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ABSTRACY

A method hos been developed to measure the stopping powers of
gases for alpha particles using a (Si) semiconductor detector momnted
opposite a naturel Amzj*1 alpha source in a gas chamber and a 1024-cheane
nel data acquisition amysten.

By varying the gas pressure and taking an energy loss measure-
ment at each pressure, the stopping powers and molecular stcpping cross
sectlons wers calculated; also, range-snergy relationships were meas-
ured simultanecusly.

Experimental data are given for air, Ha, 02, 002, NEO’ A, Kr,
Freon 14, CHy , 02H4, CH,, CBH6 and C4Hg for alpha particle in the
range O.3-5.0 MaV alpha enerzy. The estimated probable error in the
crogs sactions ranges from approximately 4~5 per cent at the highest

energies to epproximately 9-10 per cent at the lowsst enargies.
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CEAPTER Y

INTRODUCTION

In recent years thers hzs teon a considoreble interest in dats
relating to stopping power of charged partizles in various materials.
The significance of this rcarameter may bs rarticulary appreciated by
elenentary-rarticla Bhysicists and anclesr physicists in view of the
fact that the precigion wiil which nuclesr resction croas sectiong can
be messured often depends on the aceuracy with which the stopping cross
section of the tarset zatari lg imowm. Health physicists need stop-
ping power reasurements for radiation protscticn purpeses because bio-
logical, chenical and Physical effects produced oy the charged parti-
cle deposition in a mediun ilike human soft tissue (of composition:

H 10.1%, € 12.1%, ¥ 4% and 0O 73.6% by welghi) depends among other
things, on the absorbed doss and on the linear energy transfer of the
cherged particle involved.

Energy deposition in the material through which the radiation
is passing (stopping rateriel), 1s closaly related to the energy loss
by the penetrating radiation. The snérgy loss of the penetrating
charged particle par wnith path lenzth in ths stopping material 1is
called the stopping power of the material. Stopping power 1z depend-
ent upon the various mechanisne in which radiation interacts with in-
dividual atoms and molecules and is an expression of the average oute

come of & large number of individusl interactiona.




Stopping power measurements havs been carried out in various
golids, liquid and gases as stopping materiels. In this work, a
methed is developed for measuring the stopping power of several or-
ganie and inorganic gases for alpha particles as a function of anergy,
using a semiconductor detsctor. By varyinz the gas pressure snd take
1ag 2n energy loss measurement at each pressure, stopping power curves
and molecular stopping cross sections as & function of alpha energy
have been calculated. Also, range curves and range-energy relatione
ehip for 0.3 = 5.4 MeV alpha particles in air end hydrocarbon gases
were developed aimultaneously. Results agreed within a § - 10% of

accuracy with respect to literature related data.




CHAPTER II
REVIEW OF LITERATURE

43 indicated by recent professionsal 1iteraturs, there is a re-
newed interest in the variation of stopping power of gases for heavy
charged particles (with a mass very much greater tharn ths rass of the
electron).

A large amount of experimental work has bean done and theoret-
ical expressicns for stopping power have been davelopved showing various
degrees of accuracy,

R.B.J. PALXER (11) obteined Linear Energy Transfer (dB/dx)
curves for 1 to 8 Mev alpha particles in hydrocarbon gases and hydrogen.

E. ROTONDI (13) measured stopping powers for 0.1 to 5¢3 alpha
perticles in Nay Oy CH,y and C0, by differentisting the range-nergy
curves of these gases obtained by means of s variable-pressure gaa cell
in which P021Oalpha particles lose part of their anergy and were detect-
ed by a semiconductor detector. These d%/dx measurements have quoted
accuracies of 8 per cent between 0.9 and 0.5 Mev, 5 per cent at 1 Moy
and 3 per cent et higher enargissg.

P+De BOURLAND, W.K. CHU and D. POWERS (4) measured stopping
crogs sections for alphs particles in & differentially pumped gaswcell
systen from 300 Kev to 2 Mev in Hs, Ny O, NH3, N0, CO, COp, CHy,
CoHp, CoHy, C2Hg,- C3Hy and (CH2)3.

GoD. KRR, L.M. EAITR, N, UNDERWOOD and A.4. WALTNIR (8) reported

experimentel data for aiw, liny, A, Kr, CCs and Cl, for alpha particles




in the energy range 300 Kev - 5 Mev, Moleculer cross sections of the
ebove gases were calculated within an accurscy of approximately / per
cent of probebls error at the hizhost enerzies to approximately 12 per
eent at the lovest energies.

P.J. WAL!H (15) neasured molecular stopping cross sections for
CzH;y CzHp and CqHg for 0.3 to 5 Mev alrha particles within a 10 per
cent of accuracy et the lowest encrgies, using a variasble~pressure
gas cell and & constant separation distance between the alpha source
and detector.

W.P. JESST and J. SADAUSKIS (7) determined range-energy curves
in the region 0 = 5 Mev for alria particles with a ecollimating absorp-
tion cell and an ionization chzaber., Tle ionization charpge from a
gingle alvha partiele was e¢ollected in the ion chambar and amplified
by means of the vibrating-reed electromster.

H.A. BETHE (3) reported range-energy relations for 0 to 8 Mev
alpha particles and developed a theoretical treatment on stopping
power for heavy charged particles { Ses Section 3.3 ).




CHAPTIR ITII

Til INTERACTICH OF ALPHA RADIATICH WITH MA

All radiation measurements depsnd on the interaction of the
radiation with matter. The nature of thesze interactions therefore,
forms the btasls of a discussion of the measurements thenselves, and
an outline of the prinecipal interactions of charged particles like
alphas is developed in this section.

The primary mechanism of energy loss in penetrating charged
particles 1s due to Coulomb interactions bstween atomic muclei and
electrons with the charged particles; to a lesser extent elestic and
inelastie collisions with electrons and nuclei are also of signifi-
cances. If the energy transferred to an electron is only enough to
raise it to a higher level in the atom, the process is called exci-
tation; if the electron is given enough energy to separate it com=
pletely from the atom, the process is called ionization. The two
processes are closely assoclated and together they constitute Yenergy

loss by collisicn™. t energies several times the rest energy of

the moving charged particle excitation and ionization account for the
major part of the energy loss in all materials. Some of the electrons
ejected in lonization processes have enough ensrgies to produce fur-

ther ionization themselves; such electrons ars called § =Rays.




