Lawrence Berkeley National Laboratory
Recent Work

Title
EFFECT OF CHEMICAL STRUCTURE ON STOPPING POWERS FOR HIGH-ENERGY PROTONS

Permalink
https://escholarship.org/uc/item/9wm8v5fd

Author
Thompson, Theos Jardin.

Publication Date
1952-08-11

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9wm8v5fc
https://escholarship.org
http://www.cdlib.org/

UCRL 1910 |

cyd

UNIVERSITY OF
" CALIFORNIA

@%m@ﬁ@wme
Radiation
L aborator

™
- TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
_J

BERKELEY, CALIFORNIA

QOrbl =7 )20



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



.
4 _ , R . N WCRI~1915
>/* . S Unclassified-Physics Distribution
. . 14
. . .
f UNIVERSITY OF CALIFOKNIA
- ‘ o
! ] - Radiation laboratory
> - 'k{,m,f'Contract No. W;7405-éng-48h
¢
' EFFEGT.OF CHEMICAL STRUCTURE ON STOPPING POWERS
. %! " FOR HIGH-ENERGY PROTONS
| : s Theos Jardin Thompson
” ' (Thesis)
Avgust 11, 1952
ﬁ"‘v ® v‘
.(9
- :i
/]
.%l

Berkeley, California



II.

III.

. ABSTRACT

—2-

t

TABLE OF CONTENTS

INTRODUC TION

A,

Background

B. Statement of Problem

C. Basis of Caloulation Method

EXPERIMENTAL

A.

'B.

. C.

D.

Experimental Definition of Range

Experimental Apparatus

Measurement Methodé

Sample Preparation and Use

%Q
(0)"
@)
- (d)

2

_(e)
(£)

(Q
(h)

.General

Polystyrene “
Polyethylene B g
Liquid Samples

Carbon

Styrene

HEydrogen

COxygen and Nitrogen'

' _E. Checks of Method and Procedure

(a)
(b)

(e)

Liquid~Purity, Density
Iiquid Target Lengths

Geomstry of Liquid Targets in Beam

Page

S 11

24
24,
25
26
31

31

34
35
35

45

49

49

49
50

51



IV,

V.

VI

VIL,

'.A.' Typical Sets of Data

.--3- ’

- TABLE OF CONTENTS -

E. Checks of Method and Procedure {Contd.)
 (d) Possible Effects of Tube Walls. -
(e) Beam Current Effects | o
(£) ionizatioﬁ Chambers
.'(g) Ratio Meter
TABULATION OF RESULTS

B. Results
ANALYSIS OF.RESﬁLTS 
A, Carbon-ﬁyarégén;i
Bo Chldrinév o

Co. Oxygen

| D, Nitrogen

CONJLUSIONS

ACKNOWLEDGEMENTS -

VIIL REFERENCES

K.

ILLUSTRATIONS .

Page

52
52

53
53

55
55

68
72

75

76
79
80



. -l

EFFEGT, OF CHEMICAL STRUCTURE ON STOPPING - POWERS .
FOR HIGH-ENERGY PROTONS
Théos Jardin Thompson

. ’ - Radiation Laboratory, Department of Physics

- ' :  University of California, Berkeley, California
A | o August 11, 1952

ABSTRACT

»

. .A study has been mAde of the sﬁopping power of various elements
~and compounds_for a high’energy profdn béém. The purpose of the measure-
ments was twofoid._ Firét, an effort has‘been made to determine whether |
or ﬁot the relative stopping power of a cﬁmpound is strictly an additive
funcﬁion of thé elements which form the compouhd.- Second, the stopping
- powers of four elements hydrogen, carbon, nitrogen, and oxygen and twenty—
nine compounds of these elements have been méﬁsured ﬁith a high degree
of accuracye The stépping power of a fifth elemént, chlorine, has been
inferred fﬁom its compoundg.
A1l stopping powers were measured relative to copper. The def-

‘inition used in this paper for the relative stopping power is:

Range
—_— copper
. | <Mole wt. PP
T ‘ S Scompound ¥ (Range o
o AR : (Pble wt;) - compound
Ve ) P . . o . v
o : This is a relative molal stopping power. Proofs of the valid-

ity of this form as applied to additivity calculations are included in

the paper.
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The experimental method employed the use of‘the so~called "Bragg
curve" methéd of .determination of range. Almost all targets were chosen
to reduce the mean beam energy from'ﬁAO Mev to 200 Mev. Others were cor-
rected to this,eﬁergy;intervalg - |

The results indicate that the stOpping power of a compound as
a whole is an additive function of the elements in the compound to with-
in about 1 percent, ?he largést percentagé deviations occur with the
hydrogen and‘ﬁré Q# thé order of 2 percent; The percentage deviations
decrease rapidly with increasing atomic number. Thué fhe stopping power

. : e :
pf chlorine in all compoundsvwaS'essentially constante.

By using Bethe's Equation (XI) for ionization energy loss in
an.absorber, ﬁnd'assuﬁing with Bakker and Segré? that’the'hean ioniza~
tion.gotenpiallfor copp;r as defined bvagﬁhe'g equaﬁiop‘is given as 279
eVa, the“medn ion;zatioﬁ potentials for tﬁé various elements in various
compounds has beéﬁ calculatéd,' The'résulting infqrmaﬁion is given below

in tabular form. -

»

Table I
| ‘ Elements o
Element | | 8 . — I
' Hydrogén (Mblecular) L 00472 0.0002 (est.) , L 182 eve
: Carbon'(eraphite) l _  0.2455f¢'o,ooo5'(est.) o 70,2 eV
Nitrogen (Molecular) . 0.2837 £ 0.0001 (est.) 76,3 ev.

Oxygen (Molecular) : A_? 043188 + 0,0003 (ests) 83.3 ev,



.‘ .

Table IX-

.- Compoundg
 Element in Position in -
Compound ' Compound S __ I
Hydrogen - Saturated ©0.04797 £ 0.00007 15,5 ev.
Unsaturated - 0.04879 £ 0,00010 13.0
Carbon ~, Saturated . 024627 + 0,00016 69.3
 Unsaturated . 0424674 & 0,00009 67.2
. Highly chlorinated ¢ 0.2509 #0.0008 ~  57.9
Nitrogen ~  Amines, nitrates, etc. 0.2785 & 0.0025 89.4
o Inwing 0 - | 0.2870 £0.0020  68.8
Oxygen . =O= C 0.3187 0,002, 88,5
| | = 0.3226 # 0,000 = 79.8
Chlorine A 066335 % 0,0035 ©153.7

H

i O If Scpd and the range or (dB/dx), for cdpper is known, the
defining equation above may be used to give in a simple way'the range or

(dE/ax) for -thevcompound. ‘The Scpd'fc_’.r a_compound AgBy, may be calculated

: using the value vtabulated'abdvve by ;use of the "equatiqn Scpd = aSy + ’tﬁBQ
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EFFECT OF CHEMICAL STRUCTURE ON STOPPING POWERS
. FOR HIGH-ENERGY PROTONS

vTheoa,Jar&in Thompson

* ‘ -~ © Radiation Laboratory, Department of.Physics
- : ' : ~ University of California, Berkeley, California

' August 11, 1952

- II, "INTRODUCTION

'

A.  Background
N The loss of energy in matter by fast moving charged particles
s has been an object of study for many years. It was early realized that

this was dus primarily to the excitation and ionization of the atoms
- o traversed, Bohrl, Bethe?s3s4 and others hafé‘Succeéded in explaining
the ﬁhenoﬁenon in some detail. Bohf made the first élassical analysis,
.‘Bethe used the Born approximation applied to fhe collisions between
.heavy particleé ;nd‘the atomic'electfons to déveioﬁ his énalysis. This
devélopment madé use of quantum mechanics, The discussion here will be
confined to a brief outline of the Bethe theory. '

o Bethez considered the hydrogen atom and first calculatéd the
idifferential cross section aé_a functiog of momentum for inelastic col-~
lisions, This corresponds to a trahsfef of energy to the‘atomic.elec-
trons and excites the struck electron to some given level, n, 1, or to
the‘continuum. ‘The differential cross section for excitation to any

given level, d @n(q), as a function of momentum (q) is then integrated



! ' .fnl log'A£i=='fnl log (-Enl),"

-

over all possible momenta. to give the total cross section for excitation

‘to any given level,.n. The momentum, q, is that exchanged in the colli- |

sion and the cross, section has the dimensions of an area. If this cross
section then be multlplied by the: energy difference between the ground
state and the excited state, summed over all levels, n, and multiplied

by N, the atomic density, the energy loss per centimeter by an incident

particle is obtained.

»

'% ='N§ (En"Eo)( d @ M
S . dmin B

- This equation may be rewritten in terms of the probability

matrix elements involved. ' The expression obtained by that operation may

then be rewritten in terms of oscillator strengths (fnl) for all possible

transztionso By rearrangement, the latter expression may be simplified

in terms of a mean excitation energy for all p0331ble excitations of an

electron origlnally in an atomic state n,l. The mean excitation energy

~of the n,1” shell (An,l) is defined by

. (I1)
o RTE TR E LEN
n'l. 'll . oo Enl

H

where E,; is the ionizationjpdtential of the n,l shell; Z,; is the number

. <« > ’
- of electrons in the n,l.shell in the ground. state, 2,y and Z ; are the
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number of n,l electrons of shell n,l in a single'spin direction. 2y =
(2;1'+ an) and g3 =21 +11is the weight of the electronic state (n,

1) In terms of this mean excitation energy for all possible states

‘excited from an original state'n,1, the energy loss per centimster‘may

be written:

dE _ 4mehz® ywe o 10g 2mR (I
- & ) » nl 'Anl | )

»

A mean excitation potential I for the atom as a whole may now

~ be defined by the equation: e

zlog1=§lfnllogAnl - 3 (1V)

In terms of this equation we may write the energy loss per

centimeter:

_ Amehz?3 2mv? _
_%_%-—Nlog 1 o (V)

_‘galcnlations using this equation modified as indicated below
to'account for relativistic effects give values for I which are much too
low. Inva more recent article’ and in private conversations, Bethe sug-
gesﬁs following the procedure first advanced by Blackett5 and used later

by Duncahsoné, etc. This involves using the ‘equation in the form given

~ below together with experimentally measured values of dE,dx to calculate

valuss for I,

For atomie hydrogen the equation given by Bethe is as follows:

e M]_ ...__Z%__.. | VI
ax . R ongOSRyh (V1)



«10=
Ry in this case is the Rydberg constant. ° Thus the value of I
for hydrogen should be somewhat higher than that of the ordinary ioniza=-
tion potential for the hydrogen atom.

In & more generalized form, Bethe2

has shown that the energy
loss for nuclear particles per centimeter of target material thickness
can be given bys _ ‘

-7 at(em.) T 1(1_32)

¢

Here dEﬁix is given for particles of charge ez and speed v moving throughv'
‘an absorber of effectiva nuclear charge 2, eéffective ionization potentlal.
~ per atom I, and with atomic density N. Note that B = v/c where ¢ is the
relocity of light. Cy 1is a correction tern representing the deficiency
_of_stopping power of the K shell electrons at relativelyvlower incident

_ particle energies but unimportantlfor the high speed incidence protons
"employed in this experiment. Bethe has also deveIOped the concept of
stopping number. This is & convenient dimensionless quantity (B) pro-

.portional to the stopping power.
B=21log?77

As stated above, ‘I is usually treated as an empirical constant
to be fixed by the substitution of known data in Equation (I). Through
the years many workers7’$’9’;o have measured experimental values for

| (dE/dx) and range and from'these experinents values have been.calculated



[ S

-11-

foril«for many elements., Asﬂan_approximation,_Blochlfihas shown_that I.
may be given as: - Cend e “;u->e=¢ T A
.uhere_a ie;a.constant of.proportionality-varying slightly from element .
tojelement;'and Z is, the atomic .number of the stopping medium.. It has
been shown experimentally that a varies;from approximately, 16 electron
volts for hydrogen to approximately 9.5 electron volts for the heavier
'elementsv 9,10,11,12,13, L4,

: The Bethe equation (VII) above holds ‘accurately, only. at. particle
: veloc1tie3'well;above;thoee,ofethe,oribital,electrene in the fronel ateon,
AvThus;to-obtaintthe.closest agreementwwith‘Bethe's theory, experiments
shouldlhe condusted nsing high: velocity heavy incident perticles.

B. Statement. of .Problem. .

It is a matter of 'some theorstical interest to know whether or

noo, and by how much .the mean ionization potential, I, of an element will

. be altered if the.element considered is a part of a com.poundo It is also

a matter of s interest to experimental nuclear phy81cisfs interested in ae-~
. curate measurements of stopping power and ionization losses in targetsl
and absorbers to know how much the effect of I alteratlon in compounds

may be. The effect on I if the element used is in a compound is expected
to be small since in formation of molecules only . the, outermost or valence,

: electron shell is involved.L Even in the outer shell the changes w1ll not

be too great.. Thus the percentage change in effective I for high atomic
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number‘elementa cannot be expected to be large. One would expect the per-
centage change in I and hence (dE/dx) values to be gpeater in the lower
elemepts and thus probably greatest”in hydrogen. As it is to be expected
-thet the effects_will be small, tﬁe measuremepte must be made accurately.
Thus, as an incidental part of the eiperiﬁent the stopping power and .
heoce, inoirectly,'I for certain pure elements may be obtained with a
-‘high precision. | |

Specifically, the principal purpose of this experiment has been
. to determine whether or not the relative stopping power of various com-
pounds.for a“high energy proton beam is strictly an additive function of

the elements which make up the compound,

C. Basis of Caleulation Méthod
In order to calculate the relative stopping power of the various
compounds and elements, copper was chosen as the basic material, .
The definition used in this experiment for the relative stOpping

power to copper is:

SR [Rfﬁ% g GE’?) . .
S - M Jlcu ...""‘g— X —-—L (X)
cpd = ‘@- - M cu R%) _.

