth? s topying power theory. 

seen t h a t  the agreement i s  excel lent .  

It may be 

94 
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I n  Figure (16) ir, can be seen tha t  there  i s  very good agreement 

be tween the  Betbe s topping powei- tlieory and the expeyirncntal Pesul ts  

of th i s  work for the  two aluminum fcils used. Taerc is  no o the r  experi-  

mental work with whjch compa?i.son may b? made Taat is, the thinnest 

f o i l  i n  which e lec t ron  s lowlng down has been observed k i n g  ln65 mg/cm 

or some 13 timcs thicicer tha-n the thickes  t f o i l  used here FuTiherinore, 

the lowest me;  gji einpnasizcd iri this study by Sh.piIie126 was 1148 KeV, 

and the p r i n c i p a l  in”rest Gas t k  stragglii ig d i s t r i b h i i o a  F o i l s  i Q 

the rng/crn 

order t o  achieve an energy loss l u g e  enou2;ri to iileas:*re by ta.kLng the 

difference (usr,-a~.~-y cooipap”c.b~e t o  spectromcter 7eso l i l  Liioz2) besween ih? 

incoming and outcorning Deam energies SLS% i i i ick foil. csperinicnts always 

involve enough w l t i p l r  scairicrtag to make p.3tI; l ength  -orrecti‘~on to :“le 

foil thickness difYizult Fu-tncimore, ttie a7iC;le 07 aci-eptanee of  he 

typical spectrwie”ur tlle emei-ging el ec iz”or,s i s  ir,vz,-iaSly very  small. 

Thus, the  energy d i s t w i b ~ ~ i o m  of only a sua11 fracticr, zf tne emerging 

electrons m e  st ,udied, J I L  the w o ~ h  i e p o ~ t e d  here the zve g-e ecergJr l o s s  

i t s e l f  was measured dLrec t ly  by calcrirr,etr ic means 

t h i n  enough t o  pe i i i i t  a. caici i le t ior i  or t h e  p s t k  lengLi i  Tor the eneygies 

wed. For example, t he  ircrzase in p % t n  ler-L,th as calculated by using 

Equations ( 3 G )  aid (>0) w e r e  ‘[,(3$ and 1,4% at 10 and 20 XeV inc iden t  

e l e c t r o n  energies,  rcsp-ctively f o r  ttie 5 0 ~ 3  pg/-rn 

2 

2 range have  been d s e d  jn 311 qusnt)i tative s t ~ i d i e s  to  clefe ir. 

h o r l s  used were 

2 
~1 F o i l .  m e  path‘ 

-..I_____-- 

V. C .  Shpincl, Z h u ,  Eksper, i, Theox-, Fiz, 22, 421 (J-952) * 26 
- 
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length correct ions f o r  the  107.8 pg/cm2 Al f o i l  were 20.65, 4.1k9 

and 1.5$ at LO, 20, and 30 XeV incident  e lectron energies, respectively. 

'%he mount of heat  involved here is  r ead i ly  measured by simple calori- 

metric techniques, The only l imi ta t ion  on the prphary energy which may 

be invest igated i s  imposed by the thickness of foils which may be made. 



The stopping power of aluminmi for electrons having energies 

of 10 to 123 KeV was studTed by measuring %he average energy l o s s  

d i r e c t l y  by ca lor imet r ic  m e a n s  Two d i f f e r e n t  al-uurirlurn fo- i ls  w e r e  

s tudied of: thicknesses 70,3 and 3-07.8 micropams  per  s q u a r e  centimeterD 

A t  these thicknesses the scattel-Ing was not  excessive f o r  the incident 

e lec t ron  energies used, m1.e maximum path lengtlz correction w a s  20~6%~ 

This was for the th ickes t  foil ana lowest Incident eleckron energy-. 

The foil-s were evaporated f o i l s  evapora;t;ed Ta?i..dly s o  that t he i r  

thicknesses w e r e  uniform. 