A number of other phenomena occur when aipha particles traverse
matter. Interactions with the coulomb fields of atons, and particulare
1y of atomic nuclei, result in changs in  the direction of motion of
the heavy particle (the ternm fheavy particle" shall afterhere refer to
a particie of a nass greater than that of the electron). Inelastic
collisions with electrons are by far the mos% important processes by
which a penetrating heavy charged particle loses its kinetic energy
when the velocity of the particle, v, is much greater than Vg, the ve=
loeity of the electron (in hydregen vy = 2,188 x 108 cm/see, while for
a 5.477-¥eV alpha, v = 1.623 x 109 em/sec). If kinetic energy is
conserved, the process is called elastic scattering; such scattering
is of minor importance for heavy particles but of great importance for
elsctrons. Scattering through a large angle entails g large accelera-
tion of the charged particle. This in turn may result in the emission
of a quantum of electromagnetic radiation, known as bremsstrahlung, uwhich
becomes important when electrons are involved.

3.1 Collision Losg and Stooning Power.-— According to the clasaical

point of view, a moving charged particle loses energy to an electron
by imparting to it an impulse proportional tc the strength of the
couloab force and to the time during which this force acts. Since
the momentum acquired by the electron is proportional to the time
during which the interaction takes place, it is inversely propor-

tional to the velocity v, of the moving particie. The erergy acquired




by the electron, and hence the anorgy lost by tha particle, must
tharefore, be proportional to /%%,  Thus on the classical picture
~the enargy loss per mit path length {specific anergy losa) should

be proportionsi to the electron density in the medium and inversaely
proportional to the squave of %he velocily of the particle. Wnen

the penetrating particle is moving so slowly (v <v,) that is, averw
ege net charge approaches zero, the average energy loss per unit
length of path to electrons decreases to zero, proportional to the
valocity of the penstrating particle while the average energy loss
due to elastic nuclear collisions is Inereasing proportional to 1/4v2.

The charged particles neving through matter transfer their

energy preferentially +o those electronz that are closer to their
tracits. The farther an electron is from the traek of the alpha par-
ticle, the smaller the impulse it can receive, and hence the smaller
the energy that can be transferred to it, If that energy ls just lese
than the azount required to ralse a K-eleciron to & higher energy lev-
el, no energy will bs logt to & K~electron at that distance. Some-
what farther away losses to I=electron will become inpossible, and so
one The more tightly bound the atomic electrons (i.e., the higher
the atomic mumber), the shorter will be these "cut;off“ distances and
the szmoller the rate of ensrgy loss. Consequently the rate of energy

loss is expected to show some dependence on stomic nunber, being smaller

at hich atonie nusbers.




&% valocities approaching the velocity of light, the 1/42 de=
Pendeance is modified by a relativistic effect, The relativistic con-
traction of the electric field of the noving airha particle makes

possible energy losses at greszter distances, and in consequence the
rate of energy loss inerezses slouly at very hish gnergies.

The stopping power is defined as tae energy lost by the heavy
charged particle (alphe, in owr cesa) per mmit path in the stopping
gubstance and is given by the expression:

S(B) = - (d8/ax) (3.1)
where E 18 the classical kinetic energy of the particle.

Stopping power varies with the energy of the particie and the
range of the particls eazn ke calculated by:

R Eo  am B 4x
R = de £ '—'——-d-‘ = f '—""—"'d# (30 2)
(-} o] S (E) ] "'d.:/dX :

vhere R 13 the range and Ey is the initial kinetie anergy of the pare
ticle.

Stopping power can be deternmined experinentally by measuring
the energy of the particles, which have gone throush a certain thicke-
ness os substance. If the range is known as a2 fimction of Z, the

8topping power can be obtainad froms:

= 1 (3.3)
S(E)

& 18




3.2 Stepnina Croni Section.~ The molecular stopping ¢ross section «
7P

is defined as the eners7 losz per molecule per unit area normal to the

path of the particle, 1.6.:

ca o122 o _1F2=5) (3.4)
n &Lx n DR

where 28/ 2x 15 the energy loss per unit path length or linear gtop-
Ping power and n is the number of molecules per unit volume. The
atopping cross ssction is used since 1% i3 a quantity independent of
gas pressure or temperature.

If the distance traveled by the particle is held constant and
the nuwmber of atoms along the path of the particle becomes the varia~
ble on which the energy loss depands, the above equation should be
written in this form:

e = _12E o _1(E-E) (3.5)
dasn d An

In both equations, Eq represents the energy of the incident particle
on the material and Ep represents the reduaed energy after penetrating
RaX or d an molecules per unit area normal to the path of the parti-
cle,

An expression can be derived for an in terns of the variahles
measured in this investigatlon by the use of the laws of Avoradro,

Boyle and Charles with the following relationships

n = ié. (3-6)
W
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where p 1s the density of the stopping material, W is the atomic
welght and 4 is the Avogadro’s number. Also, we can deduct from
the atomic theory:

ne = n.2 (30 7)

where ny is the electronic density and 2 is the atomic number of the
substance. From Eq. (3.2) we follow:

R = £ (1/n) = £ (1/ng) (3.8)

But ne is directly proportional to the density of the materials, so

the range R will be proportional 1/o+« From the general law of gases,

P.v = Hpgt (3.9)

where M is the molecular mass, Rg is the gas constant, P ig the pres-
sure and T is the temperature in the volume V. Rearranging the last

expreasion we gat:

L MRT LR

From Eq. (3.10) we can see that (P/T) is directly proporticnal to n
Or ng, or inversely proportional to the range R. Written in the

other way,
gapana% (3.11)




"