T ‘ [ c o L ¢ ecpd f
[ e o W

R is the‘p:oton range as measured experimentally. M is the molecular

‘weight of the element or compound in question.i This is a Trelative molal
stopping po#er. The (R/TD for copper appears on the numerator. By
writing it in ‘this way a compound or element with a small R/M will giVe



cel3=-

a large “stopping power" or S value, that is, the compound or element is

LR -,

more effective per mole in stopping the proton beam than one with a larg-

Ty
L

er R/M value.

_.V

" This particular definition of the relative stopping power was

[

chosen because of its straight forward application to calculation of the

; additivity effects of stOpping power. To show this, assume that in the

J,p iy -
. + 4

' sample and in the comparison, we have a relatively.small increment of

energy lost and thus a small inorement of the proton range, dR is spent
in the sample:! o " ﬁ o o ) _
- L If L is the number of molecules per mole, f? the density;ana
M the molecular weignt;‘then N = L;>/M and Equation (VII) in terms of

- "
* u, ..\ i

energy loss per granpcm -2 may be rewritten for high energy incident pro—

B ‘xq',‘v T ( boox ot

tons. , - ; . .
_ sy oo
° The ‘increment of range may, benwritten:( z”~ﬁ,;, L

’ o (x11)

*.'h-' & ’

" e

From g (XIII)
‘ ' L Lo . Lo
~ Now define" (XIV)

I . T e e P
A I . P o Ve Mha
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£

vﬁhere A = atomic‘weight of element A

B

atomic weight of element B

a

atoms of A per molecule
! *lfibf}: atoms of B per molecule -~ . *© -7~
*M. = Molecular weight of the compoundlﬁﬁh"'

Let us assume complete additivity and that the mean energy of

tthe proton beam is-the‘seme at all points in any single'plane.passed‘

through the sample perpendicular to the beam. - Then the proton energy

Vloss in passing between any two such, planes will be the same as that in .

a mixture of the two elements in pr0per proportions and will be propor-

tional to the fraction by weight of each elemsnt present multiplied by

'1ts energy loss per gram—cm 2 i.e.,

-~

throughout, opd may be rewritten.‘ .

D@ EE

' Substitution of (XI), (XII), and (XV) into (XIII) gives

@
- E
W\ | Mepd
: = XvI
compound . Meu/ ou dE ( 7 )

If the energy increment and the velocity considered is the same
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2 e5z

. . _V '.‘, SR, 4 2mv2 . o (XVII)
. Lo ( uﬁi; : (l Icu l-ﬁ ﬁ)/ .4 o

2ol m | S 52 ‘
e B’-> ( i 7))

B R
R 82y \1n m'-‘ﬁz)]'wn (ln (1_ y -Bz)

B

or if the'epergy intervgl and'the factors common @o~bpth nunerator and
denomina£§r be replaced, it will be seen that2 3. | |
o s'com'pomd=asA +vSy L (;cﬁn)
Thus, for small increments of energy QE the ‘above’ relationshlp
holds. Since the energy occurs only within the logarithm end as a small
relat;vistigMcorygppiop,‘@he definition of sﬁopping power given above
will be almost independent of the incident energy so long as Betho's Equa~-
tion VII.andiXIbholdofIhig.ig,fgf@herijus£ified as the ratio of the two
: logarithh factors will be even more cidgely & constant independent of the
 ‘incident particle energy. It mﬁst noﬁ‘be consideréd whether or not the
‘relationship of EquationXVIIIis Justified vhen integrated over larger
energy intervals. Two methods of proof have been used. First, the expres-

sions below were numerically integrated over a range from 340 to 200 Mev
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‘for CHp and CH using the -(dE/dx) valuas given in Aron's Tablesl5 and the
results comparod. This 1ntegration represents the questionable step in-
the.proceduré. The" (R/M) “for coppar will be the same ‘on both sides of
Equation XVIII, |

..“Mcpd.‘ y N
cpd $31,o T dB - (D {(x138)
. 7 200 ( ) al (dE -
. “4 M'epd dx Mcpd
. S ..
8= + = = +
"Ry . i Rp 340 4E 340 gg (XIXB)
. f oo B [ |
200 \ax/y 200 laxJg
Thc.resultsiobtained'crc:ﬁ o . |
) XIXA o XIXB ﬁ_.' Relative difference

o 0432319010 ©0.32318579 4.3 x 1076
CHy 0378369 0.37H®% 0.7 x 207
A more convincing proof, perhaps, is that given below which was

developed by Bethe in conversations with the author.

Equation XI may be written: .

dxe.z) "‘i‘;z‘“ M 2‘“12“, '*‘”*”"5 ]

W . . ot
ALk e R
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. Expanding 1n(1-f%) ..

imtd [ FE

"'AtE_340Mevandx=53.1 ov. 1n2mv2/1-909and52 0.46

ja/». + -%- -ﬁ6 N ....] .

&l
f"aﬂha

L

_ To order ef Bl’ one may negleot the relativistic corrections.,
. The 134 term a'bove is 1.2 percent of the ln mefz/I e.nd will not appre- -
| '.ciably affect the correction term to be worked eut 'below. _
’ Now define a new variable X = 2mv2 then dx = Lmvdv and dE =

L]

. mvdv = dx/4, then: Lo

| o A~ X dE | EmﬂxAzmvsz L Toax por =
. ..RA' = ‘ E ," : <XX)
AT ) (Tx) o graReAlz 1n2mz§ KZA InX

NS 1s

kS

vhera K = 32m%e*L from Equations XI, XVI a}ia*,‘xv"né 2

SchL _ = 1 :V:=r:‘7K; R " (-) aZA B (:' 3 sz | i}" ' V(XX‘I) |
R . . dX ma:d(dx A%
vorlil, et [ ME J

0 aZ +bZlexI§ o:

Now define an ei‘factive ionization potential for the compound

oot
Zﬂ\

by the fqllowing equation:

RS :
Y R LA -t X . et :
oS oY vE o i

L .__'ﬂ_lnIA'kbEBlnIB Tl |
. }p ;eff . aZg bl PR (XXIi)




W

Then Equation XXI may be written: - AT R BN

3 - T e T Rl

1 K (D) maz

" Bopd fmax ¢ yax ~fxmax Yax fxmax zax
e ey A T R e X

£z M

Defirie a funotion F(I) bys = .w- v .t °

>

F(I) xmL e ()
{ Ty 1‘ | |

In térms of F(I) Equation XXIII may be written:

’ Now expand F(Iep) in 8 Téylprjs expansion:

2

:f(xeffjéf‘(lﬁ'16+1n.i1.szﬁ)=r'(xo) + F'(Ioj (1n I;ff-)'u/é Fn (I,) (1n ief  oeee

bJ

, -

and ‘similarly for F(I4) and F(Ip) B o (xxv)

P = F(Io) + F'(Io) a I«1*) I o () + ... ote.

%i@ﬁ | (R) -(azA+sz) [F(Io) + F'(Io) (1n Ieff)+1/:a F"(Io) (1nI°ff) +]

FRE N

(=) aZy [F(Io) + ;r(;o)ln% +:_;./2 Ff(xo) (1:%—)2 +] +
e e L (I .
bZB [F(IO) +F' (Io)'ln'j_% + 0000.]
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&

Substitution of the definition of Ioee given by Equation XXII in the first

derivative expa.naion term of the 1eft hand member above shows at once

vtha.t the two sides of the equation are 1n agreement through the first

 derivative terms of the expansion.’ "l'he diiference between the two sides

is then given by:

b= 1/2 P (L) [azA{ (1;&%222)2 - (In %&)z}ﬂaz {(13;1_‘2.1'_1‘)2 ( )2} ]
e e ° o (xxviir)
¥ higher order terms,

Now conaider the funotion F(Ic)z '

' Iet§’°u'/2 or21n.§=u thendx-%?. e""/"2 du

Xmmx : '.‘J'“miionzé.“du
o u: -

.

iy

~This is an exponential 1ntegral and 1ts solution for lul»' is given in

Ja.hnke-!:hndelé 182:

W = Bw

»

In our case u is approximately 18.)

whei'e H(u) =',1 +-1' J "+-‘2-12 i + ......."

Note that »this is a aemicdnvergent series. -

.

r fI°). - ( Itz) (;32) | : (1 + -,11—% +-f;é +)=-§2-(% -l-l‘;iﬁ- %3- ] .1.31; ->

--x'z u 1 u ‘?' v..'....) Co
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Using the first tern of the expansion of F"(I,) and substituting

in Equation XXVIII one obtains: _ v

| el (/ 2 ([ Ip\2
A==l [azA;{(ln Ieff)z ( -‘E) +bZp (ln .-If-f-f) -(1:323
S 2 Ip /0 VIl 1 Lo
-~ + higher order terms
From Equation XXV = .7 | |

THOR

A

u

1 Sadaitive)(}_l)
R\ # By

'(aZA‘+ bZg) u

L
N

The relative correction may then be éstimated,closely as follows:.

A
(aZA + bZp) F (Io)

Relatlve correction =

‘ '

P 1 CIiN\2 2 Ig\2
eff\2_ A eff ( B) }
_[ﬁzaf(ln‘x;') (I“H }”bZB i 2 F5) - o g
' : ul* (a'ZA + bZB) o
Assume for simplicity that I, ff = I ° Then°

S +a.ZA (1n TA’) + b2g (1:1
Y R Relative correction = P
T e e (2 in —"—‘-—-) (aZg + b2B) -

A YOty
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_ . One may now estimate the magnitude:of this correction.
Let Ig = 13 ev. ,and I, = 67.15 and the energy be 340 Mev. . Then for

Benzene from Equation XXIIs y_;f:p;_uzg X d-ﬁfff"' R

| lnI o Bonzene = 51013 #36 1n 67,05 ' '
ST s | v.’ Ieff _= 5301 Ve -.-

Then the relative correction is’ given by Equation XXXI. This

correction is for the entire range of 340 Mev protons. SN

o+ 6 (1n %}—1)2 + 36 (1n 2l

oy % .
. LN U Loy
* , . .

Correction

SNGE R WPV

[2 x 9.09]4 (42) |
Therefore the correction is negligible-to the.accuracy of this experiment.
| Thus, it may be seen that the stopping power for a given element
or compound is relatively independent of the energy at which it is measured
and also independent of the amount of energy loss in the absorber as long |
. as Bethe's Formula. XI holds. With increasing energy, the relative stop-
ping number as defined by Equation (VIII) increases with increa31ng Z but

not. as fast as 2 itself as the I of the 1og factor also increases with Z.

- _Thus the relative stopping power is a function of the particle velocitj.

- The relative stopping power of carbon to copper as defined by Equation

(X) decreases with an increasing incident proton energy where small

i
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" inerements of the total energy are ioet in the absorber. Therefore if

a 340 Mer proton beam is incident on yarious samples, the.thicker the
sample, the higher will be the reeulting relative stopping power obtained.
' We must therefore compare stopping oowere at the same incident beam energy
and with the same energy loss present in all samples. This was done by
 choosing sample thickness 80 a8 to reduce the beam energy from about 345
_Mev to about 200 Mev. 'Correctionsvwere‘epplied to bring ;11 samples to
eo exaotly:commarable basis, Below is shown a chart calculated from Aron's ..
Tables'(iS) showing the trend. Note the lack of uniformity in the trends |

which indicate the 1imit of accuracy of the tables. .

Table III:'flff
Energy loes"... RCTE :
" in Absorber’ : 8¢ R ;
350 =300 i c 0W25LL - - -.0.047732
S350 =250 . 0.25162 . 0.048447
350 =200 © . 0.25239 - 0.048576
"350 = 150 . A 0425269 . . . 0.049310
LR ‘ : Tabular error
. : ‘ in (Hp)
350 =100 0.25328 | 0.048912
3 -0 -~ ‘.o 254,49, - 0.049275

' From the above it is indicated that the correction is of the
'-.order of 1 x 10'5 in the stopping power for each Mev deviation from the
340 - 200 Mev chosen base energy. As the target energy reduction dev1a—

ftions from 200 Mev were of the order of 5 Mev or less, the corrections

N
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were, in general, very small,
v Using Equation(XIII) directly and values of I from Bakker and
.Segre9 the correction terms for the various elements used were calculated°
The values below are atated in terms of change in S per Mev change in ‘
beam energy for thin targets. This correction remains practically con=
stant throughout the range of this experiment. The energy at the front
~of the target is fixed by the cyclotron at about 340 Mev. The mean value
of a given s between 340 and 200 Mev is desired. Thus one applies Just
one half the corrections listed tO'take into account variations in the
energy of the emerging beam at the rear of the target, as the mean energy
5 will change only half as much as a given change in the emerging beam
'_energy. One half of this correction is to be added to targets which Tre-
duce the beam energy to a higher value than 200 Mev and subtracted from
‘those which ‘reduce the beam energy to below 200 Mev. .‘. \ |

(RN ' . T . v [

By - Table w
L . T R PO
" Correction for - ‘v,ﬁ_.v‘Correction S/Mev’
" Hydrogen = ..fxf'ahfiﬁio 8l x 10‘5 -
asbeon T s U
by ;d - ) .'..
'Nitrogen”%ﬂ‘:’,i_wi‘ir.:ﬂ"2-35
Coaygen T T T 2.6
Y Ghlopdne” S G Lt Yt 2.6 Y

As a practical definition of thefenergy_interval 340 - 200 Mev an equiv-
alent copper thickness of 53 grams-cm™2 of copper was chosen and all

targets were corrected to this equivalent thickness.



