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Froton stopping cross sections for wases and vapors were

energy range 3C to 600 kev, A bean of protons

»

& champer with thin alumirms end walls contain-

ing the gas or vapor Lo be measured, The energy of the beam was

-

esured before and after passing through the ch

2 and with and

without the gas in i in order to neasure the encrgy logs

in the rolls and in the gas. The beam was accelerated by an electro-

static zenerator, and the beam ener: measured by an electrostatic

analyzer and magstic spectrometsr,

i

m y wnihet oo T MO RTINS A 1 H b %
‘he substances measured were air, Hy, He, Hy, Op, Ne, 4, Xr,

te, Hg0, COp, CE), Collp, OgH), OgHg, Mg, N0, and 1,0. Bragg's

ruls was tes i;a{d by comparison of N 3 with Hg/? + ‘542/:ﬁ O with
3]2/2 + 6)2/2 etc,, for H.0, iy, IO, and N0, and found to be
valid above 150 kev, excent for NO. Cn the assumption of Bragg's
rule, the stopping cross section of carbon was calculated from
the data on the hydroearbons, €0y, and cxygen and hydrogen, The
results were consistent for energies above 100 kev., The mean
excitation potentials calculated from the measured stopping cross
sections are: Oxygen, I = 10325 ev; nitrogen, I = 89,5l ev;

carbon, I = 72.L4#%3 ev; and helium, I = 32.841.5 ev,
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I TNTRODUCTION

in the asasur

of cross sections for nuclear reactions,

an imoortant cuantity entering the measurenent is the amocunv of

material being traversed ! beam in the case of thin ta

agets,

and the rate at wvalch the bomparding particles are losing energy

case of thick tareets, In many experimeats the overall

accuracy is limited by insufficlent kmowledpe of thecse guantities,

For a thin target of thickness dx, the c¢ross sscilon 1is

s 1, e

where 7 is the vield in number of particles (or quanta) per
incident particle (or quanta); J is the volume densilty of target
4

nuclei; dx is a very small distance, of the order of 107 ¢m, and

usually very difficult to =asure, It is usually possible to

measure AR, the average energy lost in the target. Then the

crose section can be calculated from:
Y dt {
N dx AE
ip 4B

T is known, For a thick target the vield is the integral

m

of manv thin target yields, and the cross section can be written:

1 dE dY
N dx d€

and again involves the rate of energy loss, gi .

0 =

The rate of ensrgy loss is important in yet another tech-

nique first described by Snyder, Hubin, Fowler and LauW1tsen(l).
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This method uses thick tarpets and a magnstic spectronm

&

egnerzy resolution pileks out particles of a small range of energies

ich have come from a thin layer in the ta g fornula

f

for the cross section ziven by dnyder et al for cross section

its of this kind is

narticle.”

The results of the present experiment and the discussions

winich follow are expressed in terms of the stopping cross section

per atom (molecule) which is defined as:

_ 1 dF
€= N dx

viere € is the svmbol used for the stopping cross section; dE

is the averaze energy loss in a small distance dx; and ¥ is the
nupber of atoms {molecules) per cubic centimeter. In the older
literature on penetration phenomena, results are often quoted in
terms of the stopping power, This is sometimes mislsading since
there are two different stopping powers, the differential and the
integral stopping power; and the distinetion between these two

is somebimes confused, Thne differential stopping power at an

energy & is defined as bhe ratio:

€ (¥)
Cair £)

whereas the integrated stooping power S(%) is defined as the

*Phis last technique can also be used in reverse, that is,
1f the reaction cross section is known, the stopping cross section
can be caleulated ffO( % ] .h ”vad ylelj This is the method used

by Wenzel and Whaliag to measure the stopping cross sechbion of
Jo0 ice. '




reciprocal of the averaze of _1_ averaged over all enerzies below

a glven initial energy, &, Or eguivaleatly 5 can be defined as

5

the ratio of the range in sny substance divided by

range in

alr, corrected for the diference in atomlic densities., s and

S5 are al only if s is independent of

rue for any substance,

iecially at the ensrgles of this

ment, The two guantities do, howsver, becone unore nearly sgual as

increases,

:

As well as for thelr interest in connection wibi

uclear

reactions, stopping cross ssctions are of interest for their owm

ldght they shed on collision Tepecially

in Une energy range ol tals experiment, the known theory is sketchy

and needs a solid experimental basis for further work, Rragg's

rale is one theorstical concept which needs more sxperimsatal
verification to find the limits of 1ts applicability., Flataman

(L)

and Gray ', In review articles on penetration phenos discugs

extensively the validity of Bragzg's rule, which states that the

stops

ing cross section of a molecule is equal to the sum of the
stooping cross sections of its constituent atoms. Bragg's rule,

if wvalid, is an important and useful relation, and as stated above,
implies independence of physical state, 1It, therefore, is not
exactly true, since the stopping cross section is infliuenced by
the guantum mechanical state of the electron, which is certainly-
not the same for wvalence electrons in molecules as in free atoms,.

-

can these electronic states be completely independant of

.

substance.




have both made estinaies of

S ey e g e P S i Y
offects of assoclation of

ules

in sclids,

1, aad the

‘eists

of raddation sffects in living tissue,

hater 1s the orincipal co

ounnd of interest in this coanection,

and the experimental data s ig parbleular

Kloha particle ranges in licguid water have been ms

(7

and Fhillips®

and the ults are 12% lower thar

13 2

14

in water vagpor, correcbed for the difference

._,\
o
f=ad
-
.

in density, and 1€ 20% lower than caleulstions, hased on modern

(3) | ()

data for water vapor, by Platzman 7', Appleyard measured the
differential stopping power of liquid water for L.5 Yev alpha
pa?ticles; and finds a value 157 higher than Flatzman's calcula-
tions and thus substantially in agreement with the results of
ﬁichl and Phillips. On the othisr hand de Carvalho and Yagodaﬂg)

have measured alpha particle ranges in liquid water, waler vapor,

and ice and find agreement for the ranges in all three phases
within 1%, and reasonable agreement with Platzman's calculations,
Thus it is seen that the validity of Bragg's rle, when considering

two different phases, is in doubt,



Following explanation:

-y

de Garvalho an

(6)

1. Hienl's work

of

not

g o de Carvalho eand Yag
2. The two exgerl
both involved detectors nobt in the water., Therefore, the alpha

werticies had Yo nass throush an alp-water interface where condi-

tions =i

e

in slectron density, Also thers arise

the posaibility of inadeguate correction for the

air and in the

tion detector; 4 counter; and llichl

and de Carvalho and Yazoda immersed photographic olates, This

explenation seems to be possible, bul the discrepancy se

large to be accounted for in tris way.