Bearranging the last expression,

To
T P,

>
e

AR =

|

no (3.13)

where the subscripts o means atandard eonditicns and
2 (3.13a)
B, = po 7 «13a

Ingerting Eq. (3.13) into Eq. {3.5) the molecular stopping eross sec—
tlon can be calculated from the collected expsrimental data using the
resultant formulgs

—— 2 e L (3.14)

%ere the mean residual energy of the alpha particle after traver—
sing the distance d with a pressurs P4 in the chamber is Eq and the
mean residual energy ks 18 the decreased energy of the particle after
traversing the chamber at the pressure P (AP = Py =Py ; Ez < Ef).
3.3 Bethe’s Thoory.~ (See reference 14) Bethe’s theoretical treatment
of the energy loss is based on Born’s approximation, applied to the
collision between the heavy (alpha) particle and the atomic electrons.
In this theory the differentisl eross sectlon for the process in which
the alpha particle transfers a given amownt of energy to the atomic
alectrons is givan by the aquars of the matrix elarent of the coulomb
interaction between approplate initial and finel states. Plane waves
&re used for the wave functions of the incident end gscattered alpha

particls, ths kinatie ensrgles being E end Ef (8I.E), regpactively.
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The condition of the atom iz described initiaily by the wmperturbed
atomic wave function for the ground stats and finally by the wave
funetion for one of the exciied states. Multipiying the cross sec-
tdon for a given emergy loss b7 the energy lost and swming over all
possibllities gives the fipal excression for the averags emergy lost
per cantimeter of path.

Use of the Born approximation requires that the amplitude of
the wave scatiered by the field of the atonic electron shall be
amall compared to the amnlitude of the undisturbed incident wave. As
1t is well known the criterion for this is that:

-‘Eé << 'f (3‘15)
v

where ze and v are the charge and velocity of the primary particle,
respectively and A is the Planck's constant. This conditicn is well
satisfied for large valocities and small charge of the incident pare
tlcle. Equation (3.15) is also, essentially the eondition for the
particle to have its full charge; when Eq. (3.15) is not fulfilled,
the particle bering to cepturs elsctirons. The caleculaticn of the
gtopping power is made much sinpler if the veloclty of the incident
particle not only fulfills Eq. (3.15) but is in addition, large

compared with the velccities of the electrons within the atong, i.e.,
if:

E > -g a1 (3.16)

vhers E 1s ths cncrmy of the incident particle, Ey the ionization
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rotentlal =f the electrons, and M snd m *he masses of the incident
pertlcle znd the elsctron, respeciively.
Undsr these conditdons and for moneralativistic velocities the

average ensrgy loss per centimeter of path or “atopping powar” isi

_GE _ 418 é:zg_‘?_ (3.17)
ax mv B
with:
B = 2 log (.ﬁ"i’r‘g) (3.472)

Here v is the velocity and ze the charge of the incident particle, N
the nunmber of atoms per cubic centimeter of the material, Z the nuclesr
charge, I the average excitetion potentisi of the atom; end the diman=
sionless logarithnic term B the Tstopping numbert,

For relativistic velocities of the incideat particle it is
shown by Bethe that:

B = 2 {log - log (1 = 5%) = g2 (3.18)

vhere 8= v/c and ¢ is the valocity of 1light. Although Equations
(3.17) and (3.18) wore derived for simple "hydrogen-like™ atoms, it
can be applied to other abascrbers by adjusting I. The value of I is
best determined from dmown range~onergy data, from which i1t is found
that I (given in elsctron volts) is related to 7 by:

I A~ 11.52 for 2 <30

(3.19)
I ~ 8.8 2 for 7 > 30
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From Equation (3.17) the following relationships are svident:

(a) Stopping power is proportional to electron density of the
medium (NZ),

(b) Stopving power is proportionsl to the square of the charge
of the incident partiecle; e.g., the stopping power for pro-
tons 1is 1/} that for alpha particles having the sams vele-
city. (Valocities are the same for protons having 1/ the
energy of alpha particles),

{(c) Stopping power increases with docreasing particle valoeity.
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CHAPTZR IV

S 9 honso) faaale R TR AN v e ey T Tye TT™y -
E..t)..a.. 15 3 A . A‘.L'.'J .nOC-JD

T 20 Y SR L SRS R

4e1 Dotacting Tretan Degeristiog,w A hlcok disgram of the detection
systen used In thig project is given in ficwe 4.1. 4 mechanical
vocum pump wms ueed to lowar the Prezsure in the chesmber. Tha prog-
sure witidn the chonber was measured with & mercury mancmoter. Leake
age of slorpinz zas into tha chanter wes controelegd by 2 manifsld,
in elpha source source uas placed opposite e seniconductor dstector
in the gas chsaber. The number of molecules along the path of the
particle which provide thas energy lose mechanism ( coulombie inter-
actlons with +xe electrons) was varicd Ly chanzing the gas pressure
in the charber. The resicual ensrgy of the alpha particles after
traversing the seraration distance betwsen the source and deteztor,
al & Imown zas texperature and pressure, is determined from the alpha
spectira obtained from an analyzer system consisting of a seni=conduce
tor (1) detector, a bias power supply, a pulser, a preamplifier, an
anplifier and a multichronnsl Pulse height analyzar.

A general picturs of the laboratory set-up is shown in figure
4.2 end a zas chanber close-up can be seen on figure 4.3, The alpha
particle source wsed in this experiment wes o calibrated 0,1 microcu

rie Am‘?‘J source, whiich had g negligivle salf-absorption and a nini-

—_ J. Fal N, S S o
<2 zercent of the tote and w1ls enorsy was aszumad

seties enitiad, Soveral othow carvzles wire 5.433-0v (13.4
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Figure 4.2 Experimentsl set up for
stopping power and range measurements.
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percent) and 5.,379=lev (1.4 percent). Tha detector used was of the
silican surface=-barrier type with eoneitive ares of 1 cm2 end a
typical insensitive thiclmess or dewd laver of approximately 200
Angstrons (6) which wza due aloost entirely to the gold electrods on
the surface. A graph of enerzy lose in the dead layer vs, alpha par-
tlele enerzy was construcisd using tue linear stopping power of gold
for alpha particles(l) multiplied by the dead layer thickmess. The
grazh showed that a 5.5, 1.0 and 0.2 elpha particle incident on the
detector suffered an energy loss in penstrating the dead layer of 10,
15 and 8 Eev, respectively., Thus, the detector was essentislly free
of complicating “window® effacis. It has been shoun(S) that the res-
panse of solid state detectors are linear for alpha particles over
the enerpgy range of our experiment.