The maximum measmed energy l o s s  was 2,,57$ of' the incident  energy 

an& w a s  found for t'le thicker foil and lowest energy, The m i n i m u r n  

measured energy loss was 0.28% of the irlcident energy, 

the thinner  f o i l  and maximirm iac i dent. ep.ergy-. 

ThLs was f o r  

The experimental results gave excellent ageerneut. w i t h  B e t h e  Os 

stopping power theory f o r  the almnir ium f o i l s  used after path length 

correcti.oiis weye made, Stnee t'ne stopping p o w e r  o f  z.lumi.num. oxj.de 

would not be much. d.ifl"erent from that ,  of a lmninum,  according to theory, 

then any aluinln-um oxide caat ing on the f o i l s  would not, be expected to 

affect -the r e s u l k  s i g n i f i c a n t l y ,  On tile basis  of ti?.t.se experimental 

results, it appeass l i k e l y  that Bethe's s'copping power t h e o ~ y  is accurate 

f o r  the energy range s tudied  m d  f o r  l i gh t  materials. %.is i-s t o  be 

expected i n  that the beam energy was always m o ~ e  than five times -the 
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ion iza t ion  p o t e n t i a l  of t h e  deepest e l ec t ron  s h e l l  (K s h e l l  i o x k a t i o n  

poter i t ia l  is 1700 v o l t s  i n  A I ) ,  

e lec t ron  s toppisg  power f o r  energies and atomic numbers where; t h i s  

i s  not so ,  

It would be interesting to study 

I n  addi t ion,  i t  would be well t o  extend the  rneaswements t o  lower 

incident  e lec t ron  energzes for low 2 materials, Since t h e  foLls  used 

were n e a ~  the minimum thickness  of self-eupporting f o i l s ,  it will be 

necessary t o  use a t h i n  plast ic  backing f o r  supporting t h e  f o i l ,  By 

using different r a t i o s  of r o l l .  thickness t o  the thickness o f  t he  plastic 

backing, t h e  measured stopping power may be extrapolated t o  give both 

the stopping power of  t h e  metallic f o i l  material and the stopping power 

of the p l a s t k  hacking, 



APPENDIX 

A. Sample Calculat,ion --- 
2 The sample calcuI.at,ion which follows i s  f o r  the 50.3 pg/cm 

almiiium f o i l ,  The procedure t o  be followed w i l l  be t o  describe 

i n  d e t a i l  the evaluation of for one of the  calibratiion poj-nts 

a t  f u l l  absorption of Yne beam, and then the evaluation of the 

c a l i b r a t i o n  constant which appeal-s i n  the re la t ionship  

Then t'ne f o r  an incident energy of 11.9 KeV will be determined, 

The method for obtaining the average f o i l  thickness with the 

associated ca lcu la t ions  w i l l  be given ,, Then the average increase 

i n  path length a f o r  11.9 KeV incident  e lectrons w i l l  be cal.culated. 

The measured stopping power %/r, where a is  the sm of 

w i l l  be cal-culated for t h i s  incident energy of 11.9 KeV. 

and a, 

1, Calib-ation 

Given below i n  Table 11 is  a tabula t ion  of the data  f o r  one of 

the  c a l i b r a t i o n  poinLs at f u l l  absorption of the beam, 

100 
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A straight line :was f i t t e d  t o  these points  

just $, the  qiianti ty t o  be determined. According t o  the  theory of 

least squares 

And the slope "a" is  

n 
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where n is the  number of observations. 

above then w i t h  n = 11 

From the data of Table 11 

n 
c ~~k~ := 34.56 , 
i= 1 

n 

i=l 
c ti = 3.3 f 

n 
C t: = 3.85 , 
i=l 

n 

i=l. 
c Ti = h9.9 a 

Putting th.ese values i n t o  Equation (95), then 

At full absoyption, the electron energy is Cieterminerl by the second 

anode p o t e n t i a l  which was measured on the panel meter to be 1500 volts. 