Water vapor is measured in this experiment over the same
(

2)
=nts of Wenzel and Vhaling on D.C ice,

on as the measu 5

The two measurements do nolt azree; the measurements of Wenzel and
Yhaling give a stopplﬁa cross section © to 1LY lower than the
present experiment. This discrepancy is in the opposite direction

Pl

from the early measurenents, which gave a shorter ranse (hirher

stopping oower and cross section) for liguid water than for water
wvavor, but in the same direction as the difference found with

(%)
Kramers' results’ for metals, The experimental situation then

still very much unresolved until the discrepancies are explained,

either theoretically or as experimental errors,



icakility of Er & rle to gases

igs valid within 23. He reports

A3

due Lo experi

shows T

but ir

cbon ener

g exception to this fading r will be

the present exneriment,
particles in several

are rendered doubtful

celonlated from his 1ts for alr do not

S5 IR

hich were deteruined

agre

from various rance and interpolatesd by a semi-enmpirical

method.  Thus the r loss measurenents have not been in agree-

ment with range measursments; and the accuracy of neither was

outstanding, especially in tne low

theory doss not apoly.

1is experiment wes undertaken to resolve these discrepancies

nrovide measurenents of the stopping cross sections for the

low enai " as many light elements as are available in

vaseous form., It was also proposed to asure several compounds
in order to test Braggl's rule, and to measure the noble zases
because of their intersst for the future development of the theory

of penetration phenomena.



fh”"ﬁﬂﬁ narticles passing through matter lose energy by
several processes, the most important process bneing loss ol energy

in collisions with electraons. However, at very low energiss the

particles also lose aupreciable 1 collisions with atomic

auctel and in 1

of capturing and losing of electrons.

g

ure and loss cross secbions of electrons oy protons have been
measured experimentallyin alr by ﬁamnm“ 12) and in hydrogen by
(1)

HontaguaﬁlB) and Ribe 7/, The effects of capture and loss can

become important only when the capture cross seciion 15 comparable

I

QO or

to the loss cross section, The ratio of these two,

&

greater, for energies above 129 kev in hydrogen. The results are

.

similar in air, being approximately independent of substance. This

means positive ions will renmain positive lons at a;ergi@s above
125 kev,

The capturs cross section is a very rapidly decreasing func-
tion of the energy, so that capture and loss phenomena are only
aporeciable below 200 kev for nydrogen, and 100 to 1%0 kev in
ather substances. The capture and loss corntribution to the stop-
ping cross sectlon has not been investigated in any detall theoreti-
cally, but two types of contributions have been discussed in the
literaturs,

thile neutralized, the penetrating particle mar have a dif-
ferent stopping cross ssction. This effect has been estimated by

(1)

Varshaw , who coneliudes that the neutral stopping cross section
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1s approximately 1/2 that of a charged particle, 1In the ‘rocess

of capburing and then losing an electron, the hsavy penelrating

e thas elec-

O,

it started from, this los

sleciron in

oeLag

where m is the

equal to the proton 1,2, 1/2

1 will not in

gver, tne elecy

velocity of the proton.

lass of energy by the

original stete, Allison, the average

energy lost per capture and loss gvele is the sane as the everare

energy loss per at hicgher energ (35 ev), finds

ecross section in hydrogen

kev and less than 19

is ar

ontribution in air, Helther of thes

178 kev, ¥He finds

calculations appsars to be too reliable; but they do serve to

dicate that at these enerzles, capbture and loss na cannot

gielaiele)

be ignored in any thooretical treabment,

¢ lezding term in most analyses, classical and quantum-
mechaﬁical, of thne ensrgy loss by collisions is inversely propor-
ticnal to the mass of the struck particles and directly propor-
tional to the chérge squared. Thus, exceplb for small corrections,

the ratio ol nuclear energy losses to electronic energy losses isg

where 1 1s the mass of the electron; ¥ is the mass of the proton;

Z is the atomic number; and A the mass number of the struck atom.



This is approsimetely 1/3600 for most light elemcnts in the ensrgy

re of tnis experiment. Felow 25 kev proton ny, muclear

P

coliisions <o bsc b ant,

. .
S e I
200 LT 1&5:

i

(1I-1,

.. anef

my?%

2 is the atomic nw

charze; m 18 the electronic mass; v 1s the veloclty of the

nenebratl

o particle; and 1 is the mean excitalion energy of the

glectrons in the atom, and 1s defined as:

(11-2) LA, I = Z 'Fh L\‘ E’\

K
where £, 1s the effective oscilletor strengih, and €, is the effec-
tive excitation energy of each electron, when the atom is considered
as an assembly of oscillators, Formula (II-1) is valid for non-
ralativistic energies for wnich & 77%{:“ for all electrons in the

of an electron in the ath shell of

atom, W, is the kinetic ene
the atom. This condition is a very restrictive one which is fre-

quently not fulfilled in the

4

of experimental interest and

is not fulfilled, for all ener: arry of the-substances

18) (19)
s LBrown a

—~

studied in tnis experiment.

(20)

and Fethe
and Yalske have calculated more accurately the contribution
of the K electrons and give as their result for the total stopping

cross secblon:



swihere Cp is a m ~ 1 or lsss given in

(20) | 1uie

as an asvmototle formula “{W‘ Yalske

E R S

E>»w EL)I%En ete., which is les

filled

@HU ene

cent at the higl

LT‘

siven for the [-shell, etc.; bul This has nob
2 3

wnowledge of the proper wave

.L

of bhe lack of

functions for L-shell electrons.
Strictly speaking, the above formulase apply only to monatomic

cases; bub it is Imowmn that hinding into molecules will not alter

the stopping power very crestly. This is the whole guestion of

the validity of Brag rule as applied to sases, Flatzman notes

three possible effects when atoms are combined inte molecules:

1, The valuss of T may be altered by changing of the excita~-
tion energies ( En) and the oscillator strengths of the system,

2, & 3. The incident particles may excite rotavional and
vibrational modes of the molecule,
(3)

The latter two effects have been estimated by Platzman

to bes Wik Amv*
€ip= KW 13.L ev)(/ﬁ/mq Y Wae

and Wret ¢ amve
v E\'o"’ -~ K (\3&: e\l)(fvli/mc % W rot

wnere W

Ay [ . £ e . s 4;;- o
vip and Tpat, 8T€ the first vibhration and rotation energy

levels, and M is the dipole moment, These energy levels are guite
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roudhily 12,

zeiable i

ihe first effect 4 above 13 morse
enlate, since 1L is not even possible Lo calculslte I [for an alom
with eny accuracy, except for hydrocen, Tt is probable that the
oscillator strengths of all slectrons, wilcn depend on the occupa-
tion density of the staltes higher than the cne under consideration,
are altsred in a molecule since there is presumably a fuller occu-
pation of the lowest discrete statss in a molecule. The excita-
tion energies, particularly of the outer electrons, are also

changed, probably increassd since they are more tightly bound in a

a)

molecule. These two effects are opposite in thelr effect on the

stopping cross section, and therefore it is not possible to predict

with any certainty thelr net effect without a detailed ! mowledge

o i \ (3)
the ensrgy levels and oscillator strengihs. Flatzman /

belisves
that I will usually be decreased, and & therefore increased.