The source and the detsctor were mounted in line within the
chanber and the separaticn distancs could be varied by means of an
adjustahle rod upon which the source is mounted. Souree and detector
#re shown in figure 4.4. Also, an aluninum collimators ware placed
over the alpha source and the detector in order to get a collimated
bean of slpha particles.

4.2 Enersy Iocs lonsarement.- The calibration factor in Kev/channel

for the energy analyzing systenm was obtained by means of s pulser
cbserving first the zaro energy position and then by observing the lo-
catlon of the 5.477-ev alpha pesk while the chamber was under vacuum.
The celibration cwrve and factor obtained ig shown in ficure 4.5.

The calilwatiion factor {7,77 Hev/chennal) wes slso measured after




e

Figure 4.4 : Vacuun charber inside inztrumentation.
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sach 6% of erergy loss measurements. ho aleadficant drifis wvere
cbserved in the zere snergy positlon. The tempersturs of the lab-
oraiory wos nalntained within 1°F of a mean Lamperature (75°F) so
that it was possible to average saveral gets of anergy loss mease
wranents on aach gas.

Using the 5.477 Mev Anleelphs perticle and & fixed source
detector distance, enersy spectra at several different pressures
were taken for each of the gsses considered. Information on the
gagses used on the experiments in given in Table 4el, and an example
of several exorgy spectra of alphs varticles after traversing 5.4
cag of alr a2t various gas pressures and 23 24°C is shown on figure
4ebe  Multiplydng the calibration Pactor {Kev/channel) by the channel
number of the alpha peak, we foumd the avergged peak energy of tha
alpha pariticlos reaching the detector after traversing through the
stopping gas at 2 given chamber tregssure. Uaing a simple relation-
ship from Eg. (3.12) we get an expression for calculating the squiv-
alent distonce at standard conditions Xstp} corresponding to the
distence traversed by the slpha particle st chamber conditions. In

other words,

Po Pch
Xstp ';I'"; = d. o {4.1)

whera the subseripis "o and Yeh" mean standard and chamber condi-
tions respectively, and 4 is the geparation distance between the

alphe soltrce and detector within tha caonbers  The last expression




TABLE 4.1

SOME CITRMICAL AND PHYSICAL PROPERTIES OF GASES USED IN THIS WORK

GAS STRUCTURE!  MOLECULAR WEIGHT®  STANDARD DENSITY
M (go/mols) o (mg/cu3)
ATR 28.97 1.293
A 39,95 1.789
N2 i H=N ¢ 28,01 1.251
Ky - 83.80 3.736
02 : §=0 :(®) 31.998 1.429
€02 : 0=C =0 :(b) 44a01 1.977
N20 s H=u"=9 :
Freon 1. 170.92 7.036
7S
i E-C-H 16,04 0.717
i
1y
CaE, Ha(=Gall 28.05 1,252
7 H
Coll HeGmCmEl 20.07 14342
g A
g1 E
C3Hs H-C-G=CH 42,08 1.878
I
HHH
C3fls H=C~GmGH 44209 1967
UHE

1: Given by Paulinp(12), unless otherwise specified.
2: Given by Veast 115). (1

a): Given by Orville-Thomas 0)

b): Given by Bent (2),

23
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may be rearranged ag it follows @

(e

assuning thal the itemperature quotient ( To/Tch) is approximately
equal o wnity.

Experirental energy and chamber pressure data for each of the
gases mentioned in Table L.1 were taken by varying the gas pressures
on the chamber at intervals of 1 to 10 centimeters of mercury and
the results were plotted in figures 4.7, 4.8 and 4.9. By @ifferen—
tiating graphically these curves, the stopping powsr parameters were
calculated toking 4x = 1 mm. and an aversge value for the corres—
ponding energy. In other words, if AE = Ep = By, Bgyer = (B + E2)/2.
Finelly, the stopping power { - dE/dx ) was plotted ageinst Egyer for
each gas, The results are given in figures Z.10 to 4.13.

Ranges of alpha particles with enerzies between 2.60 and 5.47
Hev were determined simultaneously with the stopping power measure-
ments by counting the number of alpha particles of a certain energies
reaching the detector in a fixed period of time at a given gas prese
sure. In order to decrease alpha energies, very thin metal foils
(Cur 0.00004" and 0.00012"; Ti: 0.00015" and 0.0002" thick) were
placed over the 5.47-lsv alpha source and the energy peaks coming from
the decreased enerzy particles shown acceptable broadening averaging
5604y LeBhy 4e23, 4.02, 3.53, 3.27 and 2.60 Mov obtained uging indi-

vidual and combined motal foilg. Adr and hydrocarbon gases were
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chosen for this part of the experiments and the results ars tabuleted
ca Table 4.2 and pletted on Figures 4.1. to 4.20. Adittional range
data for other gases such as 02, Mo, G0y, A2, Krp, N20 and Frecn=14
is presenied on Figures 4.21 and 4.22 for 5.47-tev alpha particles.
Range curves were calculated by nornaiizing the total ecounts using
the ratio of total counts and maximm total counts recorded by the
scaler for the same period of time. Table A.1 (see Apendix) is a ree
cord of the settings of the inatruments used on the experimental
megsurenants.
a3 Cross Section Caleulations.~ Molecular crosg sections for aiws
and hydrocarbon gases (CHy, C2H;, CoHg, C3Hz, C3l) were calculated
by means of Equation (3.14) and the follouwing constant valueg:

Avogadro's number {4): 6.02, x 1023molecules/@ram mole

Standard Temperature (To): 273%

Standard Pressure (Py): 760 mn of mercury.