Using Equation (86) t o  get the correc t ion  t o  t h e  panel meter r a z i n g  

f o r  the 0-1500 volt range, 

AV = 0.038 (1500) + 7 



Rence, t he  beam energy EB was 

P = p.w B 

E~ = (1500 -+ 64) = 1564 ev. 

ti? crn/min 
- , 

The beam power P absorbed by the  f o i l  a t  t h i s  f u l l  absorption was B 

= E d = 1564 ev (0.21 pa) pB B B  

= 3 2 8 4  VW . (99) 

Tabulated below i n  Table I11 a r e  the  various beam powers P a t  B 

full absorption along witin. t h e i r  corresponding T, 

0 

47.99 
93.02 
14.0 7 
187.6 
237 - 6 
3280 3 

0 
o a 916 
2.440 
3 * 750 
4.870 
6 -090 
8.740 

A p l o t  of P 

through the or ig in .  

seen by r e f e r r i n g  t o  Figure (14). 

versus f! i s  made with the  s t r a i g h t  line f i t  forced t o  go B 

The points  f a l l  wel l  on a s t r a i g h t  l i n e  as can be 

The best s t r a i g h t  l i n e  was f i t t e d  t o  
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these points by means of least squares. 

l i n e  t o  be the constant (K,) 

Consider the slope of t h i s  

-1 , which i s  c a l l e d  the  ca l ibra t ion  

-1 constant. 

per  minute s o  t h a t  

rCile u n i t s  of (K ) will be microwatts Fer centimeter 1 

-1 @ PB = K1 

Now according t o  the method of l e a s t  squa~es, if the curve goes 

through the origin then the slope (Kl) -1 w i l l  be given by 

-1 

i=l 1 

where n is the  rumber of observations.  Prom the data of Table 111, 

n 

s o  t'nat (K )-' = 38 1 



2 .  Determination OP G" 

When the beam energy i s  increased above that for fall absorption 

in the  f o i l ,  the beam power absorbed i n  the f o i l  (FB) w i l l  still be 

given by 

since the temperature monitor is s e n s i t i v e  only t o  the power absorbed 

i n  th.e foil. In t h i s  ease, however, the absorbed bem- power will be 

the  pzPoduct of the average energy loss  i n  t h e  foil (ma a,nd','che beam 

current; ( Z  1. 
to the s m  of potentials of the accelerator and the  second anode of 

This incident  energy of 11.9 KeV is  n m e r i c a l l y  equal B 

the electron gun. When the beam cixrent was  0,150 mieroampe,8-cls at 

Wis incident energy o f  11.9 Key, the observed T, d-termined by least  

squaxes as before, was 3.62 c m / m i n ,  merefore ,  a i s  given by 

. 

t B 0.150 pa 



3. Detemination of a" 

The average path length a is the sun of the average foil thickness 

and the aveyage increase i n  path lerzgth produced by sca t te r ing ,  

To determine z, the  f o i l  w a s  punched out wi th .  a pmch having a diameter 

of  0.442 inch o r  1-12 e m ,  Thus, t'ne area (A) of the punched f o i l  w a s  

d2 3-14. 2 2 A = a 4 = -- (1.12) = 0,gg em 

The f o i l  and standard 1, 2, and 3 mg weights wl"e weighed i n  

Weight measurements w e r e  a c t u a l l y  a the modified e1ectl"obalance. 