For solids and liquids, there is a possibility of other
elffects due to the close proximity of molecules to each other. The
size of sucn effects is not known excevt for mebtals, where the
(2,
effect of the conduction electrons has been studied by Eramers
Additional discussion of possible effects in solids and liquids is

~iven by‘Platzm&ﬁ(Bj»



- 12 e

IIT EX

[H10D

The method used in this experiment is vary simple and

gusentiaily

involves tne use of a peam of protons of known initial

chanber, whose end walls are very

after passing thro

the chamuer,

ras present,
gas can then be calculated in a
rature and

le way, and the amount of gas determined Ifrom tes

pressure measurements,

The simplest, wmost stralzhtforward, way Lo make Lie measure-
ments is to fix the ensrgy of the entering particles and nsasure
the different energies of the particles emersing from the gas

chamber under the various conditions. In this experiment, however,

the energy of the emerg

ng particles is kept fixed, and the enter-
ing energy changed to enable the particles to emerge with the proper
energy.,

The reasons for tnis method are several. In the ﬁiréﬁ place,
the energy of the emerging particles is determined by a magnetic
spectrometer. It is possible to measure the energy by measuring
the magnetic field; bub the casiest way to use a magnetic spectrometer
is simply to regulate the current of the magnet to a constant value,
and change the incoming energy to the gas chamber, This incoming
enargy is easily measured by an electrostatic analyszer, which is
part of the accelerator. Tnis eliminates the need for a magnetometer.

Uf course, the magnetic field is not always the same for each current

setting

p=4

, but all that is reguired is that it remain constant during
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one energy loss determination, This requirenent is met by the

current regulator, whose regulation characteristics are nob knowng

the foil

but the constancy of the field is checked by ma
orofile, both before and after the folls-plus-zes profile (see

discussion labver in this section for detalls of =

thod 18 to

The secand reason for the somevhalt backward s

improve the shaps of the spectrunm of particles observed by the

detector. The spectrum observed, 1{ wetie fisld is held

and the bombardine varied, has a sharp leading edge

and a flat top, The leading sdge is at the lowest enersy at which

ol
(Y]
?5_;
"
o
H
€1
]
—
J

be secavtered Irom the gold and have the proper energy
to reach the detector al the spectrometer oubput., Then as the
gnergy of bombardment is increased, particles are scattered from
spectrometler, so that some of them still have the proper energy to
reach the detector, These particles were scattered when they had

a higher energy than the particles corresponding to the 1eading
edge. The spectrum then has a nsarly flat top, which decreases

with increasing energy ap

roximately as the reciprocal of the
energy sqguared, since the scatltering cross sectlon decreases in
this manner, This decrease in the helght of the spectrum is
approximately compensabed for by the fact that particles are lost
by scattering in the Folls and gas. This loss agaln decreases
approximately as the reciprocal of the energy squared. The fold

of these two funclions is & step function with quite a flab to
P 3

which is what is actually found in the experiment (see fip. 2).



The third reason for kseni net fixed is thait

easier to varv the bhean energy than the magnet,

by an slestrostatic analvzer.

b senzelt l)¢ The bean is coll

s equioment has

tad before strikin

by passing through & hole ,020 inch in diam

moof the m

of the

in figure 1.

The gold target is set at a LY degree anzle to the incoming

beam and to the spectrom particles

cally from the zold, so thalt those scattiered into

tie gas chambar have an ene

: atorde

mass mmber of gold and Z is the energy of the particlas before

scattering (———=%— g for deulerons).

Between the scattered beam and The spectrometer is the gas

chanber, be moved out of the scattered heam when desired.

The gas chamber is in length; the alumdnun folls are

,Qﬂﬁlimch in diameter; and over the foils is placed a tantalum
sheet with a hole of ,CL5 inch in diameter to allow the particles
to zo through the center portion of the folls only, The pressure
in the gas charber is measursd by an oll manometer, usinz Litton
oil, whose density was measured to be 0.886 F,001 gm/cm3. The

tenperature was measured by a mercury thermometer placed in a small

0il cup, bolted to the top of the target chamber,



particles enter

& lh-inch radius nametic spectrometer, and are detected by a

illation counter, The gpectrometer

“”2)

entering the snactromst step func-

tion, “he leading edge of this specirum has a srmined

by the ensrgy resclution of the tely 1%)

nd the stra nthe foils ht point on
ca8 chamber is moved oub of the way

of the bean, is taken to be the

The mag

£

is then held constant, and the foils are

‘beam, An increased energy of bombardment is now necessary, and

the spectrum is displaced o higher energies, This displacement

7L point of the new speetrum, Slmllarly,
thers is a further displacement when a gas is introduced into the
cas chamber,

Let us denote by E, the energy as measursd above without
foils; b3 ?f that measured with foils in the beam; and by E. that

<

weasured with gas in the chamber., Then:

(-1 Eg-E, = afiraf

where AFq and Q 7, are the energies lost in the first and
e
second foils respectively.

(171-2) Eq- Eo = aF' '+ aF, + 4F

where 4 T,E = gnergy lost in sas and & g #43’1 .
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But 4 P, =47,', Since the final energy ol the particles
energing fron foll 2 is alwavs the same, the energy entering foil

2 ig the sane and therefore the loss, In Toil 1, however, the

with and withoul zas in the chagber

ich is & function of is differsnt,

Substituting (ITT-1) into {I1I11-2):

(117-3) Egq-E, = 489+ i~ Fo +(aF' -aF) or

Q (aF,
(III—'LL) E& =4 Eﬁ a E .) (ES - E'F)+a aa

aF AOF
Fq - == = E - en
where 3(OF) is evaluated at E= 2% ¥ z
O E 2
Fa + E¢ - 4F
or E = 3 ¥ \

This gives:

(111-5) A Eg = (Eq- E¢) (1~ a(AF'))

The two foils are made in such a way as Lo be equally
Ey - By
thick so that 41?‘1 - 5 . Tne ceorrection term in equa-

tion (IIT-5), .a...(_éf.‘) , is €9 for all energzies and all foils
o E
used,
The effective energy of the measurement is taken to be the
mid-energy between the energy entering the gas and that leaving it.