Source to detector distance (d): 5.4 cus.

tYolecular weicht and standard density values for each gas to
be inserted on Equation (3.14) are given in Table 4.1, Cross Sections
for air, methzne, othane, propane, ethylene and propylene for 0.3 ~
5.0 Mov alpha particles are tabulated on Table 4e3, and curves of
molecular cross sections (10-143v7holecule/bm2 versus alpha energy

(Mov) were drawn in Figures 4.23 and 4.2..




BANGE-ENTTGY RELATIONSEIP OF ATR AYD HYDROCARBON GASES
FCR ALPHA PARTICLES*®

ALPHA
PARTICLE
ENERGY,
MaV
5047
5.04
4084
4e23
4.06
3.53
3.38
3.27
2.60

143

3.89
3.53
3.32
2.73
2.63
R.10

TABLE 4.2

4e27
3.7%
3.52

2-42
1.92

1.78
T.11

CoH,
2.96
2.38
2.13
1.63
1.53
1.19

0.69

GE, CMS

CHe

2.56

2.00
Te42
1.35
1.06

C.68

* These valuss are plotted in Figure 4.20.

C3Hg
2.05
1.57
1.51
1.11
1.03
0.92

0.62

34

CaHg
1.85
1.48
1.35
1.00
0.92

0.72
0.70

C.13
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ALPHA ENERGY, AieV
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Flgure 4.20 : Rincoeencr~v rolation of lovw 2l nka particles

in aix and hydrecarbon
tions

gozcs at standerd condi~
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TABLE 4.3

MOLECULAR STOPPING CROSS SECTIONS OF AIR AND HYDRCCARBON GASES

ALPHA
PARTICLE
ENERGY,
MeV

0.3
0.4
0.5
0,6
0.7
0.8
0.9
1.0
1.2
1.4
1.6
1.8
2,0
2.2
2.4
2.6
2.8
3.0
3.2

ATR

55
6.2
6.9
77
8¢5
9.2
9.9
10.0
9.5
8.7
8.0
7.2
6.5
5.9
.5-5
5.1
4e7

FOR ALPHA PARTICLES*

MOLECULAR STOPPILG CROSS SECTION

(10t ev/zolecule/ca~)
oA, CoH,, CoHg
- 13.5 19.6
- 16.0 21.3
- 1762 225
v 17.5 23,0
11.1 16.5 22.5
10.0 15.5 21.0
9.0 147 19.5
8.5  13.8 185
7.5 125 16.0
6.8 11.3 14.2
6e3 10.4 12.7
5.9 9.6 11.6
5¢5 8.9 10.6
5.2 8.4 9.8
5.0 7.8 9.1
L7 Ted 8.5
4e5 7.0 8.0
4e3 5.7 7.6
4o 5.5 7.2

C3Hg

2345
28.5
271

23.0
21.5
2044
19.1
175
15.9
1447
13.7
12.7
12.0
11.2
10.7
10.1

9.7

2.3

C3Hg

26.0
27.0
27.5
27.6
27.0
26.0
248
240
22.6
19.3
174
16.0
146
13.7
12.8
12.0
11.4
10.9

10. 5




CONT. TABLE 4.3

ALPHA

PARTICLE

ENERGY,
MoV

3+4
3.6
3.8
4e0
be2
bod
4e6
AR
5.0

* These values are plotted in Figures 4.23 and 4e.24.

be5
4e3
e
3.9
3.8
3.7
3.7
3.6
3.5

MOLECULAR STOPPING CROSS SECTICH

(10~14 ev/molecule/cm?)
Collg,

%y

3.9
3.8
3.6
3.5
3.3
3.2
3.1
3.0
2.9

02}{4

6e2
6.0
5.8
546
S5ed
502
5.0
409
Le8

6.9
6.7
6.5
6.3
6.1
549
567
5.6
5¢5

6336

8.9
8.6
8.3
8.0
7.8
7.6
Ted
73
7.1

45

03H3

10.0
2.7
el
9.0
8.7
8.6
8.4
Be2
8.0
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MOLECULAR CROSS SECTION, 10 ev/molecule/cm?

10+

(v

Flgure 4.23 : Molecular stopping cross sections of air, CoHg and

2 3
ALPHA ENERGY, MeV

C3H8 for alpha particles.
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ALPHA ENERGY, MeV

Figure 4.2/ : Molecular stopping eross

C3Hg for alpha particles.

sections of 034, 0234 and




CHAPTER ¥

RESULTS AMND CONCLUSICHS

The accuracy of the 8topping power and mcleculer cross sectiong
caleulated in this investigation depends on the following quantities:

1o~ Gas Pressure: The difference botween the two columns of the
Dercury manometer could be read to an accuracy of i 0.5 mm of mereuwry.
Thus, the error in P rangsd from 0.4 percent for the largest pressure
intervals, to 6 percent for the smallest pressure intervals. The
pressure intervals ranged from 113 mm of mercury at the highest ener
gles to 8 mm of mercury at the lowest energles.

2e= Gas Temperature: A meen temperature of 24°C was used in cal-
culations and the temperature of the laboratory varied ¥ 1°¢ of this
mean. Therefore, the fractional error was approxinately 4.0 percent.

3+~ Separation Distance of source and detector: The error in
the moasurement of the separation dlstance wag of tha order of 0.8 per
cent.

4o~ Regidual Energy of the alpha particles: This error is the
most importent in these experiments and the hardest to estimate. How=
ever, the estimate of this error seenms reasonable from the spread of
the experimental data obtained from the energy loss spectra. The wn=
certainty in estimating the peak channel of the enargy spactra was a
msyor source of error in determininz the avorase resldual energles.
At hirh regidual energies, ths rosolution of the eneryy snalyzing

syated was very good and the errer An locating the peak of the ener-y
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epecira was noglipible. At low residual enerzies, stroggling of the
particles caused the energy spectra to troaden end the pezk could not
be located with as puch accuracy. In this caess, the error was esti-
mated to be I 2 chennels, or 0.23 ver cent at :igher energies and 5.5
per cent at the lower residual energies.