measure of the p o t e n t i a l  drop V' across a wire wound resfstor in. series 

with the torque motor. I n  Table IV, t h o s e  rneaSUpelfieiits of V are 

tabulated along with the correspuaging weight, The V which i s  tabulated 

is t h e  average V f o r  ten successive readings, 

1 e ooo* 
2.  OOOW 
3.000% 
foil.- 

118 025 
231.99 
346.31 

9 ). 464 



The weights designated with the single as te r ix  were NA3.S. Class M 

weights e Using t h e s e  w e i g h t s  5s calibyatioa points, t h e  canstants  

i n  the relationship 

W = a V + b  

were determined by least squares, where W is the weight i n  m i 1 1 i . -  

pams and V i s  i n  m i l l i v o l t s ,  T%e data o r  Table rts giTres 

To get the weight o f  the  f o i l ,  then 

= 1 o.os28 - 0.0333 mg 1 



The average f o i l  thickness ZG .. - i n  micrograms per square centimeter 

is given by 

To ca l cu la t e  the  average increase i n  path length. produced by s c a t -  

t e r ing ,  the simpler s c a t t e r  theory was used, s o  t h a t  

w i t h  

*AP and N = - , N A being Avogadro's number. 

Consider for e x q q l e  an incident  e l ec t ron  energy of. 10 KeTT s o  -khat 

A 

(l-f?) = 0.962 . 



For simplicity, let 

4 4f lz  (Zsl) e (1-P2) 
> 2 4  a =  

m v 
0 

Thus 

Now, f o r  aluminum 

22 atoms = 6.02 x i o  - , N = - - - =  'Ap 6.02 x x 2.70 

A cc 27 

(114) 

.................. ............ ....... .................. -. -~ ...... 



Using these values in Ekpations (112) and (1131, then 

7 
3 -1 a E 7.23 x 10 cm 

3 -1 
6 = 9-5 x 10 em ? 

when the inc ident  energy is 10 KeV. 

the 50-3 p.g/crn2 almLnm f o i l ,  tker ,  

Since we have been considering 

Thus a given by Equat ion (114) becomes 

and hem e ,  

Therefore 

(11.9) 



B, D a t a  

2 

2 

Tabulated below a r e  t h e  complete data for the  50.3 and 107.8 pg/cm 

Table V i s  f o r  the 30.3 pg/crn aluminum f o i l s  i n  Tables V, VI, and V I I ,  

aluminum fo%l, 2 The data of Table VI. is f o r  t he  107.8 veg/cm aluminum 

f o i l  f o r  inciden% energies of ll,25 t o  62 KeV- 

c a l i b r a t i o n  constant (Kl) 

r e s i s t ance  i n  s e r i e s  with t h e  tempem-hae monitoring themocouple w a s  

100 r a t h e r  than la s h o w  in Figure (8). 

of t h e  temperatme monitoring galvanometer s o  t h a t  the T w a s  lower f o r  

a given beam gower absorbed, 

p&/@m 

For t h i s  da ta  t h e  

-1 
was l a r g e r  thm t h a t  of Table V because t h e  

This decreased t h e  s e n s i e i v i t y  . 
The data  of Table VTI was for  the  107-8 

I n  t h i s  2 aluminum f o i l  f o r  iiic-ident (energies of 22 t o  102 KeV. 

case t h e  ca l ib ra t ion  w a s  lower than t h a t  of Table V because the  

temperature monitoring galvanometm G& shown i.n Pigwe (8) was eon- 

neeted d i r e c t l y  across t h e  thermocouple, 

the  galvanometer was disconnected "his incmased  the  s e n s i t i v i t y  

The c i r c u i t  f o r  zeroing 

of t he  galvanometer s ince  the re  was l e s s  r e s i s t ance  i n  series w i t h  it. 

Thus the T w a s  larger  for  a given beam power absorbed and t h i s  r e su l t ed  
0 

i n  a smaller  c a l i b r a t i o n  constcant. 