This energy is:

(Bq-4F') 4 (Eot &)
Q

(111-6) E =

which is approximately B = LE + B, » since AFl' is nearly
(2]
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qual to OFs', The

has calon

or the rate

ig & linear function of the

where A Ls the

and t is the

. o VT =& .
LIS kev, one of the worsi cases, 2 .d gnd the corrsction is

enly 1/3%., This correction

not aoplied to a

raphical method of calculating

curve is mads which

zero point. The curve must be drawn, however, so

and rengss can be read to at least three places,

of fine

for the low energy calculations covered forty-four sh

crapn paper (8% x 11 inches) for the energy ranze 13 %o

The range at energies ke and Lm are found on the

he foils.

:_t,

sach is subtracted the ranze in

Vu“)

range of the particles leaving and entering the

loss in

are found from the grapn, and the difference is the energy

the gas. The effeciive energy of the energy loss 1s taken to be

the mid-point of th



r{_
fus!
©
i
Q 3

account of the change in energy loss in the feils, since the

thickness of the foils is subtracted in rance uniis instead of

for proton ensrgies

leuterons as the o parvicles,

0

is shown in Section TI, the stopping cross seclion is a funcition

of the bombarding particle

fore, a deuteron of ensrgy. i is equivalent in rete of

to a proton of enercr

In the regilon of 125 kev, egquivalent

proton energ

and no differences in results were found. The uss of deubterons

is wvery useful bescause 1t ws the slectrostatic generslor to be

operated at & algher voltaze whers it 1s nore stable and gives a
lerger beam of psriicles, Also the scabtering in the foils and
gas, which causes a loss of particles, is a function of the energy

only and is less at the b

energies of deuterons. TFinally,

the sciatillation detector used on the spectrometer rapidly loses
sensitivity at the lowest energies. Using deuterons makes measure-
ments possible at lower energles than the use of protons would,

The henefits of a higher generator voltage are increased further
by;the use of diatomic (HHf*) ion beams for the energyv range 300 to

125 kev and diatomic (39'*) deuteron beams helow 125 kev, Thus for

points of equivalent proton energy of 25 kev, the generastor is
gctually opesrating at 100 ke
Gxperiments were performed to measure the effects of any of

four possible systematic errors., The first two are stretching of

the folls under pressure by the gzas and adsorption of the gas in

s were made using both protons and deuterons



regy loss in $he aluminun

S

L))

Such a short ¢

wnleh shouyld give

al le

ratare.

The ratios

the displacements found, to thoss expscted from the known zas
F 2 i

path, varied froa 1.3 £

;“3

o and HyO, to 0.3 For Up and

3, With

ratios is

®

the ratio for 0gig beinz C,75, Th

accuracy of

abowt so that it is conciuded that the net effect is 0.0 %19,

other possible sources of systematic error ars connectad

th the scattering of the bean, Large angle nuclear scattering

amd multiple scatiering are proporiional te the reciprocal of the
)

-
c . b E . .
enercy® and to 27, For heavy sleme

e very larze atibenuation of the bsan, both in passing throu

)

foils end the ges, hscause of the very r

stricted geometry of this

hole in the

experiment, The ansle subbended at one foll by

ther

other foil is only .89 degress. The question arises as to w
or not those particles lost by scattering were on the aversge

ate than those not scatlesred and

o
[
&
i
o
¢
w3

A
e
3

e
w
o
14}
[
Bt
il
e
o
e
[
e
L
el



whether or not any apprecliable baek into

the usable solid anele and ch those

Livoin two

28 well

will reachk

chamber,

scattered al least onece in the zas or from the wa

red in the will inc: if the

{“

i other conditions r

emain the same. They

will have travslled & 1

» path than is assumed in the caleula-

tion of € and ¢ m;es This

inerease will increase wilth pres eriments Lo find this

@
m
&

i
3]

affect, 1if it ticular

attention was pald Lo i i i xenon at low enerzies, where it

was expected that the effect would he a maximunm.

With the spectromster m

et kept constant, the ensergy loss
was measured at several diiferent pressures. TFor krypton, data

as taken at two pressures for sach of two magnet settin

proton energles of approximately 50 and 77 kev, In one case with

>

6,1, n of oil pressure, the result was a 2.5% higher stopping
cross section than with 3.08 ¢n oil pressure, This difference is
ikt

1tly to account for the srmall change in average
7 g

.

corrected gli

energy in the zas. In the sther caese, the higher pressure (8,12

Y

2 0il) rave a 15 hi cross section than the noint at 2,00 cm

by

0il pressure. This mizh e 1re dependence,




But it must be remembered that ths accuracy of any individual

peint is of the same order as the above differences. Tor xenon,

apnrodin

cross sectiony and no trend with pressure was discern

measurenents were s8lso made

is as large as the

e

from the wall were reduced by

The effects of athering

n
e

&

lining the walls with aluminum, which has a lower Z than brass.,

2 four

The effecls of scaltering in the gzas were reduced by »uttin

£33,

thin aluminum baffles, spaced through the chamber, These baffle

reduced the aperturs through which the marticles must zo to 3/16 inch

from the chamber dismeter of 3/8 inch. (8ece fiz. 1) Data was

taken on several gases, notably air and oxygen both with and without
- these baffles; and no difference in result was observed., lleasure-

sents over the full energy raage 30 to 600 kev were taksn on argon

with theihole in these aluminum baffles further reduced to 1/8

inch. The loss of particles was 20% to 30% zreater then the

prévious loss, but no difference in stopping cross section was

found.

If scattered particles suffer 05 the average nore energy
1583 than non-scattered particles, then it would be expected that
any increase in effective solid angle would increase the measured

energy loss. Such an increase of solid angle was effected by
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increasing the size of the second aluminum window to 3/16 inch and

removing the tantalum exit bafile,

asurements of the stopping

ross section of air at 130 kev snd 500 kev made with This larger

bafflss inside the pas cha

Tt has been found in experiments with charged particie

in a vacuum that 2 deposit of carbon tends to o

d1ld up upon

which the bzan strikes., 1Ff such a deposit 1ls on the

l

the zold scabtlerer, it will cause an additional loss of

surface of

gnergzy by the particles. This additional energy loss, if it doesn't

will cause an srror in bhe

it will then be uncertain as to whal the ensrgy of the particles
was after scalbering, Bince the deposit is thin, this is usually
animportant, However, if it changes in the course of an energy

"

loss measurement, ib : cause a more important error.