The most probable error of the caleulated valuas based on the
experimental date was determined by teking the square root of the sum
of the squares of the maxirmum fractional error in each experinent.

A% higher residual emergies the most probablo arror { mean standard
deviation) found was of the order of 4 = 5 percent and 9 = 10 parcent
for lower residual energies regspectively.

The values proposed by the author on tha baszis of this investi-
gation for the stopping powsr of 13 gages are given on figures 4.10
to 4.13 as & functdon of alpha snergles; also, for the molecular cross
sectlons of air and hydrocarbon geses ( Cd,, C;H,, C2Hs, C3Hg, C3Hg)
which ere tabuwlated on Tabla bedo Thess crosz gection values were
obtained from a smooth curves drawn through the exporimentel data
points and probable errors { figures 4.23 and Le24) as a function of
elpha energy; this is true alsc for the stopping power and renge curvas.

The methed wsed in this investigation gives valuses which are in
excellent agreement with those found when the gas pressure within the
chamber is constant end the source~-datactor diatence is varied(j) in
the energy rezlon vhere a comparison is pogsible. Tahle 5.1 is an
sxannle of camparigon of molecular cross section calculations given

(s
by somas authors o 15) and this work showing a good correlation within
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the 0.5 « 5.0 iov alpha energy recion for some hydrecarbon gases and
air. This worl could be extendad indefinitaly for sdditional mole-

cular cross sacticn calculations using the iclormation on inorganic

gasi:s (32, Foe Oup CCpy MO, ate} givan in thie work or including as
many ircrganice and orzanic research and indusirisl gases as desired.
In the same way, comparisons with thecreoticel calculstions wsging the
Bethe's equation ( Eqo 3.17; agree when the residual alpha energy is
higher than 1 Mev. ( See Mgure 5.1 J.

In the radiolysis of a gaseous gystem 1% is possible to measure
the nunmber of ion pairs formed by absorptionm of rediation. The yield
of a given reaction can tharefors be expressed in terms of the number
of molecules changed per ion pair formed. The ratic M3 is commonly
referred 4o as ths ion pair yield, uhere M is the aumber of molecules
changed per ion peir and N3i is the mumber of icn pairs formed. M may
designate a speecies of a given kind disappearing or being produced,
and in a mixture of gases, N may be expressed either as the total
nuanber of lons or ss the number of ioms of a given kind. The latter
calculaticn is based ¢ 2 knowledge of stopping powsrs and the energy
requirad to produce an ion pair in the individual gases. Related re-
search could be developed sirultaneously like gas radiolysis, deter-
mination of chemical reaction wechanisms, lon yicld measurements, etc,
using the values given in this work for inorganic and hydrocarben

gasas.
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TABLE A.1

INSTRT.ENTATICYN LQUIPMENT SETTINGS FOR FXPERTMENTS

1. DETRCTOR RIAS STPPLY

Ortec Modal 428

Gate A: 50 volts.
2o~ TDMER

Ortec Model 719

Preget time : 400 seconds.
3e= APLIFIER & PULSE HEIGHT ANALYZER

Ortec Model 486

Coarse gain: 16 volts

Flne gain: 6.5 volts

Window: 10 volts

Lower level: 0.52 volts

Other settings as per operating ingtructions.
4e= SCALER

Ortec Model 4B8J

Threshold: 0.4

Other settings as per operating instructions.
5s= ANALOG TO DIGITAL CO.VZARTER

Nuclear Data

Zero Fine: 0./0 volts

fero Coarse: 10.0 wvolts.
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Conversion Gains 1024 ch.

Upper Lsvel Discriminstor: 10 volts,

Lower Level Discriminators 0.49 volts

Other settings as per operating instructions.
6. MASTER CONTROL

Nuclear Data

Freset time: 400 seconds.

Other settings es per operating instructions.
7+= READ-IN/OUT DISPLAY

Muelear Data

Settings as per operating instructions.
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TABLE A.2

RANGE AND DENERGY L0CS EXPERTIENTAL DATA FOR 5.477-MEV Am241 ALPHA
PARTICLES IN AIR

CHAMBER
PRESSTRE,
czs of Hg

0.1

bal

8.5
10.5
12.9
16.9
1.9
26,1
30.7
35.3
3%3
4207
46.7
51.3
52.3
53.0
54.0

54.8

TOTAL
COUNTS

1726
1678
1707
1643
1658
1603
1656
1636
1644
1623
1621
1627
1629
1549
1299
1085
417
36

RATIO

1.011
0.983
1.000
0.962
0.971
0.939
0.970
0.958
0.963
0.950
0.949
0.953
0.954
0.907
0.761
0.635
0,244,

0.002

xstp!
cmy

0.007
0.291
0. 604
0.746
0.916
1. 200
1556
1.854
2.181
2.508
2.792
3.033
3.318
3.644
3.716
3,765
3.836
3.893

CHANNEL
NTMBER
708
678
639
622
595
557
217
475
423
373
323
272
127
113
103
92
67
58

EQUIVALENT
ENERGY,
MV

5047
5027
4s96
485
4060
432
4400
3.70
3.29
2.90
2.50
2.10
1.00
0.87
0.80
0.71
0.52

0.45
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RASGE AND ENERGY 1.08S EXPFRITMINTAL
PARTICLES IV oy

CHANSER
PRESSTRE,
cms of Hg

Ood

5.0

9.0
13.1
17.4
21.2
R5e4
32.4
36.2
4144
469

TOTAL

COUNTS
1716
1633
1671
1694
1669
1639
1638
1603
1686
1580
1605
47
71
23
8

TABLE 4.3

RATIO

1.000
0,954
0.973
0.937
0.972
0.955
0.954
0.934
0.982
0.920
0.935
0.435

0. 040
0.012

0. 004
0. 000
0,000

DATA FOR 5.477-MEV An%4! prpma

4

xstp’