TAB1 

E ( B e m l 3  
KeV- 

11-9 

22 -1 

32-3 

42.6 

32 -8  

62.9 

'(2-9 

82,8 

92.6 

1.06.8 

116.8 

127-2 

v. Stop 

T 

cm/min 

3 -62 

2 -00 

ie50 

1-13 

0~63 
1-26 
1-83 

i"65 

lobo 

I- 0 22 
1-09 

1.05 

1.28 
1-14 

2 -42 
~ 5 0  

1-23 
2,08 

0 3'74 
0 - 791 
1-05 
2-79 
2-69 

112 

ng Power I ;a for 

P - 3 8 ~  

PW 

137 

R 

76.0 

5700 

43u'I 

47.9 
69,6 

2308 

62, 

53-2 

46,3 
) l l . l+ 

39-9 
43.3 
48,6 

92 *o 
57-0 

116 7 
'79 0 

14-2 
30.1 
39.3 
106 
102 n 

73 
2 

wa 

0 a 150 

0 ~ 5 2  

0 0 152 

0 a 151 

0.0go 
0 a 182 
0,270 

0,270 

0.270 

0 0 2?'70 
0 269 

0.269 
0 2-70 
On270 

0,605 
0 350 

0 0 305 
0 a 495 

o ,090 
0 0 180 
0270 
0.705 
0 700 

I________ 

/em2 A 1  " O L  
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2 Stopping Power Data for the 107.8 yg cm TABLE VI* 
A i  Foil. 

11-25 

22 

32 

k2 

62 

96-0 
1 8 ~ 2  

zB 
w 

0,0251 
0.020r 

o n057: 
o .0821 

J ,148 
,064 
a 2.38 

-156 
6 311 

(I 322 
J-59 

.192 
* 324 

5 
$1 

- 
& E = -  

ev 

2532 
2858 

1023 
1129 

777 
886 
860 

616 
584 

533 
546 

5523 
525 

Exp * 

4-85 
4.87 
P 

ive- 4-86 
I- * Probable Emor .  



TABU 

s (&m) 

KeV 

22 

32 

62 

82 

92 

102 

VIP. Stop: 

T 

:m/min 

7-40 

-- 

10 -54 

3 -83 

5634 

6 1.0 

5.20 
5.38 
3-29 

2-88 
5.35 
5.34 

5.50 
5*l7 
2 -75 

4,82 
4,98 
2-50 

;a for the 107.8 p.g/c 
I__- 

3 
2 

Pa 

pB & = - -  
B i 

ev 

1090 

750 

6 lc8 

@3 

304 

4-30 
435 
461 

40 3 
40 'j' 
4c5 

427 
39'1 
38h 

371 
391 
377 

A1 Foil .- 

Exp 0 

I. 

* m e  averages include t k e  data of T a b l e  VI.- 
probable error .  

The ~ I " F O T  j.5 the 



C m o r  Analysis 

The cur ren t  measuring sipparatas was ca l ib ra t ed  before and a f t e r  

l"he measurements cf the beam e m e n t  were acpurate each day8s work. 

t o  aboLtt 1@5$* 

p o t e n t i a l  was  #ti 2% meter which WELS calYxrated as described previously. 

?rue second mclde p o t e n t i a l  of the electron gun vas also ca l ib ra t ed  as 

described earlier, 

beam energjr at f u l l  absorption of t he  Seam dxr-lng the  calibrati,&, 

the  aceiuacy of the calihrati.o-ii depended on a knowledge of t h e  second 

anode potuntial, Both po ten t i a l s  were assumed t o  be known t o  within 

The pa,nel meter used f o r  measwing the acce lera tor  

Since the seeond &node p o t e n t i a l  determined t h e  

2 $. 