The depositing of carbon, which apparently comes fronm
vacuum pump oil vapor, is reduced by placing a liguid air cold
trap in ihe vacuum system between the pump and the gold target.
To see that no significant amount of carbon is deposited during
a measnrementﬁ Ep is measured both before and after measuring Eg.
Usually the measurement is the same, If not, the averageyaf the
two is taken, and the barget is noved to present a fresh surface
to the beam. MNeasurements taken in this way and measurements
taken with no observed carbon deposit did not show anmy systematic

difference,



agurenent

This practice

: Ep twice for each s
provides a check on the constancy of the magnetic field., Cccasionally

st of X

which was in the wrong -

he measurss

mli

directicn to have b carbon depcait.

EEn YL o 7 Ey
wel't datitlh 25 dn bhe o

ngvar

two measure-

[}

greater than 2% of the The averas

ments was taken as the value of ﬁf;

ioh must be

Ancther important possible systenatic error,

investlcated, is cont ynknowmn gases.,
Tanle 1 shows the manufacturers' purity claim and the nanufacturer

sre knovin, The

for sach gas used, and the principal impurity ¥

standard purifying method used for this experizent was rvassing the

zas through Drierite (anhydrous daﬁ@h) hefore using, which removes

any water present, Unless otherwise stated, this was the only

method used, The gas contaglner was connected to & containing
the Drierite, walch was in turn comnected to the chamber by a valve;
the tube was [lushed several times to remove the alr. Contaminating
cas presaent from the start in the Drierite tube (principally air)
will be diluted durins use. Yeasurements were taken in such a way

that any systematic chan in € caused by such a contamination

would show up as a systemablc difference between neighnhoring points
on the curve, HNo such effect was observed, Continuously added
contamination was avolded by having the gas being measured at a
higher pressure than atmospheric whenever possible,

The liquids, H,0, Ggig, were purified and air removed by

freezing with liguld air, pusping off unfrozen gases, melling and



¥ryoton, neon, and Xenon

were rec and were nol furtiher purified,

Hydy rification by two methods. The

i metvhod

ite as in the

ovtlired above, and in the second the aydrogen was :d throueh a

Falladium leak, lo significant difference be two methods

alcchol

and

cold trap, The cold %r hants from 10

from Ths acetone in whicn

dissolved for shipment.

The fact that hvdro no differeace sagurenents

for the two purliiving o0s is a good check thnat, with care

3 <3
1little contamination resuits from connecting the gas to the gas

cell, Hydrogen should be

iite sensitive to any contemination of
air since its stopping power is so low compared to air,

An important factor in the success of the experiment was

the making of foils thin enocuzh to have a low enerzy 1oss in the

foils, but thick enough to hold a 7ressure which would give
sufficient energy loss in the gas. Aluminum foils to fit These
requirements were made by a srocess suggested by workers at Los

(23) 2

Alamos . They were made 30 to 65 ;agm/cmb in thickness, The
energy losses in the foils were thus L to 20 kev per foil, and
held pressures as high as 25 ca of oil (10 mm of Hg) with no
neasurable leaking,

The foils are made by floating a drop of zapon on a water

surface. The zapon solidifies to a thin flexible film, which is

nicked up from the water on tne foil holder, The zapon is dried
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and aluminua is

thickness of al

ing the filsment, from which

fiim.  IF

SYAD

visible,

can make

thin or thick films, The

oo

zapon film must be remcved since 1t is quite Lthick in units.

.

Attempts to burn off the on by passing the direct ion bean of

the electrostatic generator throush the foils were unsuccessful,
because of a residue of carbon left on the aluminum, which nade the
fMlms uneven in thiclness. The method finally adopted for removing

the zapon, was to place & drop of acelone on the za; side of the

sapon-aluminum film, which dissclves the zapon readily, &nd then
quickly remove the acstone with absorbent paper,
The uniformity of the film is verified by the lact that the

straggling is approximately what is to be expected from simple

1ing theory discussed in Section VI. The shape of the.

energy loss curve in the aluminum agrees with that found by

. (15)
Japshaw'~"7/, Tt is concluded from this that the amount of zapon

or other material left with the alwninum is small. Thesz considera-
tions are sufficient since the thickness of the foils and the

shape of the foll energy loss curve are used principally as cor-
rections to the zas energy loss, whose‘maximum size is lj%. The

foil energy loss also aflflects the effective eneryy of the neasure-—
ment E but is in pensral only & small fraction of B, (See equations

T1I-5 and JTT-6)



ane bime are always asde together

at the same distance from the evaporating filasent, and so are

assumed to be with a simple

shotocell arrangeme: 4 - light ssion confilrm thelir

eguality to a few per cent,

the thinnest foils, succe ed, was approx



The results of tnis experiment are presented in tabular

form in Tavles I1 thro grar re dny 4 »es 3

o
L2

through 2 of sthopping

cross sectlons baken Trom -5, Tables IV

i

and ¥ the valuss of Tor sach

substance measured,

s

are 3 shows the results for the lizht elements wiich

exist in gaseous form, Some of the fsatures can be explained

gualitetively. AL hish proton ens € (neliwn) is seen to be
. S ] /

approxinately twice as larze as € (hydrogen), as would be expected
from the fact that helium has twice as many electrons as hydrogen,
The helium cross section is not quite twice the hydrogen cross

section, since heliwn has a higher mean excitatlon energy, 48

the enerzy decreases, the hizher excitation energy in helium
becomes progressively more important, At low enough energles, we
see that this effect is so strong thet helium has little more stop-

ping cross section then hydrogen; that is, it has only one effec-

tive slectron.

Similariy, oxyg

en has a nigher first iocnization potential

(and, therefore, presumat er mean excitation energy) than

nitrogen; this would make € (ox

n) lower than €(nitrogen), as
appears to take place at low energies. At high energies, the
stopping cross section is determined more by the aumber of electrons
than by the excitetiocn energy; and, therefere, oxygen has a higher

stopping cross section then nitrogen at energies above 150 kev.



It must be noted, however, thabt what is actually messured is the

stopping cross section per molecule, which 1s divided by two and

section per atom, 1t is possible that

I1 are so strong

£

Section

and loser) thet they ohsecure such electronic

(150 &k

1
&
[

rmala (II-3), it is possivle to caiculate

cross
rozen, carbon, helium and hydrogen. This
caleulation 1s made so

1wt uncertain for oxyozen and nitrozen

because of the limited enex

by waiuke(z ),

range for which Cp has been calculated

sary to ma a gquestionable

extrapolation of Walske!s curve for Cy to calculate bhe mean excita-
tion energy at 600 kev. Tt is impossible to make any calculetions
for oxygzen at lower energies. For nitrogen, extrapolation is
nscessary at 550 kev and below, The results of this calculation
for oxygen and nitrogen are T = 103+%5 ev, and I = 89,5+l v,
respectively, PFor carbon, calculations are possible without extrapo-
lation to 40O kev; and the averaze T from calculations at five

energles is T = 72.L%3 ev, which is in good agreement with the

vélue of 7L.ly ev found by Mather and Segre'(zu) fron neasurements
made at 340 ¥ev, Tne difference of these I's represents a dif-
ference in the stopning cross sechtion of less than 1%, so the agree-
ﬁent is really remarkeble. For helium, the average of six cal-
culations over an energy rance of 600 to 350 kev is T = 32.8%1.5 ev.