.IITI, EXPERIMENTAL

A. Ex rimental Definition of Range ‘;“

i

among several samples. ._]5gg<f_;?_ﬁj

‘ The ranges were nsasured by use of the 80 called "Bragg curve®
method. In this method the ionization energy loss of ‘the proton bean in -
a thin ionization chamber is measured by collecting the electrons or
positive 1ons from the ion pairs formed. As dE/dx increases rapidly as
the residual range diminishes a plot of grams-cnr'2 of copper vs., rela-
tive ionization loss in the ion chamber shows an increasing ionization
loss until the point is reached where the protonshava 8 velocity'compa-
rable to that of the electrons in the outer shells of the target material,
At that point ionization forming fon’ pairs no longer oceurs and the curve
drops sharply to zeros It 1s some point on this steep drop which glives

‘the best range criterion. Various criteria were tested, including the

eextrapolated or tangent‘of steepest descent method, the point corresponding‘

R . . 3 . Y . . . .
~ to approximately 0.5 of the maximum ordinate reached, and the point corres-

ponding to, the 0.8 point. Mather and Segrelo.have shown by a "folding"

-

operation that this point corresponds approximately to the mean range of

- the protons, ‘That is, it oorresponds'to-the center of an assumed gaussian

distribution which is folded‘into the dE/dx curve, ' This later criterion
has proved to be experimentally the bsst as far as giving repeatable re-
sults with the same sample as vell as giving results which agree best

[
. i

Sa -
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Be Experimental Apparatus

The’ experimental arrangement is shown in Figures 1, 2, and 3.
Figurell shows a”schematic diagram of the cyclotron and cave area. The
340 Mev proton éyclotron beam was déflected.or scattered out through the
magnetic channel of the cyclotron. ' It was then collimated to 1/4 x 1/2
1inch beam. - A steering'magnet bent the beam through approximately 20°

and 1t then entered the cave area through a 1/2 inch diameter 40 inch

-

- long brass collimator.

_ Thé equipment in the cave is shown schematically in Figure 2.
A photograph of the apparatus in position is shown in Figure 3. It con-~

sisted of, first, a front thin ionization chamber through which the pro-

ton beam entered the apparatus. This chamber served to indicate the

magnitude of the current of entering protona. Immediately following

~ this there was mounted a table on which could be placed 57samples; any

one of which could be plaged in the beam at will. The samples were care-
fully'milled'soiida or copper tanks for the liquids. Immediately fol-

»

lowing the samples was a set of shim absorbers which moved in conjunc-

Z;tion'with'the samples, These served to even up any inequalities in the

energy loss in the various absorbers so that all were approximately equal

\

in energy loss.

Following this was an energy wheel with 12 slots containing

‘step rariationslof copper of;aboux'O.B'gramscmﬂzeach.' These were stamped

with a circular die 4 in. infdiametérffrom‘lz.s mil selected copper and

carefully weighed., After the wheel was located a set of 4 absorbers
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working in-a guillotine-like arrangement in su@h a’way that any chdicg
‘of these absorbers could be-added or removed frOm the beam path by -
.means of remote controls at a position outside of the shielding. ' Next
in thejbeam path were'a predetermined number of copper blocks of 4 in.-
square crgss"aectidnS‘and'varying thickness. anchfblock was milled
plgin,'flat, and pérallel:to 0.2 mil and weighed to an accuracy of about
~ 1 part in 50,000.- Finally the rear ionizetion chamber was used to meas-
uré.dE/dx_néar-the;end:of'the'range.~f - | e

Co Measurement Methoda .

rl.* The first method tried was that of using two separate inte-
grators to integrate: the beam current for a sufficient time to charge a
~ known capacity. The tota1~charge measured was read for both chambers
and the rgtid taken&v1To do ‘this the beamihad'to be turned on to start
the méasurément and off to stop it. This was done initially by voice
commands to the controllroom-and lafer by a remote dodtrol cyclotron'
deflector on-off switch, It was observéd that the beam was quite un-
steady, both in energy and-in amplitudé during.the start-up period. it
was. also observed that the electrically deflected beam was umstéady‘in
dnérgy, often taking jumps of 1/2 Mev or more within a few seconds. - The
scattered ‘beam, on the other haﬁd, showed no sudden energy jumpé, but
oﬁly gradual drifts over:a~period?of many minutess"Therefore a current
| "méthod was devised which could be used without turning off the beam and

- which did. not requirs the larger total incident proton flux of the

=
¥
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j deflected‘beam; thus enabling the use of the scatte;ed beam., Switching -
‘ dévices'for a charge integrating method were not seriously considered
because of the wncertainties in thé make and”bréak‘charges left on .the
.breaker'poiﬁts; It was felt that in view of the'acéuracy desired,'éuch
uncertainties could not be tolerated. = |

‘ ‘,2.' The first currént method employed was essentially a null
method. The potential on, ;ay, the front chamber was reversed in sign
and the current from both chambers was fed into a common lead and'thencé
to an electrbmeter. Thus in one chamber the:electroné were collected -
and in the'éther the positive ions w;re collected. The current read is
the difference current and the null point'willlgive some'specific'ordi-._
nate on a Brégg.curvé'ploﬁ.'By changingthe gas pressure in the chambers.
‘any ordinate‘éould be;selected. The method is extremely accurate and

2 of copper can be

changes in sample thickness as small as 2-3 mg-cm™
measured. 'However, it was found experimentally that Bragg curves for
different substances had maximum ordinates differing by as much as 10
percent dus to multiple scattéring, nuclear absorption, and small geom=
etry'changes.. For this reason, readings taken in the manner indicated
'above gave're8ults which did not correspond to any specific fixed frac-
tion of the maximum ordinaﬁe.. Runs made in this manner did not show
the desired consistency and accuracy and were corrected by comparison

'_IWith Bragg curves for the same substances to bring these results to:

valﬁés'corrésponding‘to 0.8 ‘the maximum ordinate,
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» .3; fhe second current method employed took all of the nécessary
peints on'the Bragg curve, During the first run in which current methods
were employed to read the entire Bfégg curve, the two currents from the .
ion chambers ﬁere reéorded_on tapes by two separate‘Leeds and Northrop
Speedomax recorders. The ratio of these readings at any instant gave a
point on the Bragg curve. .Thé reéding of these tapes proved to be.a long
‘and arduous task as it was ﬁecessaxy to compare the two traces millimeter
by millimeter to obtain the traces at precisely the same time. A reader
was devised and built to éssist in positioning and holding the tape, but
this still did not help much. ) o
| F§llowing some work done by Michaei Dazey, who had firsﬁ sug-

" gested the idea and roughed it out on a Brown recorder, and with the
assistance 6f Mr. Farnsﬁorth»and the electronics group, particularly
G. Kilian and D. Merrill, a Leeds and Northrop Speedomax was con&erted
into a ratio metér; The schematic diagram is shown in Figure 4. It
should be noted that in order to have the instrument read a zero ratio

on scale one must shunt out part of the siide wire itself and that isa
fairiilihtricate operation and should be attempted only by someone who

is throughly'famniar with the recorders.

A Secénd recorder_hooked up'té'a supplementary thin ionizatioq ,

chamber i@vffont of the apparatus in.the beam was used to monitor the g

' ‘beamvlével. A side marking pen on each recorder hooked up in paraliel ff, -

&S'indigated in the diagram served to mark the time at which samples:ana;' -
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. absorbers were changed. A1l equipment was designed with reasonable
-flexibility so that several methods of;semi-automaiig«ope:ation could,;
~ be employed. Pért of a:Bragg'curfe ratio‘ﬁeter tape together with the
beam monitor-tape’for*this same period are shown in Figure 5., The linea-
- rity and consistency of the results agreed within.0.5 per;ent except'for
beam energy fluctuations. . .- . R v | :
By the use of 5bdifferent control:buttpns;60 points could be
| measured 6h'éach of 5.separate'Bragg curves without cutting off the beam
entering the cave area, The controls were located 1n‘the_counting-area A
at the east side of the cyclotronow
In all cases, one of the 5 samples on the automatic sample
changing table was copper. In practice, the sample thickness of all 5
samples on the table.was adjusted by appropriate shim; so that all sam
" ples plus shims had nearly the same stopping power. An appropriate
wheei absorber and guillotine absorber was chosen and then-with the beam
.on.steady, ratio readingé were taken>of‘all samples, Ihis‘proéedure
required’about 20 seconds per sample or about 1;2/3 minutes.for all five
- samples.’ During this short period, it was expgrimentally found that the
" beam energy drifted very little. After all five samples wére run with
a.given wheel absorber, the wheel absorber was decreased one step, the
procedure repeated, This went on uﬁtilra sufficient mumber of points
- 1wefe obtainéa on the 5 Bragg curves.to define‘completely the region near
the énd,of thelfange, inclﬁdiﬁg‘the,hump‘in}the Bragg curve. . The result-

ing curves of a typical set .are shown in Figure 6.
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The five experimental points cOrresponding to any given abscis-
sa were taken within 1-2/3 minutes of each other. : The temperatures were
taken at the beginning and at the end of the run. of each set of vessels.__
Temperatures were read to the nearest 0.02° on calibrated thermometers
inserted in the top of the liquid tubes. If the liquids varied to any
extent from room teuperature before they uere run, they were brought to
room temperature by immersing the sample-in_its copper tube in a water
‘bath at room temperature, | | |
From ﬁhe resulting Bragg curves the range was measured by the
following procedureoj The'maximum he;ght of the plotted curve was meas-
‘ured aad 0.8 of this value was calculatedo The abscissa of the point”
. on the steep“side of'the Bragg curve whose ordinatelwas the 098 maximun

2 The known

helght value ‘was chosen as the range in copper in gms-cm
values of the absorber thicknesses, the density equations, and the meas-
" ured ranged were then used to set up a table as shown in Table V, from
which S ualues were calculaued.‘ The table indicates only one typical
" get of datd of part of one.run, .Mbst of ﬁhevcompounds and elements used
were measureo three or more times on separate runso_.The errorsvshowh
are thosevestimated on the basis of the ﬁeasurements involved. Note
that the limiting error for the liquids.occurs in the copper range
j‘vmeasurem.ents° This error is mostly‘due,to,small cyclotiron energy fluc-.
-tuatloneo o

Proper corrections were applied to take into account the -

0,316 gm-cm =2 of c0pper at each end of the liquid tubes. 4 similar
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thickness of copper was added to the front of solidltargets so as to
maintain the energy at the front of all targets at the same value,- Fnom

2 of copper wes subtracted to f

‘the total range in~COpper; .316 gm—cm
give the "effective" range ‘in copper for comparison purposes with other
samples.' o
It should be noted that in}general the cOpper values from one
set to the next agree quite well. For example, values taken on 5 dif-
'ferent days.for the totalfrange in copper are'§20137§ 91.979; 92.151;

| 91,9525 92,151 gms—cm =2, " The last value is thet corresponding to the

e

run shown in Figure 6 The data of Table \'f which follows also corresponds

t e

to the Bragg curves shown in Figure 6

: bo 4 le Preparation and Use | v

. : (a) General. The compounds measured were chosen to_represent-
as nearly as possihle within the scope of the experiment the types of
variations of stopping power which might be expected. The elements hydro-
gen, nitrogen and oxygen could be measured in their pure state as liquids.
The element carbon could ‘be measured in the form of graphite. No dia-
monds of ‘sufficient size to be measured were available. Compounds of
chlorine were also chOsen, although the element itself was not used because
of its corrosive qualities. ”

| The compound;selected were - chosen to represent combinations of
;the elements H, C,: N, 0, and Cl.' In order to ‘qualify-as a possible tar-

get it was required that the compound be obtainable_in;the highest purity,



‘Table V

© . Set I -
. July 9, 1951
. _ ‘ S Equiva- Scpd
Formu- . Tube .~ Total lent Cor-
Set Target la Temps Densgity length Sample Copper. Copper. rected
' ' (°c) | (gmcm~3) {cm) (gm—cm 2) (gm-cu™ 2) (gm-cm=) ,
I Chloro- CHC1, 20,63°  1.47637 | 31,740 46,860 - 36,924 © 54,911 2,19766
form o A - o ‘ , o o
Cyclo- - Cgiij,  20.63° 077789  Ahe43l 34,562 38.179 - 53.656  2,05346
hexane . o x L A ST -0 g _ : .
Benzene Cglly  -20.63°  0.87725 41,890 36,748 38879 52,955  1.77082
Carbon G B o 39.917 38,211
Copper' Cu . 91.835
: o (effective)
‘Estimated Absolute Error  0,02° 40.00004 . & 0,002 - 30,002 10,015

- (Liquids)

0,010

- 40,0005 .

i -Z¢-
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- stable enough so that it did n;t-change during: measurement, homogeneous
in its samples'and‘amenab1e=t6 accurate sample thickness calculations.
| " The comﬁounds best fitting theseicriterié areyliqﬁids,~as the measure-
ments bf temperature, density, and‘length”of sample define the sample
- thickness gnd these can»be'given to ¢ high degree of accuracy. ‘Such’
 compounds ‘can often be purified readily by distillation and are homo~:

‘genecus, Solids, on the other-hand, proved to be very difficult, due

vm@stly'to.inhompgeneities'and lack- of an ideal method to calculate sam=

- ple thicknesses. = Because of theseadifficultiesvwith sample thickness’

vsuchvobviouSLy:ihteresting targets as metﬁane, ethane, lithium compounds,
-salts in genéral, and most solids.were discarded. The liquid containers
"‘were constructed : from capper tubes of’apﬁropriate leng’—t;hs° The ends of

' the tubes were-faqea off flat and perallel to 0.5 -mil, and then 135 mil
»rcopper sheeﬁ of known thickness in gms—cm'2 was press fit in a hjdrau-f' '
‘lie press onto éach-end‘by meanS‘éf a-retaining ring,- Tesﬁs seemed to
indicate’ that the ends were plane, flat, and parallel within 0.5 mils;
Side tubes for draining and'filnng were provided at both-ends. - The -
JlengthS'qf the . tubes were measured by a-éalibréted vernier caliper to-
an estimated + 2 mil." Some of the tubes 1h the position in which they .
were used are shown.in Figure 3. - | ;
‘The solid. sampleo incliding the copper absorbers and’ graphite-
';'were ‘ground' plane. flat and parallel t0 0.2 'mil, Thé dimension of the
'_ samples were measured by micrometers to 0,2 mil accuracyol fhe mi§r§-

meters used were checked‘againsé standard gauge blocks, As most of the
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samples were four inches square, this introduces a probable error of .

 about one part in twenty thousand on each linear measurement made, The

thickness of the copper blocks waé‘uniforﬁ to 0.1 mil or better. Copper
absorbers thinner than 3/16 in. could not be ground flat on their broad
faces by a machineiwithout_warping;-'Therefore, these were checked for
flatness-and-parallel sides and in some‘cases hand ground until uniform. -
In general it was found thét'the thin rolled‘copper was uniform to less

than 0.1 mil in thickness over samples as iarge as 4 in. square. Thé 13.5

© mil thick coppef,circular disks for the absorber wheel were punched out

@
in an accurate punch press and any diameter was the same to 0.2 mil or

better on any plate and also from plate to plate. The plates used were .

specially sélected.f,TheAweights of the solid samples were obtained on’

~an Ainsworth‘keyboard‘balanqe with a sensitivity of 0,2 milligram: per

pointer scale division. The heavier samples were weighed-oh a Radiation’

Laboratory balance with a sensitivity of 0.166 grams per pointer divi-

. slon. This balance and the weights were calibrated by ﬁhe California

State Bureau of Weights and Measures. By this means, all solid sample
weights were 6btainedvto an accuracy of better than one part in 10,000,
and in general of the order of ome part in twenty or thirty thousand.

(b) Polystyrene, Two different samples were prepared by

cutting off and smoothing the. ends of three inch diameter polystyrene

“rode ' The polymerizing cgtaljsts used were. unknown but in the calcula=

tion have been assumed to be,negligible.?»,::_,, o c
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(¢) Polyethylene., The samples in this case were prepared by

weighing large sheets of polyethylene and measuring accurately its area,
) 2

From these measurements, the average samplé thickness in gms-cm < was

calculated. The large sheet was then cut into 32 pieces which were then

 stacked as the target. This target was run in the beam on different oc-

casions. The results of four of these runs with the same target give the
stopping power of CHy as 0434449 * 0,00008, (The error indicated here

shows agreement between runs with the same sample.) On one occasion this

target was split into two stacks of 16 pieces each. The results of these
. 7

runs with short targets when corrected for the energy difference give the

stopping power of CH, as 0.34005 and 0.34595. ‘As the splitting into two

- targets may have been done in some selective manner,’it is felt that the .

first values are bette:. A second short set of absorbers was prepared

and run in'a similar manner. The value obtained was 0.3421 when cor-

"rected for the énergy difference. The error to be assigned on the basis

of consistency of these results gives an answer 0,3432 * 0,002, The

error here assigned is due almost entirely to inébility to measure the

sample thickness with the desired degree of accuracy. Again in the case

of polyethylene little is known concerning cataiysts for the polymeriza-

tion which may be presen£ in the material., Plastic chemists have given"

aésurance'thaf these will be quite small,

() LiQuid'sampies.' The information available concerning the

density and purity of various samples is given in a tabular form in

o
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Table VII. That these things are important, is indicated by the following
Aata in Table VI on the stopping power of n-hexane. As the dE/dx per gram-
‘cmfz is only a‘slowly varying funcﬁion of atomic numbervsmall amounts of
impurities of similar chemical strqéture will be relatively unimportant

as long as the density is accurately known.

" Table VI
Liquid Description . . " Density (18 °C) .~ . Stopping Power
SélVent gfade n-hexane = .. . - 0,68185 : . 2,1303
. . ‘
Purified grade n-hexane 0.66724 2.1435
- Phillips 99 nol percent‘ ‘ _0066123 o ) 2°1492,

or better n-hexane

.Qetemiﬁation of Densities, Equé.'bions exist (calculated 'from_
theﬁbest'available experimental data on the basis of least squares) for
the:determination of the densities of most of the liquids used17o The
-accuracy qupted in this referenge are of the oraer of one part in one

- "thousand or better. However, it was found experimentally that the den-
 §ities obtained by use of these equﬁtions did not give sufficient ac-
vcuracy in‘éome cases and in others equations did not_exist° For‘these
reasons 1t was considered necessary to psasuré thé densities experimentally.

A pycﬁométer method was choseq° A 50 c;, Qolumetric Pyrex flask with a
 tapefed groﬁnd glass joint was chosen and fitted with a tapered top con-
taining a capillary tube. It was soon found in preliminary tests thatt

the more volatile of the liquids were still e#aporating enough during
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the weighing to effect thejresults° For this reason an extra cap was:

added effectively shutting off the capillary and the entire top of the -

vessel. from the outside air. A¥tare'f1ask with the same extra tops was

- used in.the weighing.. -

A constant temperature bath was set up using an electrical
spade heater and controlling the temperature .to within 0,02 oG by use ..
of a Fenwal Regulator. = The bath was maintained at a temperature above. .

room tempéraﬁure in order that. the liquid always contract during the -

weighing process. The temperature was takenlon a 0,1° thermometer cali~ :Z'

. &

‘brated by the Bureau of Standards. Accurate estimates could be made. to

the nearest 0,02% ..The volume of the vessel ‘was determined by weighing“~

 distilled water samples. and determining from the I.C.T. the density of . .

water at the bath:temperatureov The.volume-of.thevflask'wés determined.:

‘as.a function of temperature by a series of more than 10 measurements,

The accuracy based on internal'consistancy.wasifound to be + 1.Part/ .

52,000,

" To measure a liquid density the pycnometer contalning the
liquid was immersed in the temperature bath for several hours until the
liquid had reachedthe known bath temperature° .The tare was also im-

mersed briefly just before both werse removed. ' The liquid level was

checked shortly before removal from the bath. If low, 1t was replenished

' by means of a micropipette, . If too high, the excess ‘was blotted:off .

with a Kleenex,  The vessels were .then capped with the extra tops and.

=N
Py
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removed from the bath., Both vesseis.were thoroughly and quickly wiped
dry andrthey were then weighed. Reweighing after 5 of 10 minutes indi-
cated that any moistuie remaining“on th; outside of the vessels and not
caﬁcelledﬂby use of the tare flask was less ﬁhan,one part in about
100,OOOW ) | .. .

Several of the liquids, notably styrene,ldicﬁIQrodiethYI ether,
trichloroethylene, tetrachloroethylene, and BB' dichlorodiethylether did
not have ﬁublished temperature-density.relétiohships. These were measured
and fitted by a linear temperature correction. The densities were taken for
" at least 3 temperatures to make thgs defefmination. In the case where
) these relations already'existed, the temperature terms given in the lite~
raﬁure.weré used in conjunction with the expgrimental félues determined
at two or more points, to give a density felatiohship which was finally
used.s On the basis of rechecks, agreement with the literature values,
and internal agreement of.measurements, iﬁ is felt that the density can .
be reported at any given.temperature to anlaccuracy of about 1 part in
20,000, - |

The densitiesvfinally used are given in Table VII. The base
‘temperature used was 18‘°Co Corrections are from that value, vThe
v#lues given include temperéture corrections based on Bureau of Standards
calibration and corrections fof buoyancy effects during the weighing
process. All weights uéed‘were calibrated and the corrections were em-
ployed in the calculations. _The values given quoted from the Interna-
fional'Criﬁical Tables are calculated from the equations found there and -

are reportedly accurate with a limlt of 0.0002 to 0.0005 in most cases.



Chemical Sources

B.A., = Baker analyzed
CQB;, = Coleman and Bell
CoDe = Caldow '
EcA, - = Eimer and Amenc¢ —~

Table VII

Iiquid Target Data

E.K.W, = Eastman Kodak White Label (99 + percent)

. E.K.Y,
s

u

Compound

Benzene

quuene‘
ﬁhiylene
n-pentane
ﬁ-héxane
nrhéptane

" cyclohexane

Eastman Kodak Yellow Label (96 + percent) .
Phllllps Petroleum (99 + percent)
Shell Chemical

. Legend
CoP. = Chemically pure .

" A.CoS. = Meets A.C.S. standards
J.C.To, = International Critical Tables

" (all I.C.T. values based on equations'-
given in that reference)

(2), (3), etc. number of different lots
used from the same source..

- Fractional '
No. of ‘Distilla- B.Po : Dennity (18 °C)

Samples tion (Measured) (A) Measured (B) Table (A-B)
3 yes 7905°~80,0°  0,88006 0,8809 -0,0008

2 yes 110%111°  0.86764 0.8675 +0,0001

2. yes 138%-139°  0.86458 0.8661 -0,0015.

1 o o 0062858 0,6282  +0,0003

1 no 0.66122 0.6613 ~0,0001

1 no 0068552 0.6853 40,0002

2 yes 79.2°-80,2°  0,78032 0.7808  -0,0005

_Source

Bvo"AA;C oSo"CoPo (2)
coBo"AoC cSa-CoPo

Bvo-AoC 0Se Reagen‘b (2)

BoA.-A.C.S. Reagent (2)

P'~'99.percent
P - 99 percent
P -~ 99 percent

CoD. ~ 99 percent
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-Styrene
Carbon Tetra-
chloride
Chloroform

" Chlorobenzens

O-bichloro-
benzene

ﬁ-ﬁ'-Dichloré
diethyl
ether

i,é Dichloro

- ethylene
" Trichloro-
ethylene

Tefrachloro
_ethylene

- Methyl
Alcohol

“‘ﬁooﬁof
~ - _Samples
3.

.no

* 'no

Fractional , . : - -
Distilla- B.P. . Density (18 %)
tion .  (Measured) (4) Measured (B) Table  (A~B)
yes . (vacuunm | 0.90949 not known -
a distilled) (variable) ) .
yes 75.5%76.0° 1.59580  1.5979  -0.0021
yes 59.5%-60,0° 1.48132 1.4928 <0,0115
yes . 128°-129° . 1.10863 1.1085 40,0001
no 1430777 13048 40,0003
122001 1,222,  =0,0020
yos 81.2%-82,0° - 1.25588 11,2566 -0,0010
no ) .1.466§8 | 1o£556
, .~ (25/4 or)
| ‘ 14672 -0,0002
1062363 1.6183  +0.0053
yes 64°-650  0,80108 0.7935 - 40,0074

8o

' Biho=CoPe (3)

BOAO-A .C oSo‘C“oPo (2)
EoKo-w .

vE‘o K"o"Io

EKe-W - -

B.ho=Techs . -

Eo Ko‘W

EoKo"Wo

B.A.-£.C.S. Reagent (1)
. '_AcCeSo"coPo AbSo (2)

%

s



Comégund

Ethyl
Alcohol -

n~Propyl

- Alecohol

n-Butyl}
Alcohol .

. Glycerine
Acstons

Diethyl
Ether

Pyridine
Nitro-
benzener'
Analine

Water

Fractional

" No. of Distilla- B.P, Density (18 %¢) .
Samples  tion _ (Measured) (A) Measured (B) Table  (A~B)
3 absolute - Distilled  0.79309 0_;7911 +0.002

I (1) from . - oot

_ ' Benzene (2)

. . from drying -

. ~ agent o )

1 o 0.80595 . 0.8044
‘ . | R (at 20/4)

1 yes 1160 118° o.sn),o 0.8112  40.0002
1 no | 1.24899 1.2625  -0,0135
3 - yes 56°—56 2° 0.79227 0s7923 0,000
2 yes 34.4 0.71613 0.7158 40,0003
2 yes T ‘;13°-1149 0.97838  ~ 0.9852  -0.0063

1 yes 208,5°-211° 1,205, - 1'.205_2' - =0,0001

2 yes 183°-186° i 02320 7. 0231. " =0.0002
20 yes Assumed as basis for all den31ties

B.A.-others

EoWe-We
B.A.-C.P.
Boho-A. CoS. ~C.Ps
BQA.-'A C S.-C Po (3)

B.AQ-AQ‘JQS "C P. )
B.A."A.C S.“Reagent

‘-B.A. Reagent

B.A, Purified

E.Kc""!o: .

BOAO—AICQS. lReagent.EoA.
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Density equations as a fimction of temperature were obtained during the experi-

ment for a number of compounds. These could not be found in the litera-

ture, In other cases the expansion coefficients as a function of tempera-

ture were obtained from the International Critical Tables.