671
645
615
585
556
522
462

372
315

249
210

179
121
34




TABLE A.4

DANGE AND INERGY 10SS EXPZRIMENTAL DATA FOR 5.477-MEV .’.’sml?l;'1 ALPHA
PARTICLES IN C2H6

CHAMPER TOTAL Lo 1 CHANNEL ~ EQUIVALENT
igsigagé COUNTS 2};’5’ NOMBZR Errﬁxﬁr,
0.8 1668 0.989 0.056 698 5042
3.6 1602 0.950 0.255 662 5.14
7.0 1636  0.970 0.497 621 482
97 1685 1.000 0. 6883 586 455
12.7 1583 0.939  0.901 542 Le21
15.4 1584 0,940 1,093 505 3.92
18.6 1608 0.954 10320 458 3.55
21.6 1518 0.936 1.533 408 3.17
2.6 1612 0.956 1746 353 2.74,
28,0 1646 0.976 1,988 2 2.15
31.6 1547  0.918 2.243 191 1.48
3.8 638 0.408 2,470 73 0.56
35.4 58 0.034 2.513 43 0.33

36.0 0 0.000 2,556 25 0.19




TABLE A.5

RANGE AND ENERGY LOSS EXPERIMENTAL DATA FOR 5.477-MEY Am241 ALPHA

CHAMBER
PRESSURE,
cng of Hg

1.0
5.0
7.6
111
15.1
17.5
19.9
21.7
2.5

TOTAL
CQUNTS

1613
1681

PARTICLES IN C4Hg

RATIO

0.959
1.000
0.965
0.977
0.949
0.954
0.930
0.923
0.884
0.850
0.324
0.120
0.000

Xat #
A1

0.071
0.355
0. 540
0.738
1.072
14243
1.413
14541
1.669
1.712
1.769
1.811
1.850

CHANNEL
HUMBER

693
623
573
503
413
354

221
140
123
92
65
15

5038
484
bed5
3.90
3.20
2,75
2.2
1.71
1.08
0.95
0.71
Q.50

0.11
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TABLE A6

fULGE AND LERGY t0SS EXPERTIGNTAL DATA TOR 5.477-)EV an2é! arpma
PARTICLIS T Cpl,

CIIALTER 1T, CHATEL  EQUIVALTNT
PRESSURE, COIS  RATIO Xy, KOMBER ENERGY,
crs of Hg oms MeV

Bs'? 1699 0:990  0.049 702 5045

2.9 1715 1,000 0.206 679 5e27

5.9 1706 0.994  0.419 649 5.C4

8.9 1681 0.980  0.632 616 4.8
11.9 1682 0.930  0.845 582 4e52
14.9 1604 0.935  1.058 543 4e21
17.0 1681 0.980  1.207 504 3.98
21.0 1641 0.956 1,492 466 3.62
24,0 1680 0.930  1.705 423 3.28
27.0 1648 0.960 1,918 380 2.95
30.0 1561 0.910  2.131 325 2.52
33.2 1680 0.980 2,358 267 2.07
36.0 1503 0.876 2,557 206 1.60
37.0 1545 0.900  2.628 174, 1435
38.7 1504 0.876  2.749 130 1.01
40,1 1254, 0.731  2.849 88 0.68
40.9 200 0.116 2,906 54, 0. 41
41.3 22 0.012  2.934 52 0.40

41.7 1 0.0005 2,962 30 C.23




TABLE A.7

%ANGE AND ENERGY LOSS EXPERTMEITAL DATA FUR 5.477-)EV and’! arpma

PARTICLES IN G

CHAMBER TOTAL

PRESSURE, COUNTS ~ RATIO  Zgq,
cus of Kg cms
0.8 1715 1.000 0.056
3.8 1619 G. 944 0,270
6.8 1645 0.959 0.483
9.8 1690 C. 585 0.6%96
12.8 1675 0.976  0.909
15.9 1683 0.981 1.129
189 1651 0.962 1.343
21.9 1618 0.943 16555
25.0 1600 0.932 1.776
27.0 1347 0.785 1.918
27.8 335 04207 1.975
2844 A 0.002 2.017
28.8 0 0.000 R.046

CHAITNEL
NUMBER

6%
653
601
550
494
431
360
9%
186
105

72

32

EQUIVALENT
ENERGY,
MeV

5640
5,07
4o 67
4e27
3.83
3e34
2.79
Re28
1.44
0.81
0.55
Ce24
Cel15
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TABLE A.8

AASE AND ENIRGY LOSS EXPIRDIITAL DATA FOR 5.477-YEV Ane! ALPHA

CHAMEIR
PRISEURE,
caz of Hg

TOTAL

COUT

1671
1706
1670
1674
1653
1685
1619
1565
1592
1532
1299
1192

153
10

S

PARTICLIS Td Hs0

RATIO

0.991
1.012
0.9
0.993
0,981
1,000
0,960
0.930
0. 945
0.910
0.820
0.707
0,090
0.005

0.000

xstpw
CRE

0.05C
06220
00476
0.717
0.945
1,200
1477
1.833
1.925
26 280
2o 420
2472
2+536
2,565
2.621

CHANYEL
NUMBER

699

169
103
92
67
49
26

EQUIVALENT
ENERGY,
MaV
5¢43
5.18
4e83
4o /B
4o
3.69
3024
2.67
2.10
1.31
Q.84
0.71
052
0.38

0.20
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TABLE

A9

TR AND EUDGY LO3S EXPERTINTAL DATA FOR 5.477-M5V and! arpaa

CHABER
PRESSTRE,

-

cas of Hp

0.8

2.8

6.6
10.2
15.0
19.0
23,0
27.0
31.0
35.0
39.8
429
47.5
50.0
5045
51.0
5241

TOT4L

COTITS

1701
1632
1617
1621
1602
1689
1635
1643
1623
1639
1514
1522
1528
1454

466

120

APTT AT TG
ARTICLES

RATIO

1.007
0.995
0.957
0.959
0.942
1.000
0.9463
0.972
0. 960
0970
0,896
0901
0.904
06860
0.275
0.071
0.000