Below 380G kev, the calculated I begins to decrease with decresasing

energy, The probeble error spown 1s that estimated from the error



of the stopping cross sectic

As a step in the process of calculating t

rection sec of is

,Exm
SLOD

gection 1s gziven

@

ceperiment, wits

largest for the lowest enercies caleulated (3

thet these T-shell corrections can only be

correction is small, as it is for mest el

1ents,

to € for oxvgen at 600

is only 29; to € for nitrocen, 3.5Y

to € for carbon, U3;

e

1to € for heliwm, L. The reason for

Lhe hydrozen discrepancy el

1&“

38 of Lhe reason,

it seems reasonable to cobi o regard K-shell corrections as

valid as long as they are small, which they are in the caleulable

o

snow the results for a number of

compounds,
both gases and wvapcrs, and also the stopping cross section to be

expected from Bra

ule, It is ssen that, except fovy 0, Frage

Fut not

rule seems to hold quite well for energies above 150

ies, The reason for the discrepancy

et a1l well below these enerz
at all energies in the casge of !0 is nobt known. One's first sus-
picica is an admixture of H0p. The ewxperimsnt was dene first

purifying the zas by dryi at, Then it

1th Gaﬁ@h drying &z

wes repeated with the zas piped through a trap cooled with a dry

icz aleohol mixture. moved a noticsable Tor

but failed bo o ent results by an appreciable

amount.,
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remarks cerbainly do nob congtitute an
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supported by the a

cross section, based on thelir € ameasurements, with other measure-

ments by independent methods. The resulis of Lhis experiment are

supported by their azrec with Brs

The discrepancy

©N

is opposite Lo that ;OUJG for liguid and water vapor (Platzman

The fact that Braze's rule dees nob hold at ell well at low

energies can be gualitatively explalaed in the following way. Ab
low energies the deeper elecirons are so ti sntly bound 1t becomes
rore difficult for the proton to excite them, and thus the outside

or valence electrons

- an increasingly more important part in

th

)

e stopping as the particle decreases,

These valence electrons are, of course, in quite different states

in different molecules; and so their individual stop cross

sections mavy vary considerably. Thus we would expect that 1/2 tne

moleenlar cross section of zases

5]

such as O, and I, may not be a
L (=S

i

reliable mzasure of the atomic cross section at low energles,
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53

Figure & shows the results, including the = rinontal

points, for four hydrocarbons, There were at least as many experi-

1 in several cases msny more

-

1L Ve assyu

the valldity of

four hydrocarbons and thus get

il hesn made

This caleul

and the results are sl

Here agzain we see that
Bragg's rule seems valid above 150 kev; that is, we zet reasonably
censistent values for the stopping cross section of carbon; but
helow 150 kev the calculated stopping cross sections vary widely.
Ameng the four hydrocarbeons, there are five indesendent
pairs (cnly Five because benzene is a multiple of acetylene) of
ragses which can be uﬁed L0 calculate by Bragg's rule the stopping
cross sections for both carbon and hydrogen, independently of any
measured value for hydrosen, Hven if all the hydrocarhons are
taken to be equally accurate psrcentazewise, the values of the
stopping cross section for hydrogen and c#rbon derived from each
pair have a different probable error, calculated in the usual way.
Thié difference arises because of the different proportions of
hydrogen and carbon in sach compound. Those pairs for which the
derived wvalue fof hydrogen is most accurate give the least
accurate stopping cross section for carbon and vice versa,
Hvdrogen and carbon stopping cross sections have been calculated

in the above way, and a welghted average taken, weighted according

to the accuracy of the determination from each pair., The results

of this calculation are shown by the dashed curves of figure 8,

£
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The s0lid curve is, in the case of hydrogen, the

mentally measured one, end in the case of carbon, that derived by

the wvarious

specially gratify

the most difficult to

the experimental points,

individual points when &

r ooints were teken, Alr was

gd as a standard and was vepeated ab variocus

P

various conditions to check the reproducikility of the re

The results wers alwavs reproducible except for a groun of hizh

energzy points taksn early In the experiment which were systematically
lower than all later results, which were repeated several tinmes.
These egarly results were not used in fixing the smooth curve and

do not appear in fi

Figure 10 gives the range of protons in sir, the smooth
curve bheing the range calculated by integrating the results of
this experiment numerically znd taking the range at 20 kev as that
siven by Betﬁe(ll)e The dashed curve is from Bethe. The dols are

(26) (27).

tld s and by Hughes and &

(11)

k!

the ranges measurad by R4

regler

The range curve given by Dethe is based upon the best

pr9v10us experiments on rances in ailr using both alpha-particles and

protons, The lowest energy measurements for proton renges are
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those shown in figurs 10. These range measuremsnlts are belleved
to be nuite accurate and Bethe's range cuvve iz fitted to then.

The shape of The ra sical energy

act sur-

that the shape of

)

experinent is bil gntly different from that of Hehbhe, but the agres-

iy

at within experinental error of the ranges with the cloud chamber

megsurements 1s an excellent check on systematic srrors of tails

experiment and gives confidence to the bellef that this experiment

does not have very large systematic errors., The agreenent probably

il

cannoct be im

proved by adjusti the rance assumed et 20 kev, since

almest any shape for the € curve which mests the curve at 20 kev,

will #ive aporoximately the same range as that assumed. The range

at 20 kev 1is only a sz fraction of the total range and cannob

be changed greatly; so the error introduced by the assunplion
sparding the 20 kev ranze must be small, probanly less then 1%,
Tn figure 12 is shown the results found in four different

experiments for the stopuing cross section of argon. The results

of this experiment are ss=n 1o be in good agresment with those

28) (29)

obtained at Ohio State and Chicago , but there is a dis-

crepancy of 10 to 120 with the results found in the sxperiment at
"0

Los alamos . A discrepancy in the same direction and of the

same order of magnitude is found between the Los Alamos data and
data for Kr, Hp, 05 anc GOy, This is well oubside bthe c¢xXperi-

ent with the Los Alamos data within experi-~
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The experimenters at Chicago ™’ also measured alr and

agreed equally as well with ocur data as in the case of argon, The

(28)