Table VIII

Density Equations (t in °C)

swmm . '!7”;“pw=o&ww6¥®£%ﬂu&ﬁﬂmﬂ)‘:
Trichloroethylengiii o 0 = Lo466977 + (106733)(18-t1)(10'3) _.
Ietrachloroethyleﬁe o f%b = 1,623627 + (1.610)(18-t1)(10'3)'_.
O—dichiorobenzene | N F° = 1.307767 + (1.108) (18-, ) (10~3)
BB"dichlorodiethylethér ,' PO = 1,220014 + (1.145) (18-t7) (10~3)

R (e) Carbon (Graphite). The graphite used was pile grade

graphite, At least 5 different samples of two grades of porousness wers

 used., A typical analysis of a sample of grade as given by the National

Carbon Company follows:

»

C~-18 Carbon (thg;mpurities)f. 

Ash - -~ . 0.,110% .
Ca - ‘ '1 0,039 -
Fo . .  f,1\\ 0,002
~Va :'4f:“ - 0.006
cTwoeT ' 0,002
: 10.159 %

Great pains were taken in the cutting of samples. Figure 7 shows a

projected sketch of two such samples cut from a piece 8 x 20 x 24 inches.
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By means qf-cuts taken from the center of large pieces it was hoped to "
reduce.ahy inhomogeneitieS‘in densitye. On'fwo sets of such samples the
beam was passed through thb-sampléé aiong all three of the principal axes.
The result along these axeé differed somevhat. In fact,-in passing through
the same two'blpcks at points indicated by B.and C or by D and E in Fig.

7, the results differed-by an easily detectable amownt, The final re~.. -

sult used is that obtained .by ‘averaging all directions on both of the .

" two sample sets used. . . -

The error to be attributed to the carbon results must foy the

{

most partybé assigned to calculation’ of -the proper sample thickness, There

- are two main reasons for this uncertainty. ‘First, there no doubt exist

iqhomogeneities in the density of the samples. The' carbon blocks molded
or extruded'may_preseht a different effeétiéé density to the pehéﬁfaﬁing
proﬁons than the overall average density.qbtéined by weighing and measuring
the entire sampieo' | |

| .Segond;”the;caern atons in'graphité are known to be linked

into benzéne like rings and sets'of'fiﬁgslsﬂlgg As such, they lie in

. flat planes and small crystals. If these éf&stalé tend to be aligned by:

the method of formation for the blocks, then there might be effectively
more’ atoms and hence molecules presented to the beam in one direction

than in another over limited voiumesm Another effect>ma§‘be that this

~ same’ orientation of crystals may present a larger proportion of the'

~electrons which are more or less free to move about the benzene. like rings
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or it may preéent a larger'proportioﬂ of the electrons whiéh help to bind
the carbons to one another. | » ‘ |

In a typical sample tﬁe beam was passed through the sample in
the directions shown by the 1ettéréd arrovs A, B, C, D of Figure 7.

The results of runs on one Set of samples are given below,
Note that the values for the D and E dlrections were obtained by turning
Block 1 and Block 2 through 90° about their long axis, and passing the

- beam thro%gh both blocks at the same time,

_Valﬁes of s T A%erage : \'A,-; .~ .Average

Ay = 0.244820} o 0244513 a
= 00244206 - |

B = 0244883 ooasorl > 245

002450 042451

C = 04245199 ok _ v 5.3

. , \

D = 0.245195

E = 0,246003} 0:245599

The results of several runs_ﬁitﬁ thfee different samples
give thervalue shown in the arrangement abqveo It will be nqted:that
~ the maximum deviation in the sample is about 1 part in 250. In the
‘case ofléne sample this was even larger and 1.7 parts in 250. This
sécond sapple gave an average valus in all three directions of 0?24574.
“ - (f) Styrene, The styrene éamples procured were distilled
free of_polymerizgtion inhibitoré uhder a high vacuun and fracfionatiqn o

" s0 gs-to-insu:e_a‘negligible‘amount_of impurity. The density of the? i
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sample as a function of temperature was measured just before each run
and chécked with the expansion coefficient worked oul experimentally
earlier. As a function'Af-long pe;iods of time the density of the
styrene changed as it slowly polymefized under the action of heat and

light. It was found that polystyrene could be kept in the dark at

" about 35 °F. for several months with very little polymerization.

(g) Hydrogen. The stopping power of liquid hydrogen was
measured in a liquid hydrogen target originally designed by Dr. Vincent

Peterson0 during the course of a meson production experimerit° It was
[

' substantialiy redesigned and tested by Charles Godfrey of this laboratory;

The hydrogen container consisted of a horizontal tube 364322 inches long
and three inches in diameter connected at the center of'the top to a

reservoir containing about 6 liters of hydrogen in a column 41-1/2 in,

- high, 1In operation the entire target was placed on a movable table in

the cave, Its operation could be controlled from outside of the cave,

In this way, the hydrogen column or an equivalent amount of copper could

be plabed in the beam without shutting off the beam. The empty target

wag first run in comparison to an equivalent copper absorber. The target
- was then filled with hydrogen and allowed to come to a steady state condi-

tion. This filled target was then run and compared with an equivalent

copper absorber, From these measurements the equivalent copper absorber

~to the actual hydrogen present was calculateds The length of the target

was measured accurately and a éﬁall‘correction of 0.062 in. was applied
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to correct for the curvaturs of the slightly flattened tube ends and the

resulting variation in sample thickness. The value for the density of

iiiquid hydrogen at the boiling point as a function of pressure was taken

from data given by the Bureau of Standards.?1922 The pressure was read
by a baromeier° As there was a check vdlve'in'the system a test was made
using a.manometer.to.deterﬁine whether or not‘any: pressure differential
existed between the inside of the hydrogen vessel énd the outside, No
detéctable ﬁ%essure difference was fouhd'td"existo

- Ancther worry was possible presence of bubbles in the tube at
the timé of measurement, The rate offevaporation of the hydrogen from
the vessel was measured as & function of time, This indicates, firét,
that part of ﬁhefloSé—is.dﬁe to heat conducted down through the metal
from the top and‘part éo loss by radiation or . conduction out through
the ﬁgriZSntal tube., This was to be expected as the vacuum was maintained
ét better than 2 x 1075 mn of mercury at ali times and the entire hori-
zonﬁal tubs was surrounded by'a heat shield,

 TBé loss nﬁy‘bevextrapolated downward to the top.of the hori-
zont&l.tube'and'gives a loss at that point of about 1/12 ¢¢ per second
of liquid or 4.45 ce/sec, of gaseous hydrogeno' If the average bubble
size is chosen as having a radius of 0.l centimeter, use of Stokes law -~
will give a valug'for the rise of bubbles in;the solution -of about 1100
centiﬁéters per éecéndo- As the maan.distancevfrom the boftom of. the:

container isAonlf 1—1/2 inchesgiit is clear that Stokes law giving a
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terminal velocity will not apply here. If it is assumned that the bubbles

rise under a force due to the den31ty difference between liquid and gas

and that the rising gas bubble can be represented by an equal mass of

hydrogen liquid moving downward, we obtain values for the bubble rise

ﬁelocity at the center of the tube 1-1/2vinches from the bottom of about
68\em/sec; HThis is essentially 'a free fall calculation and neglects the
viscosity of liquid hydrogen. (The coefficient of viscosity of liquid -
hydrogeﬁ at’ite boiling point is 0.00013 Poise and may be contrasted
with that of water of 0,010087 Poise at room temperature.,) Let us assume
that due to viscosity the-velecity i; reduced to 50 em/sec, which cannot

be highvby more than a factor of 2, (The Stokes velocity calculated and

‘measured for bubbles of the same size in water is about 10 cm/sec.) Of

all of the hydrogen boiling out, about 1/2 w111 come from the side and
upper walls and therefore will not cross the beam path. 'If it be assumed

that all of the separate bubbles can be grouped into a flow through an

imaginary pipe perpendicular to the beam and that the gas in this pipe

behaves 1iKe an ineompressible fluid, a cross sectional area of an equi-
valent pipe may be calculated. If the width ef the pipe in the horizon-
tal direction perpendicular to the beam is two inches (corresponding to
a rough measure of beam width) the thickness of the pipe is 8,8 x 10~ em,

This is equivalent to a loss in effective length of hydrogen of 6,2 x 1074

’gram/cmgo As the total target thickness is 6.549 gms/c , the error due

to,bubbles is of the order of one part in 10,000 and is.negligible.



pressure., The Bureau of Standards measurements were accepted as correct,

. These gives Vapour-pressﬁre'of Liquid Hp logjqy (mm hg)

-48~

"There is one other possible '‘error, "The density calculated is

‘that for normal hydrogen. -The normal mixture is seventy-five percent
‘ortho and twenty—flve percent para hydrogen.,. This'is the mixture per-

fcentage first resulting when the.hydrogen'is condensed. The equilibrium

mixture at the boiling point of hydrogen (20,4° K) is 99.8 percent para

‘hydrogen, The.density of normal hydrogen is 0.07099 at 20,389 K. At

the same temperature the density of para hydrogen is 0,07065 which differs

by 0048 percent from.the normal mixture. . The conversion from normal to

the para form occurs only slowly without special,catalystsa22 For this
. e »

‘reason,-the measurements were made as soon- as possible after the prepara-
"tion of the. sample, All measurements were made within seven hours of the

‘end of the preparation. ~

It may be noted that some of the boiling of the hydrogen must.

‘be attributed to this change in state and 1ts attendant release of heat

'energyo ‘This boiling should occur for the most’ part at ‘the walls due to

the need for a catalyst to promote the’ reactiono

_ The‘calculated-stopplng power for hydrogen was based on the

‘density at the boiling point, which in turn is fixed by the atmospheric

46633 = 4447291
T

+ 0, 02023 To

246 747=-0,08005 T

Volume of Liquid Normal Hz/mol ‘V(cmg/mole)

'+ 0,012716 T®. These equations and the measurements'of'ranges_taken; when

corrected for the two small energy loss in the hydrogen 'and tube con-

 traction (the target reduces the beam energy only to 290 Mev) give the

‘stopping power of molecular hydrogen.

21,22
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(n) Nitrogen and Oxygen, These liquified gases were measured

in a special copper container. (See Figure 8.) The inner liquid: con-
tainer was one of the carefully maaé liquid target tubes with its flat
ends and calibrated end windows. Its length at room temperature was
.4404314 cme In order to keep pressure or vacuum from the ends of the
tube the ends were sealed by small chambers which were open to dry nitro-
geh or oxygen soO as to prevent water vapor condensing on the chamber ends.
The whole was then jacketed by an intermediate jacket and both inner and
intermediate chambers were filled with the liquid gas. Surrounding thé
double inner jacket was ah outer vacéum jacket, Byvthis means, theICenter :
.measuring chamber vented only'at fhreevpiaces at the tOpvwould be free
of bubbles as the two concéntfic-inner and intermediate dhambers.would
actilike a double boiler,.the bubbling occufing ih the intermediate'
'chamger 6ﬁix,as long as any liquid rgmains in it;  Equations given in
'the International Critical Tables were used for the calculation of the
density at the boiling point as a function of the ﬁeasured-pressureo'
The results were corrected to the proper energy intérval'(200~340 Mev)”
_and.for contraction of the tube length, ‘ |

E, Checks of Method and Procedure

(a) Liguids ~ Purity, Density, The errors quoted in the tabu-

- lated experimental results are -based on the agreement of runs done on
different days and often with different samples. They are therefore an
. indication of the consistency of'the runs as regards the method and the

apparatus used. - They give no absolute indication of the accuracy as far
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as sample purity is concerned. AS'indicated in Table VII; more than -one
sampls was used when it was available; That this may be' important is
 born out by the results obtained‘b& various.éamples of normal hexane as
'indicatedAin‘Table VI it waé predicted that the final-result for the
pure nr~hexane should be near 2,49 from consideration of agreement between
various compounds. - - |

| Purity of the compounds was insured by selection of highly pure
_(coPo or be’tte‘r) chemicals , redistillétion in many cases, boiling point,

“density; rechecks between samples from various sources, and agreement

i o

. ambng different compounds,

The‘densities measured agree quite well in most cases with the
literature and for those that deviate appreciably the deviation is in
the correct‘directionfto be explained by a small amount of impurity of
ua-réason;ble nature " (1.e, wéterg stco)o |

(b) Iiquid Target Lengths, Runs made with benzene in all

eight.of the 1iquid containers of different iengths used bear out tﬁe*
scurasy of the measurement of terget tube length and indicate the

- agreement between this method and expected theoretical values,

In Figure 9 the beam energy at the back of the target (the -

‘beam energy at the frout'was always approximétély 340 Mev) ié plgtﬁed

. as the abscissa against the stopping power of benzene, Curve A is
':calcﬁlated'théoreti@allyvfrom.Aronrsltables,assUming strict additivity

of the stopping powers of;carbbhvand hﬁarogena Curve B is the experi=

mental curve obtained, It will be noted that the values of Curve B are
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definitely and uniformly lower, but that the slope is in excellent agree-
ment in both graphs. This serves as a check on-the Qarious containers
band on the relative location of theéevcontainers in the beam. It is-
worth while’noting that. the two high values marked with a + are from a.
different benzene sample than the other values. ‘ .