I 05

kstp:r
oms

0.056
Qe 199
0.469
0.724
1.065
1.350
1.634
1.918
2.202
2,486
2,827
3.048
3:374
3,550
3.588
3.621
3,701

CHANHEL
HUMBER

EQUIVALENT
ENERGY,
MeV

5e4b
Se34
5.06
480
beldy
beld
3.84
348
3.05
2.70
2,16

1.07
0.87
0.56
0.42
0.26




i

CHAMPER
PRESSTRE,
caa of Hg

0.8
4.8
8.8
14.8

2.8

28.8
32.8
37.4
41.0
45.0
48.8
50.6
52.0
52.8
5349
547
55.3
55.8
5642

od

TOTAL
COUTS
1697
1758
1688
1652
1588
1624
1567
1651
1607
1636
1614
1560
1513
1573
1431
1339
805
389

78

SJT

TABLE A.10

PARTICLES IN Mo

RATIO

1.000
1.035
0. 994
0.973
0.935

0.956

0.923
0.973
0,947
0.964
0.951
C.919
0.891
0,926
0.843
0,789
0+ 474
0.217
0.010

0.001

Xstpf
cms

0,056
06341
0.625
1.051
1.477
1. 762
2.046
2,220
2,657
2.913
3,197
3.467
34595
3469
3751
3.829
3.380
3.929
3964

3.993

TT A RTHVTE
C AN L

NM3ER

172
138
126
98
82

56
47

FALTE AND DNERGY LSS TXPEPTENTAL DATA FOR 5.477-MEV Am?4! ALPHA

TQUIVALENT
ENERGY,

MoV
5047
5,22
49l
4e58
held
3.85
3.55
3.20
2.80
2.43
2.02
1.57
1.33
1.07
0.97
0.76
0.63
0.55
0443
0.36
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TABLE A.11

- e ¢ Tty . 1
RATE AND ETDEST LOST IXPSRTUINTAL DATA FOR 50477-MEV An<®' ALPHA
PAZTICLES TI1 A

CHADER TOTAL CEANYEL EQUIVALENT
PROSSURZ, COUNTS  RATIO  Xgtps NUMBER ENFRGY,
eu3 of iHg cu3 MeV

204, 1676 0.988  0.170 690 5.36

A 1731 1,021 0.454 659 5012
10.1 1607 0.948  0.717 620 4e87
1441 1625 0,958  1.001 598 4e 6
18.9 1628 0.960  1.342 559 4e34
227 1666 06932 1.012 e 4s06
26.9 1686 0.9%  1.911 482 3.7
31.3 1695 1.C00 2223 440 3.41
34.9 1574 0,928 2,479 402 3.12
40.3 1599 0943 R.263 339 2.63
L4 8 1515 0.893  3.133 284, 2,20
48.3 1450 0.855 34431 241 1.87
5241 1465 0.864 34701 182 1.41
55.5 1432 0.842 34943 125 0.97
56.3 1356 0.300  4.0C0 102 0.7
58.1 517 06305  4.128 70 0454
59.5 52 0.030 4227 52 0.40

59.% 0 0,000 4eR55 27 0.20




BANGE AND ZTERG

CHAMBELR
PRESSUZE,
ens of Hz

C.4
Te4
3.2
5.4
Te3
9.5
12.5
15.1
18.6
2.6
23.2
26
27.0
29.8
33.0
35.2
36.2
37.2

TABLE A.12

¥ LO3S EXPZRIINTAL DATA FOR 5.477-)EV An?d1 arpma

TOTAL
COUITS

1705
1656
1707
1674
1692
16572
1659
1638
1652
1595
1549
1583
1569
1682
152
966
FA
0

PARTICLES IN CO,

RATIO

0,993
Q0.970
1.000
0.980
0.994
0.97.
0.971
0.959
0.971
0.934
0.507
0.927
0.919
0.923
0.892
04566
0.025
0.0co

X
s5e’

0.023
0.0%9
0,227
0.382
0.518
0.675
0.88¢
1.072
1.321
1e463
14642
1.748
1.918
2.117
24344,
2.9
2.570
24641

CHANKEL
NUMBER

700
687
665
640
615
58z
544,
505
457
423
380
346
304
235
151

82

56

EQUIVALENT
ENERGY,
MoV

5.43
5¢33
5.18
4e 97
LeT7
Le56
Le22
3492
3.55
3.28
2495
2.68
2434
1.80
1.16
0.63
0.43
0.18
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TABLE A, 13

FATGE AND ENERGY L0OSS EXPERDMINTAL DATA FOR §,477-MEV .13&112“‘:"/"1 ALPHA
PARTICLES I Xp

CEAMBER
FRESSURR,
emg of Hg

0.4

bl

9.1
13.9
18.9
23e5
2.2
31.0
33.0
34.0
35.0
35.9
36.7
38.3

TOTAL

COUSNT

1657
1637
1662
1662
1567
1434
1404
1347

234

RATTIO

C.982

1.000

Iq tos
cms

0.028
0.312
0.646
0.987
1.342
1,669
1.932
2.202
2e344
Re415
2.486
2¢550
2.607
20721

Re842

CHANTTEL
NUMBER

704
654
596
535
473

EQUIVALENT
ENERGY,
MaV

Se47
5.08
4e63
4e 15
3.67
3. 1%
274
2,20
184
177
1.60
1.43
1.30
104
0.63
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TABLE A.14

RAGE AND EITTGY LOSS TPTRDENTAL DATA FOR 5.477-1EV An7 Atpma

PARTICLES IT) FI2

{TANMBER TOTAL

PRISETRE, COUNIS  RATIO  Xgip,

ems of Hy cus
0a8 1679 Co997  0.056
3.8 1683 1.000  0.270
6.8 1645 0.977 0,433
10.1 1656 0.984 C.717
12.9 1630 0.968  0.916
15.9 1625 0,965  1.129
18,7 1544 0.917  1.328
19.8 1203 0.714 1406
2.4 112 0.066 14449
21.0 2 0.000  1.501

o 14

CHASMIZL
NILITR

EQUIVALENT
ENTRGY,
MsV

5.38
4085
4e27
3.62
296
2,17
1416
0.70
o8
0.26
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