The f o i l  t'ilLcknr;ss depended on the  w e i g h t  of aid <area of t'ne 

punched out f o i l  to de'iemix t h e  fo-Ll thickness i n  micropams per 

squaxe centimeter,  

t h e  f o i l  was measuxd t o  one p a r t  i n  400- 

ing t b e  foi l .  a50ve, and then weighing it with one or mom Watlonal 

Bureau  of Stalidwds, Class M weights, t j lat  d i f f e r a c e s  of no more 

tlzan 1 rnicrogasn were found, Assuming t h e  standard weights to be 

exact, and using the average of tine weight measurements, the f o i l  

w e i g h t ;  w a s  accuxwte t o  wit'nin 1%- 

grams per square centimeter w a s  accurate to within l$., 

The diameter o f  t'ne punch used f o r  punching out 

1% was  found that by weigh- 

Th~m t'ne foil thickness in  micro- 



I n  m e s w i n g  the r a t e  of temperature d r i f t  f o r  a given beam 

power absorbed by the foil., the  measurements depended on how accurately 

the  galvanometer s c a l e  c m  be read as the  galvanometer dr i f ted ,  The 

times at which the  measurements were made we-re as accurate as t h e  60 

cycle frequency o f  t'ne M voltage inasm-uch as a s3chronous motor 

(10 revolutions p r  minute) was used t o  trigger a buzzm every 0-1 

minute. 'me buzzer sound w a s  the signal f o r  making a temperat-me 

measwement and thus the l ini i ta t ion on timing accuracy w a s  human 

reac t ion  time, Since the galvanometey used i n  these measurements 

had a gold f i b e r  suspension and was exposed t o  room temper.a%ure 

var ia t ions  extraneous thermocouple effects were introduced, However, 

these l a t t e r  e f f z c t s  weye s m a l l  s b c e  the galvanometeaP usual ly  d r i f t e d  

back t o  i t s  o r i g i n a l  zero pos i t ion  after each T J D ,  When the galvanometer 

d i d  not  dr i f t  back t o  near i'cs zero  posi t ion,  then the data  was discarded 

f o r  t h a t  runs 

The probable error2' i s  oh7 times the  sta2dard deviation, where 

n - 1  

Here n i-s the number o f  observations, 2nd x the average value of the  

observations, Consider X t o  be t h e  aver3ge measured stoppirig power 

(1.21) 

I_ 

27 Yardley Beers, INTRODIETION TO TEE TfEORY OF ERROR (AddisorL-Wesley, 
Cambridge, Mass,, 1953) e 



of the 107~8 pg/cm 2 aluminum fo i l .  for 32 KeV d;lestrons and the x 
i 

to be %he individual observation, 

and TTTP, t hen  

If one uses the data of Tables VI 

Thus 

2 1,123 
J = - = 0.374 3 ? 

ar,d the probable e r ror  ( P B , )  is 

Pa. = 0.67 (0.374)1/2 = 0-41 

( 1.22 ] 

(124) 



Thus the r e l a t i v e  probable emor determined i n  t'nis rnwaer was 

WE errors associated with t'ne various experimental quanti ties 

R' 
have been evaluated p.l-eviomly. Errors i n  tlrle measurements of 1 

t he  beam energy d i r i n g  a run, the sam? during cali5rat , ion,  and foil 

thickness w e r e  respec t ive ly  25, 2$, and 1%. Since these crroz's 

are independent, then the over-all emor of t.hese factors is the  square 

root  of the sum of the squarPzs of each individual  e-r-ror, i n e o ,  

D P  L i s t  of Syrn'ools Used 

L i s t e d  below i n  a lphabet ical  order aye t"le symbols used in t h i s  

work, The c,g;.s.  system of units vas used ibiless otherwke spec i f ied ,  

- - e f fec t ive  atomic sh ie ld ing  radius  = a E--- 7 3  a 

a = ~ o h r  radius  = 5.29 x 10-9 cn.. 