(e). Geométgx of Iiquid Targets in Beam, A;other check run
- was -that of\ﬁarying the placement of the liquid target on the movable ;
table. Figure 10 shows‘two‘Bragg-curves taken of thé same'target (Tri-'
chloroethylene) on the same day during different runs. Curve A resulted
when the targei'was placed with its r;ér'face_within one inch oflthe
rotating whesl assembly (see Figure 2 or 3). Curve B resulted when the
target was meed forward toward the cyclotron snout a distance:of‘S in,
The loss in helght in curve B. 1ndlcates clearly that much of the beam is
belng scattered out and lost. However, 1t shows that the beam is lost
from both the rear absorbers and the rear ionization cham.ber° The re—.
sulting 0.8 of naximmnhelght;mlntson the Bragg curves agree extremely
well and the resultlng stOpplng powers obtained are SA = 20,4492 and SB
2p4483e Note that the 00,074 gm-cm -2 dlfference in the amount of cOpper
necessary ts‘stOP the beam is made up by a similar shift in the range of
the_Beam in copper. Thus the differéncé‘in‘equivalent copper is 00019
gm—cmfz, abéut one.p}dbable error. This shows rather cohclusively that
targeﬁ bositioﬁ in'the:geometry'used'has a.negligible effects In no

case_was the geometry changed‘in'as radical a manner as in this test.
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(d) Possible Effects of Tube Walls, Photographs taken at
~QVarious‘§oints of the apparatus with x-ray film in the beam showed
'clearly-thatva negligible part of.the beam.was being absorbed by the
chamber walls or other parts of thé apparatus. This was further veri-
fied by another test. - The solid polystyrene target was run with nothing
surrounding it.  Then the. same target was surrounded by a copper tube.
31m11ar in diameter and wall thiclkness to those used in the liquid tubeso
End windows were ‘taped on and the same target was run again., The stop—
ping power for polystyrene obtained in the two cases was:

No tube outside - R ,SCSH.8 . 23597

Cu tube outside . - SC8H8 2.3587

These two results dlsagree by less than two probable errorso

(e) Beam Current Effects° Tesus were run on the behav1or of

the ratlo meter as a functlon of beam current through the apparatusa
‘The same set of samples was run W1th the beam at its normal level, then
w1th it at one half of 1ts normal level and then somethlng above its

_normal level° The results for a single compound, polystyrene, are given

belOWo
' Table X _ 
Bean Currént ‘_‘.' SPolystyrene
(Ion Chamber) o o TEE
0,25 x 1078 - 23744
L 06200 . ... 23597

0.10 . 12,3573
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"This test indicates that with thé faﬁio meter the beam current level
must be méintained in the broper region. In actual fact the meter can -
Be regulated by the variable resistancéS'indicated in Figure 4 so fhat
it Wlll functlon prOperly on quite a w1de range of beam currents. How=
ever, once a run 1s started the beam level must be malntalned at that n
level within about 20 percent fluctuations if good results are to be'- '
ob_téined° |

(f) Ionization Chambers, At the beginning of each run the - .-

.ionizétion chambers were checked to see that they behaved.;n a linear
fashion as a function of collecting ;oltage. They gavé consistently

the same results within O.Z'percent o;er a voltage plateaquf from.

1000 volts to 2000 volts. The sensitive volume of the chambers isitwoii:
ipch’déep‘énd in general were fillgd to just above atm@spheric»pressure
vwith pure argon. Previous experiment323 by others of this group have
shown_that these chambers do not exhibit saﬁuration until the begm'
current levels become at least‘a factor of ten larger than those used

in this exﬁérimentoA

(g) Ratio Meter, The plots of the Bragg curves involved in

finding thevrange, were obtained from readings given by the so-called
"ratio meter", This resulted in a setvof readings on a Leeds and
}Norﬂhrup Speedomax Recorder chart. There were 100 divisiéns on this
chart. Linearity checks and'dublication of.the same point in any given |
Bragg curve indicated that fhis fape could be accurately read to £ 0,1

divisionscl Drift of the zero on the instrument was small and was checked '
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frequently,
- At points on the steep slope of the Bragg curve near the 0.8

maximum height point a change in absorber thickness of 0.3 grams of

_copper causes .a change of about 10 divisons of the Recorder chart. . There-

fore the reading error stated in terms of copper absorber is about 3

- milligrams per square centimeter of copper. Small drifts in energy in

the cyclotron beam cause fluctuations of any given point on the steep

slope of the Bragg curve by an amount equivalent to an estimated 0,5 of

.one division on the chart or 15 miiligrams per square centimeter of

: . 8. .
copper. This variation is reduced somewhat by plotting and drawing the

best smooth curve through the expérimental points. Except for certain
s0lid samples where density is not well determined, the beam fluctuations

form the limiting error of the experiment,
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IV, TABUIATION .OF RESULTS

A, VTypicai,Sets of Data

~ In Table XI are listed typical séésrsfhdata for tﬁéfvgriohé
mater&éié tested. These were taken af,rahdoﬁjfrqm theirlgrsu;s ;f 5
samples whiéh”were run at the same time. 'inﬂgrﬁer t94cgndénse.the
table tﬁe Qééémbanying réhgé';h copper is hétigiven, but only the

equivalent copper.

o

Table X1

Typical Data of Materials Measured

.  .:Carbon-Hydrogén' . )
Target - o Formula - Samplé. . Egﬁivaien@
- B - R gmecmr? Coprer-gm—cm

Hydrogen - oo g ' 605291 19,309
Carbon - C el 3909172 - 520257
Benzene . ~ CeHe 3’7,784.,6‘ | , 152,986
Toluene CrEg 36,3275 52,995
Xylene - . ' : " Cglyp 3601558,¥_ . 53,170
n Pentane * . CsHyn. . . 31.8073.. | 50,606
n Hexane - Celyy, . © 33,291 - . 52775
n. Neptane C7Hige 34,751 L 540941
Cyclohexane - = Cglyp. 3445626 o 53 065F
Styrene = GgHg 38,0980 540859
Poljgtjréne B (CgHé)ﬁ' o A38;2169( | 54,932

_ Polyethyleme, (CHp)p, . = 35.5637 550514

See Table XII for results.

2



Target‘

Oxygen

Water
Methyl Alcohol
Ethyl Alcohol

n-Propyl
Alcohol

n~Butyl
Alcohol

.. Glycerine
Acetone

Diethyl Ether

BsBt, Dichloro- -

diethylether

CarbonrHydrégen-szgen

56~

..O

See Table XIV for results.v

~ . v

Carbontetra
chloride

Chloroform
Chlorobenzene

o-Dichloro-
benzene

~ Trichloro-
. ethylene

-,Tetraéhloro—
ethylene -

. 1,2 Dichloro- o
othane

See Table XIII fof results,

Formula Sample
oL gr-cm™2
50,785
Ha0 - 354706
' CH30H - 35.5693
CoH H 3501478 .
C3H7OH 33,756
G HoOH 34.0105
C3Hs(CH); 6. s
 C3HgO .. 35.2301
| CoH500pH; 36,3811
C1CoH, =0~ 43433177
- C2HyC o S
' ~Carbon- ~Hydrogen-Chlorine
;CGlA 464647
CHC1, 4649203
CeHsCL - 39.3842
- CgH,Clp 41,5100
CC1,=CHC1 AN
~ CC1=CCL, 4742052
CaH,C1 36,6291

"Eguivalen

Co ppgr-ﬂm-cm 2

64,0406
5107943.

532420

53.273
’510469

52,061

50,238

514943

C 55,653
‘3f;56597oi ﬂ

L 53482

54912
524403
- 524796

540921j_

- 540777.'

466455
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Carbon-Hydrogen-Nitrogen

© Target ' . | Formula

Nitrogen -~ . N
Analine , 06H5NH2
 Pyridine | CgHsN
' Nitrobenzeﬁe CeHsNO,

'See Table XV for results.

-

’ Sample
gm.—cm."'2

35,955
38,2193

37.1945

38,2301

Table XII

‘Carbon-Hydrogen Results

Compound ‘ Formula

- Bydrogen H
Carbon | c
Benzene S Celle
Toluene'. . ) ColHg =
Lylene | CgHip
n-Pentane _ CsHyp .
n-Hexane N 06H14
n»Heptane CrHy6
Cyclchexane v 065121'
Styrene ‘ Cgllg

Polystyrene  (Cglg)n
Polyethylene . (Cﬂg)n"

Runs’

3 (same day)
18
11 + 4%

1+ 2%

3+ 2%

1
3

4+3%

4 + 1%
5.4 4%
5+ '

K3

“Equivalent
‘Copggr-gm}cnrz
46,255
55,865
524745

52,253

Stopping Power®#

" 0.0472140,0002 (est.)

042455 #.0005(est.)

" 1.7732640,00037

201144240,0013
244,5605:0,00011
1.8071520,00053

201491940,001 (est.)

264912140,00055

. 2.0534640,00042

2:3618540,00083

2.3570340,0009 .-

934499i0 00008

¥ Runs made by method (2) (51ngle point current meuhod)
‘ "and corrected to 0.8 max1mum.he1ght values fron Bragg

curves). .

ETa. All errors 1nd1cated are those based on internal con—

sistency of runs for any given compoundo



Table IITI

Carbon-Hydregen~Chlorine Results

Z'Comgound.i . Formula- |  §§§1§ } Stopping Powerit#
Carbon cc1, 34 2% 2,7847420,00043
Tetrachloride i '

Chloroform ' CHC14 5k R% 2,2003740,00044
1,2 Dichloro~ CxCLH, 1 1,976 20.0039(est.)
ethane - o oo ' o
Chlorobenzene - CgHsC1 2+ 2% 2635518::0,00031
Orthodichldro~ Cef,Cl, 1 . 2.9420020,001 (est.)
benzene o ‘ o ' ' R v -
Trichlor = 02013H 342k 2044,37840,00062
ethylene | - G S )
Tetrachloro- 0L, - l+2x 34027 143040004
hylene v : :
B,£', Dickhloro- C,C1,HgO 1+ 1% 2952851 .00049
diethylether : . ' o

*  Runs made by method (2) (single point current nethod)
,and corrected to 0.8 maximum height valuss from Bragg
curves.'

>

A1l errors indicated are those based on Lnternal con~
sistency of runs for any given compound,

Table ZIV -t

Carbon~-Hydrogen-0Oxygen Results

Gonpound | Formula - Runs .. _Stopping Tower*®
Oxygen (0p) 0 2 (same 0.3138 20,0003 (est.)
. day) :
Yater Ha0 142% 064141140,000083
Diethyl ether = (Coilg)0 . 1+ 1% 1a7845740,00048
vethyl ileohol . Chya 1 : 047544,9820,0005 (ests)
Ethyl Aleohol ' CQH5OH ) 3+ 3% 1.0987520,00014
n-Propyl Lleohol ChH,C 1 - | 144149400005 (est. )
n-futyl 4ileohol CAJ90A : l* 1.7846040,001 (est, )
Glycerine C3H5(OH}3 1+ 2% 2.0739640,00066
ALcetone C3HgO 2 + 2% 1:3492020,00034

¥ As shown above.

#% Ags shown above,
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.. Table XV

Carbon~-Hydrogen-Nitrogen Results .

" Compoimd e Formuls  Bums i ot

Nitrogen;"' SRR ' et ””'ii':FB (samé‘ S 0,2837 i0.0COi(éEto)
L s day)
Nitrobenzene CeHglO,  2+2¢ 2,6477740,00031
hnaline T 7 CgHgMEy 10 T 7 2,1007520,001 (ests)
‘Pyridine " .t CgHsN ¢ . 3 +2% o 10764690,00047

T %+ Runs made by :method (2) (single:point.current method)

and corrected to 0.8 maximum height values from Bragg
Teurves, s - I N A B

© %% A1l errors:indicated are tliose based on-internal-con=: .
sistency of runs for any given compound,

.......
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V. ANALYSIS OF RESULTS

A. Carbon —Aﬂydrqgen

' The llquid results being the 1east subJect to error should
;glve the best indlcatlons of deviations from addluiV1ty.' If it be .
‘assumed that the’ stoPplng power is strlctly an additive function of -
the elements present we may set down a series of equatlons for the |
vcompounds involved and u51ng the now determlned experimental values .ﬂ
obtain a least squares solution for values of the stopping powers ,
for carbontaﬁd hydrogeh. Standard ﬁefhods for calculatioﬁ of least
: squares solutions asd errors were used, Styrene, polystyrene, and
Polyethylenewere omltted from the ecuations below as their S value

‘could not be determined experlmentallj as well as the rest.

S Table XVI

Equations . Exps—calce = V
6 Sc + 65Sg=1.77326 +125°x 1072
7S¢ + 8 SE = 211442 - 2
'8 5, + 10 Sg = 245605 - 81
5 S + 12 Sy = 1.80715 - + &
6 S, + 14 Sy = 2.14919 - + 43
78 +.16 Sy = 2.49121 - 3
. 6§, + 12 Sy = 2.05331 - 126

2 = 4,665 x 1076

These give:
"Sc 0.2482/, £ 0.00012

N

Sy = 0.047094 + 0.000068
It will be noted at once that the agreement is very good. The C-H value

given above corresponds to the circled point of Fig. 11 at the coordinates

given above for S, and Sy
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. The equations, as shown on the precediﬁg page, stated in their
first forﬁ on a purely additive basis may be plotted in a very.instruc—
tive manner. If 'S, and Sy are treated as unknowns x and y and S, is
plotfed ag the abscissa and Sy as the ordinate, then each equation, shown
on the preceding page, beeomes a straight line on the graph. Any point
én a given 1ine‘representing one compound satisfies ﬁhe experimentalv |
deterﬁined vélue for the stopping power of that pafticular compound. .
Thus, if two lines cross, the crossing point determines the value of S,
and Sy which satisfies both compounds. The seven equations are plotted
on such a graph in Figure 11, th; the similarity of the slopes of the
lines, This mekes it hard to determine a unique answer accurately.

This indicates that there appears to be a real difference in
the stqppiﬁg power of hydrogen in aromatic ungaturated as compared to
straight chain saturated. The values obtained from the graph are
SHg = 090497; Sug = 040479 or about 3,7 percent different, Tﬁe width
of the line is roughly the magnitude of the probable error in a given
determination,

The graph also shows that there is a small variation in S,
and it gives values of S;, = 0.2458, S . = 002464 or about 0.2/ percent.