Chio Btate croup aleo nmeasursd No, neon, X cn and xenon in

the energy region from LOO tc

ping cur data the s

is good for ﬂgj

krypton is lower than bhelrs proximately LS

for xenon is lower than ours by 13%. he kryoton dif

within experimental srror, but the xenon difference is not, The
most likely source of such & larse discrensncy for e single gas

is that the gas was c¢

E

ntaminated; this would mean for heavy zases
guch as krynton and xenon that the measured stopping cross section
would be lower for the conlaminaled gas,

In the course of this experiment many

measured more than once over the same energy range

{r
e

above 150 kev have besesn reproducible at 2ll times for 11 gsses
xcept for the one group of five measurements of air which were

-mentionsd previously, The situation below 150 kev is noi so

fortunate, as small systenatic differences were found in the results
for CoHo, 0o, Hp, and arzon. These systematic differences were
nevér large, varying from 2 to 55, The adopted curve was drawn
through the center of gravity of all measurements., Air and several

other gases were measured several times, and no systematic dif-

w
G }

ferences were found. The reason for these differences lound which
were greater than the scatter of one group taken at one iime ars
not known, so that it can only be concluded that the results of all

gases are less certain below 185G kev than over the rest of the

energy range of Lnls gxnerinent,



The rrobable

under two he:

aUrers, danden errors

1w bs on one ape

lare

Yne wurce

determination from the

1
(=2
a3

in the gas, arises principally

anature of the data for

variations in thes bom

in the folls and

"AS,

the determination of the amld-point

Yonatomic proton (ihy

wlatomic proton

Tiatomic deuteron (T0%)

here are of course two ni nte L

i

loss measurement, so that ths

measnuranent is for sach case

and 20,6 kev, For air at 10

o

percentage error of app

range,
Yost of the gases and vapors measur

shbopping cross sections per mole

. -

eress section oe

error of this ex

i

& of
ohgerved spectra,
because of

Tam cu

nr, and be
b is estimated that the nrobable
of the
ion beam

) ion bean

o be delers
robable error of
ven 4
cm oil pressure,
roximately 29

" for the middle of the enerwy

80 to 200 kev, and 2,57 at the high and low

cale from 3/L

lecule of air,

neriment and its sources

will

Uy

s

aieh in

gy ov

the statistical

Y es,

error of

spectrun is Follows:
0.l kev
X0.3 kev
+0.5 kev

ined for

cach energ
the energy loss

above *0.6 kev, *0,L5 kev,

this represents a

.
energy ends
=8

ed in the experiment had

%o 14 times the stop-

This means that at the



Foven
Gidia Gl

LD
SFGe b

tiens, but stra

.
rbicles 1n

PRy

grror 80 that the

is belisved to

as for alr,

also iatrodu

& random error,

nan he

read to an accuracy of

o

t0.3°0, and since it is the

caleoule of the number

of atc;ms/cm'ia

The oressure

was measured by an oll

of the Largsl chesmber

nnected by approximately 18

of 1/li~inch coppe:

he o hhae

Cas clanber.

level in each arm can te read

with a probable errer of +0.3mu so that the probavle errcr of the

pressure is *0,L =m., 0L

is

B

L en 0il, and

measured with average pressures of 10 cm so that the error is

usually 0.9, Hydrogen and heliun were measured with pressures

nzar 20 cm so that the error is 0,27, and Xesnon and kr

non were

neasured with L to 6 om of oil so that the srobable error is 1%.

A& few meas

were baken with Tolls which lsaked so

that the pressure varied duri

& run which defines the 2zs spectrunm
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\at

3

wn in figure 2. Pulabs were Laken in such a way thal tone los

1

of pressure mads the s > its effects

data

ey
kil

HEEERSE

king foils,

so that the small aumbe

pe peliables, tho

accuratle
as other data.

Combining these srrors by the usual n it is found that

the probable error of an individual measurement due ho random errors

and krypton, 5% for hydrogen and helium and

An important source of systematic error is the celibration,

linsarity and constancy of © scale of ths electrostetic

analyzer upon which all energy measurenents are based. The analyzer
. s _ : - L6 .
is calibrated against the ¥~ (p,» ¥ )0 resonance at 340.L%.l

(31)

rev and the linearity chec

scattering the HY, ua¥, and
Y ion beams from zold iato the spsctromeber. The spectrometer

is kept ét a constant field and protons scattered at 1L9, 298,

and 596 kev, respectively; the scattered particles should have the
same ensrgy 1f the analyzer is. linear. Experimentally, the particles
are found to have the same snergy within C.3%., The constancy of

the calibration is more difficult to control and measure. The
celibration is slightly affected if the analyzer is moverd with
respect to the electrostatic genmerator, It was impossible to avoid

moving the analyzer slightly in lining up the target chember and



for other reasons. The error due to moving the anslyzer 1s believed
to be very small. ©Probably a more important source of error is

the possibility of short Jue bo

renle al are

n to keep

a sizeables error in an

wnich is the diffesrence of bwo ans

Tor this reason the orobable error due to ell errors ia the energy

Of the svstemalic errors, the next largest is the purity

purchesed, but conbamination from

raricus sources, oparticularly in connecling up the gas container

bo the

wite possivle, It is difficult to determine

cpreat care was Taken To avold eny

It is pelieved that a conservative

estimate of the probable error from this cause is 0,30 for all gases

except MO and N,0, which » not as pure when purchased. The

probable error for HO and ¥.C is set at 0.67.

2

The lenzth of the cas cell between foil holders is measurable

to 0,001 inch which is an error of only 0.CL%. But the foils

bulge slightly under pressure, and it is difficult to measure the
f g p 2

anount of bulging with any accuracy, This bulgzing is known for

®

cach foil to F0.0025 inch, which is an error of 0,005 inch in the

Teneth of the cell or about a 0,2% probable error,




*

The tenperaturs is

agured by a thermometer in an oll cup

atar is thus

fixed to the top of the tarpet chamber, The thermon

only in iadirect 1 To determine

if there is eny systemal

ol

the

toreh heat was sprlied to t

Tne btemperature of both thermomsters was observed

half an hour, and the

o

A conservative estimate of the probable error is

The pressure measurenmenis rend on the density of the oll.
This density is very accurately measurable; but due Lo the nos-
sibility of dissolved zases in the oil, or other possible contamina-

tion not in the sanpls who

se density was measursd, the prohable
error from this source is seb at 0,1%.