0 

0 

z 2 
Ze - = -  a =  
hv 137 F 



c 

f3 = v/c where v is the electron ve loc i ty  and. c is the velocity o f  
l i gh t  

b = impact pmameter, the c l o s e s t  distance of approach of two 
col l id ing  particles i f  there were no force of“ i n t e rac t ion ,  

rnaxhm impact, pwaneter: at which a;n energy transfer can 
occur i n  the  electron -electron collision, 

rninimm i m p a c t  parameter in an electron-electron c o l l i s i o n ,  

b = 
max 

bmin 

r j  = veloci ty  o f  l i g ~  P 3 x do em/sec, 

= 

( ~ ~ 1 ~ ’  = ca l lbra t ion  constant i n  E=- , which appears i n  the 

relhticns1Li.p P = ( ~ ~ 1 - l  B 
y = Lorentz fac tor  = (1 - B 2 1 112 

p- bias po ten t i a l  applied t o  blas  discs  on either s i d e  of the 
f o i l  POI” repell ing secondary electrons back into t h e  foil., 

average mergy Lost ‘by t h e  incident  electrorts in the f o i l ,  

Ebzas 

= 
i n  : ~ > t . t , ~  of elect . i i~i~-vOltss  . 

= ele:S,~onic c b ~ g e  = 4-8 x 10 -10 esho 
f“ 

E = base o f  t b e  rxatu-al 1cgasit.Pxns = 2,71828 

f(8,dx)de = pru’oabFlfty Tor a single  nuelear s c a t t e r i n g  betweep 0 
and e + a@, 

a4 

B 

5 3  

$4- 

E 

K 

derjot e6 ;t;F,c galvaxmeter used i n  morita;Ping the foil temperature 

= Plam,k*s constaTlk/2x = 1-04 x erg-see, 

;= e-mrent of the electyon beam stPiking the foil in microamperes, 

= P e l t i e r  cooling cu.men?;, loco, the eurrer;t sent through the 
cooling t h e m q i l e  for  precooling the f o i l  below i ts  en~5p.m.- 
mental temperature. 

= mean ionizat ion potential GI? an abssrber; L5O ev f o r  Ale 

I - t b w m a l  conddct iv i ty  



1.20 

R1, K2 = pyoportionality constants which appear i n  t h e  re la t ionship 

T 

cm f min K is i n  units of * 
1 I-lw 

j - =  average path leng%h OP t h e  electrons going through the f o i l .  

(jJ ‘I increase i n  path lengk‘n prrod.~ced by a s ing le  sca t te r ing ,  
- 

average increase i n  path length over the e n t j r e  thickness 
of the abs orher e 

-e8 
m =  e1ectroi:i.c rest ma,ss = 9*lI. X 10 g. 

ra, - -- 
0 

Avoga&o t~ ni;lmber :z 6-02 x lop3 atoms/mole, 

6 -02 x 1.0~’ atoms/cc far AI-. 

- i &- ;= power lost by Che ixciderit e l e c t m n  beam i n  the f o i l  
i n  units of micro-watts pH - E 

d s =  incsernent of path taken by ilze s ca t t e r ed  ekc’cr’on between 
c a l l i s  ions 0 

do(@) = Rutherford d t f f e r e n t i a l  c ross  secLion p e ~  atom for s c a t t e r i n g  
i n t o  a s o l i d  arigle a, 

= maximum s c a t t e r l n g  angle i n  a s ing le  collision o f  t h e  incident  
electron with a nucleus I ‘max 

= m f n i m u m  s c a t t e r i n g  angle in a n-]clear  collisioo. ?nin 
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dt  = incpement of f o i l  thickness, 

t = either the % o i l  thiZckness o r  time 

= time at which. 21 = Toe 

T = temperatwe(mua1ly the foil temperalure)measured i n  eenti-  
meters of def lect ion of the t e m p r a t w e  monitoring galvanometer., 

To = tc?mperatuu"e of the environment and the  thermopile reference 
junctions 

Tm = f o i l  temperature at t i m e  t 3 w ~ 

2; = 
f o i l  temperatuse at t h e  t = to f At- 

T = f o i l  temperature at t h e  t = t - At, 

Ti = 

0 - 
init2al. temperatwe of the f o i l  p r i o r  t o  heat ing it by the 
electron beam, 
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