Now assume that there exists a factor piesent in.each organic
double bond which makes the stopping power of unsaturated hydrocarbons :

differ from saturated hydrocarbons.
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On this basis the equations of the last couple of pages have

¢ been revised as follows:

o o Table XVII .
Equations ‘ . _ Expe-calc. = V

6Sc+ 65g+3D= 17736 - + 85

7S+ 88+ 3D=2,11442 - 16

8S,+ 1055+ 3D=2.4505 =70

58, + 12 Sy = 1.80715 o+ 1

6Se +14SE = 214919 + 2

7 Sc + 16 SH = 2049121 kg - JA

6 Sy + 12 Sy = 2,05331 C+.29

sv2 = 1,3618 x 10-6
These giﬁe:

S = 0,24601 + 0,00057 .

Oc -
SH = 0904808 i 0000022
Sp = 0,00262 % 0,00057

The double bond assumption here is equivalent to a choice of
two types of carbon as there is one double bond for each two aromatiec
carbon atoms. The double bond factér as calculated is about 4.6 times .

- the pfobaﬁle error, It is also‘equivalént‘to‘a single ring factor three
times as large as the double bond‘féctor. This may indicate a difference
of the type assumed but it is certainly doubtful. All of the probable
errofs;are higher, It does-tendlto‘indicafe that thé basic assumption

~ of this calculation ﬁéy not be too'gooda The 3D factor was subtracted
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from the aromatic -stopping powers and the results plotted in Figuré 12,

The graph again-shows that it is hard to get a good fit with this as-.

sumption. ..

For a third calculation assume that there exist two types of

hydrogen, éne in saturated compounds (Hg) and one in unséturated (H?)o

This results in the following equations,

) Table XVIII ¢ He
. ) . . . /"\
Equations Exp.~calc, = V¥ ' {/C “,C{; -
6 So + 6 Sy = 1.77326 -8x105 f ‘ ?C -
7 8¢+ 58 + 3 Sgg = R.1L442 -3 ¢ = C
1]
8 8, + 4 SHg + 6 SHS = 245605 +28 - ;) *
5 S, + 12 Sgg = 1.80715 +30 . GH,
68,0 . +1hSg = 2,14919 + 8
7 S + 16 Sgg = 2.49121 -17
6 S, + 12 Sgg = R.05331 -28 S
v? = 0,27 x 1076 e
This assumption gives results: Cy Map - -~ \
s : c ii’ C. Hy
S = 0.24676 % 0,00013 N ¢
_ _ -
SHg = 00048806 + 0,00015 - ’
SHS = 00047758 + OoOOOO6O

The difference in stopping of the two hydrogens is 0,001048

or about 7 times the larger probable error. The magnitude of the

probable errors is also lower here indicating somewhat better agree-

mente The difference in the stopping powers of the two types of

hydrogen is about 1.9 percent with the aromatic hydrogen being the

more effective,

Cyo Hy
e
N Y o
ﬁ‘ '% v i
—C- Cot = C
Cse” om0
&!
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A study of the aromatic.compounds shows that tolgene and
'xylene contain saturated groups as well as unsaturated rings. Thus,
éven though the agreement shown by the graph of Figure 11 is excel-.Af
ient, fhé regl effect may still be hidden. Since it is precisely
these methyi gréups-which cause the diffe;epce.in slopes, there should
.bevgood ag:eement after a recélculatiop, From the graph one can read
off the aliphatic séturated valuesrfor_SCS and Spg, put these values
into the experimental results for the aromatics to subtract off the
methyl radicéls,‘and solve for new va;ues for the unsaturated stopping
powers <SCé and‘SHajo A.better method is to use least squarss solufion.

of the seven equations rewritten as belows.

Table XIX
~ Egquations ExXp.=-calco, = V

6 Sgq + 6 Sg = 1.77326 + 7

1 SCS -+ 3 SHS + 6 Sca + 5 SH& = 201:11!—42 S -16
2 8gg + 6 Sgg + 6 Sgy + 4 Sy, = 245605 + 8
5 Sgg"+ 12 Syg = 1,80715 + 17

' 6 Sgg +14 Sy = 2,14919 -0
7 Sgg + 16 Sy C='2,49121 © - 18
6 = 2,05331 + 6

Sgs + 12 Sy,
S %2 = 0,1018 x 1076

-These equations give least squares values of:
Difference

Sgg 004797 % 0.00007 - - |
' . 0.00082 1,71 % (8 x probable error).
Sta 0604879 + 0,00010

-5 0024627 + 0,00016 Y- '
0.00047 0,191 % (3 x probable error)
Sgs  0e24674 + 0,00009 o |
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When the a;omatig equgtions are redrawn.after subt:gcting SCH3 the graph
- of Figufe 13 is obtained. The circled points are the values calculated
| by the least squares method. The‘probable errors ihdicated above in the
least squares solution are those'iﬁdicating agreement éf the esquations
used among themselves. Each equation‘waé éonsidered'ﬁqvha{e equél weiéht.
| On the graph as shown in Fig 13, the values of Sg and Sy from -
the pure elements asvwell as the same quantities calculated from Aron's
Tables are élso plotteds It will be noticed that the values of both
Quantities increase progressively from element to saturated to unsaturated.
In fact, the three points almost fé}m a straight line. From these values
it is possible to calculate the ionization potential by the use of equa-
_'tions XVIT and XVIII°  To make this calculation the enefgy is taken és
v270 MEV énd the ionization potentigl of copper is taken as 279 following
' Seé&é and Bakker. The calculation of I is relatively insensitive to the

energy chosen. The results are given in tabular form belowe

, Table XX
~ Condition Ic | Iy

eleﬁent T0.2 e.Ve 18.2 e.v,
‘aliphatic-sat. 69.3. . 15.5

aromatic-unsat. . 67,2 13.0

from CCl4 579 ~ (See Section on

. Chlorine)
There is no doubt a close correlation between these results
and the character of the binding in the compounds considered. Pauling245

Coulson®® and others discuss the nature of such bindings in some detail
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in the references given. While the relationship is evident it is dif=-
ficult to be sure at this point exactly what the facts mean and. how to
"interpret them,

The columns in Tables XVI through XIX entitled Exp.~Calc. were
computed by subtracting the calculated value of the compound using the .
- least squares éolutions above (for Sggs SGs» SHas. Shg) from the experi-
.mental_valuesq Note'particularly the homologs pentane, hexane, and hep-
tane, This column shows that there is a small decrsase‘in stopping géwer
- as one goes up the homolog chain. This might be considered a fine struc-
~ture superposed on the general effe;to The same effect will be noted aléo
in considering the alcohols., .As the effect is very small, it‘may_not be -
reélo_}‘ |

, No significant difference has been noticed between:liquid and

solid saﬁpleso Styrene gives a stopping éower of 2,362 % 0,001 and
polystyrene 2,357 + 0,002 approximately. This is a difference of O;OOS
or aboul 0.2 percent, On the other hand styréne has one extra double
bond and this may be sufficient to cause the difference. However, in
~view of ths possible lack of hombgéﬁeity of the solids and possible struc-
ture changes in styrene this difference cannot be held'Significanto

Another comparison of the same type may.be obfained from
polyethylene and two aliphatic liquids.

Cflyg = Csfigp = 20H
2.49121 ~ 1.80715 0.68406
From the above CHy = 0034266 + 0,0005

0031'4.32 + 00002 (esto)

Froam polyethylene CHp
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Again, bécause of-lafgér errors in the solid density determination this
cannot be'consideredisignificant. The difference in the two results is
 '0 32 percent.

Slncé we are also comparlng polymers with the unpolymerized
'materlal above, it appears that there is llttle or no effect on polymeri-
‘zation. This is true unless any effect,due to polymerlzatlon is almost |
exactly cancelled by an effect in:going from'éolid to liquid'or sgmei
other'chépge.: | | |
| It is 1nterest1ng to note the complete change of character
between benzene and cyclohexane, the seme ring saturated with 6 more
'hydrogéns.' As far as this experiment shows cyclohexane behaves cbm;‘
pletely like the étraigﬁt chain saturated aliphatics. This is, of .
cqufse? to be expected. The saturated methyl side chain'in,the'gro-
matics also seems to behave like CHj intaliphatiés,. As an example:

CgHsCH; - - Cgg =  CH, | CH, = 034116 * 0,004
2,11442 1.77326  0.34116 | ’

Cg, (CH3)z =  Oglg = 2B, O, = 0.34138 & 0.00039
2.35605  1.77326  0.68279 S :
- From the Figure 13 or the leaét squareé splution of Table XIX,
an aromatic CHp would give a vlue 0.3443. An aliphatic CH, should give
| a value 0.3422, somewhat lower, The values indicated‘apove seen to
show that the CH3 on the aromatic ring behaves as a satprated aliphatic

P

groﬁp as expected.
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It appears evident from the foregoihg that it should be possibie
to.calculate the stopping powér as defined in this paper for any compound
:of carbon and hydrogén to an accurécy of the order bf bol percent or
bettero. For this purposé one need only examine thé structures of the
compound and add the proﬁer.value for each éarbon.and hydrogen in the
structuré'to‘give the total étopping p;ower° From this calculated value
one can then use known ranges in copper to‘obtaih directly ranges ip the
compound., -Or one can obtaiﬁ'dE/dx for the compound by use of the defini-
tion of 8 and known (dE/dx) values for copper, correcting the S for the
compound to put it at the proper eﬁe}gy point as indicated in the section
on metﬁodo | | |
B. Chlorine

The'chloriﬁe compounds considered were chlorinated hydrocarbons.
If it is assumed théf the results of the carbon—hydrogen‘determination fér
| SCa9 Scgs SHas and Sgg can bé cafried ovefbto those also COntainihg chlorine;:
the stOpping power of éhlorine may. be calcuiated by subtraction. ‘(Seé

Table XIII») This operation is carried optzianable.XXi°,t}



Compound

Carbon
Tetrachloride

Chloroform

‘ 1,2 Dichloro-
ethane

‘Chlorobenzene

Ortho .
Dichlorobenzene

Trichloroethylene

Tetrachloro—-
ethylene

Formula -

GCIA ‘
CHClB'

CoC1 0,

06H5Cl
CeH,C1,

C,C1

Equation
50014 - 865 _
L

3030;3 - SCq =

: S

| ‘Table XXI
561

Sg1 = 0.6346 + 0,00011

3

SCoC1oH), = 250 - 45y

g :_Sci = 0,635/ + 0.00020

2

SGgHs01 ~ SogHg + Sy,

1
oL

SceH,C12 - So g + RS,

= SCl = 096307 + 000004

2

' Sg,C13H ~ 25¢, - SHa

= Sg = 046332 & 0.0005

3

4

= Sg1 = 0.6338 + 0.00021

= Sgp = 006334 £ 0,0001

Sgy = 046458 + 0,001 (esta)

Saturéted ’

Unsaturated

_69-
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The errors here assigned are compounded from those due to the
internal.consiétance of runs on the C~H-Cl compounds and to the values
i'obtained for S, and Sy by least sciuares° The samples chlorobenzene, ortho-
dichlorbbgnzene, trichloroethylene,'tetrachlbroethylene and 1,2 dichloro-
ethane (often called ethylenedichloride) were single samples. Sever&fa
different samples of chloroform and carbon tetrachloride were used and
perhaps more reliance may be placed on these results. The results for
1,2 dichlo;oethane may be in error as it was run only once by the curfent
method and was of technical grade purity. The value for chlorobenzene -

: o
appears low compared to the rest. This may possibly be due to impurities,
vés only one sample wés run, It might also represent a real effect, The
‘, saturated linkages in chlbroform, carbon tetrachloride,'and 1,2-dichloro-
ethgne ipdiéate a stopping power for chlorine somewhat higher than the
"unsatﬁrated linkages.of the other compounds considered. ~ If dichloro-

ethane is not considered, one obtained values as follows:

Saturated = © go1  0.,6350 * 0.0003
Hydrocarbon , .