Taking the half-he

of the spectrum as the mean energy,
as has been done in this experiment, is correct only if the dis-

tritution of energy losses is Gaussian, or some ovher t

tribution which is symuetrical about the mean., As loung as the

arad to the

individual energy losses of a particle are small co
meaﬁ enerpgy lost, tne distribution will be Gaussian., [Frobably
the most likely sources of large energy losses to distort the loss
distribution are nuclsar collisions, These will contribute the

largest energy losses for protons in hydrogen. T

expected that, if there is any error introduced

half-height voint as the mean, it will be greatest for hydrogzen.

&

However, the total energy loss distribution is determined by the
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losses in the aluminum Tolls as well as tne gas, so that the dis-
tribution is a fold of the two distributicns, The alunminum energy

ssian, Cal-

3 P B P
1o 10LGEd

into a 4i zoidal disiri roxizmately

the same w

lan, nas

#nt points

ey

‘here 1 an

Htional possind

are lost from

ndent

seattering, and this 3

neral thls scatiering

means that more low

particles will be

This differential loss of particles will slic

energy spectra to hizher energies with the gas

shifted siichtly more than the aluminum spectrum. This will nake

asured Q7© slightly greater than the actual averaze AL,

1i data were taken with a fixed ener the pas chamber

snd a variable

ing the chamber, the L would be the

cpposite, The snectra would agein be shifted

with the gas spectrun shifted more, but the gas suectrum would be

b

~helow the foil spectrum, Zecause of the shift the measured 4E

nt was made

would be less taan tne actuel

on argon at 05 kev, kseping the

measuring the outzoing energy wi

energy loss measured in thls laetter way was 3

[y




previous

v omeasured,

1

- ghould heve mads the latier

were large enocugh to meas

Lower tnen

results < it is concluded thet the

mean

Tt is believed theat yoan asyrmelry

NeEG.

The spectrum curves,with v car Lo he very

1 excaptions,

symmetrical so thal it is bhelis that the grobable srror intro-

duced by the assumption made reparding the mean is only 0.5%,

1

e to the unfortuns eible

ce appsarance of non-repr
results for a few gases at Llow enerzy, an additional probable
error must be added to the cross ssction in the energy range below

125 kew, This additional shable errvor is arbibrarily set atb 2%,

(S=e Section IV, p. 3kL)

The random errors discussed in the first part of this sec-
tion apply to one individual measurement, It 1s now necessary to
assess the influence of the error in the individual measurements

on the error in thne f{inally adopted cross section valuzs., TIf the

analytical forn of the cross section function were known, the cross

section would he determi

ned by the method of least squares; and the

error at anv one polnt would be

sroportional to the squars root of

the number of measuremsnts taken, The analvtical form is not

¥nown, however, so bhal the procedure used involved drawing by eye
3 3 I SN A

e

ntal points., The curve at any

a smooth curve to fit the
one point is thnen influsnced pr no8e measurements

nearest the ooint in guestion and to a lesser extent by measurements

1



ke -

of ngagsure-

L<

tad that the ef

further away, It is
ments which deteramine the walue of the curve at any one enersy is

four, ed value

causes discuss hove is ecal-

The vrobhable err

arror in

- in Table VI,

culated for all

yearbons

errors of t

carbon is deternined o

and COp with that for hydrogzen and dividing by the square root of

five to account for the five determinations. The resulting error

s rule to bhe walid,

Hras

is that found assamin
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VI  BTRAC

= CZﬁaﬁiC&l'bh@O?y(jL) gives for the energy

gtrageiing of protons:

(=N KT Z
MTe4
were K = e y Tm= & m v*  and therefore

m w2 -

( I = Ndx k Z
wnere k is a constant = 4W 64

(18)

More accurate calculations of Livingston and Bsthe s Which

take account of the high b of the imner electrons,

n
=
E
=
o
ot
(53]
o
<O
o
=
ek
faud
A
[}
]
£

e
b=
3

where &' is the number of slectrons in the atom which are Yeffectivel

in the stopping, that is, vwhose binding energy is less than ﬁ

18

and is defined more exactly by Bethe . By

ath

is the number of.

glectrons in the shell; I, is the average excitation energy

ey th - o C . >

in the n~ shell; and )‘;h is a constant, different for each
" —~

shell but all M, =2 L/3,

For the encrgies of this experiment, Zepp is definitely
different from Z; but it is nobt a rapidly varving functien of
energy, since 7' decreases with energy and the summation term
increases with a decrease in energy, Since Z.pe is equal to 2

eff
¥
for high energles, we can see that Lgpp will stay of the same

[

order of magnitude as Z,






TAHLE T

GAS BUPFLIZRS AND FUAITY

Prianciple

Gas Hanufacturer Furity Tmpuri by
H Linde Air Products 99.5%

He Air Reduction Co. 99,74

e Air Reduction 8ales Co., 99.996%

Ar Linde Air Products 99.92% o

Kr Adr Heduction Sales Co. 99,9967

e Air Heduction Sales Co. 99.,996%

P ILinde Air Products 96,929

Oq Linde Air Products 99,59

ﬁO Yathieson Chemical Go. 98.7% iiggczngxéges
N20 Ohio Chemical Co. 984 No

Hq Tow Chemical Co. 99.,95%

C0, Ohio Chemical Co. 99.7%

HZO Distilled Water 99,99

Cgllg Baker and Adamson 99,98% Ho0
CH), Texas Co. i’;‘{f;ﬁg ot iggg Ho0

(not including Hyp0)
CZHh Ohio Chemical Co, 99,59
Colly Linde Air Products 99.624 Acetone
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GQases

30 - 100 kev

100 - 400 kev

Air, nitrogen,

oxygen, H50,
Crlly, GoH

i
Argon, neon
HO and‘ﬁgﬂ

Krypton and
xenon

Hydrogen and
helium

Carbon

s dof
(20 Z

1.72

2.1%



flaure

Flgure

‘4
e

i3
B
o
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Schematic diasram of the gas cell used in the experiment,

oy

I1lustrati

loss is

and hydrozen.

055 sezctions of Ho, Gn, and
o [

n for D0 lece as measured by Venzel and

cross section for

Ty

andd that calegulated

The provon sto Az oy vrarocarbong
> 5 @

and i ne

mental points

taker.

The stopping cross section for protons of carben as

derived from five carbon-~containing compounds, Wy using
i » 2

Bragg's rule bo subtract the st

2 cross section of

the atoms in the compound.

The proton stopy croas sezction of carbon and nydrogen.
The solid line for carbon is the averacge of the curves

is that

1

solid line for

seriment. The dashed curves are
found by teking five pairs of hydrocarbons and determine-

ing both hydrogen and carbon by subtracticon and then
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Magram of

et chamber and zas chanmber.,

Pigure 15 Individual graphs of the experimental points and smooth

curves for eachi of the zases measursd,
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