Unsaturated

Hydrocarbon Sel = 0.6328 1'600009
Including
Chlorobenzene

Unsaturated _ o
‘Hydrocarbon (No Sel  0.63346 + 0.00028
Chlorobenzene) ’
All Compounds B
(except Dichloro- Sel 0.6335 + 0.0035
ethane) o
It will be noticed that the difference between the saturated

and the unsaturated values is small and of the order of 0,3 percent, and
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4

at least twice theAprobable error. This change in stopping power need
not be éttributed solely to the chlorine atoms, If it is assumed that
the unsaturated chlorine value oﬁtained from the compounds represents a.
more reasonable valus, then one may attribute this change in stopping
power of the compound to a further reduced méan ionization potential for
carbon, corresponding to an increased stopping power. In these more
complex molecules the effects are not simple and the attempt here can
be looked upon as no more than a start at an explanation,

If the above valus of O 6335 is assumed to hold for all chlo-

rine atoms then the value obtained from carbontetrachloride for carbon

is 00,2509 + 0,0008. For chloroform using the aromatic hydrogen va ue

it is 0.2512 and ﬁsing the aliphatic hydrogen value, it is 0.252 +

0,001,
Using 0.2509 as'ﬁhe valﬁe for S¢ the mean ionization poten-
tial for carbon is C-cl Qompoun&s‘is 57.9 e.Ve

Such an interpretation might seem to indicate that the valence

".electron; of carbon spend a much smaller amount of time in the vicinity

of the carbon nucleus in carbon-chlorine compounds, due to the tendency

for chlorine to form negative ions, and draw the electrons away from the

-carbon,

Using Equation XVII and XVIII the mean ionization potential for

chlorine (Sgy = 0.6335) is 153.7 eve if Igopper = 279 eeVe
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Co Oxygen

The_eompounds of oxygen considered were water, five alcohols,
two ethers, and one ketone, - If it be assumed that the values already
used for carbon and hydrogen in saturated compounds hold in this case,
we , Ay use these to subtract frém the observed stopping power to obtain
thé stopping power of oxygen. (See Table XIV.) The value used for the
hyérogen in the CH radieai is that for the aliphatic hydrogen. The er-
rors assigned in Table XXII aré those dus to compounding the error quoted
from internal éonsistenéy of each compound run as indicated above with |
 the efrdrs of S, and Sy calculated é} the least square method. (See
Table XXII.) |

The velues calculated in Table XXII for oxygen agree quite
well, ~The type of binding of the oxygén'in all cases but that of acetone
is[éﬁﬁh fhat two other atoms are bound or linked together by oxygeho
 The results.of the alcohols and ether all seem co¢parable and give for

the stopping power of oxygens -

| S, = 0.3187 '+ 0. 0024
Thg-efror here calculeted is based upon asgreement of the results for Se
‘obﬁained from the various compounds. The value of S, is that calculated
ﬁsing‘the unweighed results given in Table XXII. The agreement with
moieéular oxygen is excellent, It is worth noting that the stopping

power of oxygen increasses slightly as one passes from méthyl to ethyl



, Table xxix
: Oxygen—-Carbon~Hydrbgenf .

N T (Meanesy)

Formula - Stopplng Power - Subtract — : Sq : . Residual
0 (Molecular)  0,3188 0. OOOB(est )- e ‘; - 0;3188 £70,0003 © L 470.00010
Ho0 0.41411 % O. -000083 ) f H2 ? f(oooé594) . 0531817 & 0,00013 . ; - ~ 0,00051
(CoH5) 50 1.78457 " 0,00048 } . 1(52H5>2 T(1.52275) - 0,31979 if00000631 . : +f6.d§109
CH,CH  0.75449 # 0.0005 "_ CH,, L (0u43815) o;317i6 + 00001(gét,)" " - 0,00152
CoH50H 1.09875 + 0,000 Colg ";(0078035) T 0.31839 i_o,obosé; i " - 0.00029
G Hry Ol S 1;41,149;to°ooos(esto) - C3h8 " (1.12257) ‘;t "0.31892 £ OoOOl(e_s‘_‘.to) | ' +'fo,,opozz
C,HgOH 1. 78460.i 0,001 (esto) dgald ‘.(1046478) - 0;31982 ¥‘O°Obl(est.}ﬁ ;i + 0.00112
C3Hs(0H) 5 " 2.07896 + o. 00066 . - C3H8;A. (L.12257) ? 0 31880 0, 0003 * ': +f000001o

G50 1,34920 & 0,00034 - oo (L.02663) C o, 32257 % 0. 00045 h L

gL
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to n-propyl to normal butyl alcohol; Although the effect is small and
oﬁly aboui as large as the probable error, it may be real and might pos-
sibiy‘indicate a gradual increase in stopping:power of the compound as ' -
- : - a whole with ah inereasing léngth of carbon chaine Referring back fo
the carbqn—hydrogen-compounds again, it,may.be noted that a homolog . - .
‘effect occurs there between pentane, hexane, and heptane, It is much
smaller in the latter case. The direction in the hydrocarbon case is
such as to reduce slightly the compound stopping power yith increasing
chain length. If this effect can be believed? it would seem to indicate
that the oxygen affects several adj;;ent-atdms as predicted by Coulso 25,
These effects a:e'of the order Qf_the probable'errors and therefore fe—
main doubtful,
. The value for So from acetone is 1.2 percent higher than the
mean value and the difference is about six timés the probable error.
. The type of binding in this case is.a'double bonded oxygen and is rather
different than'the bindihg in theuotherncompdunds considered. The re-
sults migﬁ%‘therefore be expectedvto be sdmewhat different.

From Equation XVII and XVIII, the value obtained for the

- ‘ ionization potential for oiygen iss
) - Alcohols, etc. -io(-O-) = 88.5 ev.
Acetone . : | Iy(c=) = 79.8 eVe

Molecular'Okygen 88,3



D, Nitrogen

" The compounds of nitrogen considered were nitrobenzene, analine,

and pyridine. Each exhibits a somewhat different type of hitrogen bindingo

The stopping powers for the nltrogen compounds are given in Table XV°

II we assume the values from other elements of simllar composi-

.tion as follows:

Syg = 0.04879 + 0,0001°

= 0.24674 + 0.0009

S &
. ®
1 1

= 0,32257: = 0,00045 (taking value from -
: acetone)

The values of Sy calculated are as.follows:

Compound = Sy I Value
' Nitrobenzeme - = 0.2782 + 0,0024 ST
) 8904 €eVo
Analine 0.2788 & 0,002 -
- Pyridine 002870 # 0,00R1 68,8
Elementary = 042837 + 0.0002 7603

- From the above it appears that the results of the nitrobenzene

“and the analine are quite comparable. However, the result of pyridine

1s high far beyond the experlmental exrror. It is not too surprlslng

that this is true as the blnding of nitrogen in pyrldine must differ
vmarkedly from that in the other two compoundso Note also in this case

"~ that the liquld gas value falls in between the other two values. 'The

agreement between nltrobenzene and anallne-may only be fortqltoqs.
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VI, CONCLUSIONS -

Thle experlment has shown that the relative stOpplng power of

various compounds for a high energy proton beam (270 Mev mean energy in

-target) is an addltive function of the elements making up the compound

to within about 1 percent,

However, it has shown quite definitely that there exist small,
buz.measurqbleé deviations from the strict additivity of the stopping
powers of elements to form the stopping powers of compounds. In general,
these deviations are in such a direction as to raise the relative molal
stopping poﬁer"as defined in this experiment. This corresponds-to a
lowering of the mean ionization potentiel° As expected,; the percent devia-
tion from addiﬁivity aecrease with increasing atomic number,

| * The experiment has measured to a high degree of accuracy the

stopping power of four elements, hydrogen, carbon, nitrogen, and oxygen.

~ The stopping power of a fifth element, chlorine, may be approximated

closely from its compounds. (Thew datawere given in the abstract of

B

this paper as Table I.)

Table I

Element, C s - LI
Hydrogen (Molecular) 0,0472 + 0,0002(este) 18,2 ev,
" Carbon (Graphite) 002455 * 0,0005(est.) 7002 eve
Nitrogen (Molecular) = 0,2837 # 0,0001(esto) 7603 7.
Oxygen  (Molecular) 003188 + 0,0003 (esto) 88,3 evo 

Chlorine (from cpds.) 006335 + 0,0035 153.7 evo
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A table of stopping powers may be set up'from which;'by proper
selection and addition, the stopping powers of most compounds of these
elements can be computed to an accuracy'probably better than ‘0.1 percert,

- (These data were given in the abstract-of this paper as Table II.) ‘

- | -  Table II
" Position in , '
Element Compound s . . |
Hydrogen ~Saturated | 0.04797 % 0,00007 15.5 ov.
' ' . Unsaturated 0.04879 # 0,00010 13.0
" Carbon - Saturated - . - 0eR4627 £ 0,00016 . 69.3
Unsaturated ' 0.24674 + 0,00009 - 67.2
Highly chlorinated - 0,2509 * 0,0008 57.9
Nitrogen Amines, nitrates, 0.2785 % 0,0025 89.4
R _etec, o ) .
In ring o 0.2870 =+ 0,0020 68.8
: o Oxygen -0- ' 10,3187 % 0.0024 88.5
‘ ' ‘ '0= ' 003226 i 000010 7908

Chlorine Al 0.6335 = 0,0035 15347
- AS an example, let us use the values worked out in this paﬁer
to calculate the stopping power of B-B! dichlorodfethyl ether (C4HgOCL,)
’ o 4 Saturated Carbons 4x0.24627  0.98508
- 8 Saturated Hydrogens 8x0,04797 0.38376
1 (-0-) Oxygen | 1x0,31870  0,31870

2 Chlorines . . 2xO°§3346 1.26692

3 = 2695446 + 0,001

= 2,95528 + 0,0005
0.00083 or 1/3700

_ . Experimental value ,
- | ..- \ A

1
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From this value, the definition.of S, and the range or dE/dx for copper
one can calculate ranges er dE/dx values for the compound.

o It is p0831b1e that the experlment has suggested a new meaes
of attack on chemical blndlng problemso Further stUdy and reflnement
may brlng to llght ‘methods of applylng these and other stopping power
results to supplement thermochemical data. Attempts are being made by

the author and others to formulate a satisfactory interpretation of the

'effects observedo



79

VII. ACKNOWLEDGMENTS

I would like to expreés my sincere thanks to Dr. Emelio Segrg
and té Dr° Owen Chamberlain for -helpful advice during the course of
this wbrk.» I would also like to thank Dr. H. Bethe for helpful discus-
sions on the theory of stopping powér as applied to this experiménto I
am very grateful to James Easley and Robert Main for assistance in con-
stfucting the absorber changing systefn° ‘Charles Godfrey was entirely
responsible for tﬁe redesign Qf the Peterson liquid ﬁydrogen target and
‘was of,invaluable assistance during ‘the liquified gas runs, Thanks are
due to James Véle, Lloyd Houser, and the créys of the 184~inch synchro-
.¢jclotron for their efficient operation of the machine during the runs.
Frank Vauvghn, Bob Maih, james Easley, Noel Spiess and Jack Garrison were

very helpful during the course of the various cyclotron runs involved,



"

106

11,

12,

13.

15,

- , 160

17,

18,
19
© 20,

21,

22,

-80- .
VIII. REFERENCES
N. Bohr, Phil Mag., 24, 10 (1913), 30, 581, (1915).
H. Bethe, Annalen der Physik, 5, 325, (1930).

Ho Bethe, Handbuck der Physik, __4, 273, (1933)

M. S. Livingston and H. Bethe, Rev. Mod. Physo 9, 263, (1937)

E Po Mo So Blackett, PrOCo ROYo SOCo _];3__5_’ 132, (1932)0

Wo Eo-Duncanson, Proc. Camb, Phil. Soc. 30, 102, (1934).

R. R. Wilson, Phys. Rev., 60, 749, (1941), |

J. H. Smith, Phys. Rev., 71, 32, (1947).

Co J. Bakker and E. Segre, Phys. Rev., 81, 489, (1941).

Ro Mather and E. Segré, Phys. Rev., 84, 191, (1951)'0 |

Jo Ao Wneeler and R. Ladenburg, Phys. Rev., €0, 754, (1941) o
F. isloch', Zeits. f£o Physike, 81, 363, (1933).

N. Bloembergen and P. J. van Heerden, PoRo, 83, 561, (1951).

A, E. Taylor, Reports on Progress in Physics, Vol, XV,_&Q, (1952)0
Wo Ao Arony, B, G. Hoffman, F, C. Willliams, Uhiver81ty of Callfornia

. Radiation Laboratory Report 121 (1949).

Jahnke-Emde, Tables of Functions (1933)-B. G. Teuber (Leipzig).

National Research Council, International Gritica1 Tables, Vol., III,
McGraw-Hill, 1928, .

Co A. Coulson, Nature, 159, 265, (1947) , o
S Mrozowski, Phys. Rev., 85, 609, (1952) o

V. Peterson; University of California Radiation Laboratory Report
Noo 713, May, (1950).

R. B, Scott, F. B Brickwedde, JoRN.B.S., 19, 237, (1937), RoPs 1023,

H, To WOOlley, Ro B, Scott F. B. Brlckwedde, JoRoNoBcSo, Al’ 33’
(l9&8), RoPo l932a



¢%ﬁy
23,
24._
"25.,

' Press, 1945° .

81—

0. Chamberlain, E. Segrse, C. Wiegand, -'Phys. Rev., 83, 923, (1951).

Lo Pauling "The Nature of the Chemlcal Bond" Cornell Uhiversity

: i .
. . -

C. A, Coulson, Chem. Soc. London Quarterly Revmews 1, 144, (1947).



Figurq 1

Figure 2

Figure 3

Figure 4

Figure 5
Figure 7

Figure 8

Figure 9.

" Figure 10

Figure 11

Figure 12

Figure 13

_82—
- IX. ILLUSTRATIONS

Schematic diagram of the cyclotron, deflecting magnet,
collimator, and cave arrangements.

Schematic diasgram of the arrangement of experimental
equipment in the cave area. . ‘ :

Photograph of the equipment in place in'the cave area G ¢

in front of the collimator.
Block diagram of ion chamber and ratio mster equipmento

Typical section of ratio meter tape and accompanying beam
monitor tape for the same period.

Typical set of Bragg curves taken in one run.

Diagram showing method of cutting out graphite targets

‘and directions in which beam was passed through the

block.

Schematic diégram of the ﬁitrogen—Oxygen target. .
Experimental and theoretical curves for the stopping power
of Benzene as a function of the energy at the back of the

Benzene target.

Bragg curves of Trichloroethylene showing the effect of
target placement in beam on the curve shape.

‘Graph of S; vs. Sy assuming complete additivity.

Graph of Sg ¥s, Sy assuming a double bond factor (3D)
which has been subtracted from the aromatic hydrocarbonso

Graph of SC vs. SH assuming two types of carbon and two
types of hydrogen.
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. . This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

. As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
. mission, or employee of such contractor, to the extent that
- such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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